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ABSTRACT

In the last decades, anthropogenic inputs of nitrogen to groundwater have dramatically
increased, and they nowadays represent one of the most important water resources concerns as
NOsz-N has become the most ubiquitous chemical contaminant in the world's aquifers.
Agriculture, farming activities and wastewater seepage are the main anthropogenic sources of
water contamination in rural areas. Another factor that is known to contribute to the decline of
groundwater quality is excessive groundwater withdrawal in relation to the natural average
recharge. Intensive groundwater exploitation regimes largely disturb hydrogeological systems
modifying natural flow paths, altering relationships between groundwater recharge/discharge
areas and modifying the flux among aquifer formations. All these human activities have affected
the rates and quality of groundwater resources.

In order to address these issues, the origin, fate and transport of nitrate in groundwater have
been extensively studied over the past decades. Stable isotope ratios of NO5™ (6°N and §**0po3),
S0,% (8*'S and 8'0s04), B (8™'B) and C (8*3Chcos) have come to be successful tracers of
pollution sources, and useful for assessing physico-chemical processes that affect pollutant fate.
Aiming to fingerprint nitrate and sulfate sources and determine whether natural attenuation of
pollution is occurring in groundwater, two nitrate vulnerable zones in Catalonia (NE Spain), the
Selva and Baix Ter basins, have been studied applying multi-isotope and statistical approaches,
in the frame of their hydrogeological settings. Both basins are characterized by regional and
local, heterogeneous groundwater flow systems, disturbed by groundwater withdrawal from the
different aquifer formations and at distinct rates and frequencies depending on the final water
use (mainly for irrigation and for urban and farm supplies).

In accordance with potentiometric, hydrochemical and isotopic data, the hydrogeology of
the Selva hydrogeological system has been described in order to characterize the alteration
brought about in the system by intensive current groundwater withdrawal, and to define the
resulting groundwater hydrodynamics. Hydraulic head data indicate the relationships between
geological formations in the range areas and the sedimentary infill of the basin. Tectonic
elements, such as fault zones and the basement fracture network, play a significant role in the
flow behavior, since they have a direct effect on the recharge and allow upward vertical flow to
the aquifers constituted by the sedimentary infilling. The use of fluoride and nitrate as tracers
for the contribution of deep and shallow flow systems, respectively, provides a detailed portrait
of the effects of pumping on the flow path distribution. Therefore, two distinct flow systems,
with specific groundwater qualities, have been identified: a regional, large-scale, longer
residence time nitrate-free system, recharged from the surrounding ranges, and a local flow

system fed by rainfall infiltration in the lower areas of the basin, and affected by anthropogenic
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activities. The interaction between both flow systems produces a dilution effect that modifies
nitrate concentration. Indeed, hydrochemical data, along with 8°N, §"®0nos, 8**S, 80504 and
8Chcos information, confirmed mixing between regional and local flow systems. The PN,
5®0no0z and S indicated that the predominant sources of contamination in the basin are pig
manure and synthetic fertilizers. Apart from dilution processes that can contribute to the
decrease of nitrate concentrations, the positive correlation between 8*°N and §'®0yos agreed
with the occurrence of denitrification processes. The §**S and §"®0so4 indicated that oxidation
of pyrites is not linked to denitrification, suggesting organic matter to be an electron donor.
However, 8"Cpcos did not point to the occurrence of organic matter oxidation. Thus, it is
proposed that the mixing processes between deeper regional and local surface groundwater
allow denitrification to occur due to the reducing conditions of the regional groundwater.

Results in the Baix Ter basin show a large range of groundwater nitrate concentrations,
from no nitrate to up to 480 mg NO;z; L™ In the studied fluvio-deltaic formations 8"°N and
5" 0nos prove that natural denitrification is occurring, and in combination with 8*'B, confirm
that pig manure application is the main vector of nitrate pollution, although sewage and mineral
fertilizers are also isotopically fingerprinted. The natural reduction of nitrate happens in near-
river environments and in areas hydrologically related to fault zones. §**S and §'®0so, indicate
that denitrification is not linked to the pyrite oxidation, but rather to the oxidation of organic
matter.

A statistical treatment attending to the compositional nature of available data has been
applied using samples from five nitrate vulnerable zones in Catalonia: Baix Ter, Selva,
Llucanés, Maresme and Osona. Three different sets of variables have been used: only
geochemical data, only isotope data, or both together. The aims were twofold. First, to establish
a graphical comparative tool to discriminate between the different zones affected by nitrate
pollution, looking for combinations of logratios of variables that have significantly different
average values between the sampled regions. Second: to put forward a statistical methodology
that integrates isotope data together with geochemical data. According to these aims, a linear
discriminant analysis entering compositional data has been performed and the corresponding
discriminant biplot has been depicted. It is remarkable the notable discriminating power when
using only the isotope data set, although the optimal separation of regions is achieved when
using both geochemical and isotope data subsets, as predicted by the theory of discriminant
analysis.

Obtaining all this information can help to understand the mechanisms that control
groundwater nitrate contamination, and to evaluate the influence of anthropogenic activities and
pressures over the aquifer system at a local as well as regional scale, as a basis for adopting an

appropriate water management strategy.
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Introduction

1.1 GROUNDWATER PROBLEMS

1.1.1 Groundwater contamination

Human activity changes groundwater quality of flow systems by introducing pollutants
from different sources. The main groundwater quality problems are 1) salinisation
processes, 2) mobilization of naturally occurring contamination (As, Fe, Al, etc.), and 3)
anthropogenic pollution. Human distortion of groundwater systems accelerated
markedly during the 20" century, as a result of massive groundwater exploitation for
urban water-supply and irrigated agriculture, and radical land-use changes in many
aquifer recharge zones. Anthropogenic groundwater pollution is the consequence of
inadequate protection of vulnerable aquifers against intensification of agricultural
cultivation and livestock farming, and discharges and leachates from urban, industrial
and mining activities (Foster et al., 2013).

Modern agriculture is a major cause of environmental pollution (Rockstrom, 2009),
and has had deep effects on groundwater geochemistry and water-rock interactions. In
many areas of the world, the transfer of major-element chemical loads to shallow
aquifers has been dominated by constituents derived directly or indirectly from
agricultural practices. Close correlation between high nitrate (NO3") concentrations in
shallow groundwater and intensive agricultural cultivation has been widely reported
(Bohlke, 2002).

While aquifers are much less vulnerable to anthropogenic pollution than surface
water bodies, contamination becomes very persistent when they are damaged,
(Wassenar et al., 2006; Sebilo et al., 2013) and it is difficult to remediate, as a result of
their physical inaccessibility and porous structure (Foster et al., 2013). However, an
important characteristic of soils is their potential for natural contaminant attenuation,
which refers to any biotic or abiotic process that leads to a transformation and/or content
decrease of a compound.

The development of effective management practices to preserve water quality, and
remediation plans for sites that are already polluted, requires the identification of actual
contaminant sources and an understanding of the processes affecting pollution in the
aquifers. In particular, a better comprehension of hydrological flow paths and solute
sources is necessary to determine the potential impact of contaminants on water
supplies (Kendall et al., 2007). But, despite notable efforts intended to control and

reduce groundwater contamination levels, the inertia of economic development and
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human activities hampers the translation of increasing concerns about resource

sustainability into effective government measures.

1.1.2 Hydrogeological system alterations

Expansion in groundwater exploitation has generated major socio-economic benefits,
but in many cases current abstraction rates are not sustainable in the long-term, and
some are associated with aquifer deterioration and decline of resource availability. The
continuous growth in groundwater human demand has modified the natural water
balance that defines the amount of available resources (Devlin and Sophocleos, 2005).
An excessive groundwater withdrawal in relation to average natural recharge leads to
the lowering of the water table over extensive areas, and more localized depletion
around some major urban areas. Natural flow patterns and conditions of the
hydrogeological system are modified through drawdown (Mahlknecht et al., 2006;
Palmer et al., 2007; Li et al., 2008; Folch et al., 2011; Carucci et al., 2012; among
others). The intrusion of low quality surface water or groundwater into a freshwater
aquifer, because of this change in the hydraulic gradient due to groundwater abstraction,
is a frequent cause of quality degradation. Groundwater pumped from wells located in
altered aquifers can be a mixture of groundwater from different origins and of different
qualities.

In the worst case scenario, an aquifer becomes stressed or overexploited (Custodio,
2002) when there is 1) decline in water levels, 2) deterioration of water quality, 3) land
subsidence, 4) hydrological interference with streams and lakes, and 5) ecological
impact on groundwater-dependent ecosystems. However, in some cases the existing
problems are due to uncontrolled and unplanned groundwater development and not to

excessive pumping (Llamas and Martinez-Santos, 2004).

1.2 NITRATE IN GROUNDWATER
1.2.1 Nitrogen cycle

Nitrogen (N) is a biologically active element that participates in a multitude of reactions
important to life, and that affect water quality. N exhibits distinct oxidation states and,
because of a wide variety of potential sources, it can be found in different chemical
forms: nitrate (NO5’), nitrite (NO,"), ammonium (NHy4"), organic N compounds (Norg),

etc. The biogeochemical N cycle presents these various forms of N and the processes by
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which they enter, are transformed and lost in the environment: fixation, volatilization,
assimilation (uptake by plants, immobilization in soil), mineralization, nitrification,
heterotrophic and autotrophic denitrification, dissimilatory nitrate reduction to

ammonium (DNRA) and anammox (Fig. 1; Stevenson and Cole, 1999).
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Figure 1. Processes involved in the biogeochemical N cycle.

Many of these processes are carried out by microbes, and affect directly N availability
and the organic matter pool. The behavior of N in the environment is closely linked to
the redox cycle of C, S, P, and trace elements such as Fe and Mn.
Atmospheric N (N;) must be processed to become reactive, be used by plants and
enter the water-soil system. The ways of transforming unreactive N, into other forms of
N are:
- the biological N fixation, performed by some bacteria that are able to fix N as
Norg

- the industrial (human) N fixation, that includes the Haber-Bosch process, used to
make fertilizers and explosives, and the combustion of fossil fuels, which
releases N oxides (NOy)

- the N fixation by lightning, where NO is formed from N, and O, thanks to an

enormous input of lightning energy.
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1.2.2 Groundwater nitrate pollution

NO;3 is one of the world’s most common pollutants in terrestrial and aquatic
ecosystems. Over the past century, humans have significantly impacted the global N
cycle in terrestrial and aquatic ecosystems (Galloway et al., 2004), converting
atmospheric N, into many reactive nitrogen forms (N;), doubling the total fixation of N;
globally, and more than tripling it in Europe. Inputs of N; to soils from both fertilizers
and manure increased between 1970 and 2010 by ~20% for the EU (Sutton et al., 2011).
The increased use of N, as fertilizer allows a growing world population, but has
considerable adverse effects on the environment and human health. Five key
environmental and social threats of N; can be identified: to groundwater and surface
water quality, air quality, greenhouse balance, ecosystems and biodiversity, and soil
quality (Sutton et al., 2011). Elevated NOs  concentrations present a water quality
problem of growing concern because they lead to the quality declining of aquifer
resources and the eutrophication of surface waters. NO;™ concentrations in groundwater
and rivers in developed areas of the world have risen substantially as a result of the use
of synthetic and organic fertilizers and cultivation of N-fixing crops.

Agriculture is the largest contributor of N pollution in Europe (EEA, 2012), with
NOs™ concentrations in groundwater exceeding the international recommendations
(WHO, 1993) for drinking water (50 mg NO; L'; Directive 98/83/EC; EC (1998))
under 22% of cultivated land. In 54% of the European groundwater bodies with poor
chemical status, NOs™ concentrations are excessive (EEA, 2012). In Catalonia (NE
Spain), the threshold value for drinking water has also been exceeded in many aquifer
systems. A total of 17 out of 53 groundwater bodies are classified “at risk” to not fulfill
the good quality status in 2015 required by the Water Framework Directive, due to NO3
pollution (ACA, 2007).

The protection of drinking water quality often leads to conflicts: on the one hand,
farmers have to produce foods to keep up with demand, and on the other hand,
municipalities and government agencies have to preserve drinking water resources and
public health (Bonton et al., 2010). Thus, it is important to better understand the NO3
contamination pattern in a vulnerable zone in order to support the decision-making
process underlying the management of groundwater aquifers. The creation of strategies
to tackle the problem of recovering groundwater quality and even removing N depends
on the particular environmental, hydrogeological and socioeconomic characteristics of

every territory.
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1.2.3 Health concern

Although NOj is of minor toxicity for human health, concerns arise from the potential
bacterial reduction of NO3; to NO, in the stomach, small intestine, and colon of
individuals, which can be harmful to newborns and young children
(methemoglobinemia, referred to as the “blue baby” syndrome) (Bryan et al., 2012;
Ward et al., 2005; WHO, 2008). NO; may also be implicated in the formation in human
metabolism of nitrosamine compounds, which might promote the risk of cancer (Nolan
and Hitt, 2006; U.S.EPA, 2006). As NH,, it is toxic to aquatic life and contributes to

oxygen demand.

1.2.4 Legal framework

Increasing NOj;™ pollution and a growing public health concern have caused European
countries to enact legislation to address the problem (Laegreid et al., 1999). The Nitrate
Directive (ND) (91/676/EC; EC, 1991) was a significant measure taken to tackle the
water pollution situation in Europe, and it stated that the main non-point source of
contamination is NOj  from agricultural activities. The ND aims to preserve waters
against pollution caused by NO; from agricultural sources, by establishing the
designation of protection areas (“Nitrate Vulnerable Zones”), and regulating the amount
of manure applications. Spain transposed this EU Directive into a law (Real Decreto
261/1996), whereas in Catalonia, by Decret 283/1998, Decret 476/2004 and Acord
Gov/128/2009, 12 areas (Fig. 2) have been declared up to now as vulnerable to NO;3
pollution, covering more than one third of the Catalan territory. The control and
monitoring of these vulnerable zones is carried out by the “Agéncia Catalana de
I’Aigua” (ACA) (Water Catalan Agency), which manages the protection of aquifers and
water bodies in Catalonia.

The Water Framework Directive (WFD) (2000/60/EC; EC, 2000) proposed the
objective of achieving a good status for European water bodies by 2015, including the
reduction of NOj;™ levels, and therefore it posed the delimitation and characterization of
groundwater bodies of each Member State. However, new terms will have to be set,
because several aquifers will not fulfill by 2015 the conditions required by the WFD.

The Groundwater Directive (GD) (2006/118/EC; EC, 2006) was designed to
complement the measures for preventing or limiting inputs of pollutants into

groundwater already contained in the Water Framework Directive. The GD aims to go
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against the deterioration of the status of all groundwater bodies by applying the
following measures:
- establishing criteria for assessing the chemical status of groundwater
- establishing criteria for identifying significant and sustained upward trends in
groundwater pollution levels, and for defining starting points for reversing these
trends
- preventing and limiting indirect discharges (after percolation through soil or

subsoil) of pollutants into groundwater.

Decret 283/1928

Decret 476/2004

Acord 128/2009

Figure 2. Vulnerable zones to NO;™ pollution from agricultural sources in Catalonia (E, S, L,
O and M indicate the five vulnerable zones compared in this thesis: “E” = Baix Ter
(Emporda), “S” = Selva, “L” = Llugan¢s, “O” = Osona and “M” = Maresme) (from ACA
data).

Regarding a better management of N fertilizer in agricultural and livestock
activities, many efforts have been made from the Catalan Government by the
“Departament de Medi Ambient i Habitatge” (Environment and Housing Department)
and the “Departament d’Agricultura, Alimentacié i Accié Rural” (Agriculture, Food and
Rural Action Department) approving the following strategies and legislation:

- the code of agricultural beneficial management practices (1998)

- the implementation of the program of agricultural measures in vulnerable zones

to nitrate pollution from agricultural sources
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- the application of a livestock manure management program (Decret 220/2001)
- strategic plan of agricultural fertilization and livestock manure management in

Catalonia (2013-2016)

1.3 ISOTOPES, PROCESSES AND SOURCES

1.3.1 Stable nitrogen and oxygen isotopes

There are two naturally occurring stable isotopes of N: '*N and "°N. The majority of N
in the atmosphere is composed of '*N (99.64%) and the remainder of N (0.36%).
Oxygen is composed of three stable isotopes: '°O (99.763%), 'O (0.0375%) and "*O
(0.1995%). Stable isotope ratios are usually expressed by the notation of isotopic
deviation (0) per mil (%o) units relative to the respective international standards or

reference materials:

R

standard

Reampie — R
Oampre (%00) = [( e )} x 1000

where R is the (""N/"N) or (**0/'°0) of the sample and standard for '°N and 8'°0,
respectively (Clark and Fritz, 1997). 8"°N values are reported relative to atmospheric air
and 8'®0 values relative to Vienna Standard Mean Ocean Water (VSMOW). When
dsample 18 positive, it indicates enrichment in the heavy isotope, while when Ogampie 1S
negative, it indicates depletion.

Stable isotopes undergo kinetic isotopic fractionation, which results in depleted
products, while the remaining element becomes gradually more enriched with the heavy
isotope. This enhancement is characterized by the isotopic fractionation (g) in %o which,

in a closed system, can be expressed by the following Rayleigh equation:

0, =0, + 5ln(&j

Co

where 0 and O; represent the initial and residual isotopic compositions, and ¢ and ¢, are
the initial and residual concentrations of the element, respectively. This equation can be

used to calculate € by plotting measured values of §; against In(cy/co).
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1.3.2 Analysis methods
For the determination of 8"°N and 8'*0 of NO5, three analytical techniques have been

developed in the last decade:

- the anion-exchange or AgNO3; method (Silva et al., 2000):

All oxygen-bearing anions except NOs™ are firstly removed from the sample by
adding BaCl, and then filtering the precipitate out. Next, NO; is extracted by
passing samples through anion exchange resin columns. NOs™ is eluted using HCI,
neutralized with Ag,O and then filtered to remove the AgCl. The resulting solution
is freeze-dried to produce the AgNOjs salt. 8'°N analysis of the obtained AgNO; is
conducted by conversion to N, gas for Isotope-Ratio Mass Spectrometry (IRMS)
analysis. 8'°O analysis can be performed using pyrolisis systems that can generate

CO by addition of graphite.

- the bacterial denitrification method (Sigman et al., 2001; Casciotti et al., 2002)
This method allows for the simultaneous determination of 8'°N and 8'°0 of N,O
produced from the conversion of NOj3™ by denitrifying bacteria which naturally lack

the enzyme that catalyses the reduction of N,O to Nj.

- the cadmium reduction method (Mcllvin and Altabet, 2005)
This method consists of two-step chemical reduction procedure: first, conversion of
NOj™ to NO;™ using cadmium reduction, and then a subsequent reduction of NO;to

N0 using sodium azide.

1.3.3 Multi-isotope approach

When aquifer systems show a hydrogeological complexity and multiple potential N
sources, distinguishing to what extent different sources are contributing to the observed
NOs’ level in groundwater, as well as reporting the occurrence of dilution, dispersion or
denitrification processes, based on the sole concentration measurements, is a tough task.
Even when abundant information about the area (i.e., hydrogeology of the zone, soil
characteristics, etc.) is available, discriminating source contributions is highly uncertain.
This problem can be overcome analyzing nitrogen (5'°N) and oxygen (8'*0) isotopic

compositions of NOj;™ dissolved in groundwater. The use of NOj3™ isotopes to trace N
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sources and reactions in hydrology gained further attention when it became possible to
routinely measure the '*O-contents of NOs~ (Amberger and Schmidt, 1987). This dual-
isotope approach has been extensively used because it enables to distinguish between
NO;™ of different origin (either natural or anthropogenic sources), to estimate semi-
quantitatively contributions from distinct sources, to recognize denitrification processes,
and to assess the N-budget in the soil-water system (Aravena and Mayer, 2010; Kendall,
1998; Kendall et al., 2007).

Nevertheless, this isotope tool shows some limitations (Xue et al., 2009). With only
hydrochemical data and NOs™ stable isotopes, determining whether groundwater NO3
stems either from manure or sewage NH,' is difficult because the isotopic ranges of
both sources overlap. Moreover, processes such as volatilization and natural
denitrification significantly shift the original isotope compositions of the NOj;™ sources
involved. Then, NOj;™ isotopes can be combined with co-migrating discriminators of
NOs sources which are not isotopically affected by the same transformation processes
(e.g. ''B).

B has two stable isotopes, B and HB, whose abundances are 19.9 and 80.1%,
respectively. 5'"B values of natural waters (seawater, river water, rainwater,
groundwater, brines, geothermal fluids, etc.) range from -16%o to +60%o (Tirez et al.,
2010). This wide range of 8''B may result in significant contrasts between B sources in
groundwater. Natural dissolved B in aqueous solutions is principally derived from
weathering of rocks, and is present in two dominant species: boric acid B(OH); and the
borate anion [B(OH)4] . The main human application of B is the use of sodium
perborate (NaBOs;-nH,0) as an oxidation bleaching agent in domestic and industrial
cleaning products (detergents, soaps, toothpaste, etc.). B is thus commonly detected in
anthropogenic wastewater (Barth, 1998). The first studies of B isotopes were intended
to discriminate the influence of wastewater dominated by synthetic B in water resources
(Vengosh et al., 1994; Basset et al., 1995). Komor (1997), Seiler (2005) and Widory
(2004, 2005 and 2013) used &''B data coupled with 8'°N and 8'*0 of NO; in order to
distinguish contributions from animal manure, sewage and mineral fertilizers. Hence, B
isotopes are useful tracers for identifying contaminant sources of groundwater and
surface waters in semirural zones where agricultural and farming practices cohabitate

with industrial and urban activities.
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8'"°N and 3'®0 of NO5™ can also be influenced by isotopic fractionation during chemical
reactions of N compounds. These fractionation processes may largely constrain the
accuracy of NOs  identification since they might be masking each other. Thus, isotopic
analysis of SO,~ (8°'S and 8'%0) and dissolved inorganic C (8"Cpic) is a
supplementary tool to better examine the origin of contaminants, and to evaluate the
transformations undergone by them (Krouse and Van Everdingen, 1986; Krouse et al.,
1991; Clark and Fritz, 1997) and which electron donors are promoting denitrification
(Schwientek et al., 2008; Otero et al., 2009).

Apart from identifying contaminant sources, a multi-isotope approach offers a
deeper understanding of how the extent of contamination is affected by hydrogeology

and groundwater management practices (Moore et al., 2006).

1.3.4 Origin, transport and fate of nitrogen

To evaluate the NO;™ impact on contaminated aquifers, the main issues that need to be
addressed, always considering the hydrogeological context, are: (1) geochemical
processes that control the NOs™ concentration in the aquifer, and (2) main sources of the

contamination (Aravena and Mayer, 2010).

1.3.4.1 Processes affecting the isotopic composition of nitrogen compounds
It is necessary to know how processes involved in the N cycle (Fig. 1) influence the

isotope composition of the main N pools in the unsaturated and saturated zones.

Volatilization
Volatilization of NHj3 is a process derived from the hydrolysis of urea (CO(NH;),)
consisting in the loss of NHj(,) to the atmosphere (Eq. 1). It occurs in manure ponds,
fertilized fields and in the unsaturated zone.
/4 NH3(g)T
CO(NH,), + H,0 — CO, + 2NH3 <> NH," (1)

NHj¢) produced has a lower 8N value than the residual NH,', because
volatilization of 14NH3 is kinetically favored over volatilization of 15NH3. Hence it can

be a highly fractionating process.
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The main biologically mediated reactions that control N dynamics in soil and
groundwater are assimilation, nitrification and denitrification (Kendall, 2007; Aravena
and Mayer, 2010) (Fig. 3). If these reactions are not complete, they commonly result in

the increase of the residual 8'°N and the depletion of the 8'°N of the product.

Assimilation
Assimilation is the transformation of inorganic N-bearing compounds into N, during
biosynthesis by living organisms (incorporating N into cellular constituents). Plants take
N from the soil by absorption through their roots in the form of either NO;™ or NH,"
ions. This process usually does not significantly change the 8'°N of the N source in soils
(Aravena and Mayer, 2010)

When plants die, biomass decays and N, is released. Then bacteria transform this
Norg 1nto NH," in a process in the opposite direction of assimilation called
mineralization (or ammonification). This process usually causes only a small

fractionation (£1%o) between soil Ny and soil NH,™ (Kendall et al., 2007).

§ N,, N,O Respiratory
et denitrification

Sulfur-driven

Iron-driven denitrification

denitrification

Figure 3. Different pathways and fates of NO; removal. Blue and red arrows illustrate
autotrophic and heterotrophic pathways, respectively (from Burgin and Hamilton (2007)).
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Nitrification

Nitrification is the NH4 ' oxidation to NO5", and consists of a two-step process where
various byproducts can also be produced and released into the environment including
aqueous and gaseous compounds (e.g., NO,, NO, N,O) (Eq. 2). Most of the N that
reaches groundwater appears in the oxidized form of NOj, since the availability of

oxygen in the unsaturated zone allows nitrification to occur.
NH;" — NO; — NO5° 2

NH," is often rapidly and completely converted to NO3', and in that case the N
isotopic composition tends to reflect the isotopic composition of the NH;" source. The
8'%0 resulting from nitrification is controlled by the isotopic composition of the O
sources (H,O and O). During nitrification reactions, two O atoms from H,O and one
from dissolved atmospheric O, are incorporated. Thus, 6180N03 is usually calculated as

follows:

2 1
5180N03 :§(5ISOH20)+§(518002) (3)

where 8180H20 is assumed to be that of groundwater, and 818002 is the 880 of

atmospheric O, (+23.5%o; Kroopnick and Craig, 1972).

Denitrification
Denitrification is a microbially mediated redox process that reduces NO;™ to gaseous
products (N, N>O, or NO) under anaerobic conditions and abundant NOs™ input, though
it has been reported that some organisms can denitrify even in the presence of some O
(Rivett et al., 2008). Denitrification is the main natural attenuation process of NOj
contamination in groundwater. It has been observed in many fissured and porous
confined aquifers, and it is also probable to occur in near-river environments (i.e.,
riparian and hyporheic zones) (Cey et al., 1999).

Since denitrifying bacteria appear to be almost ubiquitous in the subsurface,
denitrification requires the following constraints to be met:

- presence of NOs

- presence of anaerobic conditions

14
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- favorable environmental conditions (e.g. temperature, pH, other nutrients and
trace elements)
- the presence of a suitable electron donor (most commonly organic C, but also

reduced Fe and/or reduced S)

The microbial availability of electron donors is usually identified as the major

critical factor limiting denitrification rates in aquifers.
During denitrification, while NO;™ concentration decreases, the isotopically light NOs
molecules tend to be reduced faster than the isotopically heavy ones. As a consequence,
the residual NO;™ is enriched in the heavy isotopes (°N and '*0), with a relative
isotopic fractionation of N and O isotopes (ex/eo) ranging between 1.3 (Fukada et al.,
2003) and 2.1 (Béttcher et al., 1990), and depending on the aquifer materials and
characteristics (Mariotti et al., 1981). Thus, isotope ratio analysis of NOs™ dissolved in
groundwater is an effective tool to show the occurrence of natural denitrification in
aquifers, discriminating from other natural attenuation processes that do not shift the
NOj™ isotope composition, like dilution and dispersion, which also result in a decrease
in N concentrations, but do not lead to the reduction of the contaminant mass within the
aquifer.

The main mechanism for natural denitrification in soils and aquifers is NOj
reduction by heterotrophic bacteria. Heterotrophic respiration of organic matter can be
either aerobic or anaerobic. Both forms of respiration are redox reactions, in which
organic C compounds are combined with electron acceptors (O,, NOs_, Fe’™, SO4%) to
yield oxidized C (CO,), reduced products (H,0, N>, Fe*", H,S), and energy (Eq. 4). The
respiratory denitrification (Fig. 3) is a form of anaerobic respiration in which organic C

is consumed, and NOs" serves as an electron acceptor different than O:
4NOj; + 5CH,0 — 2N, + 4HCO; + CO; + 3H,0 4)

Former research emphasized plant or microbial uptake (assimilation) or respiratory
(heterotrophic) denitrification by bacteria as the main NOj; removal processes.
However, the increasing application of stable isotopes to the study of NO; removal has
yielded evidences for alternative microbially mediated processes of NOs” transformation

(Burgin and Hamilton, 2007; Borch et al., 2010; Rivett el al., 2008). These include:
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Chemo-autotrophic denitrification (via S or Fe oxidation)

NOj™ reduction by sulfide oxidation is a naturally occurring process mediated by
bacteria such as Thiobacillus denitrificans. This denitrification reaction coupled to
oxidation of reduced-S (e.g., pyrite) can be an important NOs™ removal pathway in
fertilizer-impacted aquifers (Schwientek et al., 2008). The S isotope composition of the
groundwater SO,4> tends toward the usually negative &°'S values of the sedimentary
pyrite in the aquifer, while 5" 0504 shows lighter values than that of SO~ coming from
dissolution of SO4*, due to the oxygen equilibrium with water. SO4> concentrations

increase following the reaction:

14NO;5 + 5FeS,; + 4H" — 7N, + 10SO4> + 5Fe*" + 2H,0 (5)

Furthermore, NOs™ reduction can also take place through oxidation of Fe** (Eq. 6;

Postma et al., 1991):

NO;5 + 5Fe”" + 6H" — 1/2N, + 5Fe’" + 3H,0 (6)

Dissimilatory NO3™ reduction to NH;* (DNRA)

The DNRA is an anaerobic reduction process mediated by fermentative bacteria that
converts NO;™ into NH;" (Eq. 7), in contrast to assimilatory processes that incorporate N
into cellular constituents. It is thought to be favored in environments rich in labile C
when NOj’ is limited, while respiratory denitrification would be favored under carbon-

limited conditions (Burgin and Hamilton, 2007).

NO; + 2CH,0 + 2H" — NH;" + 2CO, + H,0 (7)

NH," produced from DNRA has a much lower §°N than the original NOj3
(McCready et al., 1983).

Anammox

Anaerobic ammonium oxidation (anammox) is an autotrophic process by which NH," is
combined with NO, under anaerobic conditions, yielding N, (Eq. 8). The NO; is
derived from the reduction of NOj", possibly by denitrifying bacteria. According to
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Brunner et al. (2013), for the anammox N isotope effects to be fully expressed in the

environment, both NH," and NO,™ have to be in excess.

NH, +NO, — N, + 2H,0 (8)

1.3.4.2 Isotope fingerprinting of N sources in water

Cultivation-induced mineralization of soil N, mineral fertilizers, animal and sewage
wastes, and industrial emissions or residues are the main sources of NO; pollution in
the hydrosphere (Heaton, 1986). They can be divided according to their origin (natural
or anthropogenic sources) or their spatial and temporal distribution (point or diffuse
sources). From Aravena and Mayer (2010) and Llamas and Martinez-Santos (2004),
among other authors, NOs™ pollution in groundwater is mainly attributed to sources

associated with:

1) Agricultural and farming practices

These practices range from extensive dry land grazing to intensive animal feeding
units, and from dry land cultivation to large irrigation schemes. The spreading and
storage of fertilizers may result in the infiltration/leaching of surplus of N into
aquifers. The application of synthetic and organic fertilizers has often been
excessive in comparison with the N need of crops, i.e. fertilizers might have been
overused when the soil and/or the groundwater used for irrigation were already rich
in N. Irrigation return, leaking slurry or manure tanks, and abandoned wells are
other husbandry sources of contamination. Hence, improvement of N fertilizer

management practices is a key point in dealing with NOs™ contamination problem.

2) Urban and industrial activities

The N impact of sewage on groundwater can be due to the seepage of sewer or
drainage network in urban areas, leaking septic systems and cesspools, spillage of
sewage without previous treatment to channels, the discharge into streams from
water treatment plants, the use of treated wastewater for irrigation, street washing,
urban solid waste landfills, effluents from infrastructures like secondary roads,
urban areas out of the nucleus, golf courses, atmospheric emissions from vehicles,
etc. Leaching from landfills, mine tailings, and atmospheric emissions from power

plants can be considered industrial sources of N.
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The specific differentiation between sources of fecal contamination is of particular
importance, because the risk to humans is usually considered higher from human fecal

waste than from animal fecal residue (Fenech et al., 2012).

Mineral Fertilizers
Synthetic N fertilizers generally have N isotope values that fall within a relatively
narrow range close to 0%, in accordance with the 3'°N of atmospheric N, the N source
for fertilizers production (industrial N fixation). Data summarized by Kendall (2007)
show the great majority of NH;-containing fertilizers have 8'°N values of 0%o or lower.
In the literature is considered that 8'°N values of mineral fertilizers range between -4
and +4%o0 (Xue et al., 2009; Aravena and Mayer, 2010; Table 1). Synthetic NOs
fertilizers present 8'®Onos values between +17%o and +25%o (Vitoria et al., 2004b)
because their O is derived from atmospheric O,, whose 80 value is around +20%o
(+23.5%0; Kroopnick and Craig, 1972).

8''B values of mineral fertilizers reported in the literature range from +8%o to
+17%0 (Xue et al., 2009), but some other studies reported a range between -9%o and
+15%0 (Widory et al., 2005).

Animal and human waste

N isotopic compositions of manure are quite well established and generally have higher
8"°N values and a much wider range of compositions than synthetic fertilizers, reflecting
their more diverse origins. Animal manure tends to become isotopically heavier over
time due to volatilization of NHjs.

In Catalonia, Vitoria (2004) determined a 8'°N range from +8%o to +15%o for pig
manure, and Curt et al. (2004) reported for three different vulnerable zones to NOs3
contamination in Spain a very wide isotopic range for animal waste that overlapped the
range found for sludge and effluents from waste-water treatment plants, indicating that
these two NOj3™ sources are isotopically indistinguishable.

Animal manure contains B as a minor or trace element. The 8''B values reported for
different types of manure range from +6.9%o to +42.1%o, and for pig manure are higher
than the 8''B values reported for fertilizers and sewage (Table 1). 8''B values of sewage

reported in the literature range from -7.7%o to +12.9%o (Xue et al., 2009).
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Soils

N in soil can occur in several forms: as mineral N, as organic N in plants through
fixation of atmospheric N, and in bacteria or in soil fauna. The §"°N range reported for
NOs’ originated in soil organic matter is between +3 and +8%o (Heaton, 1986; Kendall,
2007; Aravena and Mayer, 2010; Table 1). N isotopic composition of soil N can also be
the consequence of land uses thanks to the assimilation processes of mineral N. Crops
grown using synthetic N fertilizers have lower N isotope values than crops grown using
manure-based fertilizers (Bateman et al., 2005; Yun et al., 2006). To our knowledge, B

isotope compositions of agricultural soils have never been reported.

In order to use the multi-isotope approach to discriminate sources and identify
process more easily, we summarized from the literature NO3", SO4*, B and DIC isotopic

composition ranges of the potential NO3™ sources in Catalonia (Table 1).

Table 1. NO5, SO4Z', B and dissolved inorganic carbon (DIC, HCOj5) isotopic composition ranges of the potential NO;™ sources.

NOj; source . . - :
Pig manure Mineral fertilizers Sewage Soil
Isotope ratio (%o)
s +8 — +16 4 —+4 +8 — +20 +3 —+8
8°N
. Bateman and Kelly (2007), Kendall et Aravena and Mayer (2010), Heaton
Vitoria (2004) al. (2007), Vitoria et al. (2004b) Aravena and Mayer (2010), Curt el al. (2004) (1986), Kendall et al. (2007)
55 2/3(5"%020) + 1/3(5"00y) +17 — +25 2/3(5"% 0p0) + 1/3(5'%04y) 2/3(5"% 0p0) + 1/3(5'%04y)
NO3 Aravena and Mayer (2010), Vitoria et
Kendall et al. (2007) al, (2004b), Xue et al, (2009) Kendall et al. (2007) Kendall et al. (2007)
5¥g -0,9 —+5,8 0—+10 +7,6 — +11,7 0—+6
Cravotta (1997) Vitoria et al. (2004b) Otero et al. (2008) Krouse and Mayer (2000)
5150 +3,8 —+6 +9 —+15 +9 —+11,1 0—+6
so4 Otero et al. (2007), Vitoria (2004) Vitoria et al. (2004b) Otero et al. (2008) Krouse and Mayer (2000)
" +19,5 —+42,4 9 —+15 -7,7 —+12,9 -
3B . Komor (1997), Widory et al. (2005), Bassett et al. (1995), Vengosh et al. (1994),
Widory et al. (2005) (2013) Widory et al. (2013), Xue et al. (2009)
5 -23,8 —-16,4 -35—-24 -25 —-13 -23
O "Cye -
Heos Cravotta (1997), Vitoria (2004) Vitdria et al. (2004b) Jurado etal. (zotf{a'lu(;é;l") (2010), Waldron Clark and Fritz (1997)

1.4 COMPOSITIONAL DATA ANALYSIS

A composition is a set of numbers that carries only information regarding the relative
weight or abundance of each component in the whole. Compositions are mathematically
defined as vectors whose components are positive and sum up to a given constant
(Bacon-Shone, 2011). Thus, each set of hydrochemical data (e.g., major anions and
cations) constitutes a composition. When conventional statistics is applied to

compositional data, the particular characteristics of compositions make the widely-used
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classical techniques to lose their meaning. For instance, correlation coefficients

computed from raw compositions may give confusing information.

Aitchison (1982) was the first to set up an alternative approach to classical

treatments in order to avoid this problem when dealing with compositional data; he

proposed:

transforming the sample compositions through log-ratios (clr = centred log-
ratio, ilr = isometric log-ratio)), then applying the standard statistical procedures
to the transformed data, and finally back-transforming the results, which is

equivalent to:

defining a compositional distance between compositions more suitable to

compare them than the Euclidean distance, and a new set of operations.

Geometrically, given a composition with D positive-valued components whose total

sum is a constant (), the set of points in the real space (R”) that fulfill both conditions

is the support space of compositions called the D-part simplex (SP):

D
SP ={x = X, X0 Xp X > OAD X = K‘} 9)

i=1

Simple ways to summarize and display multivariate data are:

20

the linear discriminant analysis (LDA), whose goal is to find directions of the

real space where the separation between the sample groups is optimal.

the singular value decomposition and its graphical representation, the biplot
(Gabriel, 1971), which provide the necessary tools for analyzing compositional
data when adapted to the simplex (Aitchison and Greenacre, 2002). The linear
biplot is a powerful graphical technique intended to reveal linear relationships
amongst variables (expressed as rays) and samples or observations (expressed as
dots). The ray length is proportional to the variance of the variable it represents,

exactly to the variance explained by the 2-dimensional system. The discriminant
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biplot is a joint graphical representation of variables and observations devised to

display differences between groups.

Hydrochemical and isotope data sets obtained in the last decade from the study of
different vulnerable zones to NOs™ contamination in Catalonia (Maresme, Osona, Baix
Ter-Emporda, La Selva and Lluganés) posed the idea of making a comparative analysis
between them in order to achieve a more global view of the pollution state in the
aquifers. Since hydrochemical data must be considered as compositional data, the

statistic treatment chosen is based on the approach established by Aitchison (1982).
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Hypothesis

2.1 HYPOTHESIS

Due to the intensive anthropogenic pressures on groundwater resources in many of the
Catalan aquifers, investigating sources and processes involved in the evolution and fate
of NOs™ contamination has been one of the main research lines developed by the
Consolidated Research Group of Mineralogia Aplicada i Medi Ambient (MAIMA)
(Departament de Cristal-lografia, Mineralogia i Diposits Minerals, Facultat de Geologia,
Universitat de Barcelona) in the last decade. The background motivation of studying the
alteration state of aquifers and the natural and/or induced attenuation processes is
bringing a chance to improve environmental conditions, as well as to restore water
quality for the benefit of human supply and ecological preservation.

Results obtained in the previous studies and projects carried out by MAiMA have
demonstrated the usefulness of the analysis of NO;™ (8"°N and 8'°0), SO,* (5**S and
8'*0) and dissolved inorganic carbon (8"°Cpyc) isotopes as tracers of the origin of the
contamination, and as indicators of the occurrence of natural attenuation processes and
of which reactions or electron donors control it (Otero et al., 2007; Otero et al., 2009;
Vitoria, 2004; Vitoria et al.,, 2008). To summarize, this research consisted in the
laboratory-scale implementation of all these multi-isotope tools, the subsequent
application at the field-scale, and the analysis and interpretation of isotope data as a
powerful complement to hydrochemical and hydrogeological data. It was found and
confirmed that multi-isotope approaches work successfully in NOj3™ vulnerable zones
affected by a specific, prevailing and well-known contamination source: synthetic
fertilizers, in the case study of Maresme area (Vitoria, 2004; Vitoria et al., 2005), and
pig manure, in the case of Osona area (Otero et al., 2009; Vitoria et al., 2008).

Based on this previous research, the logical following step is using the multi-isotope
methodology in other more heterogeneous NOj;™ vulnerable zones of Catalonia, e.g.
Baix Ter-Emporda, Selva and Lluganés. Unlike Maresme and Osona, Baix Ter-
Emporda and Selva vulnerable zones are characterized by 1) the presence of multiple
NOj™ sources, without a prevailing one over the others, 2) the presence of various
anthropogenic activities and pressures (heavy groundwater withdrawal regimes,
abundant stock breeding and crop cultivation), and 3) hydrogeological systems
constituted by multilayered aquifers. This hydrogeological complexity appears from the

presence of converging regional and local flow systems, and also from different degrees
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of connectivity between distinct aquifers, giving rise to mixing processes, which in turn
are enhanced by the human abstraction activity in the area (Menci6 et al., 2011). Thus,
when applying a multi-isotope approach in this type of areas, we must also take into
account the mixing processes of groundwater with different origin and chemical
composition, because they will influence the hydrochemistry and isotope ratios of the
resulting groundwater.

According to this study framework, the primary hypothesis of our research puts
forward that in areas where the main cause of NOj;™ contamination is uncertain a priori,
and where complex hydrogeological systems present an added handicap, the
combination of hydrochemical and isotope data should help to characterize the state of
aquifer pollution, to discriminate between potential sources, and to assess the
biogeochemical processes that might occur in the subsoil, reaching a deeper insight into

NOj;" contamination problem.

2.2 OBJECTIVES

Under the basic premise previously described, we state a set of specific aims:

1. To characterize the impact of groundwater development on hydrodynamics, and
to determine the influence of local and regional groundwater mixing over NOs’
pollution evolution, in large-scale flow systems such as the Selva and Baix Ter
basins, by means of the use of groundwater isotopes.

2. To validate in a more heterogeneous aquifer system the combined use of 3'"°N
and 8'%0 of dissolved NO5™ in order to identify the main sources of groundwater
NOj pollution.

3. To validate the use of B isotope ratio (8''B) in order to discriminate nitrate
pollution from livestock and urban origins.

4. To determine and evaluate the different natural attenuation processes that occur
with the isotope compositions of NO; and the other ions (SO,~, HCO5)
involved in the chemical reactions that control these processes.

5. To compare the different studied vulnerable zones (Baix Ter-Emporda, Selva,
Lluganés, Maresme and Osona) through the application of a suitable statistical

treatment (compositional data analysis) that permits integrating isotope data
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together with geochemical data, in order to characterize and distinguish zones in
accordance with the NO;  origin and the dominant processes controlling

denitrification.

2.3 OUTLINE

The “Introduction” describes the previous knowledge and the specific environmental
problem that motivates the research work developed in this doctoral thesis. Next,
hypothesis and specific goals to be achieved are shown as the starting point. In the
“Synthesis” section, results and discussions of each publication are summarized, and in
the “Thesis” section the general conclusions are presented. The “Annexes” section
consists of the four publications as they have appeared in the final published editions
(except “Annex 3”).

In the “Annex 17, the paper characterizes the effects of intensive groundwater
exploitation on hydrodynamics and water resources quality of the large-scale flow
system in the Selva basin, from potentiometric, hydrochemical and water isotope data
collected in the area. Results reflect the changes in the pattern of local and regional
flows produced by pumping activity, the relationship between geological formations of
mountain ranges and the sedimentary infilling of the basin, as well as the influence
exerted by fault zones and fracture networks in the recharge of the system.

The paper of “Annex 2” shows how a multi-isotope approach applied in the Selva
basin, with distinct potential N contaminant sources, indicates that the main
contributions of N in groundwater come from manure and mineral fertilizers. The study
also shows that NOs™ natural attenuation is occurring, and that it is more closely linked
to oxidation of organic matter. In addition, the combined analysis of hydrogeological,
hydrochemical and isotope data suggests that mixing of local and regional groundwater
flows, besides causing dilution processes, also promotes denitrification due to the
reducing conditions of some deep regional flows.

In another NO;™ vulnerable zone, the Baix Ter-Emporda aquifer system, the multi-
isotope approach presented in “Annex 37 demonstrates that dissolved NO;™ in
groundwater originates mainly from pig manure, although SO,> and B isotopes indicate
a non-negligible contribution of sewage and mineral fertilizers. The analysis of 5''B

confirms that pig manure is the main source of NOj3™ pollution. NOs” isotopes show that
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NOs™ natural attenuation is occurring, and SO,” isotopes, that it is not controlled by the
pyrites oxidation but rather by the oxidation of organic matter. Data also suggest that
heterotrophic denitrification could be favored by either river-aquifer interactions, the
presence of organic matter levels in near-river areas, or, by mixing between
contaminated groundwater and deeper flows with reducing conditions, in fault zones,
similarly as it happens in La Selva basin.

In the “Annex 47, applying an alternative statistical methodology that integrates
isotope data together with geochemical data, and deals with the latter as compositional
data, a comparative of five NO3™ vulnerable zones in Catalonia (Baix Ter-Emporda,
Selva, Llugan¢s, Maresme and Osona) is established. This methodology has consisted in
a linear discriminant analysis and the corresponding discriminant biplot. These
procedures show the discrimination power when using only the isotope data set,
although the optimal separation of sample groups is achieved using both geochemical
and isotope data subsets. Moreover, the combination of 8Cpic, 8°*S and 80504
variables suggests a separation of sample groups depending on the reactions controlling

denitrification processes.
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RESULTS AND DISCUSSIONS

3.1. EXAMPLE OF SELVA BASIN (1)
Hydrogeological and isotope approach

3.1.1 Piezometric data

In the potentiometric contour maps of the upperoaficed aquifer and the confined
and leaky aquifers underneath (Fig. 4), flow lirkfine two main hydrogeological

units, in agreement with the hydrographic boundaoiethe two main watersheds in the
study area: Santa Coloma River Basin (SCRB) andaORyer Basin (ORB).

Groundwater flow systems are south-oriented inSKdRB, and north-oriented in
the ORB. Between them, a groundwater divide oretntd¢NW-ESE appears in the
central part of the Selva basin, which coincideshwihe surface limits of both
watersheds. This setting reflects a geologicalrobof the head distribution that results
in separated flow systems draining in oppositecatives, controlled by the drainage
pattern of the basin on the surface, and by strakcélements at depth.

The two hydrogeological units show differenceshe origin of their recharge. The
upper unconfined aquifer unit receives superficeharge through direct rainfall and
river infiltration, while deeper aquifer levels aecharged by lateral flow systems and,
more importantly, by upward vertical flows from thasement. In addition, lateral flow
from the surrounding range areas, through faulegand fracture networks that define
the geological setting of the system, is also §icamt. At the same time, hydraulic head
data indicate a vertical connection between sediangmaquifer levels at various depths,
and also a lateral hydraulic connection betweenr#éimge-front areas and the basin
aquifers.

The behavior of and the interactions between distigdrogeological units are seen
to be diverse and dependent on location, geologetting, seasonal variation, and
pumping rate. The differences observed between ferguiead levels and well
productivity indicate the occurrence of rechargexdls from the range-front and the
basement. Non local flow systems originating in sierounding ranges, and flowing
through the main tectonic elements, have a majiuance over the recharge of the
basin sedimentary infill and, at the same timegvalintensive exploitation rates within

the basement. Such behavior illustrates the saamfi influence of groundwater
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pumping over the natural flow fields and the rege#discharge relationships between
large-scale hydrogeological units. Such a degreéntafraction affects groundwater
guantity as well as its quality, and ultimately thénerability of the Selva basin water

resources.

EXPLANATION Legend
80- Piezometric surface [] Paleozoic Materials
o Qbservation well [1 Paleogene materilas

— Watershed boundaries I Neogene+Quaternary volcanic materials

[ Neogene+Quaternary sedimentary materials
Main Faults
— Basin limit
O Sample point

Figure 4. Potentiometric contour map (May 2004)Japer unconfined aquifers (around 190 wells less
than 30 m deep). b) Deep confined or semi-confampdfer (around 70 wells over 30 m deep).
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3.1.2 Hydrochemistry

Hydrochemical facies allow distinct groundwater reeg to be differentiated in the
main aquifers of the Selva basin (Fig. 5). Basedhmir chemical composition, Na-
HCO; and chloride-rich facies can be attributed to regidlow systems with longer
residence times at the subsurface (Gascoyne €987, Toth, 1995, 2000; Beaucaire,
1999; and Carrillo-Rivera et al., 2007). These dampalso have low nitrate
concentrations and high fluoride content of up $omg/L, indicating high water-rock
interaction (Piqué, 2008). Conversely, local floystems have Ca-HC(facies with
high nitrate, sulphate and chloride concentratietated to pollution sources. This type
of facies indistinctively shows a low fluoride cent (< 2.0 mg/L). Among them, Ca-
HCQO; facies with significant sodium content may beilattied to intermediate flow
systems, with sulphate and nitrate concentratiomged than samples from local flow
regimes. Some enrichment in chloride may be reltdeevaporation processes in the
unsaturated zone, as revealed by isotopic datarstaier.

High nitrate samples seldom coincide with high filde content, and thus define
distinct end-members in the recharge of the Sehsnbinflow from rainfall infiltration
within the basin will present nitrate pollution, Wehvertical upward inflow from the
granitic basement, or lateral inflow from the ratigent as in the Santa Coloma fault
zone, will present a significant fluoride concetitla. It is worth noting that the
occurrence of fluoride is limited to wells locateldng the main fault areas, suggesting
an efficient flow path through tectonic structur®ost samples located in these fault
areas also show high concentrations of H@@ing saturated or close to saturation with
calcite, indicating a potential deep €Mput or mixing with thermal waters. In this
dataset, some wells present high fluoride conceot® as well as moderated nitrate
content. Such hydrochemical composition could bisattributable to mixing processes
caused by the cones of depression inside the aguifesimply to the existence of
several screened intervals in the borehole.

In summary, hydrochemical facies permit a classiftm of groundwater samples
in different groups according to basin, hydrogeaabunit and hydrochemistry. Thus,

the studied samples were divided into the followgngups:

1. Samples related tegional fault zones and granitic aquifers, mainly having fluoride

content higher than 2 mg'L
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Legend
[1 Paleozoic Materials
[1 Paleogene materilas
[ Neogene+Quaternary volcanic materials
[ Neogene+Quaternary sedimentary materials
————— Main Faults
— Basin limit
O Sample point

Hydrochemical Groups

Regional faults or granite (F>2 mg/l)
Granite or granite and Neogene
Sedimentary Neogene with low nitrate
Sedimentary Neogene with high nitrate
Surface wells

Volcanic or with volcanic materials
Surface wells and water Sta. Coloma
Deep wells and springs Sta. Coloma

BomNtoong

Stiff diagrams

/AY

\sio1

Figure 5. Stiff diagram distribution (May 2006).fReto text for hydrochemical groups description.

2. Samples from wells igranitic rocks that may also exploit Neogene sedimentary
formations, usually with Ca—HC®facies and some with high chloride content.

3. Samples froniNeogene sedimentary layers with low nitrate content (below 38 mg [*
NO3).

4. Samples fronNeogene sedimentary layers with high nitrate content (usually above
50 mg L* NO3) showing the influence of groundwater withdrawahederate depth
from or below shallow aquifer units.

5. Samples fronsurface wells, either in alluvial or in the uppermost Neogengels, or
in weathered granite outcrops, having a charatiteiza—HCQ facies, and likely to
have high nitrate concentrations in the easternBB@ml in the ORB.

6. Samples located totally or partiallywvalcanic rocks, with Ca—HCQand/or Ca—Mg—
HCQO; facies, reaching a possible depth of 80 m andgbedtated to local aquifers

and/or deeper system flows.
Finally, two types of wells can be distinguishedhe western SCRB with different
features from those already described above, fameke, lower salinity content.

Accordingly, we differentiate between:
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1. Samples fronmsurface wells and stream water in the SCRB with a lower nitrate
content than those of the ORB.
2. Samples frondeep wells and springs in the SCRB, with a significant fluoride content

and low nitrate concentrations.

One of the main outcomes of the dataset is thdaseiwells are seen to have a
wide range of hydrochemical facies. This can bebatied to the effect of aquifer
lithology and pollution impacts, mainly from theensive use of manure as fertilizer.

3.1.3 Environmental Isotopes (D, 5°0)

The local meteoric water linD = 7.9 %0 + 9.8 (LMWL-R) from Neal et al. (1992)

is considered representative of the range areasusutling the Selva basin. However,
recharge water in the Selva basin is characteusaty the precipitation data from the
the IAEA/WMO Girona airport station in the centpart of the Selva basin.

Groundwater from regional fault zones, granite suaad springs show low isotopic
content near to LMWL-R, indicating the basin ishaaged from higher altitudes (Fig.
6). Samples from fault zones show the lowest isotoplues and, therefore, confirm a
relationship with regional, fluoride-rich, longezsidence time flow systems, and a
control of the fault zones upon the flow line distition. Conversely, most of the
samples from wells in the Neogene sedimentary foams show more enriched values
of %0 anddD than LMWL-R, denoting recharge at the Selva hasin

Seasonal variability is also encountered, as saplel to lie around the LMWL-R
in the September and December surveys, and thérntslneavier values in both May
surveys, with some evidence of evaporation prosessthe non saturated zone (Clark
and Fritz, 1997) in the larger May 2006 datasey.(6).

Water withdrawn at the end of the summer seasenjn. September or October,
shows higher recharge altitudes and isotopic vadligaed according to the LMWL-R.
By September, intensive water withdrawal has exeausocal resources, and the
isotopic content reveals the dominant influencegodundwater flow from regional
systems on the captured water. During the summasose an evolution to lighter
isotopic values coincides with a decrease in mtrabhd an increase in fluoride
concentrations, when rainfall recharge is almok{Mencio, 2006). That is to say, the

lateral and vertical upward recharge from the surding ranges and the basement
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provides water to the sedimentary aquifers of thgir fulfilling major water needs as

most of the wells can therefore maintain their eiption rates.

During May surveys, following the wet season thadtd from October to May,

groundwater samples exhibit more enriched isoteglaes that have shifted to the local

recharge signature in the basin surface. More®gagific samples located in the ORB

are distinctively aligned along an evaporation.line
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analytical error and the value weighted with theoant of precipitation calculated with data from the
Global Network of Isotopes in Precipitation (GNIfPd)m station “Gerona Aeropuerto” located in the
Selva basin (IAEA/WMO, 2006). “Evaporation” indieatthe trend line of evaporated groundwater in the

non saturated zone.

Such seasonal conduct emphasizes the effect girthmdwater withdrawal regime

on the hydrogeological dynamics of this systemhliie origin of captured water being

modified from local to regional recharge sourcésldo reveals the role of fault zones

as preferential flow paths that recharge the oveglysedimentary layers from the

basement.

36



Synthesis

3.2EXAMPLE OF SELVA BASIN (2)

Multi-isotope approach

Physicochemical parameters related to redox camdit{dissolved ©and Eh) indicate
that most of the studied samples are oxic grounglwblowever, it is worth noting that
several samples linked to regional flow or fractaral fault systems presented redox
conditions quite favorable to denitrification preses (and in some cases, s80

reduction).

3.2.1 Sulfate isotopes

Dissolved S@ in Selva basin groundwater may have several arigi) SQ* from
livestock manure, synthetic fertilizers or sewaggking (anthropogenic sources related
to land use and human pressure) and b) oxidatioadefced S compounds, dissolution
of evaporites, soil-derived SO or CQ-rich thermal waters (natural sources linked to
hydrogeological conditions®**S of groundwater samples ranged between +2.2 and
+28.7%o, With a median value of +7.2%o (n = 33), @Dso.ranged between +3.2 and
+14.4%0, with a median value of +6.7%. (n = 33). "emcentration of dissolved SO
varied from 5 to 238 mgtwith a median value of 49.3 mg'l(n = 39). As shown in
Figure 7, most of the samples fall in the mixingaadefined by the isotopic ranges of
fertilizers, pig manure and sewage, indicating thaoundwater SE is mainly
controlled by anthropogenic sources. The high¥s values coupled to low SO
concentrations could be linked either to bactemig&Q? reduction processes or to
the influence of C@rich thermal waters.

Five samples (AG0113, BR0092, RS0191, SC0117 an®280) had greater
values of 5*'S, lower S@ concentrations and were slightly displaced frore th
clustered samples near the isotopic range of piguneaand fertilizers. They can be
interpreted either as an intermediate flow or astunés between the local recharge and
a ¥s-enriched source, like a regional long resideitoe-tflow or CQ-rich thermal

waters.
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Figure 7.5*'S vs.5™0g0, of dissolved sulfate with the representation dfired and anthropogenic source
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3.2.2 Dissolved inorganic carbon isotopes
8"*Chcos varied from -19.7%o to -5.4%o, with a median valfe B4.5%. (n = 38) in the
range of 8"°Chcos in groundwater (from -16%. to -14%., Clark and Fritz997).
Groundwater had HCQconcentrations ranging between 134 mydnd 743 mg L,
with a median value of 362.3 mg'L Hence, the measured inorganic C isotopic
composition is mainly controlled by the C signatusé groundwater HC® in
equilibrium with soil CQyg), as well as by the secondary calcite linked tonigea
(White et al., 2005; Fig. 8).

The highest concentrations of HE@n the Selva basin groundwater are linked to
the interaction with C@rich thermal waters. Results suggest that grouteiweamples
with '3C greater than -14%., HGOconcentrations greater than 300 mydnd calcite

S| > 0 may be accounted for by a contribution fré@.-rich thermal waters and/or a
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long residence time along flowpaths. In order tppgut this explanation, a theoretical
mixing model has been calculated assuming two eecdMpers: 1) the C&xich thermal
waters, and 2) groundwater. The mixing model trenown in Figure 8 plots close to
the highers*®C and HC@ groundwater values and fits well with a few saraple
(RS0263, LG0029 and FS0066). Therefore, groundwsderples associated with the
local flow system can be derived by mixing with £@h regional flow system

groundwater, as pointed out by Folch et al. (2011).
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Figure 8.3C-HCO;, plot of the studied samples. The usual range3'8€ucos in groundwater in
equilibrium with soil CQ (from -14 to -16%.; Clark and Fritz, 1997) and #markling spring samples
analyzed by Vilanova (2004) are also plotted. Ddsheld curve indicates the two end-member mixing

model trend.

3.2.3 Nitrate isotopes
5N of groundwater samples ranged between +6.2 aBd®%4, with a median value of

+10.4%0 (n = 32), and™®Onos, between +3.4 and +28.0%, with a median value of
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+5.8%0 (N = 32). The concentration of dissolvedsN@ried from 0 to 217 mg twith
a median value of 47 mg'i(n = 39).

The lowest3™N values were in the range of soil organic N (fré%o. to +8%o;
Kendall et al., 2007) (Fig. 9). NOconcentration values of some of these samples were
higher than 200 mgt, which makes the mineralization of organic N afikefy source.
Thus, the origin of N@ for some of these samples might also be ammonautiiZzers
that, in addition to nitrification, have undergopeocesses such as volatilization
partial denitrification. This is consistent withetlfact that some of these samples

(BR0O092 and VO0280) were collected in areas witit frees and plant nurseries.
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Figure 9. Isotopic values of groundwater dissolXd; plotted with the ranges of the potential nitrate
sources in the study area (Vitoria et al., 2004008).

For samples witl3*N in the range of manure (from +8 to +16%o; Vitor2004)
and/or sewage, and®Onos Up to +5%o (the highest estimatéfOnos), NOs is the

result of volatilization and nitrification processaffecting ammonium of pig manure, in
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agreement with the land uses, the extent and peesell livestock activities.
Nevertheless, the impact of NQlerived from sewage can also be significant, since
frequent urban dumping attributed to areas not eowma to the sewer system is
occurring. The influence of N coming directly from N@ synthetic fertilizers was
not noticed.

In the case of samples wit°N in the range of manure and/or sewage, and with
5"%0n03 values greater than +5%., NQsotopic values displayed a positive trend in a
plot of 8*°N vs 5'%0y0s (Fig. 9) indicating that denitrification processes taking place.
Samples linked to the regional flow system appe#oebe clearly affected by natural
attenuation processes of RO

The samples most affected by the natural atteruaif NO; were VDO0177,
CS0304, LL0115 and SCO0117 (fertilizers-derived até) (group A), and SI0180,
RS0263, MS0115, CS0284 and CS0271 (pig manureatenitrate) (group B) (Fig. 9).
All these wells seem to be influenced by mixinghmegional flows with reducing
conditions. Therefore, the assessment of procesgelved in the transport and fate of
NOs; by means of the dual NOisotopes approach seems to indicate that the iregluc
conditions of long residence time and deep flowsfdNOs reduction of polluted local
recharge groundwater. Consistent mixing betweemagmnal deeper groundwater and
local groundwater plus denitrification superimposié® effects of dilution and
consumption on nitrate concentrations. This is oeftewith 3*'S, 5%0s0s and8™*Ciicos
data, as they also point out mixing processes letwieep and shallow flows.

It does not appear from the $Oisotopes that significant pyrite oxidation was
occurring. The sample trend in tB€Cycos vs. HCQ plot (Fig. 8) was the opposite of
the expected trend if denitrification linked to angc matter oxidation was occurring.
This result, however, does not conclusively meat MO;” was not being reduced by
means of heterotrophic denitrification, becausernfaence of regional C&rich flows

and/or other C sources could have been masking it.
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3.3EXAMPLE OF BAIX TER BASIN

Multi-isotope approach

3.3.1 Hydrodynamics

In agreement with the conceptual flow model desdtim previous studies (Vilanova
and Mas-Pla, 2004), the Quaternary piezometry stogeundwater flow lines

oriented south to north (from the Gavarres massithe Ter River) (Fig. 10). The

exploitation of the Gualta supply wells producesdepression cone around this
municipality. Groundwater withdrawal activity ned&ualta village modifies the

behavior of the Ter River, inducing surface watedtain into the alluvial aquifer, and
making the Ter River a losing stream where the @&gpon cone appears.
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Figure 10. Baix Ter basin map showing the geologg aampling points, labeled according to their
hydrogeological formation (round and triangle skapmlistinguish between Quaternary and Tertiary
aquifers, respectively, and light and bold poirfisiween shallow and deep formations, respectively).
Potentiometric contourlines correspond to the wtable measurements of the Quaternary unit (August
2004).

42



Synthesis

3.3.2 Sources of the recharge

The isotope values of samples collected from wellshe Quaternary and Tertiary
aquifers were mostly lighter than those of the Wig mean precipitatiomD = -
33.5%0, 5'%0 = -5.2%0). This indicates that recharge of thegaifars is not only
attributable to the infiltration of rainfall withithe basin but also to other sources of
recharge. The wide range &fO andsD values in the shallow Quaternary aquifer, even
within the same sampling campaign, denotes theentle of different recharge flow
systems with distinct hydrogeological charactessstiand the mixing among them: 1)
the Ter River, 2) local rainfall, and 3) the Gaearmassif.

The overlap between the isotope compositions ofesQuaternary and the Tertiary
groundwater samples suggests that both aquifers sheommon source of recharge or
are somehow connected. This is consistent withctireceptual model described by
Vilanova and Mas-Pla (2004), who hypothesized amaug groundwater flow from the
Tertiary aquifer to the deep Quaternary aquifethim northern part of the area. On the
other hand, the Gavarres massif is a source oargelfor the Tertiary unit, in addition

to local rainfall.

3.3.3 Hydrochemistry
60% of the studied samples had Névels above the legal threshold of 50 myfhr
drinking water. A spatially complex distributionlifoving a diffuse regional pattern
was observed for groundwater Bl/Joreover, NQ is not correlating with well depth.
This NG; distribution pattern may be explained by the hygldmplex hydrogeology of
the study zone and by the mixing of waters frontimit$ origins and qualities within the
well borehole. Five samples in thep @deep Quaternary) andpT(deep Tertiary)
aquifers contain no N§ have an Eh below 200 mV and show the highest ammo
and manganese concentrations. These characteastidypical of groundwater under
reducing conditions, which would agree with thewcence of denitrification processes.
Samples with high N®concentrations tended to be CI-SCa type waters, in
agreement with a contribution of anthropogenic aonhant sources (manure, synthetic
fertilizers or sewage). Accordingly, although Nénd SQ are not strongly correlated,
some wells that showed high $@ontents coupled with elevated Bl@oncentrations
are likely to be affected by human activities. Sksaphat presented high N©ontents
coupled with high CI concentrations are also obedrwwhich can be caused by the

input of organic fertilizers since they generalhow elevated chloride concentrations
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(Karr et al., 2001). Some samples polluted bysN@ve high B concentrations, which
makes sewage another Bl@nd SQ potential source. Therefore, our results show that
groundwater is affected by more than one sour@mofamination, but an unambiguous
identification of these sources based on the sglrdchemical data is somewhat
difficult, as the signal may be hindered by the imgxof groundwaters from different

layers and flow systems.

3.3.4 Isotope identification of the sources of contamination

d°N and 5°0 of NO;

NO; isotope composition in groundwater ranged betwe®® and +32.5%o fob™N,
with an average value of +13.0%0 (n = 58), and betwe1.8 and +18.1%o fob*°O,

with an average value of +7.1%o (n = 58).
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Figure 11. Variations of thé™N and §'%0 of dissolved N@ in groundwater according to their
hydrogeological unit. Isotope ranges of the mairnsN@Qurces from the literature as well as local sesirc
(Vitoria, 2004; Vitoria et al., 2004b, 2008) ars@kepresented. The extreme isotopic fractionattins
from the literature arey/so = 2.1 (Béttcher et al., 1990) amsg/eo = 1.3 (Fukada et al., 2003°0 of
NO; deriving from nitrification of fertilizers and mare NH, were calculated following the experimental
expressiond™®Oyos = 2/36%0u20) + 1/36*°00,) (Kendall et al., 2007), where th&°0y,0 is assumed to
be that of the Baix Ter basin groundwater andstfi®o, that of atmospheric (+23.5%o; Horibe et al.,
1973).
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Five groundwater samples {fand Qg from Q, T3 from Tp, and Tg and T from Ts)
presented™N values comparable to soil organic nitrogen (frédnto +8%o) (Fig. 11).
Our results show that NOof T,; sample derives from soil nitrogen, and could be
assumed to represent the local N\Nsackground. However, though a contribution of soll
organic nitrogen is possible (Wassenaar, 1995)erosgources of N@ must be
considered to explain the elevated Né@ntents (from 65 to 222 mg NOL ™) of Qu,
Qus, T3 and Tg samples. For instance, synthetic ammonium feetifiz whosed™N
(around 0%o) is enriched BN by volatilization processes and can then readhegan
the range of soil nitrogen (Vitoria, 2004).

When comparing™N of dissolved N@ in our groundwater samples to those of
potential sources of contamination (Fig. 11), ressshow that most of th&°N ranged
between +8 and +16%o, indicating that N®as probably a pig manure and/or
wastewater ammonium origis™°N values higher than +16%. observed in eleven
samples suggest either the occurrence of ammonalatilization or the reduction of
NOs in groundwater yielding to Ngas (Kendall et al., 2007). Based &flO from NG,
the following observations can be made: 1) whilesM@aring mineral fertilizers are
actually applied onto local crops, fertilizer Bl@id not show their direct influence in
groundwater, and 2) most of the samples &&6 higher than the maximum expected

value.

&*sand 4°0 of S0,

SO, isotope compositions ranged between -16.0 and7%4or 3°S, with an average
value of +4.5%. (n = 64), and between +3.8 and #6fbr 5°0Oso, With an average
value of +7.2%. (n = 64). Most of the groundwatempées from the @ (shallow
Quaternary) aquifer unit fall within the area definby the isotope signatures of local
anthropogenic sources, showing that, 80Othe Baix Ter groundwater can be explained
by a ternary mixing between 1) mineral fertilize2$,sewage and 3) pig manure (Fig.
12). Two sampling sites ¢Tand T.4) yielded the lowest negativi®’S and had'®0so4
around +5%o, revealing a S@ontribution from a®*S-depleted source of reduced S.
Other samples with no NCexhibited the highesi**S andd'®0so4 values. These no-
NO; samples, along with;Tand T4, and some other samples with N@ 25 mg [*
and 3'®0so4 > +8%0, define a linear trend with a slopg’6/k™®0so, = 3.3) compatible
with bacteriogenic Sgreduction (Mizutani and Rafter, 1973) (Fig. 12).
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Figure 12.5*'S ands*®0 of dissolved S@in groundwater according to their hydrogeologigait. Isotope
ranges of natural and anthropogenic,S0urces and SQeduction are also represented. Values for pig
manure are taken from Otero et al. (2007) and Gravi@997), soil SQdata from Clark and Fritz (1997),
and fertilizer data from Vitoria et al. (2004b). dbed lines define the isotopic fractionation range
(e%*Sk™0s04) in SO, reduction reactions, which is between 2.5 and #\ni and Rafter, 1973).

Boron isotopes

Baix Ter groundwated™'B ranged between +1.4%. and +34.5%o, with an avevafee

of +24.1%0 (n = 12), and B concentrations rangesvben 0.051 and 0.232 mg'LThe
5B versus 1/B (Fig. 13a) and'B versusd™N (Fig. 13b) diagrams show that most
samples fell in the isotope ranges of pig manurgggreement with the NCGand SQ
isotope data. Only two samples shov@B values consistent with a wastewater origin.
They correspond to groundwaters collected in Lo#@8i$Q0) and Ullastret (@) water
supply wells, located downstream the dischargéneflia Bisbal water treatment plant
into the Dar6 River. Despite the low number of grdwater samples analyzed, most of
them have significantly high''B that can only be explained by a pig manure input,
suggesting that the influence of sewage and minkmdilizers is lesser than the

contribution from organic residues.
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3.3.5 Evaluation of natural attenuation

In the Baix Ter groundwaters, some of the high®aN were coupled to elevated
5®0nos: 10 samplesad 3°N and 3'°Onos higher than +15%. and +8%o, respectively.
Fig. 11 shows that these samples roughly alignkowiong a 1:2 slope, consistent with
natural denitrification (Kendall et al., 2007). Tlmghest denitrified samples were
observed either in the shallow Quaternary levels tige Ter River or in deep layers of
Quaternary and Tertiary aquifers (e.gs, @s, Qo and T; Fig. 11). Isotopical and

chemical variations between both campaigns suggeastnatural denitrification had a

moderate activity and/or that it was balanced leyitiput of new N@into the aquifer.

Biogeochemical processes linked to natural denitrification

Autotrophic denitrification can be eliminated as tihain denitrifying process, although
a pair of denitrified samples is explained by thischanism3"*Cycos values ranged
between -6.5%0 and -16.2%., with an average valueldfl%. (n = 64), and HCO
concentrations between 177 and 619 rifg \ith an average value of 367 mg (n =
64). Distinct sources of dissolved inorganic cartmay buffer ourd*Cpcos values:
marine marls in the study zon&iC ~ 0%.), CQ dissolved in the soil (between -14 and
-16%o) (Clark and Fritz, 1997), and pig manud&Cow = -16.4%0; Cravotta, 1997).
Heterotrophic denitrification cannot be ruled ot some of the rough trends we
observed, e.g. high'®nos coupled to low In (NQHCO;), are in agreement with

natural denitrification catalyzed by organic matigidation.
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Hydrogeological conditions linked to natural denitrification

Two different hydrogeological conditions can be sidered as determining factors for

our identified denitrified samples:

1) In the shallow Quaternary aquifer, near the TereRi{Q, Qs and Q), NO;

2)

natural attenuation may have been favored by thifeaeriver interaction, i.e.
the infiltration of surface waters in the losingrestm areas. Natural
denitrification could also happen under the woodeghs at the Ter riverside,
which would behave as riparian zones, or thanldigeeminated organic matter
layers in the alluvial aquifer.

For sites sampled in the deep Quaternary and Tewriguifers (Q, Q, T, Ty,
T10 and T4), the NQ reduction can be attributed to their locationanlf areas,
where local and regional flow paths converge, d&dmixing between shallow
and deep groundwaters is favored by fractures.réttecing conditions of these
deep groundwaters, acquired after crossing redusmwyonments, can lead to

the total removal of N9coming from the shallower groundwaters.

3.4. EXAMPLE OF COMPARATIVE
Satistical approach

The representation of the association betweenhlagaand sample groups is intended

to (i) discriminate the five sampled zones, (iisetve which variables or combination

of variables condition this discrimination, and)(determine whether the associations

showed by the plot are related either to the apthgenic sources of pollution or to the

geological background.

In the discriminant plot using only geochemicaladéfig. 14), we can discriminate

Osona-Llucanés, from Emporda-Selva, and from Magediat the sample groups are

not perfectly split up. The explanatory variables the couples of NQCI', C&£*-Na'
and Md*-HCO; contents. Some of the studied areas are discriedrizy NQ™ contents,

but the main nitrate sources that contribute toatetcontamination, fertilizers and pig

manure, represented by the Maresme and the Oseaa, aiespectively, are not in

extreme positions. The separation of Osona-Llu¢drede Emporda-Selva is due to
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bedrock signature. Therefore, the discriminant pldering only geochemical data does
not allow an easy distinction of the five vulnemlzbnes according to the main nitrate

source.
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Figure 14. Discriminant plot (a) with indication gfoup means (plot centred using the global mesg,
biplot (b), where arrows represent the explanateayiables using the geochemical data set. A cir
transformation was used.

In the discriminant plot using only isotope datag(FL5), Osona and Llucanes
samples are well separated from Maresme, Empordh S¢lva samples. The
explanatory variables ar&"N, §%0so0s and §%*S-5'%0y0s, indicating the combined
influence of nitrate sources and the processesrgade by nitrate (mainly nitrate
reduction favored by sulfide and/or organic matigidation). If processes were not
involved, from this discriminant plot we could redagollution origin in the mixed areas
mainly to fertilizers, with minor contribution ofigp manure. However, we must take
into account whether denitrification is occurrirand how it is occurring, because the
8%'S and §'°0sp4 variables can discriminate areas with the sameataitsource,
depending on which is the main reaction that igroimg nitrate reduction. The use of
only isotope data allows distinguishing the zomes clearer way by the nitrate source

influence, but some difficulties arise interpretihg mixed areas.
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Figure 15. Discriminant plot (a) with indication gfoup means (plot centred using the global mesg,
biplot (b), where arrows represent the explanatarnables using the isotopic data set.

Using both data sets, in the discriminant plot olgtd (Fig. 16) the different sample
groups are better separated. We have a clearrdisation of samples with the ratio
(6"°N-8"%0n03) + log (HCQ/CI): whereas the Maresme sample group is in oneragtre
and the Osona sample group in the opposite, whiehcansidered as source end-
members, those samples from the mixed areas (Empord Selva) are in between.
Taking in account the rati&"*Cpc - (6*'S5'%0s04), the sample group distribution can
give us an idea of how denitrification processes @curring. We must also bear in
mind that the length of the arrows is related ® discriminant power of the variables
that they represent, so the short length of @€ c arrow can be interpreted as if
organic matter oxidation is taking place in all streas where denitrification processes

are occurring.
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Figure 16. Discriminant plot (a) with indication gfoup means (plot centred using the global mesng,
biplot (b), where arrows represent the explanatanjables, using both the geochemical (clr-trarmafet)
and isotopic data sets.

The discriminant biplots with only geochemical dataly isotope data and both
data subsets separate the sample groups accowlitige tfollowing percentages of
reclassification: 81, 87 and 93%. As could be etgubcthe best discrimination is
obtained when using both data subsets, but theimisant biplot with only isotope
data is useful enough to separate sample groupstedf by different nitrate sources.
Thus, the isotope data set is a powerful tool bglfif though some Emporda and Selva

samples are misclassified.
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GENERAL CONCLUSIONS

This hydrogeological, geochemical and isotopical research work focuses on the study of
regional, heterogeneous and disturbed groundwater flow systems, which per se entail
complexity. This complexity is characterized by multiple factors and parameters that
interrelate, e.g. geological settings with characteristic structural elements and
geochemical environments, multilayered aquifers with different hydraulic connectivities
and recharge/discharge areas, distinct regional/local and surface-/groundwater flow
systems, seasonal groundwater abstraction regimes, multiple natural and anthropogenic
solute sources, etc. In this type of groundwater flow systems, water mixing processes
may have a major effect on their hydrochemical characteristics and on contaminant
evolution. Thus, considering the implicit difficulties this object of study brings about,

this research work concludes some features and findings which are explained next.

1) Hydrogeological systems are greatly disturbed by groundwater withdrawal regimes,
which modify natural flow paths, either at regional or local scale. For instance, the two
studied basins show this type of complexity. Such natural flow modifications, which
govern the water balance within the basin and, therefore, the amount of available water
resources, can be identified with the aid of potentiometric, hydrochemical and isotopic
data; as shown by previous studies (Vilanova, 2004; Mencid; 2006; Folch, 2010). This
dissertation corroborates their results and adds a further insight based on isotopic data.
In particular, fault zones and fracture networks in the Selva basin represent a
significant preferential flow path that plays an important role in the recharge from the
ranges towards the sedimentary infilling of the basin. According to 8D and &0
groundwater values and hydraulic head evolutions, regional flow systems related to
fault zones supply current demands that could not be fulfilled by only the local rainfall
recharge. Moreover, these systems allow the recovery of stored water resources during
low demand seasons. Potentiometric data indicate the presence of vertical connectivity
in this leaky multilayered aquifer system, as well as the existence of a lateral inflow
from the range-front and a vertical upward flow from the granitic basement; being the
last two processes related to the effect of fault zones on the regional flow field. This is
consistent with hydrochemical data, since the occurrence of nitrate at depth is indicative

of vertical downward recharge induced by intense groundwater withdrawal, and the
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spatial distribution of fluoride points to those areas where wells are fed by recharge
from the basement. Local flow systems, originated from the recharge within the basin,
only feed the shallowest layers of the system, as alluvial aquifers and the uppermost
levels of the Neogene formations.

Potentiometric and isotopic data from the fluvio deltaic aquifer system in the Baix
Ter basin also reveal distinct groundwater and recharge flow systems: a large-scale
regional flow from the Gavarres range to the basin, and a local flow, recharged from
rainfall infiltration in the basin surface. Moreover, river-aquifer interactions and a
vertical upward contribution from the regional flow, both forced by groundwater
withdrawal, complete the hydrological balance for this aquifer. Groundwater mixing of
regional and local flows can thus occur between all these groundwater sources.
Hydrochemical and isotope data suggest that these mixing processes (which take place
in areas hydrogeologically related to fault zones), besides producing a dilution of
contamination, could give rise to natural attenuation of NO3™ thanks to the reducing
condition innate to some deep groundwater flows.

All this knowledge is useful and usable to go a step further in the management of
heterogeneous hydrogeological basins under human pressures. No doubt that quality
issues are better understood when a regional hydrogeological perspective is used,
providing helpful explanations for the occurrence of natural or anthropogenic pollutants
(e.g. fluoride and nitrate). Being aware of the location of the main hydrogeological
features, such as vertical recharge from faults, downward flow due to pumping, the
relation between aquifer units, etc., is essential to improve groundwater resource

management.

2) The multi-isotope approach has allowed determining the main sources of NO3™ in the
Selva and Baix Ter basins. At the same time, the variety and mixing of contamination
sources in these areas has been reflected by isotope data. The isotopic composition of
dissolved NO5™ (8°N and §'20) in groundwater confirmed that the main contribution of
N in the Selva and Baix Ter aquifer systems comes from pig manure, though non-
negligible contributions from mineral fertilizers and sewage have also been isotopically
identified. This result agrees with the isotopic composition of dissolved SO,* (5**S and
8'%0), which revealed that the origin of SO,* in groundwater is related to a ternary

mixing between pig manure, mineral fertilizers and sewage, in the Baix Ter basin, and
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pig manure, mineral fertilizers and CO,-rich waters, in the Selva basin. Therefore,
although hydrochemical and isotope data evidence a mixing of mainly anthropogenic
sources, which is consistent with the mixing processes described for the studied areas,
both NO3™ and SO,* isotopes coincide with pig manure application as a main vector of
pollution. Moreover, the analysis of boron isotope ratios (5''B) in a few representative
groundwater samples clearly supported and confirmed the major role of pig manure
with regard to groundwater contamination. Nevertheless, a pair of samples has also
revealed the contribution of wastewater to the aquifer resources. Consequently, for both
case studies, the multi-isotope approach allows a better characterization of the

contaminant origin than with hydrochemical data only.

3) The identification of natural attenuation processes at a field scale involves a complex
relationship of environmental and geochemical parameters. Therefore, a priori,
recognizing NOs reduction processes could be problematic in regional and
heterogeneous cases due to variability in the aquifer hydrogeological and geochemical
settings. Despite this handicap, the dual NO3™ isotope approach indicates that natural
denitrification is occurring in both the Selva and Baix Ter basins. Thus, a major
conclusion of this research work is that, even in regional large-scale systems where
multiple factors can influence the NOj3™ evolution, the isotopic composition of N and O
of NO3™ can still give information about whether natural attenuation is occurring. In
other words, this dual-isotope tool successfully indicates NOjz consumption in
hydrogeological systems under different human pressures, despite the spatial
heterogeneity observed in groundwater dynamics. Isotope and hydrochemical results
from both studied areas suggest that natural denitrification rather had a moderate
activity and/or it was balanced by the input of new NOgs" into the aquifer.

Regarding the electron donors that promote NOs™ removal, the §**S and §'0 of
S04* showed that NO3™ reduction is not controlled by the oxidation of pyrites but rather
by organic matter oxidation, although this could not be confirmed by the §*Cyicos data.
Since the role of organic matter in NO3™ attenuation is still an on-going research, further
studies on the 8*3C of local contaminant sources should provide a better understanding
of the electron donors involved in the natural denitrification processes. Furthermore,
mixing of polluted local groundwater and deep regional flows (containing low NO3™ and

oxygen concentrations, or influenced by CO,-rich waters) can result in the observed
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reduction of anthropogenic NOj; concentrations through both dilution and

denitrification.

4) Statistical techniques based on compositional data analysis have been applied in five
NOs vulnerable zones: Baix Ter, Selva, Llucanes, Maresme and Osona, and using three
distinct scenarios: only geochemical data, only isotope data, and both data sets together.
These procedures have allowed representing the association between variables and
sample groups, and analyzing which variables or combination of variables achieve the
optimal separation between the groups, i.e. determining which explanatory variables
present the largest discriminant power. The optimal separation of sample groups has
been obtained using both geochemical and isotope data subsets. This result ascertains
that areas affected by different NO3™ sources are better discriminated by means of the
statistical analysis of multi-isotope and hydrochemical data sets together. Moreover, in
the direction defined by the variables §*Cricos, 5**S and 8**0sos, a separation of sample
groups depending on the reactions associated with denitrification processes is
suggested. Another important result is that the discrimination power when using only
the isotope data set is higher than when using the sole hydrochemical data set. With
only isotope data, it is possible to distinguish the sample groups by the NOs™ source
influence, but some difficulties arise interpreting the areas affected by multiple NO3
sources. The discriminant plot entering only geochemical data does not allow an easy
distinction of the five vulnerable zones according to the main NOj3™ source.

Therefore, the statistical approach that integrates isotope with geochemical data
together is a valuable treatment to be considered when comparing NO3™ vulnerable
zones, because it can give a rapid graphical reading of the differences between these
zones in terms of sources of pollution and attenuation processes. However, these
statistical techniques can be further improved by testing and applying them to more
compositional data sets, specially focusing on the assessment and discrimination of

NOj3 natural attenuation processes and on the geochemical reactions involved.

5) To sum up, results obtained in this study of regional-scale areas with different
sources of NOjs pollution show that multi-isotopic, hydrochemical and statistical
approaches, in relation with the corresponding hydrogeological framework, are able to
provide a useful insight into sources and processes controlling NO3™ evolution, and

generate scientific criteria for water resources planning and management of
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groundwater bodies under human pressures. For this reason, these methodologies can be
routinely applied in samplings of groundwater quality networks.

From here, future research intended to understand the mechanisms that control
groundwater NO3™ contamination in regional aquifer systems can take benefit of the
approaches used in this study. In regional-scale areas where the conceptual flow model
is well known, multi-isotopic data can be used to monitor and quantify NO3 natural
attenuation, as well as to control induced NOjs attenuation strategies. Furthermore,
mixing processes between local shallow polluted groundwater and regional deeper free-
NOj3 flows with reducing conditions could be taken into account as a hydrogeological
key factor that can promote, apart from dilution, NO3™ natural denitrification processes.
For instance, in areas hydrogeologically related to fault zones and fracture networks,
where mixing of groundwater from different flow systems is occurring and
denitrification processes are known to be taking place, some representative wells could
be hydrogeologically, hydrochemically and isotopically monitored in order to quantify

the role of denitrification and dilution processes in relation to NO3™ evolution.
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Hydrogeological resources in regional, large-scale groundwater systems are conditioned by their specific
geological setting, which defines their capacity to supply human demand and their potential to recover
from human-induced stress factors such as water withdrawal. In this paper, the hydrogeology of a range-
and-basin hydrogeological system is described, based on potentiometric, hydrochemical and isotopic
data, in order to fulfill a twofold objective: to characterize the alteration brought about in the hydrogeo-
logical system by intensive groundwater withdrawal, where tectonic elements such as fault zones play a
significant role in the flow behaviour, and to define groundwater hydrodynamics under current human
pressures as a necessary step to achieve appropriate groundwater management. Hydraulic head data
indicate the relationships between geological formations in the range areas and the sedimentary infill
of the basin. In this set-up, fault zones and a fracture network have a direct effect on the recharge, and
allow upward vertical flow from the basement to the sedimentary aquifers. Hydrochemical and isotopic
data support this observation. The use of fluoride and nitrate as tracers for the contribution of deep and
shallow flow systems provides a detailed portrait of the effects of pumping on the flow path distribution.
Isotopic data depict seasonal trends in the water captured by wells. In this connection, we can differen-
tiate between two distinct flow systems: a regional, large-scale, longer residence time system, originating
in the surrounding ranges, and a local flow system constituted by infiltration in the lower areas of the
basin. The two systems, with specific water qualities, contribute differently to the resources that are
withdrawn, and their specific contributions, in the frame of the basin water budget, determine the poten-
tial for present sustainable water exploitation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

the suitability of the aquifer system for groundwater withdrawal.
As a consequence, research in these areas lacks the aid of historical

In many areas, groundwater has become a primary resource for
supplying human demand. In some cases, a continuous growth in
demand has modified the natural water balance that defines the
amount of available resources (Devlin and Sophocleos, 2005). From
a holistic perspective, a conceptual approach that encompasses
such human pressures must recognize the hydrogeological hetero-
geneity provided by the complexity of the geological scenario and
the potential contributions of distinct recharge areas once ground-
water withdrawal has begun (Mahlknecht et al., 2006; Palmer
et al,, 2007; Li et al., 2008). Indeed, development usually takes
place before appropriate hydrogeological studies have determined

* Corresponding author. Tel.: +34 581 2556; fax: +34 581 1263.
E-mail address: albert.folch@uab.cat (A. Folch).

0022-1694/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhydrol.2011.03.041

data records and, frequently, the occurrence of a reliable sample
network which has to be substituted by data from private wells.
More importantly, groundwater exploitation may have already dis-
turbed the natural flow system, even at a regional scale. Therefore,
hydrogeologists must cope with datasets that already reflect the
effects of human pressures upon flow fields.

Water balances are undoubtedly a delicate matter in hydrogeo-
logical research. In particular, the occurrence of groundwater flows
from neighboring basins, in the form of subsurface recharge or dis-
charge, is usually indirectly inferred or deduced through numerical
simulations. Field determinations based on potentiometric,
hydrochemical or isotopic data are therefore fundamental in
depicting groundwater flows within aquifers, and between distinct
geological formations (e.g., Cunningham et al., 1998; Chen et al.,
2004; Sukhija et al., 2006; Demlie et al., 2007; Aji et al., 2008;
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among others). These attempts, however, encounter additional dif- exploitation, characterized by seasonal withdrawal regimes, differ-
ficulties where tectonic structures add complexity to the regional ent exploitation depths, sparse well distribution, and so on, modi-
geological setting, and when, as mentioned, intensive groundwater fies the naturally steady flow systems under predevelopment

S

EXPLANATION

|:| Hercynian granites and metasedimentary D Quaternary sedimentary materials
materials

Paleogene sedimentaryrocks === Watershed boundaries

- Quaternary and Neogene volcanic rocks ~ ------ Regional faults

Neogene sedimentary materials Drainage network

Fig. 1. Geographical situation and geological setting of the Selva basin. I and II refer to geological cross-sections shown in Fig. 2.
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conditions. It is in this context where a multiparametric
approach is required to provide a primary sound hydrogeological
description and diagnosis for a hydrogeological system under
recent development with severe exploitation rates.

All these aspects coexist in the Selva basin (NE Spain, Fig. 1),
where the recent development of agricultural and industrial activ-
ity and a growing urban sprawl have called into question the future
availability of water resources and their sustainable management
under foreseeable water demand (Menci6, 2006). The Selva basin
is a range-and-basin area of an approximate extension of
565 km?, where groundwater exploitation meets most of the hu-
man demand (Menci6 et al., 2010).

Tectonic structures exert an important role in this hydrogeolog-
ical system, as indicated by the naturally occurring thermal and/or
CO,-rich springs exploited since the Roman period. Previous re-
search in the study area has shown that tectonic elements are
responsible for a significant recharge towards the sedimentary
infilling of the basin, and flow systems of different spatial magni-
tude have been described (Vilanova, 2004; Mencid, 2006; Folch
and Mas-Pla, 2008). Nevertheless, these studies do not address
the effect of groundwater withdrawal on the forced recharge to-
wards the aquifer, and therefore the role of distinct recharge areas
on the water balance of the basin. Furthermore, groundwater
exploitation takes place during the irrigation season when re-
charge is almost nil. In this scenario, the distortion of flow systems
caused by water withdrawal is relevant as it may limit inflow mag-
nitudes leaked from other geological formations. Such alterations,
described within the appropriate hydrogeological framework, are
therefore of major interest in defining the availability of ground-
water resources in the face of potential future demand.

The objective of this paper is to characterize the alteration of a
hydrogeological system located in a range-and-basin area by inten-
sive groundwater withdrawal, where tectonic elements such as
fault zones are expected to contribute to the overall recharge of
the aquifers. Within this context, we seek to construct a conceptual
hydrodynamic framework, supported by potentiometric, hydro-
chemical and isotopic data. This model must provide a suitable
explanation of the seasonal variations in the system due to ground-
water extraction, during withdrawal as well as recovery periods,
that fit with the behaviour observed under the present exploitation
regime. Our contention is that understanding the alteration of
natural flow systems at a seasonal frequency will reveal their
hydrodynamics under current human pressures, and therefore,
provide criteria for the groundwater management of these water
resources.

2. Study area and geological setting

The Selva basin is a tectonic area surrounded by the Montseny-
Guilleries (1202 m asl), Gavarres (535 m asl), Selva Maritima
(519 m asl) and Transversal (998 m asl) mountain ranges in the
province of Girona (NE Spain) (Fig. 1). There are two main water-
sheds in the study area, those of the Santa Coloma River and Onyar
River basins. The Santa Coloma River Basin (SCRB) extends along
the entire length of the south-western side of the Selva basin, with
part of its headwaters in the Montseny-Guilleries mountains. The
Onyar River basin (ORB) occupies the north-eastern side of the ba-
sin, and its headwaters are in the Gavarres and Selva Maritima
ranges. Topography within the basin ranges from 65 m asl at the
northern and southern limits, to 145 and 220 m asl in the highest
hills of the ORB and SCRB, respectively.

An annual human demand of 27.1hm? (1 hm?®=10°m?) is
supplied mainly by groundwater, with 16.0 h m® devoted to agri-
cultural uses, primarily during the summer. Mean annual rainfall
is approximately 705 mm; that is, about 398 h m> for the entire

OR and SCR basins. Menci6 et al. (2010) propose a water budget
approach that allows the contribution of groundwater inputs into
the hydrogeological system to be estimated based on the surface
water budget (i.e., the average rainfall, evapotranspiration and sur-
face runoff parameters) and the human groundwater exploitation.
According to this, a net annual groundwater inflow from the near-
by basins of between 19.8 and 46.6 h m? is needed to compensate
human exploitation and natural discharge towards streams
and surrounding aquifers. Such a wide inflow rate range is due
to the different ways of estimating actual evapotranspiration
values.

Geomorphologically, the Selva basin constitutes a type of range-
and-basin structural area (Pous et al., 1990). It was created during
the distensive period following the Alpine orogeny during the Neo-
gene. The main fault direction in the area is NW-SE, with other sig-
nificant faults, oriented NE-SW and N-S, being responsible for the
tectonic and morphological evolution of the area (Duran, 1985).
The surrounding ranges consist of Paleozoic igneous and metamor-
phic rocks in the Montseny-Guilleries, Selva Maritima and Gavar-
res, and pre-Alpine Paleogene sedimentary rocks (mainly
limestone and sandstone) in the Transversal range. The basin sed-
imentary infill consists of a layer of unconsolidated gravel, coarse
and medium sand and layers of silt, deposited by alluvial fan sys-
tems during the basin formation (Fig. 2). They can reach a total
thickness of more than 200 m in the western area, varying accord-
ing to the tectonic blocks that form the basin basement.

Groundwater occurs in unconfined conditions in shallow sedi-
mentary formations, such as alluvial and weathered zones, and in
confined and leaky conditions at deeper levels. Hydrogeologically,
three main units can be determined: (1) the upper aquifer formed
by alluvial materials associated with the main rivers, surface Neo-
gene sedimentary layers, and weathered igneous rocks outcrop-
ping in the basin; (2) an alternation of silts, arkosic sands,
gravels and conglomerates with low clay content of Neogene sed-
iment, resulting in an intermediate multilayer aquifer with thick-
nesses from 20 to 300 m (MOPU, 1985; Pous et al., 1990); and
(3) a deep aquifer, formed by the granite basement affected by lo-
cal and regional faults and by a weathering cap in the upper zones.
Wells located in the foothills of the ranges exploit weathered gran-
ite layers under unconfined conditions or, if drilled in unaltered
rock, benefit from the occurrence of fractures. In particular, the
Santa Coloma fault zone (Fig. 2), located on the western boundary
of the basin, has a strong regional geological, as well as hydrogeo-
logical, significance.

3. Methodology and analytical procedures

Field surveys in the Selva basin were conducted from 2000 to
2006. Groundwater hydraulic head was measured in successive
years: 2000 (December), 2002 (September), 2003 (February, July
and December), 2004 (May and October), 2005 (May and October),
2006 (May). The number of head data measured was between 156
and 366, depending on the season and year. Hydraulic heads were
measured under non-pumping conditions.

Hydrochemical data from 60 water samples were collected in
May 2006. Sampling points were in the Selva basin sedimentary in-
fill and in the surrounding ranges (Fig. 3). Fifty-five wells between
7 and 150 m deep were sampled. In addition, three springs (SCFP,
SCFSS, SG0200) in different geological settings coinciding with
fault zones were analyzed, and two surface water samples from
the Santa Coloma River complemented the dataset. Hydrochemical
data from previous surveys are provided by Menci6 (2006). The
isotopic data used in this study were collected in three different
seasons in 2003 (May, September, and December), and in May
2006 (Fig. 3). Environmental isotopes, oxygen-18 (5'80), deuterium



86 A. Folch et al./Journal of Hydrology 403 (2011) 83-102

Caldes de Malavella

wi{ W
50 4 I
404 |,
30 4
20 4 *
104 |+
0 4
10 4
+
-20 4
+
-30 4
a0d |-
+
+
+ s N + - s . = + . + +

o
FS
=
3

LN n

Caldes de Malavella

LEGEND.

Quaternary

I Alluvial materials

Neogene

Il \olcanic materials

[ unconsolidated sand layers
[ siltand clay

Paleogene

[ sandstones

D Marls

[ Limestones

[ sandstones and silt
Paleozoic

[ Metamorphic rocks (schists and shales)
—_ Igneous rocks (granites...)

] Quaternary

Neogene
£ Paleogene
o
S
wn

Paleozoic
o

Fig. 2. Schematic cross-sections of the Selva basin. See Fig. 1 for cross-section locations.

(8D), were analyzed. Sample numbers increased from 20 in 2003,
to 60 in 2006, to enable better characterization of the hydrogeolog-
ical system.

Samples for hydrochemical and isotopic analysis were taken
under pumping conditions. We ensured that at least three casing
volumes of groundwater were removed from each bore prior to
sampling. Physicochemical parameters (pH, electrical conductivity
(EC), Eh, dissolved O, and temperature) were measured in situ
using a flow cell to avoid contact with the atmosphere. After filtra-
tion (0.45 pm), the samples were processed in the field and stored
at 4 °Cin a dark environment for subsequent chemical and isotopic
analyses.

In the laboratory, pH and conductivity at 25 °C were measured
again. Alkalinity (HCO;) was measured by titration (METROHM
702SM Titrino) and F by the ion selective electrode method (Orion
901 ion selective electrode). The anion (NO;, SOf{ and Cl7) content

was measured by Capillary Electrophoresis (Agilent Technologies)
using indirect UV detection; concentrations of Na*, K*, Ca®* were
measured by Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES, Perkin Elmer 4300 DV). The quality of
the chemical analysis was checked by performing an ionic mass
balance, with an error lower than 5% accepted.

Deuterium and O isotopes of water were analyzed in a Finnigan
Matt Delta S Isotope Ratio Mass Spectrometer (IRMS) coupled to an
automated line based on the equilibration between H-water and
H, gas with a Pt catalyst, and between O-water and CO, gas follow-
ing standard methods (Epstein and Mayeda, 1953). Notation is
expressed in terms of 3%. relative to the international standards
V-SMOW (Vienna Standard Mean Oceanic Water) for 8D and
5'80. The precision (=1¢) of the samples calculated from interna-
tional and internal standards systematically interspersed in the
analytical batches was +1.5%. for 8D and +0.2%. for 8'80y0.
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All chemical and isotopic analyses were prepared in the Minera-
logia Aplicada i Medi Ambient Research Group laboratory. Major
ions were analyzed at the Servei d’Analisi Quimica (SAQ) of the
Autonomous University of Barcelona. The other chemicals and
the isotopic compounds were analyzed at the Scientific Services
of the University of Barcelona (UB).

Groundwater hydraulic head, hydrochemical and isotopical
data were all collected from private wells. These wells seek maxi-
mum productivity and some of them are therefore screened at un-
known multiple depths. However, most deep wells are cased in the
upper 10-20 m limiting the influence of the shallowest aquifer for-
mations. Apart from the most productive level, some water sam-
ples are not always taken from the desired aquifer level, and in
these cases they may represent a mixture of water from different
layers. However, groundwater pumped from each well, whether
the result of mixing or not, will show the real features of the water
withdrawn from the flow system.

Because of the complexity of the available sampling points, we
focused our efforts on grouping samples by their geological and
hydrochemical features in an attempt to identify distinct
hydrogeological systems, and to provide a complete description
of the range-and-basin hydrodynamics.

4. Results and discussion
4.1. Piezometric data

Potentiometric lines were drawn separately for the upper
unconfined aquifer, which includes alluvial formations and the
uppermost Neogene sedimentary units, and the confined and leaky
aquifers underneath (Fig. 4). The boundary for both aquifer sys-
tems is set at a depth of 30 m, the maximum depth that can reach
shallow unconfined aquifer formations in accordance with local
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sedimentary records. In both maps, flow lines define two main aries of the SCRB and ORB. According to them, the main recharge
hydrogeological units, in agreement with the hydrographic bound- areas are located in the Montseny-Guilleries and Selva Maritima
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ranges for the SCRB, and the Gavarres and Selva Maritima ranges
for the ORB. Rainfall infiltration from the basin sedimentary infill
surface is also significant in the upper formations.

Groundwater flow systems are south-oriented in the SCRB, and
north-oriented in the ORB. Between them, a groundwater divide
oriented WNW-ESE appears in the central part of the Selva basin,
within the Neogene sedimentary formation, which coincides with
the surface limits of both watersheds. This setting reflects a geolog-
ical control of the head distribution that results in separated flow
systems draining in opposite directions, controlled by the drainage
pattern of the basin on the surface and by structural elements at
depth. It is worth noting that altitude at the northern and southern
exits of the two drainage networks is similar (approximately 65 m
asl).

River-aquifer interaction changes along the basin with some
areas behaving as gaining streams (mainly in the upper parts of
the basin) and other areas as losing streams (Folch et al., 2010).
Hydrological cross-sections, transversal to the watercourse, show
that the water table gradient towards the stream diminishes dur-
ing dry periods, and in some locations it may even reverse, creating
a losing stream scenario. In any case, summer seasons, when major
extractions occur, are characterized by a very low or null ground-
water contribution to base-flow. Stream discharge does not recover
until the October and November rainfall events, which also con-
tribute to the raising of the water table (Menci6 and Mas-Pla,
2008).

Major head decline in both surface and deep aquifer levels oc-
curs during the driest months (July and August), because of low re-
charge (Fig. 5) and maximum groundwater extractions (Fig. 6;
Table 1). As a result, a reduction in the water stored in the aquifer
takes place. Nevertheless, head variations over time reveal specific
hydrological behaviour as a response to intense groundwater with-
drawal. To discern the behaviour of the flow system under such a
development scenario, groundwater head evolution was consid-
ered in representative wells between 2000 and 2006.

Because of intensive pumping, deep wells (i.e., those of a depth
greater than 30 m) show larger head drawdowns than shallow
wells in the upper unconfined formation as expected in leaky

and/or confined aquifers. Such large drawdowns occur despite all
the Neogene sedimentary infilling, tens of meters thick, and the
high hydraulic conductivity of the sandy layers which, a priori,
should allow significant flow rates, suggesting limited hydraulic
connectivity between aquifer layers. However, they recover well
at the end of the irrigation season (Fig. 6b, f and Table 1 well zone
1, 4, 7,10, 11) indicating induced recharge from the surrounding
ranges where, given the structural setting, fluxes take place
through fracture networks and fault zones. Such behaviour illus-
trates the significant influence of pumping on the natural flow
fields, forcing discharge from the range areas towards the inten-
sively exploited sedimentary aquifers within the basin by a shift
in the water isotopic composition as shown later on in this paper.

Different vertical relationships between surface and deep aqui-
fer levels can be established depending on the location and the
geological setting. For instance, close drawdowns are observed in
both shallow and deep wells in specific areas, suggesting an effec-
tive connection between sedimentary layers that end up behaving
as a single hydrogeological unit (Fig. 6¢). In other locations, distinct
behaviours are identified at depth, depending on the degree of ver-
tical connectivity between Neogene sand layers. For instance, lim-
ited connectivity results in distinct hydraulic heads but similar
evolution over time (Fig. 6d and Table 1 well zone 7), while in some
places deep layers act as confined aquifers with head levels above
(Table 1 well zone 1) or below (Fig. 6e and Table 1well zone 5)
those of the unconfined aquifers. The latter case is usually found
where the upper aquifers are located in topographically elevated
areas. In such cases, head differences reflect a practically nil verti-
cal downward leakage between the aquifers.

Head distribution points to there being a lateral hydraulic con-
nection between the range-front areas and the basin aquifers,
which indicates an effective recharge through fault zones and frac-
ture networks within the basement (Fig. 4). Similar behaviour can
also be said to occur at the contact between the sedimentary infill
of the basin and the basement, although the magnitude of the re-
charge will depend on distinct geological features such as the
hydraulic conductivity of the lowest Neogene sediments, the thick-
ness of the weathered granite on the top of the basement, the
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Fig. 6. Groundwater head evolution at different wells in the Selva basin. Each plot represents two or more wells located close to each other. See Fig. 2 for well locations in the

Selva basin.

fracture networks, and the vertical head gradient generated by
pumping rates. This means that deep wells located in the vicinity
of regional fault zones (e.g., CS0203 in Fig. 6d, and LG0303 in
Fig. 6b) are the most productive, and will even have a distinct hyd-
rochemical facies. In particular, well CS0203 showed a lowering
tendency during the later surveys that was related to fault zones
with high storage capacity, but limited recharge.

Wells CS0103, CS0104 and CS0105 (Fig. 6a), with a well depth
ranging from 8 to 140 m and ca. 250 meters distance from each
other, also reflect the spatial heterogeneity that controls the

relationship between the basement (located at a depth of 80 m
in this area) and the overlying sedimentary layers. For instance,
well CS0105 exploited the sedimentary layers at a depth of 80
m until October 2004 (named CS0105a in the plot) having a yield
of 80 m3/h. Afterwards, the borehole was drilled 60 m into the
granitic basement (renamed CS0105b in the plot), increasing its
yield to more than 200 m?/h. This significant change in well yield
indicated the significant productivity of the basement fracture
and fault networks in comparison with the Neogene sedimentary
layers.



Table 1

Geology and hydraulic head (a.s.l) evolution of some representative wells for each field campaign. Well zone indicates the nearby location of wells. See Fig. 2 for well locations in the Selva basin.

Code Well zone  Geology Depth (m) December-00 September-02  February-03  July-03  December-03  May-04  October-04  February-05 May-05 October-05 May-06
FS0065 1 Neogene + Granite 26 83.4 84.1 83.9 84.6 84.1 87.1 84.8 84.6 84.6 84.1

FS0066 Neogene 102 85.2 89.4 88.8 88.4 84.1 89.9 89.5 89.2 88.2
CS0168 2 Quaternary 5 103.3 103.8 106.8 103.5 106.0 104.4 106.2 105.3
CS0203 Neogene + Granite 150 97.4 97.1 88.0 75.8
CS0305 Neogene + Granite 130 101.3 95.8 103.1 103.3 102.3 104.4
CS0284 Neogene 70 102.0 101.2 103.0 100.3 102.7 101.4

CS0287 Neogene 60 102.8 105.0 102.5 102.7 103.5

CS0103 3 Neogene 39 95.2 96.4 95.2 95.7 97.6 95.7 101.4 100.9 100.1 101.2
CS0104 Neogene 8 97.8 98.2 98.6 98.6 99.5 98.7 99.1 98.8 98.4

CS0105a Neogene 80 96.9 99.2 97.4 99.6

CS0105b Neogene + granite 140 95.8 97.8 96.9 923
LG0245 4 Quaternary 9 107.7 108.5 108.6 108.6 107.5 109.4

LG0246 Granit >100 93.0

LG0303 Granit 110 83.9 100.1 106.0 933 101.4 101.2 96.6

LLO115 5 Neogene 80 99.4 99.6 99.8 100.4 100.0 100.5 100.5 100.3

LLO116 Neogene 12 111.0 110.7 1114 1113 110.9 110.8 110.6 109.6
RS0223 6 Quaternary 10 89.1 89.1 88.7 88.9 87.2 89.2 87.8 88.7 85.8
RS0224 Quaternary 12 88.9 89.2 89.4 88.0 88.8 85.8
RS0270 Neogene 100 84.8 81.1 84.7 82.5 83.8 82.0 81.8

RS0191 7 Neogene 105 95.6 94.7 98.0 91.9 97.7 99.3 95.7

RS0266 Neogene 120 99.6 99.4 101.0 97.9 99.6 97.8 98.6

RS0268 Neogene 65 98.9 97.6 96.4 97.9 97.5

RS0271 Quaternary + Neogene 65 98.1 99.6 96.8 98.2 97.0 97.4 96.8
RS0279 Neogene 18 93.6 99.3 100.9 100.5 99.7

RS0169 8 Quaternary + Neogene 10 96.2 97.6 99.5 100.9 95.9 98.6 98.1 97.7

RS0263 Quaternary + Neogene 50 96.5 97.6 99.6 99.9 101.1 96.2 99.0 98.2 98.0 89.7
VD0178 9 Neogene 13 82.5 85.6 84.5 86.2 84.5
VD0176 Neogene 69 86.1 83.8 85.4 85.5 83.5

SC0113 10 Neogene 73 83.4 102.1 102.9 93.0 103.0 99.5 100.7 97.2
SC0122 Quaternary 6 100.7 102.0 101.5 100.7 101.9
SC0117 11 Neogene 65 91.2 94.1 94.2 92.5 94.0 93.0 93.1 93.4
RD0071 Neogene 16 923 93.5 93.9 94.0 95.3 93.5 93.9 94.0 93.2 94.2
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After extraction in the granitic basement began, well CS0103
(depth of 39 m in the sedimentary infilling) raised its hydraulic
head by approximately 10 m (Fig. 6a). As this well maintained its
pumping rates during the studied period, this observed head in-
crease after October 2004 suggests that the basement rocks may
endure intensive pumping rates with an almost nil hydraulic influ-
ence on the overlying sedimentary layers, indicating a limited ver-
tical hydraulic conductivity between the granite and the overlying
sedimentary formation in this area.

Water-table in the unconfined aquifer (CS0104) remained fairly
steady during the studied period, being unaffected by higher piezo-
metric levels of deeper sedimentary aquifers after October 2004.
This behaviour suggests an efficient recharge of deeper Neogene
sedimentary layers that did not originate at the basin surface. It
is therefore possible to conclude that non local flow systems orig-
inating in the surrounding ranges, and flowing through the main
tectonic elements that define the geological setting of the system,
have a major influence on the recharge of the basin sedimentary
infill. This local context indicates that these tectonic elements pro-
vide an efficient recharge of the basin sedimentary layers and, at
the same time, allow significant exploitation rates within the base-
ment (CSO105b).

The last type of interaction is the seasonal change in the relative
groundwater level between surface and deep aquifers (Fig. 6f and
Table 1 well zone 1, 9, 10, 11). Throughout the wet season, deep
aquifers show higher water levels than shallow ones. Upward ver-
tical flows towards the upper formations depend on leakage mag-
nitude across the overlying aquitards. Conversely, at the end of the
dry season, deep aquifer levels decrease because of intensive
groundwater withdrawal and show a water level below the upper
unconfined aquifers.

To summarize, the two hydrogeological units show differences
in the origin of their recharge. The upper unconfined aquifer unit
receives superficial recharge through direct rainfall and river infil-
tration, while deeper aquifer levels are recharged by lateral flow
systems and, more importantly, by upward vertical flows from
the basement. In addition, lateral flow from the surrounding range
areas is also significant. At the same time, hydraulic head data indi-
cate a vertical connection between sedimentary aquifer levels at
various depths, which allow distinct vertical connections between
the Neogene sedimentary aquifer layers.

Discharge from the system is also different in both units. The
upper aquifer mainly drains through the river network as base flow
from the alluvial formations (Fig. 1 and Fig. 4) and as a result of
pumping. Deep aquifer discharge is also related to water with-
drawal, although potentiometric data from the deepest wells sug-
gest an efficient outflow from the basin through regional faults at
its south-eastern margin. Evidence of such deep flows is encoun-
tered in CO,-rich springs located on the tectonic boundary be-
tween the Selva Maritima and Gavarres ranges (Vilanova, 2004;
Vilanova et al., 2008).

The behaviour of and the interactions between distinct hydro-
geological units are thus seen to be diverse and dependent on loca-
tion, geological setting, seasonal variation, and pumping rate. The
differences observed between aquifer head levels and productivity
indicate the occurrence of recharge fluxes from the range front and
the basement. Groundwater capture by pumping modifies natural
flow paths and the recharge/discharge relationships between
large-scale hydrogeological units. Such a degree of interaction af-
fects groundwater quantity as well as its quality, and ultimately
the vulnerability of the Selva basin water resources.

4.2. Hydrochemistry

Each geological environment in the Selva basin has a different
hydrochemical facies based on its rock lithology and hydrogeolog-

ical flow path (Fig. 7). Stiff diagrams (Fig. 8) corresponding to the
May 2006 survey identify low salinity groundwater samples on
the western side of the SCRB with a mean electrical conductivity
of 618 £ 99 pS/cm, whereas those samples from the ORB and east-
ern SCRB commonly show a higher salinity, with an electrical con-
ductivity mean value of 879 + 29 uS/cm. Such a general difference
can be attributed to the fingerprint of distinct recharge areas, as al-
ready suggested by hydraulic head data and potentiometric maps
(Fig. 4).

Specifically, groundwater samples from aquifers in Neogene
sediments, regardless of their depth, have a Ca-HCO; facies
(V00280, SC0117, RS0191, RS0263, CM0272), some of them with
a significant chloride content of up to 30-40%, as indicated in the
Piper diagram (Fig. 7). Samples from wells in weathered or frac-
tured igneous rocks also have a Ca-HCOs facies (e.g., CS0304,
SC0117, and SC0113), although in some cases, especially in those
wells that are totally or partially drilled in granite, the chloride
content increases up to 60%, which defines a Ca-HCOs-Cl facies
(VD0173; VD0172, CS0183).

Sodium content is about 20-40% of the cation proportion in
many samples (Fig. 8). Sodium-rich hydrochemical facies, such as
Na-HCO3 and Ca-Na-HCOs, are thus encountered in deep wells
in Neogene materials (RS0270, VD0176) and in granites (VD0177,
LG0246, BR0092), provided they are in the vicinity of main fault
zones. Some of these samples, for instance, have high chloride con-
centrations (up to 221 mg/L) without being Na-Cl rich, (FS0066,
LG0190, VD0172). Some springs located at the basin border also
have sodium-rich hydrochemical facies (SCFP, SG0200).

Hydrochemical facies allow distinct groundwater sources to be
differentiated in the main aquifers of the Selva basin (Figs. 7 and 8).
Based on their chemical composition, Na-HCO3 and chloride-rich
facies can be attributed to regional flow systems with longer resi-
dence times at the subsurface (Gascoyne et al., 1987; Téth, 1995,
2000; Beaucaire et al., 1999; and Carrillo-Rivera et al., 2007). These
samples also have low nitrate concentrations and high fluoride
content of up to 15 mg/L, indicating high water-rock interaction
(Piqué et al., 2008). In the SCRB, a potential input of deep CO, mod-
ifying the calcite-fluorite equilibrium may also be controlling the
fluoride concentration in groundwater (Table 2). Conversely, local
flow systems have Ca-HCOs facies with high nitrate, sulphate
and chloride concentrations related to pollution sources. This type
of facies indistinctively shows a low fluoride content (<2.0 mg/L).
Among them, Ca-HCO; facies with significant sodium content
may be attributed to intermediate flow systems, with sulphate
and nitrate concentrations lower than samples from local flow re-
gimes. Some enrichment in chloride may be related to evaporation
processes in the unsaturated zone, as revealed by isotopic data
shown later in the paper.

Considering that only a few wells drilled in igneous rocks over
100 m deep show redox conditions for denitrification (Table 2),
fluoride and nitrate act as valuable tracers that define the origin
of groundwater recharge within the basin. High nitrate samples
seldom coincide with high fluoride content, and thus define dis-
tinct end-members in the recharge of the Selva basin: inflow from
rainfall infiltration within the basin will present nitrate pollution,
while vertical upward inflow from the granitic basement, or lateral
inflow from the range-front as in the Santa Coloma fault zone, will
present a significant fluoride concentration (Table 2). It is worth
noting that the occurrence of fluoride is limited to wells located
along the main fault areas, suggesting an efficient flow path
through tectonic structures. Most samples located in these fault
areas also show high concentrations of HCO; being saturated or
close to saturation with calcite indicating a potential deep CO, in-
put or mixing with thermal waters.

Previous studies indicated the occurrence of mixing processes
between distinct flow systems (Vilanova, 2004; Menci6, 2006;
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Fig. 7. Piper diagram of May 2006 survey showing hydrochemical groups. See text for explanation.

Folch and Mas-Pla, 2008). In this dataset, some wells present high
fluoride concentrations as well as moderated nitrate content
(CMO0151, SC0117, and CS0304; Table 2). Such hydrochemical com-
position could also be attributable to mixing caused by the cones of
depression inside the aquifer, or simply to the existence of several
screened intervals in the borehole. All the same, these samples
illustrate the impact of withdrawal on the quality of pumped
groundwater.

In summary, hydrochemical facies permit a classification of
groundwater samples in different groups according to their geolog-
ical origin in the ORB and eastern SCRB (Table 3):

1. Samples related to regional fault zones and granitic aquifers with
fluoride concentrations higher than 2 mg/L, except in the case of
SG0200 which, being located on the northern edge of the study
area, can be understood to have a hydrochemistry mainly
affected by the sedimentary formations of the Transversal
range, which do not contain fluoride-rich minerals.

2. Samples from wells in granitic rocks that may also exploit Neo-
gene sedimentary formations, usually have a Ca-HCOs facies,
some of them with high chloride content.

3. Samples from Neogene sedimentary layers with low nitrate con-
tent, below 37.5 mg/L NOs, indicate sources from regional or
intermediate flow systems, and a minimum contribution from
local recharge. Nitrate threshold values of 37.5 mg/L NOs, and
50.0 mg/L in Group 4, are set based on actual field data values,
although they coincide, respectively, with the standard point
for pollution trend reversal actions and the quality standard
for nitrate defined in the European Groundwater Directive
(Directive 2006/118/EC).

4. Samples from Neogene sedimentary layers with high nitrate con-
tent, usually above 50.0 mg/L NOs, show the influence of
groundwater withdrawal at moderate depth from or below
shallow aquifer units. Pumping in the Neogene layers forces a
downward flow that conveys nitrate from the surface soil. Such
hydrochemical features are common in areas where the Neo-
gene sedimentary unit is homogeneous in its depth, i.e. with
insignificant aquitard formations as depicted by well cores
and also reflected by potentiometric data.

5. Samples from surface wells, whether in alluvial, in the upper-
most Neogene layers, or in weathered granite outcrops, have a
characteristic Ca-HCO;3 facies, and are likely to present high
nitrate concentrations in the eastern SCRB and in the ORB.

6. Samples located totally or partially in volcanic rock, with
Ca-HCO; and/or Ca-Mg-HCOs, may reach a depth of 80 m

and be related to local aquifers and/or deeper system flows.

Finally, two types of wells can be distinguished in the western
SCRB with features different to those already described, such as
lower salinity content. Accordingly, we differentiate between:

1. Samples from surface wells and stream water in the SCRB, with a
lower nitrate content than those of the ORB, as a result of various
human pressures and agricultural land-use distribution, and

2. Samples from deep wells and springs in the Santa Coloma River
basin, also with a significant fluoride content and low nitrate
concentration.

One of the main outcomes of the dataset is that surface wells
are seen to have a wide range of hydrochemical facies. This can
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be attributed to the effect of aquifer lithology and pollution
impacts, mainly from the intensive use of manure as fertilizer. Spe-
cifically, groundwater samples from the Santa Coloma River
unconfined aquifer have a similar hydrochemistry to that of stream
waters, corroborating the effective hydrological connectivity
between river and aquifer. Stream recharge to the aquifer also ex-
plains the low nitrate content observed in the aquifer (in all sam-
ples but one, less than 20 mg/L). Samples from the unconfined
aquifer have a Ca-HCOs facies, although deep wells and springs
associated with fault zone hydraulics are characteristically of the
Na-HCOs; type.

Nitrate is also found in some deep wells in the ORB, which indi-
cates the occurrence of a continuous hydrogeological unit consist-
ing of the surface layers and the underlying Neogene sedimentary
formations.

Wells placed in granitic rocks may present distinct mineraliza-
tion levels according to residence time and the extent of granite
weathering processes. Nitrate may occasionally occur, although
in these cases it is attributable to a downward flux from the surface
caused by pumping in the igneous unit.

Fluoride, as a specific component of this hydrogeological sys-
tem, is found in specific locations within the Selva basin, in partic-
ular in the vicinity of the main fault zones (e.g., FS0066, CS0105,
LG0190, and others in the ORB; and SCFP and RD0201 in the SCRB;
Table 2). As fluoride origin is related to fluoride-bearing minerals
recognized in veins in the Montseny-Guilleries range (Piqué
et al., 2008), its occurrence must be related to upward vertical
flows occurring from the basin basement whose recharge areas
are located at the summit of the surrounding ranges and have

acquired the required hydraulic gradient. However, not all the
samples from springs or wells associated with fault zones present
noteworthy fluoride concentrations. Some of the samples at the
SCR watershed are low in fluoride, and therefore their origin must
be linked to a distinct flow path with a different mineralogical
composition. Based on the location of fluoride-rich groundwater
samples, it can be assumed that fluoride mineralization is probably
associated with particular fracture networks, especially those of
most regional significance, developed during specific stages of
the basement’s geological history. This may explain why only sam-
ples from the basement have high fluoride content despite all of
them being related to flow into fractures.

Flow systems of different magnitude and scale (regional, inter-
mediate, and local) are thus identified in the Selva basin according
to their hydrochemical facies and the geological location where they
occur. The SCRB presents a major recharge associated with the
Montseny-Guilleries range, governed by the Santa Coloma fault
zone that controls the flow towards the Neogene sedimentary mate-
rials that fill the basin as well as to the upper surface (alluvial) aqui-
fers (Folch and Mas-Pla, 2008). In the ORB, two recharge poles are
identified. One of them represents infiltration from rainfall
recharge within the lower basin area. This pole is defined by high ni-
trate content. The second pole is related to fault zones within the
basement, which contribute through a recharging flow path origi-
nating far away, on aregional scale, in the Transversal range, and also
possibly in the Montseny-Guilleries range. Faults located in the E
and SE of the basin limits, on the boundaries with the Gavarres and
Selva Maritima ranges, also represent flow zones that provide a lat-
eral, intermediate-scale flow contribution to the basin’s Neogene
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sedimentary aquifers. These regional and intermediate flow systems
are frequently characterized by significant fluoride content.

4.3. Environmental Isotopes (6D, 5'0)

The contribution of isotopic data to the understanding of the
hydrogeological system in the Selva basin is considered in four
field surveys depicting seasonal evolution in recharge processes.
Three surveys were conducted in 2003 (May, September and
December), and a fourth in May 2006, which coincides with the
previously discussed hydrochemical dataset. Some of the sampling
locations were the same in the different surveys, whereas others
were changed depending on their accessibility. The most complete
dataset is that of May 2006, coinciding with the beginning of the
exploitation period of the study area.

In the study area, isotopic composition of rainfall can mainly be
of two different origins: Mediterranean or Atlantic fronts (Van-
denschrick et al., 2002; Araguas-Araguas and Diaz Teijeiro, 2005;
and Jiménez-Martinez and Custodio, 2008). While a slope around
8 is found in different zones of the Iberian Peninsula for Local
Meteoric Water Lines, the deuterium excess undergoes major
changes depending on the origin of the rainfall. So, rainfalls coming
from the Atlantic usually show a deuterium excess around 10%o,
while fronts coming from the western Mediterranean have a deu-
terium excess of around 15%. (Vandenschrick et al., 2002 and Jimé-
nez-Martinez and Custodio, 2008).

A local meteoric water line (LMWL-R) was presented by Neal
et al. (1992) for the Montseny-Guilleries and another range in
NE Spain. This meteoric water line corresponds to 8D =7.9
3'80 + 9.8, which is considered representative of the range areas
surrounding the Selva basin. Deuterium excess indicates an Atlan-
tic origin, in agreement with the limited influence of western Med-
iterranean air masses, limited to short distances from the coastline
(Araguas-Araguas and Diaz Teijeiro, 2005). This limited influence
of Mediterranean fronts in the study areas is also evident consider-
ing the meteoric water line proposed by Carmona et al. (2000),
who describe a local meteoric water line of precipitation (8D =8
3'80 + 14) for the Corredor Range, a few kilometers away from
the coast line.

Recharge water in the Selva basin is characterized using the
precipitation data from the the IAEA/WMO for the “Gerona aerop-
uerto” station in the central part of the Selva basin. The regression
line (n=20) of these samples collected monthly over two years
show similar slopes (around 8) but lower deuterium excess than
the LMWL-R. Even the values weighted with the amount of precip-
itation, which are —5.3%o of 3'%0 of and —35.5%. of 5D (Araguas-
Araguas and Diaz Teijeiro, 2005) is far from the LMWL-R. Precipita-
tion samples presented by Vilanova (2004), collected in the neigh-
boring basins show similar trends indicating the characteristics of
the recharge in the basin areas. The most feasible explanation for
the lower deuterium excess found in the precipitation in Selva ba-
sin is the partial evaporation of raindrops of the Atlantic fronts be-
fore their arrival on the land surface. Secondary evaporation during
precipitation has been described in other studies in the Iberian
Peninsula (Andreo et al. 2004).

Groundwater samples are plotted in Fig. 9 according to the hyd-
rochemical categories established in the previous section. Samples
are dispersed along local meteoric line and heavier values indicat-
ing different areas and altitudes of recharge. In particular, ground-
water from regional fault zones, granite areas and springs show
low isotopic content near to LMWL-R, indicating recharge to the
surrounding basin from higher altitudes. Specifically, samples
straight from fault zones (i.e. SG0200, FS0066 and SCFP) show
the lowest isotopic values and, therefore, confirm a relationship
with regional, fluoride-rich (except SG0200, as discussed),
longer-residence time flow systems, and a control of the fault

zones upon the flow line distribution. According to the study by
Carmona et al. (2000), relating recharge altitude and 8D and '0
content (based on springs with well defined recharge altitudes)
in the Montnegre-Corredor and Montseny-Guilleries ranges, the
lightest samples have to be infiltrated at altitudes between 500
and 800 m. Therefore, considering the altitudes of the range areas
surrounding the Selva basin, the lightest samples have to be infil-
trated in the upper lands of the Montseny-Guilleries range and/
or Transversal ranges.

Conversely, most of the samples from wells in the Neogene sed-
imentary formations show more enriched values of 580 and &D
than LMWL-R, denoting recharge at the Selva basin. With these iso-
topic values, wells with higher nitrate content also show Ca-HCOs;
and samples in deep Neogene with low nitrate also show Na-Ca-
HCO; facies.

Isotopic content that varies within a similar geological environ-
ment in the same survey reflects the presence of different recharge
flow systems, controlled by the hydraulic conductivity and storage
capacity of distinct hydrogeological units, especially in the fault
zones and in the coarse sediment layers of the Neogene infilling
of the basin.

Seasonal variability is also encountered, as samples tend to lie
around the LMWL-R in the September and December surveys,
and then shift to heavier values in both May surveys, with some
evidence of evaporation processes in the non saturated zone in
the larger May 2006 dataset. The most obvious displacements af-
fect samples from deep wells, and from the Neogene sedimentary
layers (RS0266, VO0105, CM0272 and CS0183).

As previously mentioned, wells located in the regional fault
zones present the lightest values, and therefore the highest alti-
tudes of recharge (FS0066, SG0200, SCFP, SC0113). However, sam-
pling point FS0066, located in the central part of the ORB, showed
light values in 2003, although its isotopic content was enriched in
May 2006, suggesting that mixing processes of different flow sys-
tems may occur within the fault zones, probably induced by water
withdrawal pressures. Despite this, its values are some of the light-
est in the dataset, indicating that fault zones do act as interceptors
of regional, large-scale flow systems. In addition, sample SG0200,
placed at the northern limit of the Selva basin, presents similar iso-
topic values to those of FS0066, which indicates a common re-
charge origin for both groundwater samples regardless of their
hydrochemical differences.

In the same geochemical group as FS0066 (i.e. samples from
regional fault zones and granitic aquifers) there are samples with
higher isotopic values (e.g., LGO190 and LG0246). Such values
denote a gradation of regional flow systems from distinct re-
charge areas at different altitudes in the surrounding ranges. As
shown by piezometric data, wells in regional faults are also af-
fected by seasonal withdrawals but the later recovery indicates
the efficient contribution of these tectonic elements to the basin
recharge (Fig. 6d). In particular, isotopic values in wells located
downstream along the flow line in the Neogene sediments and
granite basement (CS0105 and CS0203) are interpreted as the re-
sult of mixing processes from different screened intervals in the
borehole, as also indicated by the moderate nitrate content
(around 30mg/L) and significant fluoride concentrations (over
2 mg/L) (Table 2).

In the western SCRB, samples with the lightest isotopic values
are indicative of high altitude recharge from the surrounding
range areas, namely the Montseny-Guilleries range (SCFP,
RD0201). While some samples exhibit steady isotopic content
in all surveys (SC0113) and show a recharge from a steady flow
system, other samples, like SC117, vary through the seasons (Ta-
ble 4). Considering that this well is cased in the upper 20 m, a
shifting isotopic content suggests that sampled water originated
from distinct flow systems, whose contributions vary throughout



Table 2

Hydrochemical data of the May 2006 field campaign. See Fig. 2 for well locations in the Selva basin.

Sample Group Geology Depth  Date Cond. T(°C) pH Eh 0, Alkalinity Cl SO4 NO3 F Ca Mg Na K SI SI
(m) us (mV) (mg/L) asmg/L  (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/l) (mg/l) (mg/L) Calcite Fluorite
HCO3

CS0105b  Regional faults or Neogene + granite 80 06/05/ 767 16.8 7.31 403.7 0.9 274.3 73.0 58.1 30.0 6.2 50.8 8.0 1250 36 -0.13  0.51
granite 2006

CS0203  Regional faults or Neogene + granite 150 09/05/ 751 172 7.04 205.0 70.7 62.8 34.8 2.0 76.0 16.0 76.2 7.6 -0.39 -0.31
granite 2006

FS0066 Regional faults or Neogene + granite 102 06/05/ 1533 19.7 7.78 2438 0.2 653.9 2211 210 <0.5 15.4 18.7 5.3 3978 1.8 0.22 0.75
granite 2006

LG0190  Regional faults or Granite 120 05/05/ 963 174 725 181 0.1 314.8 196.1 296 0.5 2.3 133.7 2438 71.8 1.4 0.23 0.01
granite 2006

LG0246  Regional faults or Granite >100 05/05/ 786 17.7 727 222 263.5 103.0 50.3 134 3.0 81.5 10.7 94.7 4.3 -0.02 0.07
granite 2006

SG0200  Regional faults or Spring not determined 0 05/05/ 4790 17.2 6.49 32208 651.9 2384 <05 0.13 3195 741 1249.8 30.1 0.54 -2.51
granite 2006

AGO0113  Granite or granite Neogene + granite 70 16/05/ 556 182 721 3434 23 3294 19.7 17.1 4.5 0.7 77.7 11.6 47.8 1.5 0.04 0.58
and Neo. 2006

BR0O092  Granite or granite Quaternari + granite 80 16/05/ 361 17 6.28 456.8 4.3 122.0 29.8 113 24.4 0.2 36.1 8.1 29.0 <1 -1.61 0.71
and Neo. 2006

BRO106  Granite or granite Granite 83 23/05/ 974 16.8 7.01 478.2 136.2 30.0 9.0 0.5 143.7 323 68.3 2.1 0.18 0.32
and Neo. 2006

CMO0049  Granite or granite Granite 121 19/05/ 681 172 7.19 270.8 739 281 26.9 0.5 89.9 15.8 50.8 1.2 -0.03 048
and Neo. 2006

CS0183  Granite or granite Granite 60 06/05/ 825 - 6.9 2513 133.1 498 30.7 13 1176 17.6 55.2 1.2 -0.22 047
and Neo. 2006

CS0304  Granite or granite Neogene + granite 116 06/05/ 1046 17.7 6.96 6.3 344.0 1156 77.7 119.8 2.8 156.8 209 84.6 1.1 0.01 0.50
and Neo. 2006

LG0029  Granite or granite Wheathered 110 09/05/ 970 173 743 -76.5 0.1 541.7 1149 337 <0.5 0.5 1358 383 74.0 24 0.62 0.51
and Neo. granite + granite 2006

S10052 Granite or granite Wheathered granite 50 10/05/ 1217 163 6.87 343.6 55 385.5 2136 64.7 79.0 0.5 1593 294 1295 14 —-0.05 0.65
and Neo. 2006

VD0172  Granite or granite Wheathered 50 23/05/ 921 193 7.22 3294 1841 75 0.5 0.4 153.0 257 50.6 <1 030 052
and Neo. granite + granite 2006

VD0173  Granite or granite Wheathered granite 20 23/05/ 1136 — 7.24 275.7 277.7 621 7.1 0.2 1624 27.6 101.0 14 0.25 0.43
and Neo. 2006

VD0177  Granite or granite Granite 80 10/05/ 612 165 7.04 351.0 0.1 214.7 379 442 66.7 0.2 66.9 12.8 60.2 <1 -042 039
and Neo. 2006

V00100  Granite or granite Quaternary + granite 80 16/05/ 783 169 7.06 4649 3.8 317.2 296 420 155.9 0.3 126.8 25.0 44.4 1.5 0.00 0.40
and Neo. 2006

CMO0272  S. Neogene with low Neogene 90 23/05/ 682 18 6.76 3221 62.2 243 32.6 0.3 94.0 15.6 54.9 <1 -0.36 0.59
nitrate 2006

RS0191 S. Neogene with low Neogene 90 11/05/ 765 18.6 6.87 4236 6.1 370.9 67.0 13.1 20.5 0.3 99.8 20.2 55.3 1.9 -0.16 0.72
nitrate 2006

RS0270  S. Neogene with low Neogene 100 23/05/ 803 169 6.93 361.1 75.3 37.8 373 0.9 109.7 184 733 1.2 -0.11 0.70
nitrate 2006

VD0176  S. Neogene with low Neogene + volcanic 69 10/05/ 710 179 737 3489 0.1 256.2 71.0 17.9 <0.5 0.7 67.7 239 70.4 1.8 0.02 0.64
nitrate 2006

BRO110  S. Neogene with Quaternary + Neogene 70 11/05/ 894 17.0 6.93 319.6 94.8 30.9 86.7 0.6 118.0 287 58.6 1.4 -0.15 0.50
high nitrate 2006

CL0259  S. Neogene with Neogene 75 06/05/ 891 172  6.92 244.0 85.7 54.8 104.4 0.4 1300 244 57.5 <1 -0.24 0.50
high nitrate 2006

CMO0272B S. Neogene with Neogene 40 09/05/ 1004 169 6.86 344.1 5.1 380.6 131.8 493 78.3 0.2 1542 249 66.3 <1 -0.05 0.52
high nitrate 2006

C€S0271 S. Neogene with Neogene 80 09/05/ 1049 163 6.76 337.1 5.2 3343 1346 945 113.8 0.2 163.1 28.2 74.8 <1 -0.21 033
high nitrate 2006
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5.7

355

16.3

<0.5

8.5

20.1

7.7

0.5

0.2

0.2

0.2

0.2

0.2

0.1

0.2

0.2

0.2

0.4

0.2

0.1

0.2

0.2

0.2

0.4

0.4

0.5

3.2

1.0

0.3

2.6

0.5

34

0.8

0.2

0.5

0.4

1223

125.1

151.9

221.2

183.5

156.6

154.9

147.7

128.9

151.8

133.7

132.3

170.8

206.5

106.9

160.8

125.4

111.5

59.8

474

23.7

14.9

18.4

12.8

21.7

23.0

30.0

7.1

21.7

22.6

9.3

9.4

10.2

17.4

1.3

12.8

123

9.2

55.5

46.7

54.4

62.8

59.4

523

51.1

56.5

53.6

50.0

52.0

122.5

86.5

75.4

30.2

27.2

42.0

84.8

58.0

2219

138.4

38.8

45.4

35.7

2739

16.9

33.2

33.1

19.8

3.2

<1

1.1

<1

2.7

<1

1.1

<1

38.9

34.7

2.8

31.1

1.5

1.0

<1

<1

33

<1

14

3.7

25

<1

<1

<1

4.2

<1

1.1

<1

1.1

-0.79 0.51
-0.08 0.47
-0.19 043
0.10 0.50
-0.12 0.57
-0.10 0.59
-0.04 0.54
-0.15 0.58
-0.12 0.25
-0.23 0.44
0.88 0.57
-0.39 0.54
-0.10 0.52
0.60 0.49
-0.28 0.77
-0.14 0.51
-0.11 0.49
0.12 0.58
0.01 0.65
-030 0.81
—-0.05 0.80
-0.40 0.64
-0.71 0.53
-0.59 0.65
-0.03 0.75
-2.71 0.75
-0.98
—-0.45

0.43

(continued on next page)
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Table 2 (continued)

Mg Na K SI SI

Ca

NO3

S04

Alkalinity Cl
as mg/L

Date Cond. T(°C) pH Eh 0,
us
HCO3

Depth

Geology
(m)

Group

Sample

Calcite Fluorite

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

(mg/L)

(mg/L)

(mV)

45.5 36.8 10.7 0.6 51.3 9.3 55.4 3.1 1.17 0.25

183.0

524 223 8.79

22/05/
2006

0

Stream

S. wells and waters

Sta. Col.

SCRB

-0.09 0.39

11/05/ 588 179 7.5 4091 13 307.4 293 183 113 0.3 71.6 25.7 30.6 3.8

2006

80

Volcanic + Neogene

Volcanic or with vol.

materials

BE0077

20.2 42.7 33 0.21 0.56

319 46.9 67.7 1.2 127.4

390.4

19/05/ 764 18.7 7.15

2006

Volcanic or with vol. Volcanic 75

materials

CMO0151

-0.16 0.79

11/05/ 693 183 6.95 2638 1.1 4124 34.1 34.6 0.7 0.2 75.8 40.4 44.8 6.6

2006

Volcanic or with vol. Volcanic 60

materials

MS0060
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the year depending on natural rainfall recharge and the effect of
withdrawal regimes. This behaviour is also indicated by hydro-
chemical data; well SC0113 shows low concentrations of fluoride
and nitrate while well SC0117 has more than 30 mg/L of nitrate
and over 2.5 mg/L of fluoride. This seasonal behaviour is difficult
to depict from groundwater head evolution alone as both wells
show seasonal head variations (Table 1, Well zones 10, 11). How-
ever, the different groundwater origin of both wells (SC0113 and
SC0117) may indicate why wells located in relatively close areas
(Fig. 3) and of similar depths and geologies show different
seasonal withdrawals.

During the summer season, an evolution to lighter isotopic val-
ues coincides with a decrease in nitrate and an increase in fluoride,
when rainfall recharge is almost nil (Mencid, 2006). Isotopic values
reverse in fall and winter when rainfall events are intense, with
hydrochemical data showing a similar seasonal trend. This series
of results confirms that distinct, independent flow systems concur
in a single aquifer, and alternate as a consequence of groundwater
withdrawal regimes.

The decrease in '20 observed in some wells related with regio-
nal faults (for instance, SCFP, RD201, RD0202 and SG0200; Fig. 9d),
which is displaced to the left of the LMWL-R, should be interpreted
as an isotopic equilibrium with carbon dioxide of thermal origin.
This assumption is also supported by hydrochemical data, showing
Na-HCOs facies with high concentrations of HCO; to be saturated
or close to saturation with calcite.

Isotopic values in samples from the Neogene sedimentary aqui-
fers move closer to the evaporated rain values, representing the re-
charge in the Selva basin, during the spring surveys (May 2003 and
2006; Fig. 9a and d; Table 4), while in surveys conducted in fall and
winter (Fig. 9b and c) they are placed on the LMWL-R and show
lighter isotopic values. Some samples from wells in granite terrain
also show a similar seasonal displacement.

Additionally, samples from the May surveys, notably May 2006
(Fig. 9d), follow a line with a slope of ~4.0 that is consistent with
the occurrence of evaporation processes in the non saturated zone
(Clark and Fritz, 1997). The most evaporated samples are found in
granitic areas in the southeastern corner of the Selva basin, where
there are weathered or partially weathered granite outcrops and
the unsaturated zone depth is up to 25 m.

The occurrence of partially evaporated samples enables the
identification of seasonal hydrodynamics. Water withdrawn at
the end of the summer season, i.e. in September or October,
shows higher recharge altitudes and isotopic values aligned
according to the LMWL-R. During May surveys, following the
wet season that lasts from October to May, groundwater samples
exhibit more enriched isotopic values that have shifted to local
recharge in the basin surface. Moreover, specific samples located
in the ORB are distinctively aligned along an evaporation line.
Such seasonal differences are attributable to local recharge pulses
during the wet season, i.e. rainfall in the basin area infiltrating
into the Neogene layers after being affected by evaporation pro-
cesses. Such recharge is therefore the main resource that is cap-
tured by pumping wells after the end of the wet season. The
most evaporated groundwater samples also exhibit a wide range
of nitrate concentration (Table 2), as would be expected from the
local recharge pole.

By September, intensive water withdrawal has exhausted such
local resources, and the isotopic content reveals the dominant
influence of groundwater flow from regional systems on the cap-
tured water. That is to say, the lateral and vertical upward re-
charge from the surrounding ranges and the basement provides
water to the sedimentary aquifers of the basin, fulfilling major
water needs as most of the wells can therefore maintain their
exploitation rates. Such seasonal conduct emphasizes the effect
of the groundwater withdrawal regime on the hydrogeological
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Table 3
Characteristics of each group of samples.
Group  Group Name Geology and type of sample point Type of Sub—basin  Well Hydrochemical F~ (mg/L) NO; (mg/L)
number source depth  facies
(m)
1 Regional faults or ~ Granite or granites and sedimentary Wells and Onyar 0-150 Na-HCO; 2.01-154 <0.5-34.8
granite Neogene spring Ca-Na-HCOs-Cl SG0200=0.13
2 Granite or granite Granite. granite + sedimentary Neogene. Wells Onyar and  20-121 Ca-HCO; 0.18-2.79 <0.5-155.9
and Neogene weathered granite and/or Quaternary + granite South Santa Ca-HCO5-Cl
Coloma
3 Sedimentary Sedimentary Neogene and sedimentary Wells Onyar and 69-100 Ca-HCO5 0.28-0.89 <0.5-37.3
Neogene with low Neogene + volcanic South Santa Ca-Na-HCOs
nitrate Coloma
4 Sedimentary Sedimentary Neogene and Wells Onyar 40-150 Ca-HCOs 0.14-0.65 67.4-138.4
Neogene with quaternary + sedimentary Neogene
high nitrate
5 Surface wells Quaternary. sedimentary Neogene. Wells Onyar and  7-22 Ca-HCO3 0.15-0.51 14.7-217.2
Neogene + volcaic and weathered South Santa
granite Coloma
6 Deep wells and Neogene and granite (springs) Wells and North Santa 0-80 Na-HCO;3 0.34-3.42 <0.5-35.5
springs Santa springs Coloma
Coloma
7 Surface wells and  Quaternary and Neogene Wells and North Santa 0-20 Ca-HCO3 0.22-0.55 7.7-20.1
water Santa surface Coloma
Coloma waters
8 Volcanic or with ~ Volcanic or volcanic + Neogene Wells Onyar and 60-80 Ca-HCO; 0.21-1.15 0.7-67.7
volcanic materials South Santa Ca-Mg-HCO3
Coloma
a -7.5 -7,0 -6,5 -6,0 -5,5 -5,0 -4,5 -4,0 -3,56 -3,0 b -7.5 -7.0 -6,5 -6.0 -5.5 -5,0 -4.5 -40 -35 -3,0
-25 -25
May 2003 September 2003
r'qg;_.v 991:_,»
j—!ﬁ?ﬁ‘ -30 o = {-30
8 ?E -35 = 1-35
§ o & © Regional faults or granite (F> 2 mg/l) E © Regional faults or granite (F> 2 mg/l}
£ o Granite or Granite and Neogene £ © Granite or Granite and Neogene
d' O Sedimentary Neogene with low nitrate -40 6 O Sedimentary Neogene with low nitrate 4 -40
=] O Sedimentary Neogene with high rilrate w O Sedimentary Neogene with high nilrate
7S © Surface wells © Surface wells
m Volcanic orwith volcanic materials .45 B Volcanic orwith volcanic matenals | a5
M Surface wells and water Sta Coloma = Surface wells and water Sta.Coloma
X Deepwells and springs Sta. Coloma X Deepwells and springs Sta. Coloma
——LMWLR (Neat et al. 1992) ——LMWL-R (Neat stal 1992)
-50 -50
8"%0ysmow (%) 8"®0ysmow (%)
C 75 -7,0 6,5 -6,0 -5,5 50 -45 -4,0 -3.5 -3,0 d -7.5 -7,0 -6,5 -6,0 -5,5 -5,0 -45 -40 -3.5 -3,0
-25 -25
December 2003 May 2006
o WSL7
e e
o -30 ew?“fﬁ -30
.—"'_/ m?’
by i - o
5 -35 § -35
% Regional faults or granite (F> 2 mgf) § © Ragional faults or granite (F> 2 mg/l)
E Granite or Granite and Neogene E © Granite or Granite and Neogene
Q> Sedimentary Neogene with low nitrate -40 Q> O Sedimentary Neagane with low nitrate -40
= Sedimentary Neogene with high nitrate o O Sedimentary Neagene with high nitrate
Surface wells O Surface wells
Volcanic or with volcanic materials 45 W Volcanic orwith volcanic materials .45
Surface wells and water Sta Coloma M Surface wells and water Sta.Coloma
Deepwells and springs Sta. Coloma X Despwells and springs Sta. Coloma
——LMWL-R (Neat et al. 1992) —LMWL-R (Neat etal 1992)
-50 -50

z:“mo\lrsrru:rw (%0)

818(:)\|'smmm (%")

Fig. 9. Environmental isotope distribution (5D, 5'0) in the different field surveys. Error bar indicates analytical error and the value weighted with the amount of
precipitation calculated with data from the Global Network of Isotopes in Precipitation (GNIP) from station “Gerona Aeropuerto” located in the Selva Basin (IAEA/WMO,
2006). Evaporation indicates the trend line of groundwater evaporated in the non saturated zone.
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Table 4
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Environmental isotopes of each field campaign. If no other type of source is specified in the geology column. samples have been collected from wells. See Fig. 2 for well locations in

the Selva basin.

Sample Group Geology Deep May—-03 September—03 December—03 May-06
30 D 3'%0 3D 3'%0 3D 3'%0 D

CS0105a Regional faults or granites Neogene 80 -5.3 -35.0 -5.6 -36.4

CS0105b Regional faults or granites Neogene + granite 140 -53 -373
CS0203 Regional faults or granites Neogene + granite 150 -6.1 -37.8 -6.0 -374 -5.5 -37.0
FS0066 Regional faults or granites Neogene + granite 102 -6.7 —43.5 —6.7 —433 —6.8 —43.9 —6.1 -39.9
LG0190 Regional faults or granites Granite 120 -5.4 -35.0 -5.6 —36.2 -5.5 -34.0
LG0246 Regional faults or granites Granite >100 -5.7 -35.2
SG0200 Regional faults or granites Source 0 —6.6 -41.0
AGO0113 Granite or granite and Neo. Neogene + granite 70 -5.4 -35.5
BR0092 Granite or granite and Neo. Quaternary + granite 80 -5.8 -37.5 -6.0 -37.8 -6.0 -37.3 -6.0 -38.6
BR0106 Granite or granite and Neo. Paleozoic 83 -5.5 -36.6 -5.9 -35.6 -5.3 -354
CS0183 Granite or granite and Neo. Granite 60 -5.5 —36.3 -5.9 -38.6 —6.1 —39.8 -5.1 -34.7
LG0029 Granite or granite and Neo. Wheath. granite + granite 110 -49 -32.7
S10052 Granite or granite and Neo. Wheathered granite 50 -5.1 -344
VD0172 Granite or granite and Neo. Wheath. granite + granite 50 -5.9 -37.9 -6.0 —36.3 -5.5 -354
VD0173 Granite or granite and Neo. Wheathered granite 20 -5.6 -35.8 —4.2 -30.8
VD0177 Granite or granite and Neo. Granite 80 -5.6 -349 -5.2 -34.7 -4.6 -32.1
V00100 Granite or granite and Neo. Quaternary + granite 80 -5.6 -40.8
CMO0049 Granite or granite and Neo. Granite 121 -5.1 -31.9 -3.8 -30.0
CS0304 Granite or granite and Neo. Neogenee + granite 116 -5.8 -34.7 -4.9 -33.0
CM0272 S. Neogene with low nitrate Neogene 90 -54 -36.4 -5.7 -36.5 -5.9 -39.1 -4.9 -35.7
RS0191 S. Neogene with low nitrate Neogene 90 -53 —35.2 -5.8 -35.2 -5.9 —38.8 -5.7 -334
RS0270 S. Neogene with low nitrate Neogene 100 -5.3 —34.8 -5.6 -34.0 -5.6 -35.7 -6.0 -39.0
VD0176 S. Neogene with low nitrate Neogene + volcanic 69 -5.3 —34.6
BRO110 S. Neogene with high nitrate Quaternary + Neogene 70 -4.9 -33.9
CL0259 S. Neogene with high nitrate Neogene 75 -5.7 -35.2 -5.7 —35.7 -5.2 -35.2
CMO0272B S. Neogene with high nitrate Neogene 40 -5.0 -35.6
CS0271 S. Neogene with high nitrate Neogene 80 -5.3 -35.8 -5.6 -34.3 -5.8 -38.0 -4.9 -33.7
CS0284 S. Neogene with high nitrate Neogene 70 -5.8 -35.6 -5.8 —35.1 -5.4 -35.0
LLO115 S. Neogene with high nitrate Neogene 80 -5.2 -34.7 -5.6 -35.5 -54 -349 -5.2 -34.5
RS0263 S. Neogene with high nitrate Neogene 50 -5.4 -36.3
RS0266 S. Neogene with high nitrate Neogene 120 -5.1 -34.0 -5.6 -339 -54 -35.0 -5.2 -33.6
RS0268 S. Neogene with high nitrate Neogene 65 -53 -333
RS0271 S. Neogene with high nitrate Neogene 65 -5.1 -334 -5.4 -339
SA0167 S. Neogene with high nitrate Neogene 80 -4.7 -31.6
V00105 S. Neogene with high nitrate Neogene 150 -53 —35.8 -5.8 -335 -5.7 -36.1 -49 -34.1
BRO077 Surface wells Quaternary 113 -5.7 -36.4
CMO0147 Surface wells Neogene 7 -5.1 -34.3
CM0285 Surface wells Neogene 14.7 -4.6 -33.2
CM0401 Surface wells Neogene 14.6 -5.2 -36.3
CS0400 Surface wells Neogene 12 -5.3 -32.5
LLO116 Surface wells Neogene 11.8 -5.0 -32.8
MS0115 Surface wells Quaternary + volcanic 21.9 -49 -31.0
RS0253 Surface wells Neogene 171 -4.8 -32.3
SI0180 Surface wells Wheath. granite 12 -5.5 -35.2
VD0171 Surface wells Quaternary 8 -4.5 -319
V00280 Surface wells Neogene 8 -5.3 -35.6
RD0201 D. wells and springs Sta. Col. Neogene 75 -6.3 -37.7
RD0202 D. wells and springs Sta. Col. Neogene 65 -5.7 -334
SC0113 D. wells and springs Sta. Col. Neogene 73 -6.1 -38.7 -6.1 -38.7 -5.8 -38.0
SCo117 D. wells and springs Sta. Col. Neogene 65 -6.0 -37.9 -6.9 —-433 -5.2 -339
SC0150 D. wells and springs Sta. Col. Neogene 80 -55 -35.9
SCFP D. wells and springs Sta. Col. Spring granite 0 -6.5 —40.6
SCFSS D. wells and springs Sta. Col. Spring granite 0 -5.9 -38.5
SC0073 S. wells and waters Sta. Col. Quaternary 9.5 -5.6 —-36.5 -5.8 —38.2
SC0151 S. wells and waters Sta. Col. Neogene 20 -55 -35.5
SCRA S. wells and waters Sta. Col. Stream 0 -5.9 -36.5
SCRB S. wells and waters Sta. Col. Stream 0 -5.4 -35.3
BE0077 Volcanic or with vol. materials Volcanic + Neogene 80 -5.4 —36.3 -5.6 -36.0 -5.8 —36.4 -5.4 -35.6
CMO0151 Volcanic or with vol. materials Volcanic 75 -4.5 -32.0
MS0060 Volcanic or with vol. materials Volcanic 60 -4.5 -314 -5.1 -29.8 -4.9 -32.0 -4.9 -30.5

dynamics of this system, with the origin of captured water being

5. Summary and conclusions

modified from local to regional recharge sources. It also reveals

the role of fault zones as preferential flow paths that recharge

the overlying sedimentary layers from the basement.
In the December 2003 survey, isotopic data show a transitional

distribution between the end of the dry season (mainly summer)
and the beginning of the recharge period in October and November.
In particular, those months had more rainfall than the average (i.e.,
220 mm in October 2003; Fig. 5), providing support for the behav-

iour described.

The major features and findings of this hydrogeological research
are summarized as follows:

1. Potentiometric, hydrochemical and isotopic data have been
used to describe the hydrogeological system of the Selva basin
(NE Spain), located in a range-and-basin environment. Struc-
tural elements, i.e., fault zones, play an important role in the
recharge from the ranges towards the basin’s infill aquifers.
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2. Water withdrawal, mainly from the basin sediments, exerts a
significant influence upon the hydrogeology of the system, pro-
ducing a modification of regional and local scale flow paths in
accordance with natural recharge periods and seasonal exploi-
tation regimes.

3. Potentiometric data measured over a six-year period reveal dis-
tinct flow dynamics within the sedimentary infilling of the
basin. They indicate the degree of vertical connectivity in this
leaky multilayered aquifer system, as well as the existence of
a lateral inflow from the range-front and, more importantly, a
vertical upward flow from the granitic basement. They also
indicate that fault zones act as specific recharge spots, control-
ling the hydraulic efficiency of wells and, overall, the recharge
flows.

4. Hydrochemical facies support the observations derived from
potentiometric data. The occurrence of sodium and chloride-
rich facies points to the contribution of groundwater flow from
the basement to the basin sedimentary infill.

5. Fluoride and nitrate concentrations are taken as tracer compo-
nents of, respectively, a regional end-member, defined by large-
scale, longer residence time flows from the range areas to the
basin, and a local end-member, caused by rainfall infiltration
in the basin surface. Variations in the content of both compo-
nents are attributable to the capture of distinct flow paths, as
stored resources decline during intensive pumping (irrigation)
periods.

6. The local meteoric water line of the range areas and the evapo-
ration that characterize the rain in the Selva basin show differ-
ent recharge flow systems. In this sense, the Selva basin
recharge takes place from the basin surface, creating a local
flow system, and from the surrounding ranges as regional flow
systems originated at higher altitude and with a longer resi-
dence time.

7. Seasonal isotopic data shift between both local meteoric water
lines and the fact that fractionation processes related to evapo-
ration are identified during the spring (May) surveys also indi-
cate that the amount of captured water resources from the two
flow systems may vary along the year.

8. Meeting water demand in the Selva basin does in fact depend
on the seasonal exploitation of regional and local flow systems.
In particular, regional flow systems related to fractures and
major fault zones supply current demands that could not be sat-
isfied by only the local rainfall recharge.

These main outcomes conclude that hydrogeological systems
are greatly disturbed by groundwater withdrawal regimes, which
modify natural flow paths. Such modifications, which govern the
water balance within the basin and, therefore, the amount of avail-
able water resources, can be identified with the aid of potentiomet-
ric, hydrochemical and isotopic data. Furthermore, structural
elements, such as fault zones, represent a significant, preferential
flow path whose contribution is fundamental to completely meet-
ing water demand and, more importantly, the recovery of the re-
sources stored in periods of low demand. Data from surveys
covering only the most recent years after intense development,
and a multiparametric analysis, provide a crucial contribution to
the depiction of spatial heterogeneity in groundwater dynamics
under human pressures.

Despite their negative impact, human alterations enable us to
identify some of the flow field characteristics, such as the occur-
rence of nitrate at depth as indicative of vertical downward in-
duced recharge, or the spatial distribution of fluoride indicating
those areas where wells are fed by recharge from the basement.
This hydrochemical information, together with head data, defines
the behaviour of the distinct hydrogeological units and the contri-
bution of the tectonic structure to the overall flow system, and

especially to the conceptual design of the water balance. These
are necessary to go a step further in hydrogelogical basin manage-
ment: the location of the main hydrogeological trends such as ver-
tical recharge from faults, downward flow due to pumping, the
relation between sedimentary units, etc., are necessary to build
numerical models of hydrological basins to improve water man-
agement (Kalf and Woolley, 2005).

Furthermore, the large-scale geological approach applied to this
paper shows the effectiveness of implicitly recognizing that many
hydrogeological systems consist of distinct interrelated geologic
formations. Such an assumption is of relevance to the establish-
ment of water bodies and their available water resources, accord-
ing to the Water Framework Directive (Directive 2000/60/EC). In
addition, quality issues are also better understood if this regional
perspective is used, by providing helpful explanations for the
occurrence of natural or human introduced pollutants, such as
fluoride and nitrate, respectively. The occurrence of regional flows
that contribute to the overall recharge of the basin aquifer system
represents the surplus of groundwater inflow necessary to balance
the hydrogeological mass balance in the basin, as estimated in the
water budget (Mencié et al., 2010). Such an analytical approach,
combining field data and current groundwater exploitation within
the appropriate geological context, contributes to the management
of groundwater bodies under the demand of human pressures by
preserving their resources as enforced by the Water Framework
Directive (Directive 2000/60/EC).
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The integrated use of hydrogeologic and multi-isotopic approaches (8'°N, 8'0yo3, 534S, §'%0s04 and
8'3Chcos) was applied in the Selva basin area (NE Spain) to characterize NO; and SOf{ sources and to
evaluate which geochemical processes affect NO; in groundwater. The studied basin is within a basin-
and-range physiographic province where natural hydrodynamics have been modified and different scale
flow systems converge as a consequence of recent groundwater development and exploitation rates. As a
result, groundwaters related to the local recharge flow system (affected by anthropogenic activities) and
to the generally deeper regional flow system (recharged from the surrounding ranges) undergo mixing
processes. The 3'°N, 5'%0n03 and 84S indicated that the predominant sources of contamination in the
basin are pig manure and synthetic fertilizers. Hydrochemical data along with 5'°N, 8'80y03, 8345,
8'80504 and §'3Cycos of some wells confirmed mixing between regional and local flow systems. Apart
from dilution processes that can contribute to the decrease of NO; concentrations, the positive correla-
tion between §'°N and §'®0yos agreed with the occurrence of denitrification processes. The 534S and
8180504 indicated that pyrite oxidation is not linked to denitrification, and 8'3Cyyco3 did not clearly point
to a role of organic matter as an electron donor. Therefore, it is proposed that the mixing processes
between deeper regional and local surface groundwater allow denitrification to occur due to the reducing
conditions of the regional groundwater. Thus, isotopic data add useful complementary information to

hydrochemical studies, especially in those areas where hydrochemical data is not conclusive.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Groundwater development and agricultural, livestock and
industrial activities have increased during the second half of the
last century. These human activities have affected the rates and
quality of groundwater recharge and particularly aquifer biogeo-
chemistry. Factors that are known to contribute to the degradation
of groundwater quality are excessive groundwater withdrawal in
relation to average natural recharge, infiltration of surplus of N
coming from synthetic and organic fertilizers, surface water irriga-
tion, leakage from urban sewers, wastewater ponds, septic tanks,
urban solid waste landfills, abandoned wells, mine tailings, etc.
(Llamas and Martinez-Santos, 2004; Arvena and Mayer, 2010).
According to the European Commission, groundwater pollution is
the most serious problem noted in the EU water resources policy
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that is managed through Member States implementation of the Ni-
trates, Water Framework and Groundwater Directives (Rivett et al.,
2008). The development of effective management practices to pre-
serve water quality and the design of remediation plans for sites
that are already polluted requires the identification of actual pollu-
tion sources and an understanding of the processes affecting local
contaminant concentrations (Kendall et al., 2007).

In most regional hydrogeological systems, the main sources of
contamination are related to the application of synthetic and
manure-based fertilizers, municipal sewage effluent and septic
system seepage. Contamination from these origins usually pro-
duces a NO; non-point source leading to degradation of water
quality and the eutrophication of surface waters. Nitrate in aqui-
fers frequently exceeds legal drinking water thresholds (50 mg L™!
NO;; EC, 1998). Additionally, dissolved SOi’ in groundwater may
originate from dissolution of evaporitic rocks (mainly gypsum),
oxidation of reduced S minerals, atmospheric deposition and saline
water intrusion, as well as from anthropogenic sources such as fer-
tilizers, manure, sewage and mine drainage, among others.
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Stable isotope ratios of NO3 (5"°N, 5'0y0s3), SO3™ (534S, §'80504)
and C (8'3C) have been successfully used to characterize the pre-
dominant sources of pollution (Cravotta, 1997; Aravena and Rob-
ertson, 1998; Vitoria et al., 2008) in a variety of settings, and to
determine the physicochemical processes that can affect pollutant
transport and fate (Otero et al., 2009). The isotopic composition of
these elements measured in groundwater not only reflects the ori-
ginal source (either natural or anthropogenic), but can be influ-
enced by source mixing or by isotopic fractionation during the
transport and chemical transformation of N, S and C compounds.
For example, trends in NO; isotopes are capable of indicating deni-
trification (Aravena and Mayer, 2010), while SO;~ and C isotopes
can help to evaluate which reactions (and which electron donors)
are linked to denitrification (Schwientek et al., 2008; Otero et al.,
2009).

Therefore, physicochemical processes that can occur during
NO; transport, producing the increase or reduction of its concen-
tration and its isotopic composition, must be considered. Four ma-
jor physicochemical processes are: (1) dilution by means of mixing
with pristine or NO; -poor surface water or groundwater; (2) vola-
tilization of NHj after organic and/or inorganic fertilizers are
spread onto the fields; (3) nitrification of NHJ; and (4) natural
attenuation processes such as denitrification. The most significant
natural attenuation reaction in the saturated zone is denitrifica-
tion, which occurs under reducing conditions, and is mediated
through denitrifying bacterial activity. Two distinct classes of den-
itrifying bacteria are distinguished: (1) heterotrophic denitrifiers,
that use organic compounds as electron donors and C sources,
and (2) (chemolitho Jautotrophic denitrifiers, that use inorganic com-
pounds (minerals containing reduced Fe or S, such as pyrite) as
electron donors, and CO, as a C source (Rivett et al., 2008). On
the other hand, the isotopic composition of sof; is controlled by:
(1) the isotopic signature of SO,  sources, (2) isotope exchange
reactions, and (3) kinetic isotope fractionation during S and O
transformations. With regard to changes in the isotopic composi-
tion, the most important process affecting S is the reduction or oxi-
dation of S compounds. Variations in the isotopic ratio of
groundwater SO;~ depend on mixing processes and chemical and
microbial reactions (Krouse and Mayer, 2000).

Multi-isotopic approaches have been applied to characterize
diffuse pollution at a regional scale in hydrogeological basins
where local and large-scale flow systems converge (Palmer et al.,
2007; Demlie et al., 2008; Folch and Mas-Pla, 2008; Stuart et al.,
2010; Abid et al., 2012; among others). Local flow systems, made
up of groundwater supplied by the local recharge infiltrated in
the basin, are the most affected by pollution and processes occur-
ring at the basin surface. In contrast, large-scale flow systems are
made up of older groundwater supplied by recharge areas at great-
er elevation. Regional large-scale flow systems are characterized by
deeper, usually higher temperature flows with no, or limited, inter-
action with the atmosphere (i.e. less dissolved O, and less CO, than
local flows) and longer timescales of water-rock interaction. These
differences between flow paths give waters in regional flow sys-
tems different compositions and physicochemical parameters
compared to those of local groundwater.

Human activity changes groundwater quality of local flow sys-
tems by introducing pollutants from different sources. Moreover,
these areas usually undergo intense groundwater exploitation
which, in turn, modifies the natural flow conditions of the hydro-
geological basin through drawdown (Mahlknecht et al., 2006; Pal-
mer et al., 2007; Li et al., 2008; Folch et al., 2011; Carucci et al,,
2012; among others). Groundwater pumped from wells located
in these basins may be a mixture of groundwater from different
origins, of different qualities, and affected by different processes.

This paper characterizes the sources and fate of NO; and S0%
by means of the analysis of stable isotopes (5'°N, &3S and

8"3Chco3) in a basin-and-range area, where local and regional flow
systems converge due to the disturbance exerted by groundwater
exploitation. The aims are: (1) to confirm that the mixing between
local polluted and regional pristine groundwater flow systems can
influence the isotopic signatures found in contaminated ground-
water, and (2) to study whether this mixing process allows denitri-
fication to occur given the reducing conditions of the regional
groundwater.

2. Study area

The Selva basin (NE, Spain) is a 565 km? area that has experi-
enced considerable tectonic activity, and is surrounded by Montse-
ny-Guilleries, Selva Maritima, Gavarres and Transversal mountain
ranges that can reach an altitude of 1202 masl. Two main water-
sheds are found within these ranges: Santa Coloma River Basin
(SCRB) and Onyar River Basin (ORB) (Fig. 1). Geomorphologically,
the Selva basin constitutes a type of basin-and-range structural
area (Menci6, 2006; Folch, 2010) with a main NW-SE fault direc-
tion, and other significant faults oriented NE-SW and N-S. The sur-
rounding ranges consist of Paleozoic igneous and metamorphic
rocks in the Montseny-Guilleries, Selva Maritima and Gavarres
ranges and pre-Alpine Paleogene sedimentary rocks (mainly lime-
stone and sandstone) in the Transversal range. The basin sedimen-
tary infill consists of a layer of unconsolidated gravel, coarse and
medium sand and layers of silt, deposited by Neogene alluvial fan
systems during basin formation. These layers can reach a total
thickness of more than 300 m in the western area, varying accord-
ing to the tectonic blocks that form the basin basement. Outcrops of
Quaternary and Neogene volcanic material related to some of the
main faults are found in the north and south, respectively.

Hydrogeologically, three main units can be determined: (1) the
upper unconfined aquifer, less than 30 m deep, formed by alluvial
materials associated with the main rivers, surficial Neogene sedi-
mentary layers, and weathered igneous rocks outcropping in the
basin; (2) an alternation of silts, arkosic sands, gravels and con-
glomerates with low clay content of Neogene sediment, resulting
in an intermediate multilayer aquifer system with thicknesses
from 10 to more than 200 m in the Santa Coloma basin, and more
than 300 m in the Onyar basin (Menci6, 2006; Folch, 2010); and (3)
a deep aquifer, formed by the granite basement affected by local
and regional faults and by a weathering layer in the upper zones.
Wells located in the foothills of the ranges exploit weathered gran-
ite layers under unconfined conditions or, if drilled in unaltered
rock, benefit from the occurrence of fractures. The degree of con-
nectivity between hydrogeological formations changes along the
basin depending on the geological setting at a small scale. For in-
stance, in some areas of the Onyar basin the sedimentary forma-
tions act as a unique aquifer, while in other areas the three units
show different hydraulic head evolution (Folch et al., 2011).

The Selva basin is classified as a vulnerable zone to nitrate pollu-
tion from agricultural sources following the European Union nitrate
directive (EEC, 1991) and its adaptation in Catalunya (NE Spain)
(Decret 283/1998 and Decret 476/2004). The human pressures that
contribute to groundwater N compounds in the study area are: (1)
livestock activity; (2) agricultural activity; (3) wastewater treat-
ment plants; (4) industrial and urban areas; and (5) wastewater
collectors (Luna et al., 2008). The application of organic animal
waste (mainly pig manure) on the fields is a common activity, since
an excess of manure is produced in the farms and, apart from its
application as a fertilizer, illegal dumping may take place. Gener-
ally, animal residues are applied at the same municipality where
the farms are located, but manure from neighboring areas can also
be added to the local deposits. Moreover, most of the crop fields re-
ceive synthetic fertilizers once a year and the irrigated areas are
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Fig. 1. The Selva basin area with the sample points used for hydrochemical and isotopic data collection.

susceptible to leaching of N to groundwater. The remaining poten-
tial N sources (i.e. wastewater treatment plants, industrial and ur-
ban areas, and wastewater collectors) usually have point-source
effects in accordance with the land use distribution, and their ex-
pected contribution is orders of magnitude lower than that of pig
manure and inorganic fertilizers. Only dumping from urban areas
into the streams could constitute a notable NO; source due to
the frequency of this activity.

Hydrochemical facies analysis (Table 1) allows distinct ground-
water sources to be differentiated in the main aquifers of the Selva
basin (Folch et al., 2011). Based on their chemical composition, Na-
HCOs3 and Cl-rich facies can be attributed to regional flow systems
with longer residence times in the subsurface. These samples also
have low NO; concentrations and a high F~ content of up to
15mgL~!, indicating protracted water-rock interaction. Con-
versely, local flow systems belong to the Ca-HCOj3 facies, most of

them having high NO3, SO;~ and Cl~ concentrations related to
pollution sources. This facies generally has a low F~ content
(<2.0 mg L~1). The Ca-HCO5 facies containing significant Na* con-
tent and with sulfate and nitrate concentrations lower than those
of samples from local flow regimes can be attributed to intermedi-
ate flow systems.

Fault zones and a fracture network have a direct effect on
recharge, and allow for upward vertical flow from the basement
to the sedimentary aquifers (Vilanova, 2004; Menci6, 2006; Folch
and Mas-Pla, 2008). Intensive seasonal withdrawal regimes from
different depths and within sparse wells yield water with high F~
concentrations as well as significant NO; content (Mencié et al.,
2010). This composition is attributable to mixing of different layers
or flow systems, caused by pumping within the aquifer and/or the
existence of several screened intervals in the borehole (or even the
absence of well casing).



Table 1
Hydrochemical data of the May 2006 field sampling.
Sample  Group Hydrochemical HCO; cl s02 NO; Na* K Ca®* Mg?* Fe Mn F
facies (mgL™) (mgl™)  (mgL) (mgL™) (mgl™')  (mgL) (mgL')  (mgL) (mgl™) (mgl') (mgL)

CS0105 Regional faults or granite Ca-Na-HCO3-Cl 302 73 58 30 125 4 51 8 0.05 0.031 6.2

FS0066 Regional faults or granite Na-HCO3 719 221 21 <0.5 398 2 19 5 0.26 0.062 154

LG0190  Regional faults or granite Ca-Na-HCO5-Cl 346 196 30 0.5 72 1 134 25 0.63 0.233 2.3

LG0246  Regional faults or granite Ca-Na-HCO3-Cl 290 103 50 13 95 4 81 11 n.d. 0.045 3.0

AG0113  Granite or Granite and Neogene Ca-HCO; 362 20 17 5 48 2 78 12 0.03 0.026 0.7

BR0092  Granite or Granite and Neogene Ca-HCO5-Cl 134 30 11 24 29 0 36 8 n.d. 0.002 0.2

CS0183 Granite or Granite and Neogene Ca-HCOs-Cl 276 133 50 31 55 1 118 18 0.08 0.002 1.3

LG0029 Granite or Granite and Neogene Ca-HCOs-Cl 596 115 34 0 74 2 136 38 1.18 0.250 0.5

S10052 Granite or Granite and Neogene Ca-HCO5-Cl 424 214 65 79 130 1 159 29 0.21 0.009 0.5

VDO0177  Granite or Granite and Neogene Ca-HCO5 236 38 44 67 60 0 67 13 0.04 0.016 0.2

V00100  Granite or Granite and Neogene Ca-HCOs3 349 30 42 156 44 1 127 25 n.d. 0.001 0.3

RS0191 Sedimentary Neogene with low Ca-Na-HCO; 408 67 13 20 55 2 100 20 0.04 0.002 0.3
nitrate

VD0176  Sedimentary Neogene with low Ca-Na-HCO3 282 71 18 0 70 2 68 24 1.27 0.129 0.7
nitrate

BRO110  Sedimentary Neogene with high Ca-HCO; 352 95 31 87 59 1 118 29 0.03 0.002 0.6
nitrate

CL0259  Sedimentary Neogene with high Ca-HCO; 268 86 55 104 58 0 130 24 0.06 0.002 0.4
nitrate

CMO0272B Sedimentary Neogene with high Ca-HCO; 419 132 49 78 66 0 154 25 0.04 0.001 0.2
nitrate

CS0271 Sedimentary Neogene with high Ca-HCO5 368 135 94 114 75 0 163 28 0.07 0.007 0.2
nitrate

CS0284 Sedimentary Neogene with high Ca-HCO3 196 111 116 88 56 3 122 24 0.06 0.026 0.5
nitrate

CS0304  Sedimentary Neogene with high Ca-HCO; 378 116 78 120 85 1 157 21 0.06 0.003 2.8
nitrate

LLO115 Sedimentary Neogene with high Ca-HCO; 352 54 41 67 47 0 125 15 0.06 0.004 0.2
nitrate

RS0263  Sedimentary Neogene with high Ca-HCO; 362 79 89 70 54 1 152 18 0.02 0.002 0.2
nitrate

V00105 Sedimentary Neogene with high Ca-HCO4 403 77 48 94 57 0 148 26 0.05 0.002 0.2
nitrate

CMO0147  Surface wells Ca-HCO; 370 79 111 128 50 35 152 25 n.d. 0.001 0.2

CMO0285  Surface wells Ca-HCO; 443 43 67 88 52 3 134 26 0.03 0.001 0.4

CM0401  Surface wells Ca-HCO; 274 148 130 170 122 31 132 13 0.03 0.001 0.2

CS0400  Surface wells Ca-HCO; 373 104 97 139 86 2 171 22 0.05 0.002 0.1

LLO116 Surface wells Ca-HCO; 467 94 110 201 75 1 206 23 0.03 0.002 0.2

MS0115  Surface wells Ca-HCOs 344 56 55 47 30 0 107 30 0.03 0.001 0.2

RS0253  Surface wells Ca-HCO; 306 21 70 217 27 0 161 22 0.04 0.001 0.2

S10180 Surface wells Ca-HCO; 287 19 52 18 42 3 92 7 0.07 0.004 0.4

VD0171  Surface wells Ca-HCO4 424 67 64 60 85 0 125 22 0.05 0.001 0.4

V00280  Surface wells Ca-HCO; 403 98 9 15 58 1 111 23 0.04 0.002 0.5

RD0201  Deep wells Sta. Coloma Na-HCO; 743 70 16 <0.5 222 4 52 17 0.16 0.077 3.2

SC0113  Deep wells Sta. Coloma Na-HCO3 250 28 5 6 39 0 51 9 0.04 0.001 0.3

SC0117  Deep wells Sta. Coloma Na-HCO; 236 34 29 35 45 0 69 9 0.04 0.001 2.6

BE0077 Volcanic or with volcanic materials Ca-Mg-HCO3 338 29 18 11 31 4 72 26 0.02 0.001 0.3

MS0060  Volcanic or with volcanic materials Ca-Mg-HCO3 454 34 35 1 45 7 76 40 0.05 0.239 0.2

el
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3. Methodology
3.1. Sampling and analysis

Groundwater samples for chemical and isotopic analysis were
collected in May 2006 from 37 private wells (mainly pumped for
domestic, agriculture and cattle-raising uses), that represent the
different geologic units and groundwater flow systems in the Selva
basin. These wells were chosen from 60 wells previously studied
by Folch et al. (2011) in order to analyze the effect of groundwater
development on the head, hydrochemical, §'80y,0 and 8D data.
Physicochemical parameters (pH, temperature, conductivity, Eh
and dissolved O,) were measured in situ, using a flow cell to avoid
contact with the atmosphere. Eh was measured with a WTW Sen-
Tix® Plus electrode (consisting of a Pt measuring electrode and a
Ag/AgCl reference electrode) connected to a WTW pH 330i pH/
mV meter. All Eh measurements were corrected to the standard
hydrogen electrode system (UH) by adding the reference electrode
potential at the groundwater temperature to the measured poten-
tial. The concentration of dissolved O, was measured with a DO
meter (Hach® LDO/HQ10). Samples were collected after wells
had been continuously pumped until Eh values were stabilized.

Samples were kept at 4 °C in a dark environment for their sub-
sequent chemical and isotopic analyses. In the laboratory, pH and
conductivity at 25°C were measured again. Alkalinity (HCO;3)
was determined by titration (METROHM 702SM Titrino) and F~
by an ion selective electrode method (Orion 901 ion selective elec-
trode). Afterwards an aliquot of the sample was filtered through a
0.45 pm Millipore® filter. The anion (NOj, S0%™ and CI™) content
was measured by High Performance Liquid Chromatography
(WATERS 515 HPLC), concentrations of Na*, K*, Ca®*, Mg?* and Fe,
were measured by Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES, Thermo Jarell ASH 61-E), and concentra-
tions of Mn, by Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS, Perkin Elmer Elan 6000). The quality of the chemical anal-
ysis was checked by performing an ionic mass balance, accepting
an error lower than 5%.

For the SO2~ isotopic analysis (8>*Sso4 and 5'®0s04), dissolved
SOf[ was precipitated as BaSO4 by adding BaCl,-2H,0 after acidify-
ing the sample with HCI and boiling it to prevent BaCO5 precipita-
tion following standard methods (e.g. Dogramaci et al., 2001).
Unfiltered aliquots were treated with NaOH solution to give a pH
above 11, and BaCl; solution was added to precipitate carbonates
together with sulfates and phosphates. Later, they were filtered
at 3 um and the 5'3C of the total dissolved inorganic C, mainly
HCO;, was determined. 5'80y,0 was determined with a Finnigan
Matt Delta S Isotope Ratio Mass Spectrometer (IRMS) coupled to
an automated line based on the equilibration between O-water
and CO, gas. For the §'°Nyo3 and §'®0yo3 analysis, dissolved NO;
was concentrated using anion-exchange columns Bio Rad® AG 1-
X8 (CI7) 100-200 mesh resin after extracting the SO3~ and PO}
by precipitation with BaCl,-2H,0 and filtration. Next the dissolved
NO; was eluted with HCl and converted to AgNO; by adding Ag-O.
The AgNOs solution was then freeze-dried to purify the AgNO5 for
analysis (collection and purification procedures modified from Sil-
va et al., 2000). The 8'°Nno3, 8>4Sso4 and 8'3Cyco3 were determined
in a Carlo Erba Elemental Analyzer (EA) coupled in continuous flow
to a Finnigan Delta C IRMS. The 5'80y03 and §'80so4 were deter-
mined in duplicate with a ThermoQuest TC/EA (high Temperature
Conversion/Elemental Analyzer) unit coupled with a Finnigan Matt
Delta C IRMS. Notation is expressed in terms of & %o relative to that
of the international standards V-SMOW (Vienna Standard Mean
Oceanic Water) for 80450, AIR (atmospheric N,) for §'°N, V-CDT
(Vienna Canyon Diablo Troilite) for 534S, and V-PDB (Vienna Peedee
Belemnite) for 8'3C. Precision (=1¢) of the samples calculated from

international and internal standards systematically interspersed in
the analytical batches was +0.2%o, £0.3%o0, +0.4%0, +0.4%o0, +0.5%0
and *0.2%. for 5180}-[20, 515NN03, 5180]\103, 6345504, 6180504 and
8'3Cyico3, respectively. All samples for chemical and isotopic anal-
yses were prepared in the Mineralogia Aplicada i Medi Ambient
Research Group laboratory and analyzed at the Centres Cientifics
i Tecnologics of the University of Barcelona.

4. Results and discussion

Before isotope data interpretation, samples were classified in
groups such as those proposed by Folch et al. (2011), according
to basin (Onyar or Santa Coloma), hydrogeological unit (shallow
aquifer exploited by surface wells, Neogene multilayer aquifer or
wells tapping granite) and hydrochemistry (F~ and NO; concentra-
tion, and also hydrochemical facies). Thus, the studied samples
were divided into the following groups:

1. Samples related to regional fault zones and granitic aquifers,
mainly having a F~ content greater than 2 mg L.

2. Samples from wells in granitic rocks that may also exploit Neogene
sedimentary formations, usually with Ca~HCOs facies and some
with high CI~ content.

3. Samples from Neogene sedimentary layers with low nitrate
content (below 38 mg L~ NO;).

4. Samples from Neogene sedimentary layers with high nitrate con-
tent (usually above 50 mgL~' NO;) showing the influence of
groundwater withdrawal at moderate depth from or below
shallow aquifer units.

5. Samples from surface wells, either in alluvial, or in the upper-
most Neogene layers, or in weathered granite outcrops, having
a characteristic Ca-HCOs facies, and likely to have high NO5
concentrations in the eastern SCRB and in the ORB.

6. Samples located totally or partially in volcanic rocks, with Ca-
HCO3 and/or Ca-Mg-HCOs facies, reaching a possible depth of
80 m and being related to local aquifers and/or deeper system
flows.

Finally, two types of wells can be distinguished in the western
SCRB with features different from those already described above,
for example, lower salinity content. Accordingly, these two groups
are differentiated:

1. Samples from surface wells in the SCRB with lower NO; content
than those of the ORB.

2. Samples from deep wells and springs in the SCRB, with a signifi-
cant F~ content and low NO; concentrations.

Chemical parameters and stable isotopes of dissolved NO;
(8"N, 8'80n03), dissolved SO2~ (834, 5'80s04), and HCO; (8'3C)
are summarized in Tables 1 and 2, where the samples are classified
taking into account the groups described above.

4.1. Redox conditions

Dissolved O, values of the Selva sampled wells ranged between
0.1 and 8.1 mg L™, with a median value of 3.9 mg L™! (n =34), al-
most all below saturation concentration (8 mg L™"). Eh values ran-
ged between —76 and 497 mV, with a median value of 349 mV
(n =33). These physicochemical parameters related to redox condi-
tions indicate that most of the studied samples are oxic groundwa-
ter (Table 3).

It is worth noting that several samples linked to regional flow
(LG0190, LG0246 and FS0066) or fracture and fault systems
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Environmental isotopes data of the May 2006 field sampling (“Animal manure” means that near the well there are fields related with farms and/or areas where pig manure has
been applied; and “Synthetic fertilizers” means that near the well there are areas with fruit trees and plant nurseries n.d. = not determined).

Sample Group Geology Main NO3 source 5800 574 8'%0s04 8'°N  8"%0Onos  8'3Cycos
(%0) (%0) (%) (%0)  (%o) (%0)

CS0105 Regional faults or granite Neogene + granite Animal manure -53 68 63 189 10.6 -125

FS0066 Regional faults or granite Neogene + granite Unknown -6.1 28.7 144 nd. nd. -9.8

LG0190 Regional faults or granite Granite Unknown -5.5 nd. nd. nd. nd. -15.2

LG0246 Regional faults or granite Granite Unknown -5.7 5.6 7.2 154 95 -13.7

AGO0113 Granite or Granite and Neogene Neogene + granite Unknown -5.4 144 741 nd. nd. -14.5

BR0092 Granite or Granite and Neogene Quaternary + granite Synthetic fertilizer -6.0 10.0 7.6 6.2 4.0 -19.7

CS0183 Granite or Granite and Neogene Granite Animal manure -5.1 5.7 4.8 120 34 -17.5

LG0029 Granite or Granite and Neogene Wheathered Unknown -49 nd. nd. nd. nd. -11.5

granite + granite

S10052 Granite or Granite and Neogene Wheathered granite Animal manure -5.1 75 54 9.9 54 -11.6

VvD0177 Granite or Granite and Neogene Granite Unknown -4.6 3.8 7.1 105 74 -17.3

V00100 Granite or Granite and Neogene Quaternary + granite Animal manure -5.6 5.2 5.5 104 4.7 -15.6

RS0191 Sedimentary Neogene with low Neogene Unknown -5.7 112 6.7 8.3 5.0 -14.8
nitrate

VD0176 Sedimentary Neogene with low Neogen + volcanic Unknown -53 nd. nd. nd. nd. -14.6
nitrate

BRO110 Sedimentary Neogene with high Quaternary + Neogene Unknown -4.9 9.0 6.1 12.7 56 -15.1
nitrate

CL0259 Sedimentary Neogene with high Neogene Synthetic fertilizer -5.2 7.2 5.0 8.2 5.3 -15.5
nitrate

CMO0272B Sedimentary Neogene with high Neogene Animal manure -5.0 7.3 6.8 104 49 -14.1
nitrate

CS0271 Sedimentary Neogene with high Neogene Animal manure -4.9 9.0 7.3 140 7.4 -14.8
nitrate

CS0284 Sedimentary Neogene with high Neogene Animal manure/synthetic -5.4 2.2 3.2 13.0 8.1 -15.8
nitrate fertilizer

CS0304 Sedimentary Neogene with high Neogene + granite Synthetic fertilizer -4.9 7.2 5.8 9.3 6.8 -15.6
nitrate

LLO115 Sedimentary Neogene with high Neogene Synthetic fertilizer -5.2 7.6 4.2 9.2 6.6 -14.0
nitrate

RS0263 Sedimentary Neogene with high Neogene Animal manure -5.4 59 89 128 8.6 -13.2
nitrate

V00105 Sedimentary Neogene with high Neogene Animal manure -4.9 7.1 6.7 102 55 -14.0
nitrate

CMO0147 Surface wells Neogene Unknown -5.1 6.9 6.7 10.8 6.2 -14.5

CM0285 Surface wells Neogene Unknown -4.6 7.2 4.8 8.3 5.8 -14.7

CMO0401 Surface wells Neogene Unknown -5.2 74 56 135 65 -14.4

CS0400 Surface wells Neogene Animal manure -53 7.1 4.7 114 5.8 -15.0

LLO116 Surface wells Neogene Synthetic fertilizer -5.0 8.1 4.8 7.4 5.5 -13.7

MS0115 Surface wells Quaternary + volcanic Animal manure -49 72 88 135 8.0 -11.2

RS0253 Surface wells Neogene Unknown -4.8 5.1 6.7 6.9 4.7 -14.0

SI0180 Surface wells Wheathered granite Unknown -5.5 7.3 6.5 146 8.8 -16.9

VD0171 Surface wells Quaternary Unknown —4.5 64 76 8.6 5.0 -143

V00280 Surface wells Neogene Unknown -53 122 5.8 6.3 3.8 -11.9

RD0201 Deep wells Sta. Coloma Neogene Non applied -6.3 nd. nd. 119 105 -5.4

SC0113 Deep wells Sta. Coloma Neogene Synthetic fertilizer -5.8 nd. nd nd. nd. -14.8

SC0117 Deep wells Sta. Coloma Neogene Synthetic fertilizer -5.2 101 75 8.6 6.3 -12.8

BE0077 Volcanic or with volcanic materials Volcanic + Neogene Unknown -54 76 95 103 53 -15.7

MS0060 Volcanic or with volcanic materials  Volcanic Animal manure -4.9 nd. nd. nd. nd. -93

(LG0029, RD0201) had the lowest values of dissolved O, (0-

The resulting SOf{ flux of 0.5gm 2y~! can be considered low

1mg L), together with the lowest values of Eh (<300 mV), and
the lowest concentrations of SO2~, together with the absence of
NO; and the highest values of Fe and Mn. The redox conditions
suggested by these parameters are quite favorable to denitrifica-
tion processes, and in some cases, SO2~ reduction.

4.2. Sulfate isotopes

Dissolved SO~ in Selva basin groundwater may have several ori-
gins: (a) SO~ from livestock manure, synthetic fertilizers or sewage
leaking (anthropogenic sources related to land use and human
pressure) and (b) oxidation of reduced S compounds, dissolution
of evaporites, soil-derived SO;~ or CO,-rich thermal waters (natural
sources linked to hydrogeological conditions). The contribution of
rainwater SO3" is negligible, since the measured SO3~ concentration
in rainwater samples collected near the basin is around 0.7 mg L™!
(Avila et al., 2010) and the mean annual precipitation is 706 mm.

SO;™ input in terms of mass balance. As for other natural SO}
sources, the oxidation of sulfides in the metamorphic basement
rocks and the oxidation of magmatic H,S would lead to dissolved
SO2~ with a similar &3S to that of the precursor magmatic sulfide
(0 + 5%0) (Piqué, 2008). In the case of sulfide oxidation, the §'20 of
the newly formed SO;~ would be controlled either by the O source
(H0 or O,) or by O isotope exchange between the intermediate
species sulfite and water (Van Stempvoort and Krouse, 1994). The
outcropping marine evaporites in the massifs from the north of
the basin (Beuda gypsum formation) have &34S values between
+20.2%0 and +21.8%., and 8'80so4 values between +11.1%. and
+14.7%o (Utrilla et al., 1992; Carrillo and Rossell, pers. comm.). Since
gypsum dissolution does not result in isotopic fractionation, dis-
solved SO;~ derived from gypsum would preserve its S isotopic sig-
nature. The influence of soil-derived SO;  would result in
groundwater with §34S ranging between 0%. and 6%, and §'80so4
between 0% and 6%. (Krouse and Mayer, 2000).
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Table 3
Physicochemical parameters data of the May 2006 field sampling (n.d. = not determined).
Sample Group Geology Deep (m) Cond. (1S/cm) pH Eh (mV) T (°C) 0, (mgL™")
CS0105 Regional faults or granite Neogene + granite 100.0 767 7.3 403.7 16.8 0.9
FS0066 Regional faults or granite Neogene + granite 102.0 1533 7.8 243.8 19.7 0.2
LG0190 Regional faults or granite Granite 120.0 963 7.3 18.1 17.4 0.1
LG0246 Regional faults or granite Granite >100 786 7.3 22.2 17.7 n.d.
AGO0113 Granite or Granite and Neogene Neogene + granite 70.0 556 7.2 343.4 18.2 2.3
BR0092 Granite or Granite and Neogene Quaternary + granite 80.0 361 6.3 456.8 17.0 43
CS0183 Granite or Granite and Neogene Granite 60.0 825 6.9 n.d. n.d. n.d.
LG0029 Granite or Granite and Neogene Wheathered granite + granite 110.0 970 7.4 -76.5 17.3 0.1
S10052 Granite or Granite and Neogene Wheathered granite 50.0 1217 6.9 343.6 16.3 5.5
VD0177 Granite or Granite and Neogene Granite 80.0 612 7.0 351.0 16.5 0.1
V00100 Granite or Granite and Neogene Quaternary + granite 80.0 783 71 464.9 16.9 3.8
RS0191 Sedimentary Neogene with low nitrate Neogene 90.0 765 6.9 423.6 18.6 6.1
VD0176 Sedimentary Neogene with low nitrate Neogen + volcanic 69.0 710 74 348.9 179 0.1
BRO110 Sedimentary Neogene with high nitrate Quaternary + Neogene 70.0 894 6.9 n.d. 17.0 n.d.
CLO259 Sedimentary Neogene with high nitrate Neogene 75.0 891 6.9 n.d. 17.2 n.d.
CMO0272B Sedimentary Neogene with high nitrate Neogene 40.0 1004 6.9 344.1 16.9 5.1
CS0271 Sedimentary Neogene with high nitrate Neogene 80.0 1049 6.8 337.1 16.3 52
CS0284 Sedimentary Neogene with high nitrate Neogene 70.0 856 6.6 326.8 16.2 4.0
CS0304 Sedimentary Neogene with high nitrate Neogene + granite 116.0 1046 7.0 n.d. 17.7 6.3
LLO115 Sedimentary Neogene with high nitrate Neogene 80.0 763 7.0 371.3 17.2 7.0
RS0263 Sedimentary Neogene with high nitrate Neogene 50.0 887 6.8 325.5 16.5 0.9
V00105 Sedimentary Neogene with high nitrate Neogene 150.0 916 6.8 396.1 16.5 6.2
CM0147 Surface wells Neogene 7.0 1011 6.8 352.0 14.7 3.6
CM0285 Surface wells Neogene 14.7 835 7.8 4409 154 6.6
CM0401 Surface wells Neogene 14.6 1124 6.8 348.3 14.8 6.0
CS0400 Surface wells Neogene 12.0 1078 6.9 341.4 153 3.2
LLO116 Surface wells Neogene 11.8 1148 7.4 n.d. 15.0 6.8
MS0115 Surface wells Quaternary + volcanic 21.9 735 6.8 3244 16.7 2.4
RS0253 Surface wells Neogene 17.1 864 6.9 482.7 17.0 8.1
SI0180 Surface wells Wheathered granite 12.0 612 7.2 329.2 15.0 2.6
VD0171 Surface wells Quaternary 80.0 909 7.1 377.9 16.4 4.7
V00280 Surface wells Neogene 8.0 805 7.0 357.7 17.0 6.8
RD0201 Deep wells Sta. Coloma Neogene 75.0 1093 6.8 270.7 18.2 0.7
SC0113 Deep wells Sta. Coloma Neogene 73.0 440 71 496.7 16.0 5.0
SC0117 Deep wells Sta. Coloma Neogene 65.0 533 6.7 3914 17.4 3.7
BE0077 Volcanic or with volcanic materials Volcanic + Neogene 80.0 588 7.2 409.1 179 13
MS0060 Volcanic or with volcanic materials Volcanic 60.0 693 7.0 263.8 183 1.1

Agrochemical products and pig manure are spread as fertilizers
on the fields of the studied area, so they must be considered as po-
tential anthropogenic SO2~ sources. The isotopic composition of
fertilizers covers a wide range of values, with a mean isotopic com-
position of 84S = +5%. and §'80sg,4 = +12%. (Vitoria et al., 2004b).
Cravotta (1997) reported S isotopic values of pig manure ranging
from —0.9%. to +5.8%., with a mean value of +3.7%.; and Otero
et al. (2007) obtained %S values between 0% and +5%. for pig
manure from a region near the studied area. The O isotopic compo-
sition of dissolved SO2~ derived from pig manure is not reported in
the literature, hence, as a reference the estimated range of +3.8%o
to +6%o, corresponding to the §'30s0, of groundwater polluted
beyond doubt by pig manure (Vitoria, 2004; Otero et al., 2007) is
assumed. Sewage, characterized by a mean §*S=+9.6% and
8180504 = +10%0 (Otero et al., 2008), could be another potential
anthropogenic source, considering that the seven water treatment
plants in the Selva basin usually discharge water into the rivers
(Menci6 and Mas-Pla, 2008, 2010), and the outflow water can have
SO?{ concentrations ranging from 100 to 850 mg L~! (Otero et al.,
2008). Furthermore, dumping from urban areas into the streams
in areas that are not connected to the sewer system must be taken
into account as another feasible SO2~ source. Therefore, since
river-aquifer interaction changes throughout the basin with some
areas behaving as gaining streams (mainly in the upper parts of the
basin) and other areas as losing streams (Folch et al., 2010), the
contribution of SO?~ from sewage cannot be disregarded at sites
near streams. However, the influence of seepage from the sewer
network can be considered negligible compared with the extent
of the other SOi’ sources (Luna et al., 2008).

The 534S of groundwater samples ranged between +2.2%. and
+28.7%, with a median value of +7.2%o (n = 33), and §'80s0, ranged
between +3.2% and +14.4%., with a median value of +6.7%o
(n=33). The concentration of dissolved SO~ varied from 5 to
238 mg L~ ! with a median value of 49.3 mg L™ ! (n = 39). Regarding
the S isotope values, most of the Selva samples with SO3~ concen-
tration between 50 and 150 mg L' had §>*S between +5.0%. and
+9.0%0, in agreement with anthropogenic source values (inorganic
fertilizers and pig manure) (Fig. 2). It is worth noting that most of
these samples correspond to shallow wells or deep Neogene wells
with high NO5 concentrations, and therefore the high SOf{ concen-
trations are likely due to human contamination as well. Those sam-
ples with SOf{ concentration below 50 mg L' had higher isotopic
variability, with §34S ranging from +3.8%o to +28.7%.. The higher
84S values corresponding to lower SO, concentrations could be
linked either to bacteriogenic SO3~ reduction processes or to the
influence of CO,-rich thermal waters.

The 534S and 5'80s0, values measured for groundwater samples
are plotted in Fig. 3 together with those of the main SOf{ end-mem-
bers, so that the contribution of the different potential sources can
be assessed. As shown in Fig. 3, most of the samples fall in the mix-
ing area defined by the isotopic ranges of fertilizers, pig manure and
sewage, indicating that groundwater SO2~ is mainly controlled by
anthropogenic sources. The general absence of pyrite in the Selva
basin, and the fact that only two samples (CS0284 and VD0177)
had 834S values below 5%., make sulfide oxidation an unlikely pro-
cess in the studied area. On the other hand, the lack of correlation
between S and O isotopic compositions of dissolved SO2~ in ground-
water (Fig. 3) indicates that SO reduction is not generally occur-
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ring. Only SO?~ in sample FS0066 could be explained as residual
from bacteriogenic SOf{ reduction, since it has the highest §*4S
and §'80gp4 values and plots in the area defined by the extreme

enrichment ratios of that process. Moreover, sample FS0066 is
linked to regional flows and, as Einsiedl and Mayer (2005) observed
in groundwaters with mean residence times of more than 60 a, a
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trend of increasing 5>*S and §'80g04 values coupled with decreasing
S04 concentrations can be explained by the occurrence of bacterial
(dissimilatory) SO2~ reduction.

A comparison between the 534S in groundwater and the isotopic
values of the outcropping marine evaporites from the north of the
basin shows that all the samples differ from the expected values
for the dissolution of gypsum (Fig. 3). Thus, the input of this natu-
ral SO2™ is unlikely to occur. Besides, the dissolution of marine gyp-
sum is often accompanied by a dramatic increase in SO
concentration (Nriagu et al., 1991), and the values measured in this
study were too low to suggest control by gypsum dissolution. In
contrast, SO~ derived from magmatic sulfide oxidation could exert
some influence, although only one sample plots in its isotopic
range: sample CS0284, with the lowest %S and 5'80g04 values,
might be linked to a 3*S-depleted source of reduced S associated
with volcanic rocks. According to Rock and Mayer (2002), if
groundwater SOi’ was partly derived from soil SO?~, samples with
low SO, concentrations and 534S between 0%. and +6%. would have
been obtained (Fig. 3). Moreover, the substantial NO; concentra-
tions observed, in addition to a slight correlation between SO2~
and NOj, suggest the influence of anthropogenic sources rather
than a soil organic contribution.

Five samples (AG0113, BR0092, RS0191, SC0117 and V00280)
had greater values of &34S, lower SO, concentrations and were
slightly displaced from the clustered samples near the isotopic
range of pig manure and fertilizers (mainly shallow wells and deep
Neogene wells with high NOs; Figs. 2 and 3). These samples are all
located on the northern side of the water divide. They can be inter-
preted either as an intermediate flow or as mixtures between the
local recharge and a 34S-enriched source, like a regional long resi-
dence-time flow or CO,-rich thermal waters.

Regional flow samples (FS0066, and CO,-rich thermal waters
analyzed by Piqué (2008) in the Caldes de Malavella geothermal
field, located at the SE of the study area) had more negative
5180420 in accordance with a higher altitude of recharge in the
surrounding ranges (Folch et al., 2011). These samples also had
the greatest 534S values and relatively low SO3~ concentrations
indicating the existence of SO2~ reduction processes (Fig. 4). On

the other hand, the samples affected by local polluted flows had
lesser 534S and greater §'80y,0 values, respectively, because they
are controlled by an anthropogenic SO3~ isotopic signature (mainly
inorganic fertilizers), and the origin of their recharge is local infil-
tration. From Fig. 4, it can be observed that the previously men-
tioned five samples followed a trend towards CO,-rich thermal
and/or regional groundwater, indicating they might be the result
of mixing processes between contaminated and CO,-rich thermal
waters.

4.3. Dissolved inorganic carbon isotopes

Measured §'3Cycos; varied from —19.7%. to —5.4%., with a
median value of —14.5%. (n=38) in the range of 5'3Cyco3 in
groundwater (from —16%o to —14%o, Clark and Fritz, 1997). In the
study area, groundwater had HCO; concentrations ranging be-
tween 134 mg L~! and 743 mgL~!, with a median value of 362.3
mg L~1. Hence, the measured inorganic C isotopic composition is
mainly controlled by the C signature of groundwater HCO; in equi-
librium with soil CO4g), as well as by the secondary calcite linked
to granites (White et al., 2005; Fig. 5). However, the influence of pig
manure can account for the C isotopic composition of some of the
samples, considering that Cravotta (1997) measured a manure 8'3C
value in total C of —16.4%0, and Vitoria et al. (2004) obtained a pig
manure §'3C value of —23.8%c. Organic C in pig manure could lend
its isotopic composition to the inorganic C pool, if denitrification
was occurring by means of organic matter oxidation, and assuming
that pig manure organic matter could act as an electron donor.
Regarding the possible influence of synthetic fertilizers, it is con-
sidered that their C isotope ratio in total C ranges between
—24%0 and —35%. (Vitoria et al., 2004b). On the other hand, the
higher concentrations of HCO; in the Selva basin groundwater
are linked to the interaction with CO,-rich thermal waters. The iso-
topic composition of dissolved inorganic C in CO,-rich thermal
waters was determined by Vilanova (2004) in various CO,-rich
springs, and the median §'3C ranged between —7.9%o and —6.6%.

Samples RD0201 and FS0066, related to the fracture network
and regional flow system, had high values of 5'3Cycos (—5.4%0
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and —9.8%o, respectively) and the highest values of HCO; (above
700 mg L") (Fig. 5), which can be interpreted as a result of the
influence of CO,-rich thermal waters and also longer water-rock
interaction. Three other samples linked to long residence times
(SC0117, CS0105 and LG0246) had lesser HCO; concentrations,
and lesser 8'3C values (although slightly greater than the typical
isotope signatures of groundwater). Moreover, samples LG0029,
MS0060, SI0052, V00280, MS0115 and RS0263 had §'3C values
greater than —14%. and HCO; concentrations greater than the
median value. Furthermore, the calcite saturation index (SI) of all
these mentioned samples (except SC0017) is almost zero or posi-
tive (Folch et al., 2011). These results suggest that groundwater
samples with §'3C greater than —14%., HCO; concentrations great-
er than 300 mg L~! and calcite SI>0 may be accounted for by a
contribution from CO,-rich thermal waters and/or long residence
time along flowpaths. In order to support this explanation, a
theoretical mixing model has been calculated assuming two end-
members: (1) the CO,-rich thermal waters, represented by the
average values of 5'C = —7.0% and HCO; = 2500 mg L™, and (2)
groundwater, with the average values of §'>C=-15.0% and
HCO; =347 mg L™'. The mixing model trend shown in Fig. 5 plots
close to the greater 3'3C and HCO; groundwater values and fits
well with a few samples (RS0263, LG0029 and FS0066). Sample
RD0201 is clearly not related to the mixing model trend because
it belongs to another thermal water zone characterized by lower
mineralization. Therefore, groundwater samples associated with
the local flow system can be derived by mixing with CO,-rich
regional flow system groundwater, as pointed out by Folch et al.
(2011).

The samples that had the lesser §'3C values (below —16%.) and
the lesser HCO; concentrations (below 300 mgL~') (BR0092,
CS0183, VD0177 and SI0180) had a calcite SI<0 (Folch et al.,

2011), indicating a potential lower influence of the natural C
sources (soil CO, and the secondary calcite linked to granites).
Thus, according to the C-source isotopic signatures, the inorganic
C of these samples could be partly derived from C related to con-
tamination, i.e. from pig manure or mixing between anthropogenic
sources (manure and synthetic fertilizers) and groundwater HCO;.

4.4. Nitrate isotopes

The §'°N and 3'®0 isotopic signatures of NO; in groundwater
can help identify different sources of NO; and provide evidence
of denitrification. Whereas denitrification causes a decrease in
the amount of NOj, dilution can likewise produce a decrease in
NO; concentration, but the total contaminant load remains in
the aquifer. In order to elucidate which of these processes control
NO; concentrations in the Selva basin, where mixing between re-
gional and local flow systems can make an adequate interpretation
based only on hydrochemistry data difficult, the §'>N and §'80 of
dissolved NO; in groundwater were also determined.

For 615NN03, groundwater samples ranged between +6.2%0 and
+18.9%0, with a median value of +10.4%o (n = 32), and for 5003,
between +3.4%. and +28.0%., with a median value of +5.8%
(n=32). The concentration of dissolved NO; varied from 0 to
217 mgL~! with a median value of 47 mgL™~! (n=39). Isotopic
composition ranges of potential NO; sources in the Selva basin
were obtained from previous studies in nearby areas with similar
vulnerabilities to NO; contamination (Otero et al., 2009; Vitoria
et al., 2004b; Vitoria et al., 2008) and from the literature (Aravena
and Mayer, 2010). Isotopic values of dissolved NO; in groundwater
are plotted in Fig. 6 together with those of the main NO; sources in
the study area. Values of 3'%0 in NO; derived from nitrification of
NH; of fertilizers and manure were estimated following the
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Fig. 6. Isotopic values of groundwater dissolved NO; plotted with the ranges of the potential NO; sources in the study area (Vitoria et al., 2004b; Vitoria et al., 2008).

experimental expression:  5'®0no3 = 2/3(8"%0m20) + 1/3(5'%0032)
(Kendall et al., 2007), where the 5!80y,0 is assumed to be that of
the Selva basin groundwater and the §'%0g, is assumed to be that
of atmospheric 0, (+23.5%o).

The lowest 5'°N values were in the range of soil organic N (§'°N
between +3%. and +8%.; Kendall et al., 2007). However, this source
cannot be considered to be the main origin of NO; because some
NO; concentrations (in some cases, up to around 200 mg L
NO; ) were much higher than those produced by the mineralization
of soil organic N. Thus, the origin of NO; for these samples might
be ammonium fertilizers that, in addition to nitrification, have
undergone processes such as volatilization or partial denitrification
plus assimilation. This is consistent with the fact that some of these
samples were collected in areas with fruit trees and plant nurser-
ies, as, for instance, BR0092 and V00280. In the same way, Vitoria
et al. (2005) observed that 8'°N and 8'80y3 in groundwater from a
zone influenced only by ammonium synthetic fertilizers fell in the
range of soil organic N due to the effect of volatilization of NH3.

For samples with 5!°N in the range of manure (5'°Nyu4 between
+8%o and +16%.; Vitoria, 2004) and/or sewage, and §'®0yos up to
+5%o (the highest estimated §'80yo3), NO; is the result of volatili-
zation and nitrification processes affecting the NH4 of pig manure,
in agreement with the land use, the extent and pressure of live-
stock activities. Nevertheless, the impact of NO; derived from sew-
age can also be significant, since frequent urban dumping
attributed to areas not connected to the sewer system is occurring.
In this case, NO; would behave as a point-source pollution, and
would not have the distribution pattern resulting from the applica-
tion of synthetic and organic fertilizers. In order to distinguish be-
tween samples contaminated by pig manure or sewage, it could be
worthwhile to analyze B isotopes in the groundwaters (Widory
et al,, 2012).

On the other hand, the influence of NO; coming directly from
nitrate synthetic fertilizers (KNOs, etc.) was not noticed. Even the
NO; found in some fertilizers as a NO; source taking into account
the process of mineralization-immobilization-turnover (Mengis
et al., 2001), where NO; is immobilized as organic N by microbial
incorporation, then mineralized to NH; and finally nitrified again
to NO;5 could be considered. This last process could also explain
why most of the 5'80y03 values obtained were slightly greater than

the estimated 3'80no3 values of NO; resulting from the nitrifica-
tion of manure and/or fertilizer NHj.

In the case of samples with 8'°N in the range of manure and/or
sewage, and with 5'®0ye3 values greater than +5%, NOj isotopic
values displayed a positive trend in a plot of 8'°N vs. §'%0yo3
(Fig. 6) indicating that denitrification processes could be taking
place. Furthermore, attention should be drawn to the fact that sam-
ples RD0201 and FS0066 had physicochemical parameters typical
of anaerobic conditions suitable for NO; reduction, i.e. low O, con-
tent and moderate or low Eh values, as well as a very low NO; con-
tent (<0.5mgL~") that prohibited analysis of NO; isotopic
composition. Despite this lack of isotope data, denitrification is a
reasonable explanation for the low NO; concentrations of samples
RD0201 and FS0066. Moreover, two other samples related to the re-
gional groundwater flow, CS0105 and LG0246, had similar anoxic
conditions to the two previous samples, whereas they had a NO3
content of 30 mg L' and 13 mg L}, respectively, and the greatest
values of 8'°N and 8'®0yo3, in agreement with a denitrification
trend. Hence, the samples linked to the regional flow system having
sufficient NO; concentration to allow isotopic analysis appeared to
be clearly affected by natural attenuation processes of NO;.

Based on the field campaign information and isotopic data, the
samples have been separated into two groups (A and B in Fig. 6)
according to the most likely source of NO; (ammonium synthetic
fertilizers or pig manure, see Table 2). As shown in Fig. 6, a coupled
increase of 8'°N with §'80y03 was observed for each group of sam-
ples suggesting that denitrification was taking place. The samples
most affected by this natural attenuation process of NO; were
VDO0177, CS0304, LLO115 and SCO0117 (fertilizers-derived NO5)
(group A), and SI0180, RS0263, MS0115, CS0284 and CS0271 (pig
manure-derived NO;) (group B). They are all characterized by
being associated with deep Neogene wells and/or surface wells in
granite or volcanic materials. Moreover, some samples of group B
had F~ contents around 0.5 mg L™}, greater than the average for lo-
cal flow systems (Folch et al., 2011). A clear example of this behav-
ior is sample CS0284, collected from a 70 m deep well finished at
the contact between Neogene sediments and granite, with a F~
content of 0.5 mgL~!, as mentioned. Thus, all these wells seem
to be influenced by mixing with regional flows with reducing con-
ditions, represented mainly by samples CS0105 and LG0246.
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Therefore, the assessment of processes involved in the transport
and fate of NO; by means of the dual NO; isotopes approach seems
to indicate that the reducing conditions of long residence time and
deep flows favor NO; reduction of polluted local recharge ground-
water. Consistent mixing between the regional deeper groundwa-
ter and local groundwater plus denitrification superimposes the
effects of dilution and consumption on NO; concentrations. This
is coherent with &3S, 680504 and 5'3Cyco3 data, as they also indi-
cate mixing processes between deep and shallow flows.

Natural attenuation of NO; can occur by means of heterotrophic
and/or autotrophic denitrification. Studying the isotopic composi-
tion of dissolved HCO; and SO in groundwater can reveal
whether or not organic matter and/or sulfides play a significant
role as electron donors when denitrification processes are occur-
ring. Denitrification by oxidation of organic matter should result
in a decrease of NO; and 5'3Chcos together with an increase of
HCO;. The sample trend in the 3'3Cycos vs. HCO; plot (Fig. 5)
was the opposite to the expected trend if denitrification linked to
organic matter oxidation was occurring. This result, however, does
not conclusively mean that NO; was not being reduced by means
of heterotrophic denitrification, because the influence of regional
CO,-rich flows and/or other C sources could have been masking
it. It does not appear from the isotopes that significant pyrite oxi-
dation was occurring. Therefore, either autotrophic denitrification
is not occurring or sulfide is not a significant electron donor.

5. Conclusions

The multi-isotopic approach allowed determining the main
sources of pollution in the Selva basin, a large hydrogeological sys-
tem containing distinct but interrelated groundwater flow sys-
tems. The isotopic composition of dissolved SO2~ revealed that
the origin of the SO2~ is related to a ternary mixing between syn-
thetic fertilizers, pig manure and some influence from regional
flow systems linked to CO,-rich waters. The isotopic composition
of dissolved NO; confirmed that the main contribution to N in
the Selva basin comes from pig manure (mainly in surface and sed-
imentary Neogene wells) and synthetic fertilizers (with perhaps
minor contributions from sewage point-pollution), and that natu-
ral attenuation processes (denitrification) are occurring.

Furthermore, mixing between the polluted local groundwater
and deep regional flows, containing low NO; and O, concentra-
tions, results in reduction of anthropogenic NO; concentrations
through both dilution and denitrification. While sulfide is not a sig-
nificant electron donor, denitrification through the oxidation of or-
ganic matter cannot be ruled out.
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Abstract

The Baix Ter basin (NE Spain) is a regional large-scale aquifer system under heavy
anthropogenic pressures from both agricultural and farming practices and industrial and
urban activities. This leads to nitrate (NO;) contamination and groundwater
exploitation, ultimately resulting in local drinking water supply wells often exceeding
the sanitary 50 mg NOs L™ threshold. Local sources of NO; are dominated by organic
and mineral fertilizers. In this context, identifying sources, major biogeochemical
processes and sinks of dissolved NO; in groundwater is mandatory for improving
policies regarding water resource quality and for addressing solutions to the impact of
anthropogenic activities. Here, we sampled groundwater during two field campaigns in
January (wet season) and August (dry season), and characterized them using a chemical
and multi-isotope approach. Results show that NO; is not homogeneously distributed in
groundwater and presents a large range of values, from no NOj3 to up to 480 mg NO; L~
'. NO; isotopes (8'°N and 8'*0) prove that natural denitrification is occurring in our
study site, and in combination with boron isotopes (5''B) confirm that pig manure
application is the main vector of NOj3 pollution, although sewage and mineral fertilizers
can also be isotopically detected. The natural reduction of NO; happens in near-river
environments or in areas hydrologically related to fault zones. Sulfate isotopes (5°*S and
8'%0) indicate that denitrification is not linked to the pyrite oxidation but rather to the

oxidation of organic matter. The multi-isotope approach in the Baix Ter basin allowed
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characterizing the origin and natural attenuation of NOj; contamination, and
demonstrated its added value, compared to the study of the sole hydrochemical data.
Obtaining this information can help to understand the mechanisms that control
groundwater NOs3 contamination, and to evaluate the influence of anthropogenic
activities and pressures to the aquifer system at a local as well as regional scale, as a

basis for adopting a comprehensive water management strategy.

Keywords: Stable isotopes, nitrate contamination, boron, denitrification, groundwater,

manure.

1. Introduction

Groundwater contamination arising from long-standing agricultural practices is a global
water resources problem with adverse economic and health effects. Modern-day
agriculture often entails the intense use of mineral and organic fertilizers, leading to
high nutrient surpluses that are transferred to water bodies. Agriculture is the largest
contributor of nitrogen pollution in Europe (EEA, 2012), with nitrate (NO;3) being the
most widespread contaminant usually leading groundwaters to exceed the 50 mg L
legal threshold value for drinking water (EC, 1998). High NOs concentrations in
groundwater are considered a threat for water bodies, since: 1) they damage the quality
of aquifer resources and groundwater withdrawn from wells in public supply and
capture areas, and 2) they lead to the eutrophication of surface waters. Moreover, the
linkage between NOs ingestion and infant methaemoglobinaemia (the “blue baby”
syndrome), or diseases like cancer of the digestive tract, has been reported (Bryan et al.,
2012; Ward et al., 2005).

NOj; is one of the main contaminants that could hinder the achievement of the goals
of the Water Framework Directive (EC, 2000) and the European Groundwater Directive
(EC, 2006). Current efforts in environmental management and research are focused on
recovering groundwater quality, either by reducing NO; inputs into aquifers or
remediate it from groundwater in order to reach drinking water levels. Mineral
fertilizers account for almost half of all nitrogen input into European agricultural soils,
while manure is the other major input (EEA, 2012). Leakage of sewage from sewer
networks is also causing significant NO; contamination in urban environments

(Aravena and Mayer, 2010).
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When nitrogen enters the soil it is biologically modified through redox
transformations (nitrogen fixation, nitrification, denitrification, dissimilatory NOs
reduction to ammonium and anammox) mediated by microorganisms (Borch et al.,
2010), so that nitrogen cannot be considered conservative. Most of the nitrogen that
reaches groundwater appears in the oxidized form of NOs, since the availability of
oxygen in the unsaturated zone allows nitrification to occur. Nitrification and
denitrification reactions, both taking place during infiltration of the water and in the
groundwater body, produce isotope fractionation and finally a change in the isotope
signature of the dissolved nitrogen species (Kendall, 1998). Denitrification is a
microbially mediated redox process that reduces NO; to nitrogen gas (N;) under
anaerobic conditions and abundant NOs input, though it has been reported that some
organisms can denitrify even in the presence of some oxygen (Rivett et al., 2008).
Denitrification is the main natural attenuation process of NO; contamination in

groundwater. Two main mechanisms have been proposed in soils and aquifers:

1) Heterotrophic denitrification, which is linked to the oxidation of organic compounds:

4NOy + 5CH,0 — 2N, + 4HCO5 + CO, + 3H,0 (1)

2) Autotrophic denitrification, which is favoured by the oxidation of inorganic

compounds such as sulfide minerals (by the Thiobacillus denitrificans bacteria):

14NO;5 + 5FeS,; + 4H" — 7N, + 10SO4> + 5Fe*” + 2H,0 )

Recently another redox process has emerged as significant nitrogen sink: anaerobic
ammonium oxidation (anammox), which consists in the direct bacterial conversion of

nitrite and ammonium into dinitrogen gas (Brunner et al., 2013; Devol, 2003):

NH4" + NO, — N, + 2H,0 3)

In areas characterized by a complexity of groundwater flow systems and exposed to
multiple potential sources of nitrogen, it is usually difficult to conclusively identify the
main origin and processes controlling the nitrogen budget based only on

hydrogeological and hydrochemical data. While dilution, dispersion and natural
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denitrification processes result in a decrease in nitrogen concentrations, only natural
denitrification leads to the reduction of the contaminant mass within the aquifer and has
well known effects on NOjs isotopes. The nitrogen (8'°N) and oxygen (8'°0) isotope
compositions of the NO3; molecule have shown their added value to assess sources and
processes affecting nitrogen compounds in agricultural areas (Aravena et al., 1993;
Aravena and Mayer, 2010; Clark and Fritz, 1997; Kendall, 1998, 2007; Panno et al.,
2001). The significant isotope differences that exist between inorganic and organic
fertilizers (Kendall et al., 2007) allow distinguishing between NOs; coming from one
source or another. On the other hand, 8'°N and 8'%0 of NOj are useful to confirm the
occurrence of natural denitrification in aquifers thanks to the isotopic fractionation
induced by this process, which results in an enrichment in the heavy isotopes ('°N and
18O) in the residual NO; (Aravena and Robertson, 1998; Fukada et al., 2003; Kendall et
al., 2007; Mariotti et al., 1988). However, when the isotope signatures of some potential
NO; sources overlap (e.g. animal manure and sewage), and the effects of mixing
processes and transformation reactions are superimposed, discriminating multiple NOs
sources based on the coupled use of 5'°N and 8'®0 of NO; may become somewhat
difficult. To alleviate this difficulty several studies have proposed a multi-isotope
approach coupling hydrochemical data and 8"°N and §'°O of NO; with the isotope
compositions of ions involved in denitrification reactions (8348, 8180504 and 813CHc03;
Aravena and Robertson, 1998; Cravotta, 1997; Otero et al., 2009; Rock and Mayer,
2002; Saccon et al., 2013; Vitoria, 2004; Vitoria et al., 2005, 2008).

Moreover, in the last decade some studies have shown that the coupled use of 8"°N
and 8'°0 of NO; along with 8''B is another successful approach to trace the origin of
NOs in water (Seiler, 2005; Widory et al., 2004, 2005, 2013). While boron (B) is
usually found in natural ground- and surface water as a minor constituent (<0.05 mg B
L"), contaminant sources are enriched in B (>0.1 mg B L"'; Tirez et al., 2010).
Therefore, groundwater affected by anthropogenic activities may present elevated B
contents (Vengosh et al., 1994). The main human application of B is the use of sodium
perborate (NaBO;'nH,0) as an oxidation bleaching agent in domestic and industrial
cleaning products (detergents, soaps, toothpaste, etc.). B is thus commonly detected in
anthropogenic wastewater (Barth, 1998).

B has two stable isotopes, %8 and ”B, whose abundances are 19.9 and 80.1%,

respectively. Based on the large relative mass difference between these isotopes and the
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high geochemical reactivity of B, a wide range of 3''B is expected in natural samples
from different geological environments (Barth, 1993). This wide range of 8''B may
result in significant contrasts between B sources in groundwater. The main processes
that can shift the concentration and 8''B of dissolved B are aquifer matrix interaction
(with dissolution of B-bearing silicates) and adsorption-desorption interactions with
clay minerals, iron and aluminum oxide surfaces, and organic matter (Yingkai and Lan,
2001). When adsorption to clay particles occurs, the lighter '°B isotope is favoured
leaving water enriched in ''B. However, B isotopes can be used as a co-migrating tracer
of NO; in aquatic systems due to the lack of isotopic effects on B induced by
evaporation, volatilization, and oxidation-reduction reactions (Bassett et al., 1995).

Komor (1997), Seiler (2005) and Widory (2004, 2005 and 2013) used 8''B data
combined with 8'°N and 8'®0 of NO; in order to distinguish contributions from animal
manure, sewage and mineral fertilizers. Hence, B isotopes can be useful in semirural
zones where agricultural and farming practices cohabitate with industrial and urban
activities. This is the case in the Baix Ter aquifers (Baix Emporda region; Catalonia, NE
Spain), which were declared vulnerable to NO; pollution in 1998 by the local
government following the 91/676/EC European Nitrate Directive (EC, 1991). Local
sources of NOj; pollution are dominated by a large amount of fertilizers (Mas Pla et al.,
1998). This surplus has resulted, within the last years, in some drinking water supply
wells exceeding the 50 mg NO; L™ threshold (ACA, 2007). Trends in NO; contents are
mainly related to agriculture and cattle raising practices that started in the 80’s and have
been intensified during the last decades (ACA, 2007; EEA, 1999). The Baix Ter aquifer
is subjected to heavy anthropogenic pressures: 1) NO; contamination from various
nitrogen sources, and 2) groundwater exploitation, which can alter the hydrodynamics
of local and regional groundwater flows and induce groundwater mixing by means of
seasonal withdrawal regimes. In this context, studying the origin, transport and fate of
groundwater NO; is mandatory for improving water resource quality policies and for
minimizing the impact of anthropogenic activities, which have become important
objectives for stakeholders. To achieve this, a multi-isotope approach has demonstrated
its added value compared to the study of the sole hydrochemical data (Kendall et al.,
2007). The main purposes of our study were to:
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1) Identify the dominant source(s) of NOs in the Baix Ter aquifer using a multi-
isotope approach in a large-scale flow system disturbed by numerous
anthropogenic pressures.

2) Include the study of 8''B for the first time in the area in order to
unambiguously discriminate NO3 coming from animal manure from that coming
from sewage.

3) Determine whether natural denitrification processes are occurring.

4) Assess the impact of geochemical reactions, geological settings and

hydrodynamical processes on the occurrence of NO; natural attenuation.

2. Study area

2.1. Geological setting

The Baix Ter basin is located in the Baix Emporda tectonic basin (NE Catalonia, Spain)
(Fig. 1). The study zone encompasses a 200 km” area characterized by the Ter River
alluvial plain that turns into a fluvio-deltaic environment in its eastern margin. This
plain is delimited by the Montgri Range at the north, formed by Mesozoic limestone
formations, and by the Gavarres Range at the south, composed of igneous and
metamorphic rocks of Paleozoic age. The foothills of the Gavarres Range, as well as the
basin basement, present Paleogene sedimentary materials (sandstone and limestone
formations) that are severely affected by fractures (Mas-Pla and Vilanova, 2001).

The Baix Emporda tectonic graben was formed during the distensive period of the
Alpine orogenesis. It is followed by the sedimentation of detritic, fine-grained and silty
formations during the Neogene. The Quaternary fluvio-deltaic deposits, which
constitute the main aquifers of the area, lay on the Neogene sediments in the western
area, and on the Paleogene in the eastern part of the basin.

Fluvial deposits originate from the Ter River, as well as from some minor tributaries
from the Gavarres Range (i.e., Dar6 River). Fluvial deposits reach a maximum depth of
50-60 m in the central part of the basin and are constituted by three main distinguishable
units according to the Holocene sedimentary sequence (Montaner, 2010): 1) a deep
level formed by alluvial coarse detritic material, gravel and sand, covered by a higher
level of fine sediments, 2) an intermediate level, formed by sandy lenticular bodies in a

silty-sandy level, also covered by a level of fine sediments, and 3) a shallow level,
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mainly sandy with a thickness of 10 to 20 m, formed by the present prograding alluvial

deposits that transform to marsh and coastal deposits near the coast line.
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Figure 1. Baix Ter basin map showing the geology and sampling points, labeled according to their
hydrogeological formation (round and triangle shapes distinguish between Quaternary and Tertiary
aquifers, respectively, and light and bold points, between shallow and deep formations, respectively).
Potentiometric contourlines correspond to the water table measurements of the Quaternary unit (August
2004).

2.2. Hydrogeological dynamics

The Quaternary fluvio-deltaic deposits of the Ter River constitute the main
hydrogeological system in the study area. Because of its lithological diversity, distinct
aquifer levels are differentiated, from bottom to top (Montaner, 2010): 1) a leaky
aquifer formed by the deeper coarse sediment layer, lying on the Paleogene basement,
2) an upper leaky aquifer formed by the intermediate sandy layer, and 3) an upper

unconfined aquifer formed by the prograding deposits. All of them present significant
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lateral variations, especially the upper aquifer that reflects the geomorphological units
presently occurring in the plain: fluvio-deltaic, marsh and coastal areas. Groundwater
withdrawal from these aquifers supplies the main water demand for agricultural and
urban uses.

Main recharge is related to local precipitation, seasonal contribution from the Ter
and Dar¢ rivers (whether natural or induced by pumping), and to irrigation returns
(Montaner, 2010). Locally, leakage from the municipal water supply network may also
contribute to groundwater recharge. Nevertheless, the fractured nature of the Paleogene
sedimentary basement overlying the metamorphic rocks of the Gavarres Range allows
an upward vertical flux that also recharges the aquifers constituted by Quaternary
formations, especially in the southern border of the basin (Vilanova and Mas-Pla, 2004;
Vilanova et al., 2008). Hence, igneous and metamorphic rocks at the Gavarres Range
act as regional recharge areas that discharge into the fluvio-deltaic Quaternary aquifers
through the preferential flow paths of the limestone and carbonate Paleogene aquifers
and, more importantly, through the fractures that affect them.

This hydrogeological flow model is corroborated by potentiometric, hydrochemical
and isotope data (Vilanova, 2004). Hydraulic head, for instance, is some meters higher
in the Paleogene foothills than in the nearby alluvial plain. Potentiometric maps reveal
an influent (losing stream) behavior of the Ter River in its western reach, between
Colomers and Foixa, before entering the fluvio-deltaic plain. Downstream, both the Ter
and Dar¢ rivers show an effluent (gaining stream) behavior until the coast line.

Nevertheless, groundwater withdrawal in the fluvio-deltaic formation, which started
in the 60’s with the agricultural development of the area, modified the natural flow
field. A noticeable depression cone in the center of the formation, between the villages
of Gualta and Torroella de Montgri, was first reported in 1969. It grew during the 80’s
and is now constant (ACA, 2007). This severe depression cone, that in its central part
may reach several meters below sea level, has created a downward flow from the upper
unconfined aquifer. It has also captured the Ter River discharge and induced seawater
intrusion that severely affects groundwater.

Samples will thus be distinguished according to their hydrogeological formation:
shallow Quaternary, including wells in the upper unconfined aquifer (Qs); deep
Quaternary, including wells in the lower leaky aquifers (Qp); and shallow (Ts) and deep
(Tp) Tertiary for wells located in the Paleogene materials according to the their depth
(the limit to distinguish them is arbitrarily set at 30 m depth).
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2.3. Anthropogenic activities and soil uses

The Baix Ter basin area is marked by the influence of 1) rural agriculture and livestock
activities, 2) industrial activity, and 3) several small to medium-sized urban areas that
drastically increase their population during summer due to the intense touristic activity.
Herbaceous dry-farmed and irrigated crops (mainly maize, sunflower and rice) cover a
60% of the surface, forest and pasture 20%, and 7% of the area is used for fruit growing
(ACA, 2007). The agricultural activity developed in the alluvial plains uses
preferentially mineral fertilizers, but animal manure is also applied due to large amount
of organic residues generated by the important cattle farming activity. The total nitrogen
produced by livestock in the study zone is around 500 tones of N year. 60% of this
amount is from intensive pig raising (460 pigs/km*; 50 m® ha™' year” of pig manure are
applied onto maize crops; ACA, 2007). Leakage from manure ponds or inappropiate
spillages may be another source of nitrogen. This surplus of nitrogen unassimilated by
crops is leached into the aquifer during precipitation or irrigation periods, and
incorporated in the saturated zone elevating NO; concentrations in groundwater.
Agricultural return water must thus be considered influential for pollution dynamics.
Therefore, groundwater contamination is directly related to the organic residues
management, but also to agricultural practices. Finally, the La Bisbal water treatment
plant should also be considered as a potential nitrogen source. It discharges downstream
of Dar6 River and produces mud that is sometimes applied onto the fields. Recently,
some corrective measures were adopted to avoid release of wastewater effluents from
the plant.

In the Baix Ter alluvial plain, the total groundwater abstraction is around 21
Hm’/yr: 62% for domestic use (including the touristic season), 36% for agriculture
activities and 2% for the industry (ACA, 2007). The combination of periods of low
precipitation and low aquifer recharge with the increase of groundwater withdrawal in
summer (crop irrigation period from May to August) has led to water table decreasings

and periods of groundwater shortage (Montaner et al., 2010).

2.4. Isotope characterization of NO3 sources
The multi-isotope approach consists in coupling isotope data of elements related to the
origin and fate of the contaminant. In order to use this approach, we need NOs, SO4, B

and dissolved inorganic carbon (HCOs) isotopic composition ranges of the potential
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NO; sources in the Baix Ter basin, data that are summarized from the literature in Table
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3. Methodology

3.1. Sampling

Two sampling campaigns were conducted in the Baix Ter basin, which are specifically
located in the right bank alluvial plain: 1) in January 2004 (24 wells), during the wet
season, fertilization and growing of dry land cereals and 2) in August 2004 (40 wells),
during the dry season and cultivation of spring cereals. Groundwater hydraulic head,
hydrochemical and isotope data (Tables 2, 3 and 4) were obtained mainly from private
wells. Most of the sampling locations were common in both campaigns. Wells were
pumped until the water Eh stabilized and groundwater samples were then collected in
bottles that were first rinsed several times with groundwater. Samples were collected

and stored at 4°C in a dark environment before analysis.

3.2. Analytical techniques

Temperature, pH, electrical conductivity (EC) and Eh were measured in situ, using a
flow cell to avoid contact with the atmosphere. CI', NO,", NOj, SO,%, HCO5, Na', K,
Ca*’, Mg2+, NH,", total Fe, total Mn, B and total organic carbon (TOC) were
determined by standard analytical techniques.

The multi-isotope approach includes the stable isotope compositions of: hydrogen
(6D) and oxygen (6'*0) of water, nitrogen (8"°N) and oxygen (8'%0) of dissolved NOs,
sulfur (6*'S) and oxygen (8'0) of dissolved sulfate, boron (5''B) of dissolved boron,
and carbon (8"°C) of dissolved inorganic carbon (HCO3). 8D and 8'°0 of water were
measured by the H, and CO, equilibration technique, respectively, and isotope ratio
mass spectrometry (IRMS) with a Delta S Finnigan Mat. 8"°N and 8'°0 of dissolved
NO; were measured using the AgNO; method (modified from Silva et al. (2000)). '°N
was analysed using an Elemental Analyser (Carlo Erba 1108) coupled with an Isochrom
Continuous Flow IRMS. For 8°*S and 8'®0, the dissolved SO, was precipitated as
BaSO,, first acidifying the sample with HCI and boiling it, and then adding an excess of
BaCl,-2H,0. 5°*S was measured using an Elemental Analyser (Carlo Erba 1108)
coupled with a Delta C Finnigan Mat. "0 of NO; and SO4 were analysed in duplicate
with a Thermo-Chemical Elemental Analyser (TC/EA Thermo-Quest Finnigan) coupled
with a Delta C Finnigan Mat. ''B was determined on the Cs,BO*" ion (Spivack and
Edmond, 1986) by negative-ion Thermal-lonization Mass Spectrometry (TIMS) at the
BRGM (France). Reproducibility was obtained by repeated measurements of the
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NBSO951, and the accuracy was controlled with the analysis of the IAEA-B1 seawater
standard (8''B = 38.6 + 1.7%o). For dissolved inorganic carbon, liquid samples were
acidified with ortho-phosphoric acid and shaken for at least two hours to convert all
bicarbonate into CO, and to reach equilibrium between the dissolved and gaseous
phases. Gas samples were diluted with helium to facilitate analysis. 8'°C of inorganic
carbon was measured on a Gas Chromatograph-Combustion-Isotopic Ratio Mass
Spectrometer (GC-C-IRMS) at the Environmental Isotope Laboratory (EIL) of the
University of Waterloo (Canada).

All isotope notations are expressed in terms of & per mil relative to their respective
international standards: Vienna Standard Mean Ocean Water (V-SMOW), atmospheric
N, (AIR), Vienna Canyon Diablo Troilite (V-CDT), NBS951 and Vienna Pee Dee
Belemnite (V-PDB) standards. Reproducibility is +1.5%o for 8D, +0.2%o0 for &'*Ogpo,
+0.3%o for "N, +0.2% for 5°*S, £0.5%o for both §'*Onos and §'*Osou, £0.3%o for §''B,
and +0.3%o for 813CHCO3. Except for 5''B and 813CHc03 measurements, samples were
prepared at the laboratory of the Mineralogia Aplicada i Medi Ambient research group

and performed at the Centres Cientifics 1 Tecnologics of the Universitat de Barcelona.

4. Results and discussion

4.1. Hydrodynamics

Potentiometric contourlines correspond to hydraulic head measurements in the
Quaternary aquifer conducted during the second field campaign (Fig. 1). The amount of
hydraulic head measurements in this second survey was higher than in the first allowing
a more reliable potentiometric layout. In agreement with the conceptual flow model
described in previous studies (Vilanova and Mas-Pla, 2004), the Quaternary piezometry
showed groundwater flow lines oriented south to north (from the Gavarres massif to the
Ter River) (Fig. 1). Near the Ter River, groundwater flow changes to a west-to-east
direction towards the sea, showing the influence of the Ter River, except close to the
pumping area of the Gualta supply wells. The exploitation of these wells produces a
depression cone around this municipality. Groundwater withdrawal activity near Gualta
village modifies the behavior of the Ter River, inducing surface water to drain into the
alluvial aquifer, and making the Ter River a losing stream where the depression cone
appears. Vilanova (2004) and Vilanova and Mas-Pla (2004) also pointed out an upward

vertical flow line from the underlying confined fractured Tertiary unit to the shallow
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Quaternary aquifer, but due to the few sampled wells that reached the Tertiary aquifer in
our hydrogeological study, we could not consistently plot a Tertiary potentiometric map

in order to depict such hydrogeological relationship.

4.2. Sources of the recharge

8'80 and 8D of groundwater mainly plot at the right side of the annual and winter local
meteoric water lines (LMWL, W-LMWL; Vilanova, 2004; Fig. 2). The isotope values
of samples collected from wells in the Quaternary and Tertiary aquifers were mostly
lighter than those of the weighted mean precipitation (8D = -33.5%o, 8'°0 = -5.2%o;
calculated from Mas Badia station data, located in the Baix Ter basin). This indicates
that recharge of these aquifers is not only attributable to the infiltration of rainfall within
the basin but also to other sources of recharge. Quaternary groundwater samples align
better with the annual LMWL than the Tertiary groundwaters. Both aquifers had
groundwater 8'°0 values higher than the winter LMWL. The slight enrichment in '*O
exhibited by both deep and shallow Quaternary groundwaters can be interpreted as a
result of evaporation processes, in agreement with Vilanova (2004). The wide range of
8'°0 and 8D values in the shallow Quaternary aquifer, even within the same sampling
campaign, denotes the influence of different recharge flow systems with distinct

hydrogeological characteristics, and the mixing among them:
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Figure 2. 8"*Op,0 and 8D of the Baix Ter groundwater samples collected in January and August 2004.
The annual-Local Meteoric Water Line (LMWL) follows the equation 3D = 7.9 §'*0 + 8.0, whose slope
is equal to that of the neighboring range areas (3D = 7.9 3'*0 + 9.8; Neal et al., 1992). The Winter-Local
Meteoric Water Line (W-LMWL) (3D = 8.3 §'*0 + 13.4) minimizing potential evaporation effects is also
represented as most of the effective surface recharge takes place during winter (Vilanova, 2004).
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1) The Ter River

At the NW of the area, three samples in the shallow Quaternary aquifer (Q7, Qs and Q)
yielded lighter isotope signatures (Fig. 2), with values similar to those of the Ter River,
which range between -8 and -7%o, for 8180, and between -50 and -45%., for oD
(Vilanova et al., 2008). These 5'°0 and 8D from the Ter River waters are the lightest in
the area since the Ter River originates at a higher recharge altitude (Ulldeter, Pyrenees,
2400 m.a.s.l.). Thereby, a contribution from the Ter River to the alluvial aquifer

groundwater is possible in the NW part of the study zone.

2) Local rainfall

Other shallow Quaternary groundwater samples fell near the isotope signature of the
weighted mean precipitation (Fig. 2), indicating they are clearly influenced by the
infiltration of rainfall in the basin. All these samples presented NO; concentrations

higher than 50 mg NO; L™

3) The Gavarres massif

Sample T, is located in the south part of the study area, in the Gavarres massif foothill.
It corresponds to a very low mineralized groundwater that shows a low NO;
concentration (6 mg NOs;™ L) and isotope compositions similar to groundwater from
Paleozoic materials in the Gavarres massif (Vilanova, 2004). Thus, T,; sample can be
geochemically and isotopically considered as a natural end-member linked to the

recharge from the Gavarres massif.

The contributions of these sources of recharge change during the hydrological cycle
depending on rainfall events and the effect of groundwater withdrawal regimes. The
remaining Quaternary groundwater samples plot between the samples more influenced
by rainfall in the basin and those influenced by the Ter River, showing a groundwater
isotope composition similar to the Tertiary groundwaters. This overlap between the
isotope compositions of the Quaternary and Tertiary groundwater suggests that both
aquifers share a common source of recharge or are somehow connected. This is
consistent with the conceptual model described by Vilanova and Mas-Pla (2004), who
hypothesized an upward groundwater flow from the Tertiary aquifer to the deep
Quaternary aquifer in the northern part of the area. Therefore, this contribution from the

Tertiary units should be considered as another recharge of the Quaternary aquifer. On
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the other hand, most of the samples from shallow and deep Tertiary aquifers fell
between the weighted mean precipitation signature and the isotope compositions of
groundwaters collected at the Gavarres massif (Vilanova, 2004), indicating that this
massif is a source of recharge for the Tertiary unit, in addition to local rainfall. The 8'*0
variability displayed by deep Tertiary aquifer samples is likely a consequence of

evaporation processes occurring in the non-saturated zone.

4.3. Hydrochemistry

Chemical data for groundwater samples collected in the Baix Ter basin (Table 3)
showed a HCO;-Ca facies, in accordance with a hydrochemistry controlled by
carbonate dissolution reactions that occur throughout the Tertiary materials and alluvial
formations. The rapid kinetic of carbonate dissolution hides the hydrochemical
characteristics acquired from the igneous and metamorphic rocks of the Gavarres massif
(Vilanova et al., 2008). Groundwater pH values were all above 7.4 and EC varied from
552 uS cm™ (for the most pristine groundwater) to 2993 pS cm™ (for the most polluted).
NO;™ concentrations presented a wide range of values in both aquifers, from samples
with no NOs to concentrations up to 480 mg L™, with an average value of 109 mg L™ (n
= 64). 60% of the studied samples had NO; levels above the legal threshold of 50 mg L~
! for drinking water. No NO;" was detected. Groundwater SO, varied between 29 and
371 mg L™, with an average value of 108 mg L™ (n = 64). The monthly NO; average for
the Ter River was 15 mg NO; L™ (o = 5.1, n = 37) in the NW of the study zone
(Colomers) between 2003 and 2006 (from Water Catalan Agency data). In our study,
the NO; concentrations of two river samples, collected at the Colomers station and at a
sampling site located downwards, presented values of 8.8 and 7.0 mg NO; L7,

respectively.

Table 2. Hydrogeological formation, depth (m), hydraulic head (m.a.s.l.), and physico-chemical
parameters measured in situ of the sampled points for each field campaign. See Fig. 1 for sampling
locations in the Baix Ter basin.

e A0 g oy MO oy G0 oy
Q 1 Qp 28 13.1 14.0 787 7.9 89
Q: 1 Qp 46 -1.4 14.4 596 8.0 46
Qs 1 Qp 72 16.9 16.7 955 7.7 397
Q2 2 Qp 46 -3.0 18.3 812 7.8 188
Qs 2 Qp 72 15.6 18.2 1225 7.7 393
Q4 1 Qs 7 10.8 15.0 1594 7.4 276
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Table 2. (continued)

samle it e D PEUER e TEO m e
Qs 1 Qs 10 274 16.0 1640 7.6 376
Qs 1 Qs 10 22.4 14.6 899 7.6 332
Q; 1 Qs 21 13.4 17.0 843 7.7 368
Qs 1 Qs 20 10.9 16.9 862 7.9 366
Qo 1 Qs 10 12.6 14.0 772 7.9 267
Qo 1 Qs 8 60.3 16.3 1180 7.7 425
Qu 1 Qs 6 32.0 13.3 722 8.2 361
Qi 1 Qs 20 12.3 16.1 773 7.9 340
Qi 1 Qs 16 13.1 14.9 836 7.8 449
Qi 1 Qs 6 37.7 132 886 8.2 378
Qis 1 Qs 6 52 15.3 2523 7.6 409
Q6 1 Qs 6 36.4 14.7 1004 7.8 392
Qs 2 Qs 10 24.8 16.8 2359 7.6 386
Qs 2 Qs 10 n.d. 17.3 1125 7.8 318
Q; 2 Qs 21 10.2 17.1 1164 7.5 413
Qs 2 Qs 20 10.7 17.7 1383 7.8 332
Qo 2 Qs 10 n.d. 16.2 1070 7.7 395
Qo 2 Qs 8 60.4 16.2 1320 7.4 428
Qi3 2 Qs 16 8.7 16.2 1219 7.4 395
Qi 2 Qs 12 36.1 17.6 949 7.5 365
Qis 2 Qs 6 38 17.3 2993 8.0 388
Qis 2 Qs 6 35.7 22.9 1007 7.8 443
Q17 2 Qs n.d. 29.5 17.6 809 7.9 386
Qs 2 Qs 6 14.2 17.9 875 7.7 408
Qi 2 Qs 12 32.8 16.4 999 7.6 348
Qo 2 Qs 17 19.0 15.8 661 7.8 727
Qu 2 Qs 17 15.0 16.2 980 7.5 445
S 1 spring 0 55.0 15.0 629 7.7 319
S 2 spring 0 55.0 15.4 748 7.9 334
T, 1 Tp 90 21.6 19.5 552 8.0 348
T, 1 Tp 100 72 14.9 908 8.0 369
Ts 1 Tp 100 27.7 17.5 1176 7.8 378
T, 1 Tp 110 274 16.6 725 8.1 n.d.
Ts 1 Tp 125 27.1 16.5 1325 78 343
Te 1 Tp 110 4.5 18.5 736 7.8 362
T, 2 Tp 90 21.6 20.0 935 7.7 366
T, 2 Tp 100 11.4 19.8 1095 7.7 426
T, 2 Tp 100 22.1 17.2 1500 7.7 370
Ts 2 Tp 125 24.4 19.1 1330 7.9 301
Te 2 Tp 110 45 19.0 600 8.2 326
T, 2 Tp 70 42.0 21.2 1164 7.7 425
Tg 2 Tp 156 n.d. 18.1 1374 8.0 357
Ty 2 Tp 85 53.9 18.4 971 7.9 157
Tio 2 Tp 125 n.d. 20.7 1053 7.9 183
T 2 Tp 130 23.8 19.4 824 8.0 916
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Table 2. (continued)

eSS gl g WM 1o S0 o
Ti 2 Tp 110 n.d. 193 994 7.8 456
Tis 2 Tp 175 n.d. 17.1 1137 7.6 393
Tia 2 Tp 60 19.3 17.0 1449 7.6 159
Tis 2 Tp 80 n.d. 19.1 1389 7.8 331
Tie 1 Ts 22 -6.5 16.1 1006 7.9 363
Tie 2 Ts 22 -5.8 16.8 1219 7.5 408
Ti7 2 Ts 40 23.7 19.2 2414 7.6 321
Tis 2 Ts 34 126.0 18.0 837 8.0 357
T 2 Ts 10 106.3 17.8 944 8.0 352
Tao 2 Ts 9 9.0 17.7 1528 7.7 357
Ty 2 Ts 5 102.5 222 649 7.7 385
Ta 2 Ts n.d. n.d. 17.9 1055 7.6 327
Ty 2 Ts 40 35.0 17.5 1438 7.5 372
R, - Ter River - - n.d. 636 7.8 n.d.
R, - Ter River - - n.d. 664 7.8 n.d.

Table 3. Hydrochemical data of the January and August 2004 field campaigns (“*” =

instead of TOC concentrations).

DOC concentrations

sample Field Hydrogeological HCO3 SO/ CI NOy Na* K" cCa®* Mg® NH,f TOC Mn  Fe B
campaign formation
(mg/L)
Q 1 Qo 413 66 138 bdl 43 bdl 157 23 015 12 0056 0015 bd.l
Q 1 Qo 349 48 51 bdl 4 3 9 19 047 1.0 0289 0020 b.dl
Qs 1 Q 361 117 79 115 37 bdl 181 18 015 12 0.002 0.010 b.d.l
Q 2 Qo 341 41 61 bdl 45 3 99 19 041 06 0335 0016 bd.l
Qs 2 Qp 335 129 79 144 36 bdl. 184 17 014 09 0.002 b.dl b.dl
Qs 1 Qs 473 227 269 6 92 4 239 40 025 23 438 0.019 0.127
Qs 1 Qs 463 223 200 215 88 bdl 291 28 013 2.1 0002 0019 bd.l
Qs 1 Qs 388 71 62 8 31 2 153 18 0.5 1.6 0.003 0015 b.dl
Q; 1 Qs 353 111 76 48 30 hbdl 159 22 013 1.0 0.001 0013 b.d.l
Qs 1 Qs 347 136 99 13 60 3 128 25 0.2 14 0783 0016 bd.l
Qo 1 Qs 372 8 8 25 63 4 122 17 016 12 0.002 0012 0217
Quo 1 Qs 384 114 60 325 41 bdl 245 15 018 1.3 0001 0014 0.113
Qu 1 Qs 253 60 52 31 31 3 9% 13 017 33 0003 0.018 b.d.l
Qun 1 Qs 324 134 81 12 43 2 141 20 0.8 1.1 0.001 0011 0.055
Qi3 1 Qs 401 89 106 51 44 bdl 167 20 015 19 0.001 0017 0.089
Qus 1 Qs 210 77 52 147 29 bdl 128 12 015 1.7 0002 bdl bdl
Qis 1 Qs 427 277 294 387 94 72 283 76 014 32 0.001 0011 0.168
Qs 1 Qs 351 124 76 168 57 b.d). 183 19 0.7 1.9 0001 bdl bd.l
Qs 2 Qs 483 321 226 328 123 bdl 331 30 014 1.6 0001 bdl bdl
Qs 2 Qs 366 8 59 129 28 2 165 18 016 0.6 0006 bdl b.dl
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Table 3 (continued)

sample ca?;;?gn Hy%?%e;:g%m HCOs SO CI' NO;y Na* K' cCa** Mg NHst TOC Mn  Fe B
(mg/L)
Q; 2 Qs 399 112 79 122 30 bdl 201 26 011 05 0001 0011 b.d.l
Qs 2 Qs 337 204 139 51 71 3 174 31 008 1.1 0971 hdl bdl
Qo 2 Qs 358 8 8 26 58 4 130 17 011 06 0002 bdl 0209
Quo 2 Qs 440 76 50 241 45 bdl 225 13 012 09 0.002 0.012 0.189
Qi3 2 Qs 405 120 86 66 44 2 178 21 008 1.2 0.001 bdl 0123
Qus 2 Qs 195 66 55 201 29 bdl 140 13 008 0.5 0002 0011 bd.l
Qis 2 Qs 413 371 362 480 111 68 345 85 014 34 0001 bdl 0.150
Qus 2 Qs 356 93 55 65 47 bdl 143 14 014 06 0001 bdl bdl
Qn 2 Qs 301 29 28 60 18 bdl 116 12 013 04 0001 bdl bdl
Qis 2 Qs 390 102 47 8 38 6 163 14 013 0.6 0001 hbdl b.dl
Qu 2 Qs 304 55 52 205 24 hbdl 166 14 015 07 0001 0022 bdl
Qu 2 Qs 177 52 52 50 29 5 83 11 012 09 0001 0012 0.082
Qu 2 Qs 31395 71 45 55 4 124 16 021 0.6 0.002 0011 0.232
S 1 spring 298 64 47 37 29 bdl 110 12 018 14 0001 0011 b.d.l
S 2 spring 268 58 50 68 31 bdl 117 13 0.5 1.0 0.001 0.013 b.d.l
T, 1 To 417 68 43 10 42 3 131 13 013 08 0001 0012 bdl
T, 1 To 470 156 87 9 51 3 129 54 013 1.3 0018 0.019 bdl
Ts 1 To 276 116 123 222 55 bdl 18 22 015 1.9 0.001 0.014 b.dl
T4 1 To 383 110 60 15 33 49 118 24 016 12 0.025 0016 0.071
Ts 1 Tp 430 152 119 222 105 12 178 36 020 2.8 0.007 0.012 0.066
Ts 1 To 32 59 76 46 57 3 118 20 0.4 12 0.007 0014 b.dl
T, 2 To 402 55 41 23 35 3 136 12 016 04 0001 bdl bdl
T, 2 To 435 157 74 11 44 3 127 51 012 07 0.026 bdl 0081
Ts 2 To 376 91 180 221 68 4 214 30 012 1.7 0001 bdl 0.065
Ts 2 Tp 514 118 99 61 162 11 94 23 018 0.6 0010 bdl 0104
Ts 2 To 35 34 70 3 54 3 100 18 014 03 0007 bdl 0.051
T, 2 Tp 368 8 66 139 32 bdl 18 14 0.4 09 0001 bdl bdl
Ts 2 Tp 222107 135 265 58 9 181 24 012 1.1 0.007 0016 b.d.l
Ty 2 Tp 384 31 118 bdl 75 5 81 39 016 09 0.197 0013 0.055
Tio 2 Tp 533 74 52 bdl 63 2 168 16 0.0 04 0064 0013 0.053
Tn 2 To 323 32 46 69 41 3 106 16 011 08 0.001 0013 b.dl
Ti 2 To 379 52 62 71 33 3 104 45 0.2 04 0002 0013 b.dl
Ty 2 Tp 32 8 96 46 55 2 146 28 012 07 0.001 0010 0.051
Ty 2 Tp 619 87 126 bdl 74 4 102 94 033 05 0042 0016 0.061
Tis 2 Tp 401 95 130 152 114 3 110 42 021 1.2 0.002 0.014 0.095
T 1 Ts 388 149 93 63 55 2 162 37 012 14 0002 0014 bd.l
T 2 Ts 371 146 102 71 49 bdl 169 32 023 09 0002 0012 b.dl
Ty 2 Ts 372 245 231 419 122 59 223 70 011 2.6 0.003 bdl 0.084
Ty 2 Ts 249 30 31 147 15 bdl 121 19 014 06 0001 bdl bdl
T 2 Ts 348 56 39 8 33 7 137 13 014 12 0003 hbdl b.dl
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Table 3 (continued)

sample Field Hydrogeological HCOs SO CI' NOs Na* K" Ca* Mg*™ NH,” TOC Mn Fe B

campaign formation
(mg/L)
Tao 2 Ts 350 210 108 212 56 6 200 38 0.17 22 0.001 bdl 0.123
Ta 2 Ts 300 30 36 6 22 b.dl 104 9 0.14 1.0 0.002 0.012 b.d.l
Ta 2 Ts 371 81 49 153 29 bdl 193 8 0.16 1.1 0.002 0.012 b.d.l
Ty 2 Ts 355 66 181 190 75 b.dl. 216 24 026 0.7 0.004 0.010 b.d.l
Ry - Ter River 194 73 50 7 38 5 75 11 nd.  43* 0.029 0.010 0.075
R, - Ter River 204 74 50 9 40 5 78 12 nd.  4,5% 0.025 0.012 0.090

A spatially complex distribution following a diffuse regional pattern was observed
for groundwater NOs. The average NO; of Qs and Ts aquifers is 136 mg L™ (n = 37),
and 74 mg L' (n = 25) for Qp and Tp aquifers. While the highest NO; concentrations
occurred in shallow wells, several wells with depths above 70 m (T3, Ts, T7, Ts, and T)s)
were also notably contaminated, with NOs levels between 139 and 265 mg L™, denoting
that NOs is not correlating with well depth. Furthermore, the spatial variation of NOs
concentrations did not fit with any specific groundwater flow direction or limit of the
aquifer units. This NO; distribution pattern may be explained by the highly complex
hydrogeology of the study zone and by the mixing of waters from distinct origins and
qualities within the well borehole. This latter process can be caused by: 1) the intended
exploitation of several levels to increase the well efficiency, 2) the possible lack of well
casing derived from an incomplete borehole construction, and 3) the presence of
preferential flow paths through fractures or fault zones that connect local and regional
flow systems, i.e. Quaternary and Tertiary aquifers. Where these conditions take place,
simultaneously or not, groundwater mixing of deep and superficial layers is induced.
Moreover, the intensive pumping during irrigation and low rainfall periods can also
enhance this re-circulation between aquifer levels, mainly from shallow to deeper ones,
resulting in inputs of low quality water and quality declining of water resources stored
in the deeper aquifer layers.

The lowest NO;3 contents in the Quaternary aquifer were observed near the Ter
River. In the Tertiary aquifer the lowest NO;3 values were measured in the SE area, near
the Gavarres Range. In the first sampling campaign, Q4 and Qg samples, collected in the
shallow alluvial formation near the Ter River, presented NO; concentrations of 6 mg L™
and 13 mg L™, respectively, as well as high levels of Mn (4.4 and 0.8 mg Mn L) and

around 2 mg L of total organic carbon. Five samples in the Qp (Q; and Q,) and Tp
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aquifers (To, T1o and Tj4) contain no NO;3, have an Eh below 200 mV and show the
highest ammonium and manganese concentrations (Fig. 3, Tables 2 and 3). These
characteristics are typical of groundwater under reducing conditions, which would agree
with the occurrence of denitrification processes. NO;3 in Q; has been monitored through
time and no NOj; content has ever been detected. In our study, its ammonium content
displayed the highest value (0.5 mg NH,; L™). TOC concentrations for these unpolluted
samples ranged between 0.4 and 1.2 mg L', values that are not high enough to
stoichiometrically allow the reduction of NO; by oxidation of organic matter in
anaerobic conditions (Rivett et al., 2008), but indicate the presence of an organic matter
that could be a residual content after previous consumption by heterotrophic

denitrifying bacteria.
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Figure 3. Mn concentrations plotted against Eh values of groundwater samples. Eh ranges of MnO,/Mn*"
and NO; /Ny, redox pairs are taken from Rivett et al. (2008).

Samples with high NOs concentrations tended to be CI-SO4-Ca type waters, in
agreement with a contribution of anthropogenic contaminant sources (manure, synthetic

fertilizers or sewage). Since no evaporitic or gypsum outcrops nor disseminate pyrite
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exist in the studied area, the highest SO4 concentrations must originate from
anthropogenic sources. Accordingly, although NO; and SOy are not strongly correlated
(Fig. 4b), some wells that showed high SO4 contents coupled with elevated NO3
concentrations (Qs, Q10, Q15 and Q16 from Qs, T17 and Ty from Ts, and T3, Ts and Tg
from Tp) are likely to be affected by human activities. The same trend is observed in the
NOj; vs. Cl plot (Fig. 4a), with the previously mentioned samples also having high CI
contents, which can be caused by the input of organic fertilizers since they generally
show elevated chloride concentrations (Karr et al., 2001). Some samples polluted by
NO; have high B concentrations up to 232 ug B L' (e.g. Qi sample, with a
corresponding 45 mg NO; L™). This makes sewage another NO; and SO, potential
source. All these observations suggest that mineral and organic fertilizers both are major
vectors of contamination. Considering that Cl is a conservative element largely
unaffected by physical, chemical and microbiological processes occurring in
groundwater (Altman and Parizek, 1995), we used the (NO;/Cl) ratio in order to
eliminate the potential effect of dilution. Groundwater samples with 1<(NO;/Cl)<2
presented high NOs; and SO4 concentrations, whereas samples with (NO3/CI)>2 had
high NOs but lower SO4 concentrations (Fig. 4c). The presence of B in groundwater
was not necessarily linked to high NO; concentrations; e.g. some samples with
(NO3/Cl)<1 showed high B contents (Fig. 4d).

Our results show that groundwater is affected by more than one source of
contamination, but an unambiguous identification of these sources based on the sole
hydrochemical data is somewhat difficult, as the signal may be hindered by the mixing

of groundwaters from different layers and flow systems.
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Figure 4. a) NO; concentration versus Cl concentration, b) NO; concentration versus SOF
concentration, ¢) SO4> concentration versus (NO;/CI') ratio, and d) B concentration versus (NO;/CI’)
ratio.

4.4. Isotope identification of the sources of contamination

4.4.1. 5°N and 5°0 of NO3

NOj isotope composition in groundwater ranged between +5.0 and +32.5%o for 8"°N,
with an average value of +13.0%0 (n = 58), and between +1.8 and +18.1%o for 8'°0,
with an average value of +7.1%0 (n = 58) (Table 4). Since NO, concentrations were
below detection limit (0.1 mg L") fractionation caused by incomplete nitrification is not
affecting our 8'°N values. The range of 3'°0 of NO; coming from the oxidation of
ammonium in the unsaturated zone (ammonium from synthetic fertilizers, soil nitrogen
or manure) was estimated according to the experimental expression: 8'°Onoz =

2/3(51801{20) + 1/3(618002) (Anderson and Hooper, 1983; Hollocher, 1984; Kendall et

al., 2007), where the 8180H20 values are the highest and lowest groundwater §'%0
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measured in the Baix Ter basin, and the 8'°*Oq; is that of the atmospheric O (+23.5%o;
Horibe et al., 1973).

Five groundwater samples (Q;4 and Q6 from Qs, T3 from Tp, and T;s and T,; from
Ts) presented 8'°N values comparable to soil organic nitrogen (from +3 to +8%o) (Fig.
5a), but the origin of the NOs for these samples cannot be mainly attributed to this
source, because, except for sample T, their NO; contents (from 65 to 222 mg NO5™ L
") were too high for having only been produced by mineralization of soil nitrogen.
Therefore, though a small contribution of soil organic nitrogen is possible (Wassenaar,
1995), other sources of NO3; must be considered to explain Qj4, Qi6, T3 and T,g samples,
like e.g. synthetic ammonium fertilizers, whose 8'°N (around 0%o) is enriched in '°N by
volatilization processes and can then reach values in the range of soil nitrogen (Vitoria,
2004). Then, since reaction kinetics is rapid and leads to a complete oxidation of
ammonium to NOj in the presence of oxygen, the NO; produced after nitrification has
the same 8"°N value than the former ammonium molecule affected by volatilization. On
the other hand, sample T,; was lowly mineralized (6 mg L™ of NOs, 36 mg L™ of CI
and 30 mg L' of SO4), had the lowest 8'"°N (+5.0%o) and showed 8D and §'*0 similar to
those of the Gavarres massif (Fig. 2). Our results show that sample T,; derives from soil
nitrogen, and could thus be assumed to represent the local NO3 background.

When comparing 8'°N of dissolved NOj; in our groundwater samples to those of
potential sources of contamination (Fig. 5a), results show that most of the 8'°N ranged
between +8 and +16%o, indicating that NOs; has probably a pig manure and/or
wastewater ammonium origin. While, for most of them, corresponding &0 comfort
this conclusion, some samples show significant '*O enrichment. It is thus difficult to
discriminate between manure and sewage ammonium based only on NOj stable isotopes
and hydrochemical data. In order to alleviate this difficulty, 8''B was measured for
representative groundwater samples (section 4.4.3.). 8"°N values higher than +16%o
observed in eleven samples suggest either the occurrence of ammonium volatilization or
the reduction of NOs in groundwater yielding to N, gas (Kendall, 2007). Four of these
samples with SN > +16%o (Qs and Q5 from Qs, and T;7 and T3 from Ts) can be the
result of volatilization because they showed high NO; concentrations (between 190 and
480 mg L) and 8" Onos values up to +6%o. In exchange, five other samples with also

SN > +16%o (Q4, Qs and Qo, from Qs, and T, from Tp) are more likely to be affected
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by denitrification since their NO; contents were low (between 6 and 26 mg L™") and the

80803 higher than +10%eo.
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Figure 5. a) Variations of the 8'°N and 80 of dissolved NO; in groundwater according to their
hydrogeological unit. Isotope ranges of the main NO; sources from the literature as well as local sources
(Vitoria, 2004; Vitoria et al., 2004b, 2008) are also represented. The extreme isotopic fractionation ratios
from the literature are ex/eo = 2.1 (Bottcher et al., 1990) and ex/eo = 1.3 (Fukada et al., 2003). 80 of
NO; deriving from nitrification of fertilizers and manure NH, were calculated following the experimental
expression: 3'"*Onos = 2/3(5"*Om0) + 1/3(8"%00,) (Kendall et al., 2007), where the 8Oy is assumed to
be that of the Baix Ter basin groundwater and the 8800, that of atmospheric O, (+23.5%o; Horibe et al.,

1973). b) 8"*Oyos values plotted against In (NO;/HCO3).
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Based on 8'°0 from NO;, the following observations can be made: 1) While NOs-
bearing mineral fertilizers are actually applied onto local crops, fertilizer NOs did not
show their direct influence in groundwater, and 2) most of the samples had 8'*0 higher

than the maximum expected value. Both results can be interpreted as a consequence of:

1) The mineralization-immobilization-turnover (MIT) process, which consists on the
microbial-mediated immobilization of N-NO; as organic nitrogen, the subsequent
mineralization of this organic nitrogen to ammonium, and finally the nitrification of this
ammonium back to NO; (Mengis et al., 2001). This process would result in a depletion
of "®O of the initial 'O of synthetic fertilizers (~ +20%o) due to the incorporation of
two groundwater oxygen atoms during nitrification. If this process was dominant in the
Baix Ter basin some groundwater samples would have fallen in the isotope range of

synthetic fertilizers. Our results show that MIT is not an active process in our study site.

2) Evaporation or respiration (or unknown isotope effects occurring during nitrification)
that produce an enrichment of 180H20. This enrichment is slightly observed in the dD-

8" Op0 diagram (Fig. 2)

3) A higher consumption of NO3 from mineral fertilizers than of ammonium in the root
zone. The fact that pig manure is mainly liquid and synthetic fertilizers are solid favours
faster infiltration of the former through the non-saturated zone. Pig manure ammonium,
after a quick and complete nitrification in the non-saturated zone, can easily be leached
towards the saturated zone and incorporated as NOs into groundwaters. Conversely, N-
NO; from synthetic fertilizers has more time to be absorbed by plants and, if not, it is
incorporated and stored in the soil organic matter pool, and then slowly rereleased for

either uptake in crops or export into the hydrosphere (Sebilo et al., 2013).

4) The reduction of NOs; via denitrifying bacteria, which is characterized by an
enrichment of both '°N and 8'®Oo;3. This process is superimposed to the mixing of
potential end-members and modifies both the NO; concentration (i.e. attenuation) and

isotope compositions.
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4.4.2. &S and 60 of SO,

SO, isotope compositions ranged between -16.0 and +14.7%o for 5°*S, with an average
value of +4.5%o (n = 64), and between +3.8 and +16.1%o for 8'*0so4, With an average
value of +7.2%o (n = 64). Most of the groundwater samples from the Qs aquifer unit fall
within the area defined by the isotope signatures of local anthropogenic sources,
showing that SO4 in the Baix Ter groundwater can be explained by a ternary mixing
between 1) mineral fertilizers, 2) sewage and 3) pig manure (Fig. 6). Moreover, SO4 and
NO; concentrations from these samples, as well as the slight correlation between both
anions (Fig. 4b), also corroborate contributions from these three sources. Still, some
samples having a 5**S and a 8180504 between 0 and +6%o (Q17, T11, Tig and T,;) could
also indicate a soil origin (Table 1), in agreement with their low SO4 concentrations
(around 30 mg SO4> L). But samples with a 8>*S in the range of soil SO4 and/or pig
manure, with corresponding SO4 concentrations >200 mg Lt (Q1s, Ty7 and Tay), could
be explained by the influence of SO, assimilated by the soil and subsequently
remineralized (their SO4 concentrations are too high for coming from a pig manure
contribution; Otero, personal communication). Two sampling sites (T, and T4) yielded
the lowest negative 5**S and had 8180504 around +5%o, revealing a SO4 contribution
from a **S-depleted source of reduced S. Moreover, both T, and T4 showed no to low
(9-11 mg L") NOj; concentrations, respectively. Other samples with no NO; exhibited
the highest §°*S and 8180504 values. These no-NO; samples, along with T, and T4, and
some other samples with NO;™ < 25 mg L' and 88004 > +8%o, define a linear trend
with a slope (¢**S/e'*0s04 = 3.3) compatible with bacteriogenic SO, reduction (Mizutani
and Rafter, 1973) (Fig. 6). 'S and §'*Oso4 of the Ter River samples indicated that the
dissolved SOy in surface waters originated from wastewater, in agreement with their
8'°N and 8180N03. This has to be linked with reported occasional episodes of

wastewater discharge near the Ter River.
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Figure 6. 8**S and 3'°0 of dissolved SO, in groundwater according to their hydrogeological unit. Isotope
ranges of natural and anthropogenic SO, sources and SO, reduction are also represented. Values for pig
manure are taken from Otero et al. (2007) and Cravotta (1997), soil SO, data from Clark and Fritz (1997),
and fertilizer data from Vitoria et al. (2004b). Dashed lines define the isotopic fractionation range
(8348/8180504) in SO, reduction reactions, which is between 2.5 and 4 (Mizutani and Rafter, 1973).

4.4.3. Boron isotopes

While NOs isotopes efficiently discriminate mineral fertilizers from manure, the
distinction between manure and sewage becomes impossible due to the overlapping
between their respective 8'°N and 8'®Onos ranges (Curt et al., 2004). Moreover,
processes such as volatilization and natural denitrification significantly shift the original
isotope compositions of the NOs sources involved. However, considering that: 1) NO;
and B co-migrate in many environmental settings, 2) 8''B differentiate manure from
wastewater, and 3) the fractionation of NO3; and B isotopes is caused by different
processes, the combined use of 8N, 8'®Oyo; and 8''B may be a useful approach for
identifying sources of dissolved NOs (Saccon et al., 2013; Seiler, 2005; Widory, 2004,
2005, 2013). We selected 12 groundwater samples taking into account their NO3 and B
contents, and making sure that some of them were in the vicinity of pig farms or urban

areas in order to discriminate between these two origins.
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The combination of B content with a readily distinguished 8''B makes B a good
tracer for identifying sources of anthropogenic contaminants. Pig manure has low B
concentrations (<0.1 mg L") and a wide range of positive 8''B values (Table 1); urban
wastewater has higher B concentrations (0.5-1.1 mg L") (Vengosh et al., 1994) and
lower 8''B values (Table 1); and mineral fertilizers are characterized by a &''B range
similar to sewage (Table 1), and although they can present a wide range of B
concentrations, usually have lower B contents than pig manure. Baix Ter groundwater
8''B ranged between +1.4%o and +34.5%o, with an average value of +24.1%0 (n = 12),
and B concentrations ranged between 0.051 and 0.232 mg L. If significant B
adsorption onto clay minerals had occurred, we would have observed a ''B enrichment
with decreasing B content, along with groundwater pH values higher than 8, which was
not the case. The 8''B versus 1/B (Fig. 7a) and 8''B versus 8"°N (Fig. 7b) diagrams
show that most samples fell in the isotope ranges of pig manure, in agreement with the
NO; and SO, isotope data. Only two samples showed 8''B values consistent with a
wastewater origin. They correspond to groundwaters collected in La Bisbal (Qy) and
Ullastret (Q,1) water supply wells, located downstream the discharge of the La Bisbal
water treatment plant into the Dar6 River. Despite the low number of groundwater
samples analyzed, most of them have significantly high 8''B that can only be explained
by a pig manure input, suggesting that the influence of sewage and mineral fertilizers is

lesser than the contribution from organic residues.
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Figure 7. 3''B values plotted against 1/B (a) and 5"°N values (b).
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4.5 Evaluation of natural attenuation

NOj; in groundwater can be reduced to N, via biological denitrification, resulting in a
nitrogen loss from aquifers to the atmosphere. The required conditions for natural
denitrification include the presence of denitrifying bacteria and electron donors (organic
carbon, reduced sulphur and/or reduced iron), an anaerobic environment (dissolved
oxygen concentrations below 2 mg L), and favorable ranges of temperature (between 0
and 50°C), pH (between 6.2 and 10.2) and Eh (between -200 and 665 mV) (Rivett et al.,
2008). Furthermore, denitrification can occur in anaerobic microsites in an otherwise
oxygenated water body (Koba et al., 1997). The denitrification reaction follows a

Rayleigh distillation process:

8" Niesigual = 8" Ninitial + &x In (INO53 Jresidual/[NO53 Tinitial)
8" Oresidual = 8 *Ohnitial + €0 In (INO53 Jresidual/[NO53 Tinitial)

A linear relationship is thus expected when plotting 8'°N or 8'*Ono; against In
(INOs]) (Bottcher et al., 1990; Fukada et al., 2003; Mariotti et al., 1981), where the
slope represents &, the isotopic fractionation which depends on the aquifer
characteristics (Mariotti et al., 1981).

In the Baix Ter groundwaters, some of the highest 8'°N were coupled to elevated
8180N03: 10 samples had 8N and 818ON03 higher than +15%o and +8%o, respectively.
Fig. 5a shows that these samples roughly aligned following a 1:2 slope, consistent with
natural denitrification (Kendall, 2007). The highest denitrified samples were observed
either in the shallow Quaternary levels near the Ter River or in deep layers of
Quaternary and Tertiary aquifers (e.g. Qs, Qs, Qo and T»; Fig. 5a). The absence of NO;
in the samples Q;, Q», Ty, Ty and T4 is also interpreted as a consequence of the natural
attenuation of NOs.

During the second campaign, 19 samples from the previous campaign were
resampled, and among those, 15 wells showed either a significant increase or no
significant changes in NO; concentration, while 4 samples showed a significant
decrease. Among the latter, only two showed shifts in the isotope and chemical
compositions in agreement with natural denitrification. This suggests that natural
denitrification had a moderate activity and/or that NO; attenuation was balanced by the

input of new NOs into the aquifer.
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4.5.1 Biogeochemical processes linked to natural denitrification

The energy required to reduce NOj3™ into N; can be released via the oxidation of labile
organic carbon or inorganic compounds (electron donors) mediated by microorganisms
(Borch et al., 2010). In order to assess how natural attenuation occurs, stable isotopes of
the ions involved in the reactions (1) and (2) (SO4 and HCO;) were analyzed.

Most of the 8°*S measurements did not present the negative values typical of
sedimentary pyrites (Otero et al., 2009), and only two sampling points (T, and T)4) lied
in its isotope range (Fig. 6). This result is consistent with the little presence of sulphides
such as pyrites in the study zone. Autotrophic denitrification can be eliminated as the
main denitrifying process, although a pair of denitrified samples is explained by this
mechanism. 8°Cpcos values ranged between -6.5%o and -16.2%o, with an average value
of -13.1%o (n = 64), and HCO; concentrations between 177 and 619 mg L™, with an
average value of 367 mg L (n = 64). Denitrification catalyzed by organic matter
oxidation induces a decrease in 613CH(;03, and NO; and total organic carbon
concentrations, along with an increase of 8N and 8'"*Ono3, and dissolved inorganic
carbon concentration (reaction 1). We did not observe these trends in our results. This
probably has to be linked to distinct sources of dissolved inorganic carbon that may
buffer our 813CHc03 values: marine marls in the study zone (813C ~ 0%o), CO, dissolved
in the soil (between -14 and -16%o) (Clark and Fritz, 1997), and pig manure (8" Cta = -
16.4%o; Cravotta, 1997). Nevertheless, heterotrophic denitrification cannot be ruled out
as some of the rough trends we observed, e.g. high 8" Onos coupled to low In
(NO3/HCOs) (Fig. 5b), are in agreement with natural denitrification catalyzed by
organic matter oxidation.

Recent studies (Brunner et al., 2013; Burgin and Hamilton, 2007) have highlighted
the significance of alternative N loss pathways, such as anammox, to enhance the net
isotope effect due to natural denitrification. Although further research is needed,
anammox is improbable in our study area due to the very low concentrations of

ammonium and the absence of nitrite in the Baix Ter groundwater.

4.5.2 Hydrogeological conditions linked to natural denitrification
Groundwater samples affected the most by natural denitrification were collected in
areas with optimal conditions for this process. Taking into account that natural

denitrification is probable in near-river environments (Rivett et al., 2008) and also
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through mixing with groundwaters associated with reducing environments and deep
regional flow systems (Puig et al., 2013), two different hydrogeological conditions can
be considered as determining factors for our identified denitrified samples.

In the shallow Quaternary aquifer, near the Ter River (Q4, Qs and Qg), NO3 natural
attenuation may have been favored by the aquifer-river interaction, i.e. the infiltration of
surface waters in the losing stream areas. In an air-saturated groundwater (10.3 mg L™
0O, at 12°C), the lowest DOC concentration required to reach anaerobic conditions
suitable for the natural denitrification is 3.8 mg L' C (Rivett et al., 2008). Since the
DOC concentration in the Ter River was 4.3 mg L, we can hypothesize that the
transfer of Ter River water to the alluvial aquifer may have induced heterotrophic
denitrification at some stretches, apart from mixing and dilution processes. Natural
denitrification could also happen under the wooded areas at the Ter riverside, which
would behave as riparian zones, or thanks to disseminated organic matter layers in the
alluvial aquifer.

For sites sampled in the deep Quaternary and Tertiary aquifers (Q;, Qa2, T2, To, Tio
and T,4), the NO; reduction can be attributed to their location in fault areas, where local
and regional flowpaths converge, and the mixing between shallow and deep
groundwaters is favored by fractures. The reducing conditions of these deep
groundwaters, acquired after crossing reducing environments, can lead to the total
removal of NO; coming from the more surficial groundwaters. Another favoring
characteristic for the occurrence of natural attenuation in Qp and Tp groundwaters is the
presence of abundant organic matter in the floodable endhorreic zones between Ullastret

and Fontanilles (ACA, 2007).

5. Conclusions

Our results show that the combined study of hydrochemical and multi-isotope data in
relation with the local hydrogeological framework provides a valuable insight into
sources and processes controlling the NO; budget in the Baix Ter basin. We
demonstrated that dissolved NOs in groundwater in the study area results mainly from
pig manure application onto the fields, although smaller but non-negligible
contributions from sewage and mineral fertilizers have been isotopically identified. The
study of 8''B confirmed pig manure as the main vector of pollution but also

fingerprinted an urban origin for two of the analyzed wells.
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The dual-isotope (3°N and 'O of NOs) approach indicated that natural
denitrification processes are occurring in the study area. The 8°*S and &0 of SO,
showed that NOj3 reduction is not controlled by the oxidation of pyrites but rather by
organic matter oxidation (although this could not be confirmed by the 813CHCO3 data).
The consumption of organic matter in anaerobic environments is favored by 1) the
river-aquifer connection, 2) the existence of some organic layers in the Ter riversides,
and 3) mixing between polluted groundwaters and deep regional flows with reducing
conditions. Since the role of organic matter in the NOs reduction is still an on-going
research, further studies on the 8"°C of local contaminant sources should provide a
better understanding of the electron donors involved in the natural attenuation

Processcs.
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22.1 Introduction

In the last few decades, nitrate pollution has become a major threat to groundwater quality,
as the threshold value for drinking water [50 mg 1!, Directive 98/83/EC; EC (1998)] is
achieved in most of the local and regional aquifers in Europe. High nitrate levels in drinking
water poses a health risk, because the ingestion of high nitrate concentration can cause
methahemoglobinaemia in children and babies (Magee and Barnes 1956), and some authors
pointed out that nitrogen compounds can act as human cancer promoters (Ward et al. 2005;
Volkmer et al. 2005). Nitrate pollution is linked to the intensive use of synthetic and organic
fertilizers, as well as to septic systems effluents. In Catalunya (north-east Spain), according
to the nitrate directive (91/767/EU), twelve areas have been declared as vulnerable to nitrate
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pollution from agricultural sources (Decrets 283/1998, 436/2004 and 136/2009), covering
more than one third of the territory.

To improve water management in these areas, it is essential to determine the origin of
pollution and the evolution of nitrogen compounds. Nitrate isotopes are a unique tool for
this purpose. Nitrogen and oxygen isotopes of dissolved nitrate can be used as tracers of
nitrate pollution, distinguishing between chemical fertilizers and manure/sewage (Wassenaar
1995; Kendall and McDonnell 1998). However, in order to use the isotopic composition of
dissolved nitrate as a tracer of nitrate origin, one must bear in mind that several processes
(e.g. volatilization, nitrification and denitrification) change the isotopic composition of the
sources, leading to overlapping isotopic signatures for different nitrate sources. For example,
ammonia volatilization results in an increase of the §'°N residual ammonium (Letolle 1980).
In denitrification processes, nitrate is reduced to N, increasing the isotopic composition (§'°N
and 8'80) of the remaining nitrate in waters (Bottcher et al. 1990). This fact, considered a
drawback in the application of nitrate isotopes as tracers of sources, can be applied to trace
processes themselves, e.g. the isotopic composition of dissolved nitrate is used to distinguish
between dilution and denitrification in groundwater samples in areas where a diminution in
nitrate concentration is observed (Grischek ez al. 1998; Cey et al. 1999; Mengis et al. 1999). In
this sense, this approach towards the identification of processes could be later complemented
with geochemical and biogeochemical reaction modelling applied to all chemical and isotopic
variables (Bethke 2008). A further step in the investigation of denitrification processes is to
determine the factors controlling the reaction. This has been done coupling chemical data with
the §'3N and/or §'80 of dissolved nitrate and the isotopic composition of the ions involved
in denitrification reactions, as §>*S and §'30 of dissolved sulfate, and/or §'3C of dissolved
inorganic carbon (Aravena and Robertson 1998; Pauwels et al. 2000). This approach was
proposed in an ongoing project performed in several areas classified as vulnerable to nitrate
pollution in Catalunya. Five of the vulnerable areas (Maresme, Osona, Llucanes, Emporda
and Selva) have been studied coupling classical hydrochemistry data with a comprehensive
isotopic characterization, including §'°N and §'80 of dissolved nitrate, §**S and §'%0 of
dissolved sulfate, §'3C of dissolved inorganic carbon, and 8D and §'80 of water (Vitoria
et al. 2005, 2008; Puig et al. 2007; Otero et al. 2009). The key goals of this project were (i) to
identify the main sources of nitrate pollution in the areas, (ii) to verify if denitrification (natural
attenuation) processes were taking place, and (iii) to determine the factors controlling the
denitrification reactions. In this framework, the present chapter aims to put forward a statistical
methodology to integrate isotope data together with geochemical data. This methodology will
be applied to discriminate sample groups affected by different nitrate pollution sources.

22.2 Study area

The studied areas are located in Barcelona and Girona provinces, four of them belong to
the Ter river basin and one is located along the coast (Figure 22.1). The Ter river is a major
stream in the area, it crosses the Osona, Llucanes, Emporda and Selva studied areas. Its
mean discharge in the Osona area is 509 hm? year~! (at the gauging station of Roda de
Ter), in the Emporda area 1026 hm?® year™' (at the gauging station of Colomers), and in
the Selva area 261 hm? year™' (at the gauging station of Cellera de Ter). The studied areas
have a sub-Mediterranean climate with mean rainfall between 550 and 850 mm year~' for
all the areas. The potential evapotranspiration, calculated by the Thornwaite method, is in the
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Figure 22.1 Map of Catalunya showing in grey the areas classified as vulnerable to nitrate
pollution from agricultural sources. The studied areas are indicated by the first letter of their
names (see text).

range of rainfall (570-910 mm year~'). The following sections describe the main geological,
hydrogeological and land use characteristics of each studied area.

22.2.1 Maresme

In the Maresme vulnerable zone the studied area is 3 km?. The geology of the area consists
of Holocene alluvial deposits of coarse sands derived from the weathered granodiorite that
forms the Catalan Coastal Range. The main hydrogeological units are an unconfined sandy
aquifer underlaid by an aquitard composed of silts and clays and a confined sandy aquifer.
The thickness of these units is 5-40, 5-15 and 15-20 m, respectively. The unconfined aquifer
is the only one affected by groundwater extractions and its water table varies between 4 and
30 m in depth. The Maresme area is characterized by intensive agricultural activity. Flowers,
fruit and vegetable crops are the main agricultural products, and about half of them grow
under greenhouse conditions. Fertilization is carried out with inorganic fertilizers usually
injected through trickle irrigation systems that use groundwater extracted from partially
penetrating wells (5—40 m deep). The soil type in this area is usually coarse sand with a low
organic matter content (<3% of dry soil) and a low C:N ratio of approximately 1:2 (Guimera
et al. 1995). This low natural fertility, together with the low water-holding capacity of the
soil, requires high fertilizer and irrigation applications, resulting in high nutrient leaching
in the upper zone of the aquifer affected by groundwater withdrawals. Recirculation of the
shallow groundwater by the irrigation system causes high concentrations of nitrates (up to
300 mg~!) in the groundwater (ACA 2009). This area, where only chemical fertilizers are
used, is considered as representative of nitrate pollution from inorganic fertilizers, as shown
by Vitoria et al. (2005) using an isotope approach.
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22.2.2 QOsona

The study performed in the Osona area covers 600 km?. From a geological perspective,
the area is constituted of Paleogene sedimentary materials overlaying hercynian crystalline
(igneous and metamorphic) rocks. The stratigraphic sequence primarily consists of carbonate
formations, with an alternation of calcareous, marl and carbonate sandstone layers. It is worth
noting the presence of disseminated pyrite in marls. These formations show a quite uniform
dipping of about 7-10° to the west. The area is hydrogeologically constituted by a series of
confined aquifers located in the carbonate and carbonate—sandstone layers. Marl strata act
as confining layers. In this area the porosity is mainly related to the fracture network. Main
production wells for agriculture and farm demand usually reach depths of more than 100 m,
searching for the most productive confined aquifers. Alluvial aquifers are scarce and generally
nonproductive in the area; except those located at the Ter river terraces. In the central part of
Osona nitrate pollution is widely extended, with a median concentration above 100 mg 1~!
during the last 5 years. In this region, of 1263.8 km?, there are more than 1000 pig farms,
with 990 000 pigs, 110000 cows and 67 000 sheep (IDESCAT 1999). This intensive farming
activity produces huge amounts of organic residues, 10900 t year~! of nitrogen. Fertilizers
are also applied, but only in the surroundings of the villages, as the use of pig manure
close to urban areas is forbidden. 93% of the municipalities are connected to the sewage
network; therefore the contribution of sewage to groundwater nitrate pollution is expected to
have negligible influence, compared with agricultural sources. In this area, although chemical
fertilizers are also applied, the main contribution to nitrate pollution is linked to an excess of
manure application as fertilizer or in uncontrolled dumps, as demonstrated by Vitoria et al.
(2008) and Otero et al. (2009) using a multi-isotopic approach. Hence this area is considered
as representative of manure nitrate pollution.

22.2.3 Llucanes

The Llucanes area is located in the north-west of the Osona area, and the studied area covers
400 km?. The geology of the area is constituted by Paleogene sedimentary materials, which
include continental detritic facies (conglomerates, sandstones and clays) and marine facies
(silts, marls and limestones). The lithostratigraphic units configure an upper and lower deltaic
complexes whose clastic contributions are from the north. A monoclinal structure shows a
regional dip <4° to the south—south-west—west. The main hydrogeological unit in the Llucanes
area consists of sandstones and conglomerates of the upper deltaic complex (north—north-east
area), and is a high productivity confined aquifer. Silt and marl interspersed in sandy levels
work as an aquitard, and lutites, sandstones and conglomerates give rise to local aquifer levels
with low capacity and limited recharge. The regional flow direction is north—south for all the
hydrogeological units of the Tertiary materials. The Lluganes land uses distribution comprises
forest (57%), crops (25%), fields (15%) and urban areas (3%). Since agricultural areas are
mostly dry-farmed crops, water resources in the studied area are not as affected by agriculture
water demand as they are by the application of manure onto fields as fertilizer. In the studied
area the intensive livestock activity is predominantly pig raising: there are 366 farms with
around 70 000 animals that produce more than 2500 t year~' of nitrogen as organic residues.
On the other hand, the influence of sewage to nitrate contamination is not discarded, because
some villages dump to surface waters. Hence, in the Llugcanes area, mainly there is a surplus
application of nitrogen organic compounds from agricultural and livestock activities.
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22.2.4 Emporda

In the nitrogen vulnerable zone of the Emporda the studied area is located in the south
and covers 200 km?. The geology of the Emporda area consists of Paleogene detritic and
carbonate sedimentary rocks (in the east and south of the studied area), Neogene clay facies
(in the west), and Holocene alluvial deposits of Ter river and its tributary. These Tertiary and
Quaternary materials lay on Paleozoic discordant bedrock. Paleozoic outcrops are located in
the western and southern parts of the watershed. This area presents a complex distribution of
hydrogeological units due to the high lithological diversity (Puig et al. 2007). The main units
are: (i) an unconfined aquifer with sand and gravel, and some clay in the matrix (mainly from
Quaternary); and (ii) a confined and sometimes unconfined fractured aquifer with thickness
discontinuity (mainly from Tertiary). This area has a notable agricultural activity (mainly
maize, sunflower and fruit crops) which uses synthetic fertilizers, and the water demand for
irrigation is remarkably increased in summer months. Organic fertilizers are also applied as
a consequence of an intensive pig farming activity (462 pigs km~2) which produces large
amounts of organic residues. Thus, the Emporda area is considered a mixed area where both
fertilizers and animal manure are used.

22.2.5 Selva

In the Selva vulnerable zone the studied area is 350 km?. The area belongs to a tectonic basin
surrounded by three ranges with 1000 m altitude above sea level. This basin was created
during the distensive periods after the Alpine orogenesis, and it has a Neogene sedimentary
poorly consolidated and volcanic filling. The surrounding ranges consist of Paleozoic igneous
and metamorphic rocks, and pre-Alpine Paleogene sedimentary rocks (mainly limestone and
sandstone). From a hydrogeological perspective in the Selva area we can differentiate a
regional and a local flow system. Thus, four geological domains can be hydrogeologically
distinguished: (i) the granitic materials of the surrounding ranges, which act as the main
recharge area of the granitic basement of the depression; (ii) the Neogene materials of the
sedimentary basin, whose local flows originate from the range areas as a lateral recharge, and
from the uppermost parts of the basement; (iii) the main faults oriented north-west—south-east
and north-east—south-west behaving as an independent hydrogeological unit connected with
the rest of the units (fractures responsible for the thermal springs occurring within the basin);
and (iv) the upper alluvial formations with two alluvial aquifers associated with two streams.
This area is also considered a mixed area with regards to land use and nitrate pollution sources.

22.3 Analytical methods

All the sampling surveys were conducted on production wells. In the Maresme area, two
sampling surveys in a small area (3 km?) were performed: the first of 8 samples and the
second of 23 samples. In the Osona area several sampling surveys were carried out: the first,
in a reduced area of 36 km? with 38 samples, and three more surveys, in a larger area of
600 km?, with 59, 58 and 32 samples, respectively. In the Lluganés area one field sampling
was done in an area of 400 km?, with 30 samples. In the Emporda area two surveys were
conducted in a 200 km? area: the first survey of 24 samples and the second of 40 samples. In the
Selva area only one survey was executed, with 38 samples in a 350 km? area. Physicochemical
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parameters (pH, temperature, electrical conductivity, dissolved O, and Eh) were measured
in situ, using a flow cell to avoid contact with the atmosphere. Samples were stored at 4 °C
and in a dark environment. Chemical parameters were determined by standard analytical
techniques; the chemical characterization comprises major ions (Cl~, SOi_, HCO7, Na™,
Ca’t, Mg**, K*), nitrogen compounds (NO;, NO3, NH), Fe and Mn. The 8D and §'30
of water were obtained by means of isotope ratio mass spectrometer (IRMS) with a Delta
S Finnigan Mat, following the methodological approaches of Friedman (1953) and Epstein
and Mayeda (1953), respectively. For BISNNO3 and 81801\103 analysis, dissolved nitrate was
concentrated using anion-exchange columns Bio Rad® AG 1-X8(C17) 100-200 mesh resin,
after extracting sulfates and phosphates by precipitation with BaCl, and filtration (Mayer
et al. 2001). Afterwards dissolved nitrate was eluted with HCI and converted to AgNO3 by
the addition of silver oxide. The silver nitrate solution was then freeze-dried obtaining the
pure AgNOj; for analysis usign a method modified from Silva ef al. (2000). Two surveys of
the Osona area were analysed for nitrogen and oxygen isotopes of dissolved nitrate following
the methods of Sigman et al. (2001) and Casciotti et al. (2002). For sulfur and oxygen isotopic
analysis, the dissolved sulfate was precipitated as BaSOy4 by the addition of BaCl, - 2H,O0,
after acidifying the sample with HCI and boiling it. For §'°C analysis unfiltered splits of
samples were treated with NaOH—BaCl, solution to precipitate carbonates, and then filtered
at 3 um. The sulfur, nitrogen and carbon isotopic composition was determined with an
Elemental Analyser (Carlo Erba 1108) coupled with an IRMS (Delta C Finnigan Mat).
The oxygen isotopic composition of nitrate and sulfate was analysed in duplicate with a
Thermo-Chemical Elemental Analyser (TC/EA Thermo-Quest Finnigan) coupled with an
IRMS (Delta C Finnigan Mat). Results are expressed in terms of § per mil relative to the
following international standards: Vienna Standard Mean Ocean Water (V-SMOW) for §D
and 830, atmospheric N, (AIR) for N isotopes, Vienna Canyon Diablo Troilite (V-CDT)
for S isotopes, and Vienna Peedee Belemnite (V-PDB) for C isotopes. The isotope ratios
were checked using international and internal laboratory standards. Reproducibility precision
(=1o) of the samples calculated from standards systematically interspersed in the analytical
batches is 4:1.5°/4, for 8D, £0.2°/4, for §'8On,0, £0.3°/4, for §'*Nyo,, £0.2°/,, for §34S,
40.5° /4, for both §'80yo, and §'¥Ogo,, and £0.2°/,, for §'3*Cco,. Isotopic samples were
prepared in the laboratory of the Applied Mineralogy and Environment Research Group
and analysed at the Scientific-Technical Services of the University of Barcelona, except the
isotopic composition of dissolved nitrates of two surveys in the Osona area, which were
analysed at the Woods Hole Oceanographic Institution.

22.4 Statistical treatment
22.4.1 Data scaling

Before any statistical analysis can be done, we should scale the data set in an adequate way.
This means transforming our variables in such a way that the variations in each variable
(or set of variables) are comparable between them. For this particular study, this implies the
following issues.

e Removing the local mean water line from the isotopic composition. As is well-
known, the largest variation observed in 6D and §'80 in meteoric water is due to
the altitude/continentality effects (Figure 22.2). As this has already a well-known
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Figure 22.2 Scatterplot of hydrogen isotope (§D) versus oxygen istotope (§'%0) compo-
sitions in water, with indication of the local meteoric water line (LMWL) calculated with
data from the Global Network of Isotopes in Precipitation (GNIP) from stations 0818001 and
0818002 located in Barcelona IAEA/WMO 2004).

explanation, this effect should be removed before any statistical analysis of isotopes
can be aplied. Otherwise, it would mask any other effect. To do so, we can project the
measured 8D and §'80y,0 onto the LMWL (IAEA/WMO 2004),

D =7.324+7.295'%0 — H,0

and extract the orthogonal deviations of each data point with respect to this line. These
deviations are going to enter the analysis of isotopes instead of §D and §'%0.

e Log-ratio transforming the compositional variables. If we have Z a composi-
tional data set, then we must apply our statistical analyses to the clr-transformed data
set, Y = clr(Z), or to the ilr-transformed one, X = ilr(Z). Both are related through
X=Y -Vand Y=X-V, where V is the D x (D — 1)-matrix of definition of the
used ilr basis. In the following sections we will either use clr- or ilr- transformed
compositions wherever a real-valued data set is needed.
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e Scaling both subsets to be comparable. This contribution uses a combined data set,
with a compositional Z and a real X" subset of variables, actually an isotopic compo-
sition array. Tolosana-Delgado et al. (2005) showed that the isotopic delta ratios are
an excellent first-order approximation to a full log-ratio treatment with isotopes differ-
entiated as extra geochemical component. This is due to the extremely low variability
that isotopes show in comparison with the common geochemical variation. In order to
adequately combine these two sources of information, we will first construct a coordi-
nate data set, joining the ilr-transformed composition with the isotopic deltas. However,
the variability of each of the two parts is not going to be comparable. For instance,
in the present data set the geochemical composition has a metric variance (a single-
number measure of the total variability of a subset of samples) (Pawlowsky-Glahn and
Egozcue 2001) of 4.93, whereas the metric variance of the isotopic delta variables (once
the LMWL was removed) is almost 95. Thus, if we simply combine them, the delta
variability is going to mask the compositional one, being around 19 times larger. One
should therefore either downweight the isotopic delta set, or increase the importance of
the geochemical part by multiplying each subset with a constant:

X = [ailr(Z); BX'] . (22.1)

Lacking any way of deciding the values of « and §, it is reasonable to scale each of
these two data sets by the inverse of the metric variance, i.e. to take

ol = /Tr[Var[ilt(Z)]], B~ = /Tr[Var[X']].

In this way, both isotopic and geochemical parts contribute equally to the total variability.

22.4.2 Linear discriminant analysis

Let X be a data set, of P real variables and N individuals (either previously ilr-transformed
compositions, isotopic delta variables or a mix of both types). Assume that this set is splitinto K
groups, each of Ny samples, and denote by m; and S; the empirical centre and variance matrix
of each group. The goal of linear discriminant analysis (LDA) is to find K — 1 directions of
the P-dimensional real space, R”, where the separation between the groups is optimal (e.g.
Mardia et al. 1979; Fahrmeir and Hamerle 1984; Krzanowski 1988; Krzanowski and Marriott
1994). Consider that each group has a prior likelihood of p{, either chosen by the analyst or
estimated as ]3,? = N¢/N. In a parametric framework, LDA hypotheses lead a sample x to
have a posterior probability to belong to group k proportional to

1
pr(X) o pyexp [—zdﬁahm mk|W>} :

where df/lah(x, my|W) is the squared Mahalanobis distance from the sample to the centre of
the group, with regard to the pooled within-groups variance matrix

K
k=1
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If we define the global centre as m = 25:1 p,‘?mk, and the between-groups variance as

K

B=Zp,?-(mk—m)~(mk—m)',
k=1

then the solution can be found as the eigen-decomposition of the matrix Q = (W~' - B). Its
first K — 1 eigenvectors are the sought directions of optimal separations between groups,
whereas the corresponding eigenvalues represent the ratios of the between- and within-group
variances projected onto these directions, i.e. the discriminating power of each eigenvector.

If we are dealing with a D-part compositional data set, then P = D — 1. The Maha-
lanobis distance can be taken as a'f/lah(x, m|W) = ilr(x © my) - W~ - ilr' (x © my), and the
between-groups variance may be obtained with B = Zle p,? -ilr(my — m) - ilr' (m — m),
where ilr(m) = Z,le p,?ilr(mk) is the global centre. All these elements may also be computed
with compositions and variance matrices expressed as alr coordinates or even with clr coef-
ficients, if the within-groups variance matrix is inverted with the Moore—Penrose generalized
inversion.

When dealing with a mixed data set, it is safer to keep all computations in ilr coordinates,
previously normalized to have unit metric variance, as shown in Equation (22.1).

22.4.3 Discriminant biplots

Classical biplots are bad tools for displaying the discrimination between groups Q, being
optimized to display the global variance S = W + B. However, we can construct a biplot (a
joint graphical representation of variables and observations) devised to display differences
between groups. Following Gabriel (1971), a biplot is constructed from the decomposition of
a centred data matrix X* = X — 1}, - m in a couple of matrices

X*=F-H,

where F has N rows and P columns and H is a square matrix in which P columns represent
orthogonal directions of R”. The two-dimensional graphical representation is obtained plot-
ting the first two columns of F as dots (one for each individual) and the first two columns of H
as rays (one for each part). In a variance biplot, H is chosen as the matrix of eigenvectors of S
scaled by the square roots of their eigenvalues, and F is estimated with generalized inversion
(Gower and Hand 1996),

F=X"H- -H -H'. (22.2)
In the same way, we propose to obtain a discriminant biplot by defining

H=E-D, (22.3)

where matrix E is the eigenvectors of Q stored in the columns, and the diagonal matrix
D contains the square roots of their eigenvalues (in the right order), and estimating F with
Equation (22.2).

In the case of having a compositional data set, the eigendecomposition of Q is actually
done on the ilr scores, but we would like the biplot H matrix to have a row for each part in
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the composition, so that we can draw its ray in the biplot. This is obtained simply as
H,, =V -E-D. (22.4)

The individual matrix F is estimated equally with Equation (22.2), using matrix H obtained
from Equation (22.3). Remember that the link between two rays represents the log-ratio of
the two involved parts, as in a classical compositional covariance biplot.

When using a combined data set, we compute the eigendecomposition of Q with the data
set of Equation (22.1). The first D — 1 coordinates of each eigenvector can be applied to
Equation (22.4) to obtain the positions of the clr-transformed parts in the joint biplot. The
remaining coordinates of each eigenvector are associated with isotopic variables, and need
only be scaled by Equation (22.3).

22.5 Results and discussion

The representation of the association between variables and sample groups is intended to (i)
discriminate the five sampled zones, (ii) observe which variables or combination of variables
condition this discrimination, and (iii) determine whether the associations showed by the plot
are related either to the anthropogenic sources of pollution or to the geological background.
In this sense the effect of altitude/continentality, that could mask a possible discrimination
controlled by the origin of pollution, has been removed by using the deviations of §D and
8130y,0 with regards to the local meteoric water line, instead of using the isotopic composition
of water. In the following discriminant biplots, only geochemical data (Figure 22.3), only
isotope data (Figure 22.4) and both data sets together (Figure 22.5) have been used.
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Figure 22.3 Discriminant plot (a) with indication of group means (plot centred using the
global mean), and biplot (b), where arrows represent the explanatory variables using the
geochemical data set. A clr transformation was used.
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Figure 22.4 Discriminant plot (a) with indication of group means (plot centred using the
global mean), and biplot (b), where arrows represent the explanatory variables using the
isotopic data set.

In the discriminant plot using only geochemical data (Figure 22.3), we can discriminate
Osona-Lluganes, from Emporda-Selva, and from Maresme, but the sample groups are not
perfectly split up. The explanatory variables are the couples of NO;-Cl~, Ca’*-Na*t and
Mg2+-HCO3_ contents. For instance, the Maresme area presents some of the highest NO3
concentrations due to the application of synthetic fertilizers, and is separated from the rest
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Figure 22.5 Discriminant plot (a) with indication of group means (plot centred using the
global mean), and biplot (b), where arrows represent the explanatory variables, using both the
geochemical (clr-transformed) and isotopic data sets.
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of the zones in the direction of the NO5-CI™ arrows, as mineral fertilizers have also high
contents of chloride (Otero et al. 2005). On the other hand, Emporda and Osona-Llucanes
areas, which also present high NO5 contents (specially Osona), seem to be better explained by
the Ca>*-Na* and Mg”-HCO; arrows, respectively. The Selva area appears to be discrimi-
nated in the direction of Ca?>*-Na™ contents, which agrees with the hydrochemical facies of
local (Ca>*-HCO]J) and regional (Na™-HCO; ) flow systems, and with the Ca’>*-Na™ cation
exchange process that is also occurring in this zone. SO?[ content cannot be considered an
explanatory variable because it is not able to separate the Maresme and Osona-Lluganes areas,
which present high concentrations of this anion. With regard to SOi_ ,it only can be concluded
that the Na*/SOi_ ratio in the Emporda-Selva areas is lower than the average for all zones.
In this discriminant plot some of the studied areas are discriminated by NO3 contents, but the
main nitrate sources that contribute to nitrate contamination, fertilizers and pig manure, rep-
resented by the Maresme and the Osona areas, respectively, are not in extreme positions. The
separation of Osona-Llu¢cganes from Emporda-Selva is due to bedrock signature. Therefore,
the discriminant plot entering only geochemical data does not allow an easy distinction of the
five vulnerable zones according to the main nitrate source.

In the discriminant plot using only isotope data (Figure 22.4), Osona and Llucanes samples
are well separated from Maresme, Emporda and Selva samples. The explanatory variables
are 8N, 8180504 and 834S-8 18ONO3, indicating the combined influence of nitrate sources
and the processes undergone by nitrate (mainly nitrate reduction favoured by sulfide and/or
organic matter oxidation). In the link formed by §'N and §3*S-§'®Ono, (which means using
the difference between §'5N and the sum of §*S and §'8Oyo, ), Osona and Maresme areas are
in extreme positions, which agrees with their different nitrate contamination origin. Osona
presents higher §'°N values and lower §**S and §'80yo, values, because the main nitrate
source in this area is pig manure and denitrification processes are occurring linked to sulfide
oxidation. Maresme presents lower §'°N and higher §'®Ono, values because the main nitrate
source is synthetic fertilizers and the reduction of nitrate is not detected. Anyhow, although
Emporda and Selva samples plot next to the Maresme ones, they are not only affected by
mineral fertilizers, but a nitrate contribution of pig manure is known in these areas. The
Lluganés sample group is remarkably well separated in the direction of the §'30so,, as the
main contributions of SOi_ in this area are fertilizers and the presence of evaporites. If
processes were not involved, from this discriminant plot we could relate pollution origin in
the mixed areas mainly to fertilizers, with minor contribution of pig manure. However, we
must take into account whether denitrification is occurring, and how it is occurring, because
the 8°*S and § 18Oso4 variables can discriminate areas with the same nitrate source, depending
on which is the main reaction that is controlling nitrate reduction. For instance, the § 348 values
in Osona, linked to the presence of pyrite and so to denitrification by pyrite oxidation, give
rise to a clear separation of this sample group from the rest. The §'3Cp;c and the deviation
with respect to the local meteoric water line (dlmwl) do not exert an important role in
discriminating the different areas. Thus, the use of only isotope data allows to distinguish the
zones in a clearer way by the nitrate source influence, but some difficulties arise interpreting the
mixed areas.

Using both data sets, in the discriminant plot obtained (Figure 22.5), the different sample
groups are better separated. We have a clear discrimination of samples with the ratio (§'3N-
) '80N03) + log (HCO5 /CI™): whereas the Maresme sample group is in one extreme and the
Osona sample group in the opposite, which are considered as source end members, those sam-
ples from the mixed areas (Emporda and Selva) are in between. Taking in account the ratio
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Table 22.1 LDA reclassification table obtained with each set of data, with percentage of
correct reclassification.

Geochemistry Isotopes Both

Predicted E L M O S E L M O S E L M O S
group

True E 49 0 0 12 3 43 2 1 4 8 52 0 O 4 2
goup L 1 14 0 13 2 4 21 O 4 0 2 21 O 6 0
M 1 0 22 8 0 1 30 0o 0 1 0 30 0 O
o 6 8 6 176 0 6 1 2 18 0 3 1 0 18 0
S 4 0 1 3 31 9 0 1 0 20 5 0 O 0 25

% good 81.111 87.24 92.88

83 Cpic - (8°*S-6'8050,), the sample group distribution can give us an idea of how denitri-
fication processes are occurring: low §'*Cpyc values (together with an increase of §'N and
1) 18ONO3) mean that organic matter oxidation is the reaction linked to denitrification processes;
and low §**S and §'30g0, values imply that the reaction involved in natural attenuation of
nitrate is sulfide oxidation. We must also bear in mind that the length of the arrows is related to
the discriminant power of the variables that they represent, so the short length of the §'*Cpyc
arrow can be interpreted as if organic matter oxidation is taking place in all the areas where
denitrification processes are occurring.

The discriminant biplots with only geochemical data, only isotope data and both data
subsets separate the sample groups according to the following percentages of reclassification:
81, 87 and 93% (Table 22.1 ). As could be expected, the best discrimination is obtained when
using both data subsets, but the discriminant biplot with only isotope data is useful enough
to separate sample groups affected by different nitrate sources. Thus, the isotope data set is a
powerful tool by itself, though some Emporda and Selva samples are missclassified.

22.6 Conclusions

A statistical methodology has been applied to the geochemical and isotope data set of five
vulnerable zones. This procedure consists of a linear discriminant analysis of sample groups
and the corresponding discriminant biplot, where the explanatory variables are plotted de-
pending on their discriminant power. In order to implement this statistical methodology that
integrates isotope with geochemical data together, both data subsets have been scaled so that
their variations are comparable, and geochemical data have been transformed and treated
as compositional data. A discriminant biplot has been generated by means of the eigen-
decomposition of Q matrix, that is defined as it follows: Q = (W~' - B), where W and B are
the within-groups and between-groups variance matrices, respectively. Note discrimination
power when using only the isotope data set, although the optimum separation of sample
groups is achieved using both geochemical and isotope data subsets. Moreover, in this case,
in the direction defined by the variables §'*Cpyc, §**S and §'30so,, a separation of sample
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groups depending on the reactions associated with denitrification processes is suggested.
Further research is needed focusing on the assessment of natural attenuation of nitrate and the
reactions involved, applying statistical methods to compositional data sets.
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