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H I G H L I G H  T S

• Denitrification comes about in a hypersaline lake–aquifer system.
• Nitrate in the basin is derived from synthetic fertilizers slightly volatilized.
• Organic carbon oxidation is likely to be the main electron donor in denitrification.
• Density driven flow transports organic carbon to deeper zones of the aquifer.
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1956; Fraser and Chilvers, 1981;Ward, 2005) and on the eutrophication
of surfacewater bodies (Dassenakis et al., 1998; Mason, 2002; Kraft and
Stites, 2003). The NO3

− concentration threshold established by Directive
98/83/CE (EC, 1998) for human water supplies is 50 mg/L.

At the watershed scale, the identification of pollution sources is
helpful in order to design mitigation measures. The quantification of
natural NO3

− attenuation processes provides information about the
system capacity for water resource renewal. Denitrification is consid-
ered themain process that irreversibly eliminates NO3

− fromgroundwa-
ter. Many studies have shown the complexity of this process in aquatic
ecosystems (Piña-Ochoa and Álvarez-Cobelas, 2006). Denitrification is a
redox reaction driven by specialized bacteria that utilize organic carbon
disseminated in the sediment (heterotrophic denitrification) or reduced
sulfur compounds (autotrophic denitrification) such as Fe2+ bearing
minerals (i.e. Fe2+-sulfides and Fe2+-silicates) as electron donors for
NO3

− reduction to harmless N2 (Korom, 1992; Appelo and Postma,
2005). Denitrification can be represented by the following chemical
reactions:

5CH2O þ 4NO
−
3 →2N2 þ 4HCO

−
3 þ CO2 þ 3H2O ð1Þ

5FeS2 þ 14NO
−
3 þ 4H

þ→7N2 þ 10SO
2−
4 þ 5Fe

2þ þ 2H2O: ð2Þ
As numerous authors have shown, the isotopic composition of

dissolved NO3
− can provide information about the source of the pollu-

tion (Böttcher et al., 1990; Vitòria et al., 2004; Widory et al., 2004;
Kendall et al., 2007; Lee et al., 2008). In addition, a multi-isotopic ap-
proach coupled to hydrochemistry is a usefulmethod for understanding
denitrification reactions in aquifers and surficial water systems
(Mariotti et al., 1988; Wassenaar, 1995; Aravena and Robertson, 1998;
Pauwels et al., 2000; Søvik and Mørkved, 2008; Vitòria et al., 2008;
among others).

Likewise, the isotopic composition of the reaction by-products
(HCO3

− and SO4
2−) may be used to identify the metabolic processes

involved in natural attenuation (Aravena and Robertson, 1998; Otero
et al., 2009). In the case of heterotrophic denitrification, an increase in
HCO3

− concentration coupled with a decrease in δ13C value and NO3
−

concentration should be expected. On the other hand, autotrophic deni-
trification should produce an increase in SO4

2− concentration, and the
δ34S from dissolved sulfate should alter in tandem with the isotopic
composition of SO4

2− from sulfide oxidation, whereas the δ18OSO4

would be in equilibrium with the isotopic composition of δ18OH2O

according to Van Stempvoort and Krouse (1994).
Endorheic basins are closed drainage basinswhich permit the reten-

tion of water in lakes that has no outlet other than evaporation
(Hammer, 1986). In arid and semiarid regions around the world salt
lakes represent about 104,000 km3 (0.008%) of the total volume of
water in the Earth (freshwater lakes and rivers comprise about
126,000 km3; Williams, 1996). Endorheic basins in semi-arid or arid
regions are vulnerable to pollution due to their low precipitation and
high evaporation rates (Lacayo, 1991; Schütt, 1998; Delle Rose et al.,
2009). However, they have also shown a high potential to remove nitro-
gen compounds from agricultural runoff (Brinson et al., 1995). Howev-
er, if the necessary conditions are met, NO3

− can be reduced by
denitrification in surface and/or groundwaters (Seitzinger et al., 2006;
Schubert et al., 2006; Harrison et al., 2009; Nizzoli et al., 2010). In
endorheic systems, the role of the lake in NO3

− attenuation is linked
with the interactions between high-salinity lake water and fresh
groundwater. The difference in density between brine from the lake
and fresh groundwater can produce a density-driven downflow
towards the underlying aquifer (Zimmermann et al., 2006). The fresh-
water–saltwater interface has been reported to be a favorable area to
reduce NO3

− in estuarine zones (Santoro, 2010 and references therein).
However, to the authors' knowledge, less attention has focused on
nitrogen cycle studies in endorheic systems, especially to determine
the relationship between the saline lake–groundwater interface and
NO3

− attenuation processes. The High Segura River Basin in Central
Spain includes an important saline endorheic complex named the
Pétrola–Corral-Rubio–La Higuera Saline Complex (about 275 km2). A
total of 19 wetlands have been identified in this saline complex
(Cirujano and Montes, 1988). A representative example of such an
endorheic system with a saline lake is the Pétrola Basin in the Segura
River Basin (Fig. 1).

Previous laboratory work using different sediments from the basin
showed the potential to promote NO3

− attenuation at the field scale
(Carrey et al., 2013, 2014). In these studies, the authors demonstrated
the denitrification potential of sediments from the Utrillas Facies (a
regional formation of Cretaceous age rich in organic matter and sulfides
such as pyrite) and the lake bottom sediments. In this context, the aim
of the present work is to explain the hydrogeologic system of the
Pétrola Basin, focusing on the relationship between the saline lake and
regional-scale groundwater to confirm the occurrence and magnitude
of the density-driven downflow. Thiswill be based on electrical resistiv-
ity tomography (ERT) profiles and regional hydrogeological and
hydrochemical data from wells and piezometers. A second aim is to
identify the source of NO3

− in groundwater and to understand the
factors controlling NO3

− distribution in the Pétrola Basin. To do so,
NO3

− attenuation processes in the basin are studied by means of chem-
ical and multi-isotopic techniques to confirm the role of different
electron donors in the basin. The results are discussed integrating
laboratory experiments (Carrey et al., 2013, 2014).

2. Material and methods

2.1. Study area

The hydrogeologic boundary of the Pétrola saline lake–aquifer
system extends over 43 km2. The climate is Mediterranean, continental,
and semi-arid. Mean annual precipitation is usually below 400 mm,
mainly falling during the spring and autumn. Mean temperatures
range from 4.9 °C (January) to 24.2 °C (July). Farming (cultivation,
raising livestock) are the main economic activities in the area. Irrigation
and dry land occupy about 17 km2, which represents 40% of the total
basin surface (Database Corine Land Cover 2000). Crops are fertilized
mainly using inorganic synthetic fertilizers and manure is not widely
applied. The estimated nitrogen load from agricultural activities was
about 10 t/km2 year−1 (year 2000) (ITAP, 2010). The Pétrola Basin
(Fig. 1) is located in a zone vulnerable to NO3

− pollution,where fertilizer
use is restricted and under government supervision (Order 2011/7/2
CMA). Nonetheless, NO3

− input to the lake has been quantified as
reaching 3.76 t/year (Cortijo et al., 2011). Furthermore, urbanwastewa-
ter, from a population of 850 inhabitants, is discharged directly into the
lake untreated. These NO3

− inputs enhance eutrophication processes
and produce harmful algal blooms in Pétrola Lake.

The basin geology comprisesmainlyMesozoicmaterials. The bottom
of the sequence is formed of oolitic carbonate Jurassic rocks with poros-
ity dominated by the fracture network. The base of the Lower Cretaceous
unit corresponds to the Weald Facies and consists of argillaceous
sediments overlain by sands and sandy-conglomerate sediments with
intergranular porosity, which reaches the Barremian. Aptian carbonates
overlie Barremian terrigenous deposits. Albian deposits (Utrillas Facies)
consist of siliciclastic sands, sandy-conglomerates, and reddish to dark-
gray clay to argillaceous sediments deposited over Aptian sediments.
The Utrillas Facies materials comprise sandy-conglomerate sediments
interstratified by gray-to-black argillaceous sediments with organic
matter and sulfides contents, mainly represented by pyrite. These
deposits show noticeable lateral changes in thickness throughout the
Pétrola Basin (average about 7m).Weathering processes oxidizes pyrite
from the lower Cretaceous argillaceous sediments to gypsum (Gómez-
Alday et al., 2004). During the late Miocene, pronounced compressional
events related to the Alpine Orogeny resulted in regional uplift



Fig. 1. A) Location of Segura River Basin. B) Pétrola–Corral-Rubio–La Higuera Saline Complex, with Pétrola Lake and other 18 wetlands: 1. Horna; 2. Casa Villora; 3. Hoya Usilla; 4. Hoya
Pelada; 5. Casa Higinio; 6. El Recreo; 7. Salobrejo; 8. Hoya Grande; 9. Hoya Chica; 10. Hoya del Pozo; 11. Hoya la Huerta; 12. Hoya Elvira; 13. Mojón Blanco; 14. La Herrada; 15. El Saladar;
16. Hoya Rasa; 17. Hoya de la Yerba; 18. Atalaya de los Ojicos. C) Geological map of Pétrola Basin.
accompanied by NE–SW and NW–SE trending fractures, which pro-
duced a regional-scale horst-and-graben structure. The tectonic frame-
work exerts important controls on the hydrogeologic system, where
Pétrola Lake occupies the lower topographic position in a horst-type tec-
tonic structure.

2.2. Field survey

A total of 154 water samples were collected from 15 control points
in the Cretaceous aquifer (springs, surface water including streams
and lake, and agricultural wells) between April 2008 and December
2010 (see Fig. 2). Additionally, four PVC piezometers (2623, 2624,
2625, 2626) were installed in 2008 near the lake margin in order to
measure the vertical profiles of hydrogeochemical parameters at differ-
ent depths in the aquifer system (Fig. 2). The piezometers were 5 cm in
inner diameter, and were installed at different depths: 12.1 m (2626),
25.8 m (2624), 34.1 m (2625), and 37.9 m (2623). Screen lengths
were 3 m (2623), 9 m (2624), 5 m (2625), and 4 m (2626). Screening
zones were isolated by means of internal bentonite seals. A total of 27
water samples were collected from the four piezometers. In addition,
48 samples of sulfides, carbonates and gypsum from weathered pyrite
from the Utrillas Facies were collected from the basin and analyzed
for sulfur, oxygen, and carbon isotope composition.

Simultaneous measuring of groundwater level, temperature (T) and
electrical conductivity (EC)were performed for piezometers 2624, 2625
and 2626, using ceramic CTD-Diver stand-alone sensor (piezometer
2623 was a flowing well). Data collected cover from February 2010
until November 2010, which comprises the high and the low stand
state of the water level of the lake. The time intervals predetermined
were 24 h. A total of 288 daily measurements were gathered.
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Fig. 2. Location of sample points and ERT profiles (PetroA, PetroB and PetroC) in Pétrola Basin. The simplified hydrogeological cross-section I–I′ shows the conceptual model proposed for
denitrification in the hypersaline lake where organic matter can be transported by the different density-driven flow. masl: meters above sea level. NAF: nitrification of ammonium fertil-
izers. OPF: oxic polluted freshwaters. D: denitrification. AB: anoxic brine. P: piezometers. TU: tritium units. Contours in the contaminant plume represent estimated nitrate concentrations
in groundwater.
Precipitation data for the studied period were obtained from the mete-
orological station AB07 (Ministry of Agriculture, Food and Environment
of Spain). This station is located in Pozo Cañada, at about 16 km from
Pétrola.
2.3. Chemical analyses

Groundwater T, pH, EC, redox potential (Eh), and dissolved oxy-
gen (DO) parameters were measured in situ with portable elec-
trodes. In the springs and streams, measurements were performed
directly in the water flow, whereas in the four piezometers measure-
ments were made using a flow-through chamber to minimize the ef-
fect of air exchange. Agricultural wells were purged prior to
sampling about a minimum of three well volumes and/or until EC
was stable. Water samples were stored at 4 °C in darkness prior to
further analysis and following the official standard methods
(APHA-AWWA-WEF, 1998). Water samples for major ions were fil-
tered with a 0.45 μm nylon Millipore® filter. For the determination
of dissolved organic carbon (DOC) samples were filtered with a
0.20 μm nylon Millipore® filter. Alkalinity titrations were carried
out in the laboratory by acid–base titration. Nitrate, SO4

2−, and Cl−

contents were measured by ion chromatography (DX120, Vertex).
To avoid chloride interference in samples with high EC, the cadmium
reduction method was employed for determining NO3

− concentrations
using a spectrophotometer (Perkin-Elmer, Lambda 650). Determination
of NH4

+ contentswas carried out by distillation and volumetricmethods
(Koroleff method). Ca2+ and Mg2+ concentrations were measured by
complexometry. The DOC concentration was determined using a
Shimadzu Analyzer in the research services at the University of A
Coruña.
2.4. Isotope analyses

Isotope analyses were performed following standard methodology
in a subset of samples grouped according to their location and
hydrogeological context. The stable isotope ratios 34S/32S and 18O/16O
from dissolved SO4

2− were measured on BaSO4 precipitated from
dissolved sulfate by the addition of 5% BaCl2·2H2O after acidifying the
sample to pH b 2 with HCl and boiling it to prevent BaCO3 precipitation,
following standard methods (Dogramaci et al., 2001). The 34S/32S was
also determined on Ag2S evolved by reacting sulfides as described by
Canfield et al. (1986) andHall et al. (1988). The δ34S fromwater samples
was analyzed in a Carlo Erba Elemental Analyzer (EA) coupled in contin-
uous flow to a Finnigan Delta C IRMS at the Centres Cientific Tècnis of
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Universitat de Barcelona (CCiT-UB), whereas the δ34S from gypsum and
sulfide were analyzed in a SIRA-II dual inlet spectrometer at the
Laboratorio de Isotopos Estables of Universidad de Salamanca (LIE-
US). Gypsum and the δ18O from dissolved SO4

2−were analyzed in dupli-
cate with a ThermoQuest high-temperature conversion analyzer (TC/
EA) unit with a Finnigan Matt Delta C IRMS at CCiT-UB. 18O/16O ratios
from H2O were measured by the CO2 equilibration method using a
Multiflow device coupled on line to a continuous flow Isoprime Mass
Spectrometer at LIE-US. 13C/12C ratios in DIC were determined on CO2

evolved from the water by acidification with 103% H3PO4 employing
the Multiflow device at CCiT-UB. Additionally, the HCO3

− of a few sam-
pleswas precipitated as SrCO3 by the addition of 45% SrCl2 to previously
basified waters (to pH N 10, using NaOH). These samples were reacted
with 103% H3PO4 in a purpose-built vacuum extraction line, and the
CO2 evolved was measured on a dual inlet SIRA-II mass spectrometer
at LIE-US. The isotope composition of dissolved NO3

− was analyzed by
the bacterial denitrifier method described in Sigman et al. (2001) and
Casciotti et al. (2002) at the Isotope Bioscience Laboratory (ISOFYS) of
Ghent University (Belgium). Results are reported in δ values relative
to international standards (Air for δ15N, Vienna Canyon del Diablo
Triolite (VCDT) for δ34S, Vienna Pee Dee Belemnite (VPDB) for δ13C,
and Vienna Standard Mean Ocean Water (VSMOW) for δ18O and δD).
Analytical reproducibility by repeated analysis of both international
and internal reference samples of known isotopic composition was de-
termined to be about ±1‰ for δ15N, ±0.2‰ for δ34S, ±2‰ for δ18O of
NO3

−, ±0.5‰ for δ18O of SO4
2−, ±0.2‰ for δ13C, and ±0.3‰ and for

δ18O in water. Radioactive isotopes of H3 (tritium) in groundwater
were determined by liquid scintillation counting in 14C and the Tritium
Dating Service of the Autonomous University of Barcelona with an ana-
lytical reproducibility of ±0.4 TU.

2.5. Electrical resistivity tomography (ERT)

The ERT survey was carried out in 2008 when the lake was almost
dry using a RESECS DMT resistivity meter equipped with 72 electrodes.
The selected electrode configuration was aWenner array because it has
the highest signal-to-noise ratio and is more sensitive to vertical varia-
tions in resistivity (Loke and Dahlin, 2002). Electrode spacing was
5m, and 23 research levelswere used to reach 60mdepth in the central
part of each section. Two injection cycleswere applied in eachmeasure-
ment, taking 700 potential differences and intensity values, and calcu-
lating the root mean square error for each apparent resistivity value.
Three sections, lined up on the ground surface, were measured close
to the lake's eastern margin, coinciding with the industrial facilities
(Fig. 2). ERT profile A (about 355 m in length) was parallel to the
location of the four piezometers installed in the lake's eastern edge.
ERT profiles B and C were placed perpendicular to ERT profile A, and
were about 310 m and 355 m in length, respectively. As there were no
noticeable differences in topography, it was not necessary to normalize
profile elevations to the ground surface. Individual measurement points
were revised taking into account standard deviation, RMS, and pooled
standard deviation (SP). All values with a standard deviation higher
than 20% were removed. Field data inversion was performed with
Res2Dinv software using the same parameters in the inversion for all
the profiles (deGroot-Hedlin and Constable, 1990; Loke and Barker,
1996). A least-squares inversion algorithm was chosen for inversion,
and the final calculated RMS errors for the three sections were between
12% and 17%. Finally, inversion results were exported to absolute XYZ
coordinates in order to compare them with hydrogeological and geo-
chemical data.

3. Calculations

Stable isotopes are usually measured as the ratio between the less
abundant isotope and the most abundant one (e.g. 15N versus 14N).
Stable isotope ratios are reported with respect to international stan-
dards using the delta notation (Eq. (3)).

δ15N ¼ Rsample–Rstd

� �
=Rstd

h i
� 1000 ð3Þ

where R = 15N/14N.
Throughout the nitrification processes, no isotopic fractionation oc-

curs between the δ15NNH4
and δ15NNO3

whenNH4
+ is completely nitrified

(Heaton, 1986). The δ18ONO3
range for nitrification was calculated using

Eq. (4) (Andersson and Hooper, 1983).

δ18ONO3
¼ 1=3δ18OO2

þ 2=3δ18OH2O ð4Þ

This equation can be applied when NH4
+ is abundant and nitrifica-

tion rates are high. It also assumes negligible isotopic fractionation ef-
fects during water and atmospheric O2 (O2(atm)) uptake (Mayer et al.,
2001). It is also presumed that the δ18O of O2 used by the microorgan-
isms is O2(atm). In this case, two-thirds of the oxygen atoms of NO3

− pro-
duced are derived from water, whereas one-third is incorporated from
atmospheric oxygen (δ18Oatm = +23.5‰; Dole et al., 1954).

During denitrification reactions, the isotopic composition of both
15N and 18O in the residual NO3

− fraction increases as denitrification pro-
ceeds (Mariotti et al., 1981). Denitrification can be considered as a
single-step Rayleigh process and isotopic fractionation (ε) can be calcu-
lated employing Eqs. (5) and (6) (Mariotti, 1986).

δ15Nresidual ¼ δ15Ninitial þ ε ln f ð5Þ

δ18Oresidual ¼ δ18Oinitial þ ε ln f ð6Þ

where f is the residual NO3
− concentration divided by the initial NO3

−

level and ε is the isotopic fractionation.

4. Results

4.1. Hydrogeology

The hydrogeological system is formed by two unconnected aquifers
(Gómez-Alday et al., 2004). A lower, confined aquifer, comprising high-
ly permeable oolitic Jurassic carbonates and an upper Cretaceous aqui-
fer composed of siliciclastic sands, conglomerates, and lutites (Utrillas
Facies, Albian). According hydraulic potential differences, up to 50 m,
the Jurassic aquifer is disconnected from the Cretaceous by an aquiclude
formed by lutitic Weald Facies. Piezometric levels measured in the
Cretaceous aquifer data points show that groundwater flow in the
unconfined aquifer converges to Pétrola Lake. Near the lake, the piezo-
metric level of the Cretaceous aquifer is close to the topographic surface
and, as a consequence, several springs and streams drain the aquifer in
this area. Therefore, the lake can be considered as a terminal discharge
zone for overland flow as small streams form a radial pattern (Fig. 2).

The ERT survey reveals a resistivity distribution that is related to
several parameters includingwater content, EC,mineral content, poros-
ity, and T (Fig. 3). Therefore, the first 2 m observed in profiles corre-
spond to the height of the dykes where the ERT survey was performed
and shows unsaturated conditions. Below 2 m in depth, the system is
saturated. The sedimentary sequence can be considered homogeneous
in the three profiles. Changes in rock porosity can be considered negligi-
ble, although preferential flow zones have been noted in the bottom of
the lake as local springs. Therefore, resistivity variations are likely
related to changes in water EC. Resistivity values ranged from lower
than 0.2 Ω·m at the lake surface to 20 Ω·m at depths of about 50 m
below the ground surface (Fig. 3). Differences in resistivity are



Fig. 3. Inverted resistivity sections for two-dimensional ERT profiles: A) profile PetroA; B) profile PetroB; C) profile PetroC. Data were gathered with 5 m spacing among electrodes. High
resistivity (red) represents low electrical conductivity (EC), whereas low resistivity (blue) shows areaswith high EC. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
explained by the fact that superficial, dense brines, are perched on less
dense fresh groundwater, producing a hydrodynamically unstable
situation. The resistivity gradient can be interpreted as the result of a
density-driven flow caused by the instability of the saline boundary
layer (Zimmermann et al., 2006). Piezometers 2626, 2625, 2624, and
2623 matches with the zone of density-driven groundwater flow,
where mixing of descending surface brines and ascending regional
fresh groundwater occurs.

The relationship between the aquifer and Pétrola Lake is complex.
Groundwater level in 2626 piezometer shows changes mostly influ-
enced by thewater level variations of the lake, which aremainly related
to local precipitation pattern (Fig. 4A). Additionally, groundwater levels
in 2626 should also reflect variations in the regional groundwater flow
potential, since the central part of the basin represents the base level
of the aquifer. Water head in saline aquifers have to be corrected by
water density (Post et al., 2007). Calculated equivalent freshwater
heads showed seasonal variations for the period February 2010–No-
vember 2010 driven by changes in water density (Fig. 4C). In 2626 pie-
zometer the lowest equivalent freshwater heads were found from
February to May, where the accumulate precipitation represent a
value of 186.8mm(Fig. 4B). Then, a dramatic increase fromMay to Sep-
tember coinciding with the summermonths was observed. Afterwards,
equivalent freshwater heads leveled off in the maximum values.
Groundwater level in 2625 piezometer largely reflects variations in
the regional groundwater potential (Fig. 4A). The equivalent freshwater
level reaches minimum values from June to October (Fig. 4C). The
groundwater level evolution in 2624 piezometer leveled off from Febru-
ary to June. Then, it showed an increasing trend. The calculated equiva-
lent freshwater level showed a declining trend from June to November.
Equivalent freshwater heads suggest that the largest influence of the
lake brine waters match with the lowest regional groundwater
potential.
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Fig. 4.Between February-2010 andNovember-2010, in 2624, 2625 and 2626 piezometers: A) groundwater depth; B) electrical conductivity (EC) andprecipitation (P); C) equivalent fresh-
water head.
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Table 1
Tritium activities (UT) in water samples.

Data point Location Sample date UT

2564 Zone 1 30/04/2010 2.7 ± 0.4
2579 Zone 1 30/04/2010 0.7 ± 0.4
2581 Zone 1 30/04/2010 3.3 ± 0.4
2623 Zone 3 30/04/2010 0.8 ± 0.4
2624 Zone 3 30/04/2010 0.9 ± 0.4
2625 Zone 3 30/04/2010 0.2 ± 0.4
2626 Zone 3 18/06/2010 1.5 ± 0.3
2635 Zone 3 18/06/2010 4.6 ± 0.3
Tritium activities (Table 1) in water samples ranged from 0.2 ±
0.4 TU to 4.6±0.3 TU (n=8). The highest tritiumactivity was detected
in the surface lake water (2635), reaching 4.6 ± 0.3 TU (Fig. 2). The
shallowest piezometer installed at the lake's edge (2626) showed the
highest tritium activity in groundwater (1.5 ± 0.3 TU). Lower tritium
activitieswere observed inwells 2623 and 2625 (0.8±0.4 TU),whereas
2625 showed 0.2 ± 0.4 TU.

The study area has been divided into three different zones (Fig. 2).
Zone 1 corresponds to the recharge area of the upper aquifer in the
north and east. Sample points in Zone 2 are near the lake discharge
zone, following the groundwater flow direction from Zone 1. Therefore,
Zones 1 and 2 are discussed together as regards the chemical and
isotope evolution of groundwater in the Pétrola Basin. In contrast,
Zone 3 represents the area of density-driven downflow from the
lake to the underlying aquifer; the data points in this area are piezo-
meters 2623, 2624, 2625, and 2626, and the surface water (data point
2635).
Fig. 5. Piper diagram showing the chemical composition of the su
4.2. Hydrochemistry of Zones 1 and 2

The chemical analyses of water samples from Zone 1 and Zone 2 are
presented in the Supplementary Information (Appendix A). The Zone 1
groundwater type varied between Mg–Ca–HCO3 and Mg–Ca–SO4

hydrofacies (8 control points; April 2008 to December 2010; n = 100)
(Fig. 5). The pH ranged from 7.1 to 9.0, and Eh values was between
+142 and +482 mV. In Zone 1, the EC ranged from 596 μS/cm to
1824 μS/cm, and the DO ranged from 0.3 mg/L to 11.0 mg/L. The NO3

−

concentration ranged from below the detection limit (b0.1 mg/L) to
149 mg/L. The NH4

+ contents oscillated between below the detection
limit (b0.1 mg/L) and 2.6 mg/L. The SO4

2− concentration ranged from
39 mg/L to 804 mg/L, whereas Cl− was between 9 mg/L and
164 mg/L. The HCO3

− contents showed a minimum value of 83 mg/L
and a maximum value of 344 mg/L. The DOC concentration ranged
from 2.5 mg/L to 4.9 mg/L. Zone 2 hydrofacies were similar to those in
Zone 1, ranging between Mg–Ca–SO4–HCO3 and Mg–Ca–SO4 (6 control
points; April 2008 to December 2010; n = 49) (Fig. 5). Water samples
had higher EC values than those in Zone 1, ranging from 1504 μS/cm
up to 3760 μS/cm. TheDOwas between 2.1mg/L and 13.9mg/L. Overall,
the NO3

- concentration in Zone 2 was slightly lower than in Zone 1,
ranging from 5.6 mg/L to 96.0 mg/L. The NH4

+concentration varied
from below the detection limit up to 2.1 mg/L. Sulfate ranged from
175 mg/L to 2009 mg/L, whereas Cl- ranged from 7 mg/L up to 522 mg/L.
Bicarbonate values oscillated from 119 mg/L to 572 mg/L, and DOC
concentrations ranged from 3.1 mg/L to 8.5 mg/L.

Zone 2 hydrofacies were similar to those in Zone 1, ranging between
Mg–Ca–SO4–HCO3 and Mg–Ca–SO4 (6 control points; April 2008 to De-
cember 2010; n = 49) (Fig. 5). Water samples had higher EC values
than those in Zone 1, ranging from 1504 μS/cm up to 3760 μS/cm. The
DO was between 2.1 mg/L and 13.9 mg/L. Overall, the NO3

− concentra-
tion in Zone 2 was slightly lower than in Zone 1, ranging from
5.6 mg/L to 96.0 mg/L. The NH4

+ concentration varied from below the
rface and groundwater sample points during 2008 to 2010.
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detection limit up to 2.1 mg/L. Sulfate ranged from 175 mg/L to
2009mg/L, whereas Cl− ranged from 7mg/L up to 522mg/L. Bicarbon-
ate values oscillated from 119 mg/L to 572 mg/L, and DOC concentra-
tions ranged from 3.1 mg/L to 8.5 mg/L.

4.3. Hydrochemistry of Zone 3

The chemical analyses of water samples from Zone 3 are presented in
the Supplementary Information (Appendix A). The chemical data are
displayed separately between surface water and groundwater samples
from piezometers 2623, 2624, 2625 and 2626. Lake surface waters were
clearly different than those in Zones 1 and 2 (Fig. 5). Hydrofacies can be
classified as Mg–Na–SO4–Cl during the study period (February 2010 to
November 2010; n = 5). Lake surface waters showed a pH of 7.6 to 9.2
and an Ehof+63mV to+292mV. Electrical conductivity values oscillat-
ed from 59,300 μS/cm (April 2010) to 123,000 μS/cm (November 2010).
Dissolvedoxygen ranged from1.1mg/L to 5.0mg/L. Nitrate concentration
was below the detection limit (0.1 mg/L) in all the samples analyzed.

With regard to groundwater under the lake, the hydrofacies varied
between Mg–Ca–SO4–HCO3 (2623) (comparable to Zones 1 and 2)
and similar hydrofacies to the surface lake water Mg–Na–Cl–SO4

(2626) (September 2008 to November 2010; n = 27). The pH and Eh
values ranged from 6.7 to 7.6 and from−100mV to +318mV, respec-
tively. EC ranged from 2540 μS/cm, in the deepest screened piezometer
(2623), to 93,900 μS/cm in the shallowest one (2626). Continuousmea-
surements of EC obtained in the piezometers between February 2010
and November 2010 showed seasonal variations in water chemistry
(Fig. 4C). Electrical conductivity from 2624 and 2626 showed parallel
temporal trends. The highest EC values were encountered during the
summer months. Nonetheless, EC values in both piezometers were
closer from February to June, with differences up to 6800 μS/cm. On
the contrary, differences in EC values are more important from June to
November (up to 16,900 μS/cm). In the 2625 piezometer, EC data is
quite stable in time (about 6000 μS/cm). Electrical conductivity mea-
surements suggest that the major influence of the surface water brine
correspond with the lowest heads of the Cretaceous aquifer.

Dissolved O2 ranged from 0.2 mg/L to 1.4 mg/L. NO3
− concentrations

were below the detection limit (b0.1 mg/L) in most samples except for
sample point 2623, where NO3

− showed values of up to 2.6 mg/L.
Ammonium contents changed between below the detection limit
(b0.1 mg/L) to 1.8 mg/L. Sulfate ranged from 510 mg/L in the deepest
screened piezometer (2623) to 38,808 mg/L in the shallowest screened
one (2626). Chloride concentrations varied from 82.2 mg/L (2623) to
42,012mg/L (2626). Variations in HCO3

− concentrationswere not as no-
ticeable: values ranged from 233 mg/L to 499 mg/L. Dissolved organic
carbon contents ranged from 2.0 mg/L (2623) to 23.5 mg/L (2626).

4.4. Isotope data

The isotope analyses of water samples from Zones 1, 2 and 3 are pre-
sented in the Supplementary Information (Appendix B). These analyses
were performed on a subset of samples based on NO3

− concentrations.
The δ18OH2O in the water samples from Zone 1 and Zone 2 ranged
from−5.4‰ to−7.6‰ (average of−6.5‰; n = 25), whereas samples
from Zone 3 varied from −7.4‰ to +4.2‰ (average of −4.6‰; n =
16). The δ15NNO3

of the samples in Zone 1 ranged between +6.1‰
and +7.6‰ (average of +6.9‰; n = 7), and δ18ONO3

fluctuated be-
tween +2.1‰ and +4.7‰ (average of +3.1‰; n = 7), respectively.
In Zone 2, the δ15NNO3

ranged from +6.6‰ to +19.9‰ (average of
+12.0‰, n = 18), whereas the δ18ONO3

oscillated from +5.3‰ to
+16.2‰ (average of+10.0‰, n=18). The δ13CDIC data showed similar
values in Zones 1 and 2, ranging from −5.5‰ to −1.9‰ (average of
−3.2‰; n = 17). In Zone 3, the δ13CDIC data varied from −6.7‰ to
−1.2‰ (average of −3.1‰; n = 25). The δ34SSO4

in the water samples
from Zone 1 ranged from −17.4‰ to −12.9‰ (average of
−15.0‰; n = 4), whereas δ18OSO4

was between +2.3‰ and
+4.8‰ (average of +3.7‰; n = 4). In Zone 2, δ34SSO4
values ranged

from −22.5‰ to −14.3‰ (average of −18.4‰; n = 6), and δ18OSO4

ranged between +2.9‰ and +12.3‰ (average of +7.3‰; n = 6).
Sulfide minerals (pyrite), and carbonate minerals (calcite, dolomite,

and ankerite) from the basin and meteoric gypsum were also analyzed
(Appendix B). The δ34Sgypsum ranged from −30.3‰ to +3.0‰ (mean of
−18.8‰; n = 15), and the δ18Ogypsum varied from −3.2‰ to +16.4‰
(mean of 5.4‰; n = 15). The δ34Ssulfide values from the Utrillas Facies
ranged from−40.5‰ to−11.7‰ (mean of−30.4‰; n= 12). The δ13C-
carbonate analyses from the Utrillas Facies showed values ranging from
−7.2‰ to +1.9‰ (mean of −1.9‰; n = 21). Ammonium concentra-
tions ranged from 0.5 mg/L to 7.7 mg/L. Sulfate contents changed from
43,227 mg/L to 122,957 mg/L, and Cl− varied between 21,768 mg/L and
102,814 mg/L. Bicarbonate concentrations ranged from 327 mg/L to
2135 mg/L, and DOC values varied between 140 mg/L and 646 mg/L.

5. Discussion

5.1. Nitrification and denitrification in Zone 1 and Zone 2

Since the groundwater level is usually close to the land surface, ag-
rochemicals can rapidly reach the water table. However, NH4

+ concen-
trations in Zones 1 and 2 were not significant, with a mean of
0.1 mg/L (n = 149) indicating that NH4

+ from agricultural activities
was completely nitrified to NO3

− in the unsaturated zone. In Zone 1,
higher NO3

− values in groundwater are associated with the develop-
ment of agricultural activities occurring in the basin center and south-
west. There, NO3

− concentrations increased in tandem with EC (Fig. 6).
Samples in Zone 2 also showed a clear dependence of NO3

− on EC values
compared with samples from Zone 1 (Fig. 6).

More interestingly, samples from Zone 1 to Zone 2 show an increase
in the isotopic composition of δ15NNO3

and δ18ONO3
. Indeed, the isotopic

composition of NO3
− samples from Zone 1 showed δ15NNO3

and δ18ONO3

values falling close or inside the literature box representing NO3
− de-

rived from organic soil N, considering the local composition of δ18OH2O

(Fig. 7). Data points 2535 (average: 0.9 mg/L; n = 11), 2579 (average:
2.0mg/L; n=13), and 2621 (average: 1.5mg/L; n=9) showNO3

− con-
tents that could be related with organic soil N (up to 2mg/L, Foster et al.,
1982). Nonetheless, themeasuredNO3

− concentration in data points 2554
and 2564 was higher than expected from an organic soil N, pointing out
this origin. Nitrate from ammonium fertilizers during volatilization can
reach the same δ15NNO3

values than organic soil N and could be the origin
of nitrate in zone 1. Samples in Zone 2 have higher values of both δ15NNO3

and δ18ONO3
(N10‰) and show a positive correlation (R2 = 0.65) be-

tween δ15NNO3
and δ18ONO3

(Fig. 7), indicating that denitrificationprocess-
es were taking place. This observation is in agreement with observations
of Carrey et al. (2013) that from laboratory experiments point out the de-
nitrification capacity of the Utrillas sediments.

Therefore, the observed denitrification was located in the area sur-
rounding the lake, but the attenuation was limited. In this regard, the
observed denitrification at the field scale shows important spatial vari-
ability linked to variations in the amount and reactivity of labile organic
matter availability, as well as a NO3

− supply. In addition, the higher DO
measured reveals the variability of the anoxic conditions in the aquifer.

5.2. Nitrate reduction in Zone 3

In continental lakes, nitrogen is one of the limiting nutrients that
promote eutrophication (Vitousek et al., 1997). The important surface
NO3

− input from both farming activities and the wastewater discharged
directly into the lake coupled with the increased nitrogen load from
groundwater discharge have contributed to the eutrophication of the
lake. In the case of Pétrola, however, NO3

− concentrations measured in
surface water are below the detection limit (b0.05 mg/L). Therefore,
NO3

− is mainly consumed in surface water by primary production, fos-
tering seasonal algal blooms in the lake. DOC concentrations increase



Fig. 6. Scatter plot of electrical conductivity (EC) data versusNO3
− concentration from con-

trol points in Zone 1 and Zone 2 of the Cretaceous aquifer.

Fig. 7. δ15NNO3
and δ18ONO3

of dissolved NO3
− in the collected samples together with the

isotopic composition of the main nitrate sources: fertilizers (NO3
− and nitrified NH4

+ or
urea), soil nitrate, and animal manure or sewage (Vitòria et al. 2004; Kendall et al.,
2007; Xue et al., 2009). Dashed lines represent denitrification (%) using Utrillas sediments
(A: εO=−12.1‰, εN=−11.6‰; B: εO=−13.8‰, εN=−15.7‰). Continuous line rep-
resents denitrification (%) using recent organic matter (C: εO =−14.5‰; εN =−14.7‰).
with salinity (up to 646 mg/L, October 2010), with high DOC values
matching the lowest water levels in the lake (corresponding to dry pe-
riods), probably influenced by significant evaporation. This increase in
organic carbon in surface lake water favors anoxic conditions (Ryther
and Dunstan, 1971; Van Luijn et al., 1996). Under these circumstances,
organic matter is preserved and accumulates on the lake bottom as
organic-rich sediment. This significant amount of organic carbon avail-
able in surface waters can also promote NO3

− reduction by denitrifica-
tion or dissimilatory NO3

− reduction to ammonium (DNRA) (Laverman
et al., 2007). Regarding denitrification, this reaction has been observed
in lakes in benthic environments or linked with lake bottom sediments
(Mengis et al., 1997; Lehmann et al., 2003). In consistency with the ab-
sence of NO3

− in the lake, the existence of the H2S smell in the lake, and
redox conditions found in the 2626 piezometer (pH ≈ 7 and Eh values
up to−100mV), suggest the presence of sulfate reducing processes, ac-
cording to the redox diagramproposed by Brookins (1988). So, theNO3

−

should be reduced completely.

5.3. Quantifying denitrification

The isotopic fractionation (ε) allows quantification of NO3
− losses

due to denitrification independently of dilution and advection effects
on NO3

− concentrations. The value of ε calculated from NO3
− isotopic

composition and NO3
− concentration can be applied to quantify the nat-

ural attenuation at the field scale (Otero et al., 2009; Torrentó et al.,
2010; among others). However, using field samples, the plots of
δ15NNO3

and δ18ONO3
versus Ln[NO3

−] show a poor correlation (R2 =
0.26 and R2 = 0.40, respectively). These poor statistical correlations
can be explained due to differences in the climate conditions affecting
volatilization before nitrification or mixing between different ground-
water flow lines. Carrey et al. (2014) point out the denitrification
capacity of organic matter-rich sediment from the bottom of Pétrola
lake and determined by laboratory experiments their isotopic fraction-
ation (εO = −14.5‰; εN = −14.7‰). These values, which not differ
significantly from those obtained by Carrey et al. (2013) employing
Utrillas sediments (εO = −11.6‰ and −15.7‰; εN = −12.1‰ and
−13.8‰), were used to quantify the amount of NO3

− removed by deni-
trification at the field scale (up to 60%). Reported average denitrification
in Zone 1 reached a maximum of 10%, whereas Zone 2 showed a higher
denitrification percentage, between 10% and 60% (Fig. 7). In fact, sam-
ples in Zone 2 with higher denitrification showed an average NO3

− con-
centration of 44.8mg/L, close to the humanwater supply threshold. For
instance, sample 2602 (where the observed denitrification in 2010 was
30–40%) had a NO3

− concentration between 46.8 mg/L and 50.4 mg/L.
Even higher NO3

− concentrations were observed at this site (96.1 mg/L
in 2008 and 86.4 mg/L in 2009), illustrating that denitrification has a
limited capacity to remove NO3

−.

5.4. Identifying the electron donor for denitrification

The presence of electron donors in Zone 2 is noticeable in the
organic- and sulfide-rich sediments from the Utrillas Facies (Carrey
et al., 2013) and in the organic sediments of the lake bottom (Carrey
et al., 2014). In the case of heterotrophic denitrification (Eq. (1)), al-
though the distribution of HCO3

− seems to increase as δ15NNO3
or

δ18ONO3
increase, no correlation was observed between δ13CDIC and

HCO3
−, δ15NNO3

, or δ18ONO3
because, in addition to denitrification, varia-

tions in HCO3
− and δ13CDIC were also affected by carbonate dissolution

and/or precipitation processes.
As concerns the oxidation of pyrite, NO3

− attenuation by autotrophic
denitrification processes could also take place (Eq. (2)). Either O2(atm) or
water oxygen can be used during pyrite oxidation processes as electron
acceptors (Taylor et al., 1984; Nordstrom and Alpers, 1999). In Zone 1,
located in the north and north-east of the basin where denitrification
is not observed, SO4

2− concentrations show differences in spatial distri-
bution.Most samples from the north have high SO4

2− and lowNO3
− con-

centrations In contrast, sample points in the east (2581 and 2564)
illustrate a coupled increase in NO3

− and SO4
2− concentrations. Ground-

water flow through Zone 2 show a clear relationship between NO3
− and

SO4
2− concentrations. The increase in SO4

2− concentration can be ex-
plained by (1) pyrite oxidation in the non-saturated zone or dissolution
of the meteoric gypsum formed by pyrite oxidation, and (2) pyrite oxi-
dation during autotrophic denitrification in saturated zone.

The δ34SSO4
and δ18OSO4

isotopic composition of the dissolved SO4
2−

can be used to distinguish different SO4
2− sources such as sulfide oxida-

tion or evaporitic sulfate mineral dissolution (Krouse, 1980; van
Stempvoort and Krouse, 1994). The Utrillas Facies is rich in reduced sul-
fur compounds, mainly pyrite, but in some areas secondary gypsum
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occurs from the weathering of these sulfides. The isotopic composition
of disseminated sulfides in the Utrillas Facies ranges from −11.7‰ to
−40.5‰. The δ34S measured in gypsum located in the Utrillas Facies
sediment (+3.0‰ to −30.3‰) indicates that sulfide oxidation was
the main source of gypsum (Gómez-Alday et al., 2004).

Where the gypsum samples are derived from sulfide oxidation, it is
impossible to determine whether the isotopic composition of dissolved
sulfate originates from sulfide oxidation or from secondary gypsum dis-
solution, which comes also from the oxidation of pyrite, since both the
δ34SSO4

and δ18OSO4
are the same values. Indeed, the groundwater sam-

ples studied have δ34SSO4
ranging from −12.9‰ to −22.5‰ and

δ18OSO4
between +2.3‰ and +12.3‰, overlapping both the δ34S of

disseminated sulfides and the δ34SSO4
and δ18OSO4

of secondary gypsum.
Even in samples affected by denitrification (2571 and 2602 from Zone
2), where sulfate could be derived from sulfide oxidation linked to deni-
trification, dissolved sulfate could not be isotopically distinguished from
gypsum dissolution. Hence, neither chemical nor isotopic field data
could completely confirm nor discard the role of sulfide in NO3

− attenu-
ation. Nevertheless, according to a flow-through experiment using the
Utrillas Facies, where denitrification is mainly linked with organic
matter, and sulfide plays a secondary role (Carrey et al., 2013).

The organic sediments from the lake bottom can also be a source of
electron donors for denitrification. In the freshwater–saltwater inter-
face, the lake brine (with no NO3

−) mixes with fresh groundwater (con-
taminated by NO3

−). Therefore, organic matter from the lake could be
transported by the density-driven flow, enhancing reducing conditions
and the availability of electron donors in the freshwater–saltwater in-
terface. NO3

− could therefore be removed in the interface. This is in
agreement with the laboratory experiments performed using lake bot-
tom sediment as an electron donor for denitrification (Carrey et al.,
2014). In fact, the average NO3

− reduction rates employing lake sedi-
ments was 1.25 mmol d−1 L−1 (maximum of 1.91 mmol d−1 L−1)
(Carrey et al., 2014), one order of magnitude higher than the NO3

− re-
duction rates calculated for the organic carbon present in the Cretaceous
sediments (Carrey et al., 2013).

The distribution of DOC in the piezometers shows a positive correla-
tionwith EC (R2= 0.84, Fig. 8), suggesting that labile organicmatter for
denitrification is available where the influence of the lake brine is more
pronounced. Average DOC concentration in 2626 piezometer which
was closer to lake surface waters was 20.8 mg/L. Assuming simply
mixing, the participation of DOC transported by the regional groundwa-
ter flow can reach a value of 2 mg/L. The source of organic matter from
the lake water would represent about 18.8 mg/L. If the distribution of
DOC beyond the lake is only controlled by simply mixing processes be-
tween two ends it would result that the largest part of DOC should be
linked to autochthonous (primary productivity of the lake) and alloch-
thonous (wastewaters) sources. A minor part would be linked to
Fig. 8. Electrical conductivity (EC) values versus dissolved organic carbon (DOC) contents
scatter plot (R2 = 0.56) from water samples collected from piezometers in Zone 3.
autochthonous sources associated to the organic matter from Utrillas
Sediments. Additionally, the high, positive, statistical relationship also
suggests the secondary role of Utrillas Facies in supplying DOC to the re-
action zones.

Electrical resistivity tomography profiles indicate that the freshwa-
ter–saltwater interface extends to 12–16 m below the ground surface
(Fig. 3A). The conceptual model proposed, therefore, could not explain
the absence of NO3

− measured in the deepest piezometers. An alterna-
tive explanation is that the deepest piezometers are influenced by re-
gional groundwater flow with a longer residence time and an absence
of NO3

−. Tritium in piezometer samples showno significant activity, sug-
gesting waters infiltrating before 1950, whereas lake surface waters
show higher tritium values (4.6 ± 0.3 TU), corresponding to recent re-
charge. Piezometer 2626 (12m),with 1.5±0.3 TU, represents amix be-
tween surface lake water and regional groundwater, indicating the
influence of the recent recharge from the lake at this depth. In the Cas-
tilla–La Mancha Region, the surface of irrigation crops began to expand
in the early 1980s (Calera and Martín, 2005), so the absence of NO3

− in
the deepest part of the aquifer under the lake is related to regional
groundwater flowwith a longer residence time and is not linked to de-
nitrification. Therefore, tritium data confirm that the role of DOC
transported by the density-driven downflow would be restricted to
the freshwater–saltwater interface in the upper part of the aquifer, in
agreement with the ERT results.

According to the equivalent freshwater head values calculated in the
piezometers, the observed groundwater evolution reflects temporal
changes in EC relatedwith the local climatic conditions of the area. Sea-
sonal changes in EC would be associated to density changes in ground-
water which illustrates the dynamic nature of the freshwater–saline
Fig. 9. A) δ18ONO3
against electrical conductivity (EC) values; B) δ18ONO3

against δ18OH2O

values.

image of Fig.�8
image of Fig.�9


water interface (Fig. 4). Denitrification in Zone 2 is also related to in-
creasingly EC values (up to 3760 μS/cm, data point 2602) and DOC
values (up to 8.5 mg/L, data point 2554). Moreover, the highest
δ18OH2O values tend to be located in those water points placed closer
to the lake boundary. δ18ONO3

values increase with EC and δ18OH2O

(Fig. 9) which suggest that the closer distance to the lake influences
the higher proportion of evaporated water and concomitantly more ad-
vanced denitrification. According to the location of data points in Zone
2, the interface can extend at distances as far as 1000 m from the lake
margins. Consequently, the geometry of the freshwater–saltwater inter-
face can play an important role in the mass transport thorough Zone 2–
Zone 3.
6. Conclusions

The results obtained have important implications in understanding
the role of hypersaline systems in groundwater denitrification since
they can act as natural attenuation to pollution. The hydrogeologic
study has shown that groundwater flow in the Pétrola Basin can be con-
sidered as the result of twomain flow components: regional groundwa-
ter flow, from the perimeter area/recharge areas (Zone 1) towards the
lake (Zone 2), and density-driven flow from surface water from the
lake towards the underlying aquifer (Zone 3). Hydrochemical and iso-
tope results suggest that NO3

− reaching surface and groundwater de-
rives from slightly volatilized ammonium synthetic fertilizers and that
denitrification is taking place in the lake and the surrounding area.

Groundwater flow transporting NO3
− intercepts two possible

sources of electron donors for denitrification which can reach values
of 60%: Cretaceous sediments with organic matter and sulfides, and sa-
line waters with DOC descending from the lake. As expected from the
higher reactivity of recent organic matter (Carrey et al., 2014), hetero-
trophic denitrification reactions were more likely to occur in zones of
the saline lake–aquifer system where density-driven flow effectively
transported the DOC into aquifer zones under reducing conditions.
The role of DOC transported by the density-driven downflow would
be restricted to the freshwater–saltwater interface in the upper part of
the aquifer (down to 12–16 m below the ground surface), whereas
the absence of NO3

− in the deepest part of the aquifer is attributed to re-
gional flow with a longer residence time. Thus, the heaviest values of
δ18ONO3

and δ15NNO3
were found closer to the lake border, coinciding

with higher EC and heaviest δ18OH2O values suggesting that the denitri-
fication occurs in an interfacewhere the regional groundwater flow and
the saline plumemixes. Although it cannot be completely ruled out, no
evidence points to the Cretaceous sediments as a significant source of
electron donors. In fact, the average NO3

− reduction rates employing
lake sediments was higher (maximum of 1.91 mmol d−1 L−1) than
those calculated for the organic carbon present in the Cretaceous
sediments.

Significant spatial and temporal variability of denitrification process-
es within the Pétrola Basin suggests that accurate estimates of denitrifi-
cation will require more extensive studies. The geometry of the density
downflow can play an important role in defining the denitrification
zones under the lake since it controls the distribution of reactants and
products during NO3

− reduction reactions. The 3D geometry of the
mixing zone could be calculatedmore accurately bymeans of additional
ETR profiles in the lake borders and the use of numericalmodels consid-
ering variable densities. Numerical groundwater models can be used to
estimate the amount of dissolved NO3

−which can be encountered in the
zone 2 assuming not reactive processes. The results obtained could be
compared with hydrochemical and isotopic data including seasonal
variations.

Complete chemical and isotopic data can be found in Appendixes A
and B, respectively. Supplementary data associated with this article
can be found, in the online version, at http://dx.doi.org/10.1016/j.
scitotenv.2014.07.129.
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