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Abstract 

 

One of the main problems of diffused groundwater contamination is produced by nitrate (NO3
‾). 

NO3
‾ pollution is linked with fertilizer application, manure management and wastewater. Many areas of 

Spain have NO3
‾ concentration over the human consumption (0.8 mM NO3

‾) established by the Directive 

98/83/CE. Endorheic basins located in semiarid or arid regions constitute one of the most vulnerable 

environments to NO3
‾ pollution. The Pétrola basin (Central Spain) is an outstanding example of these 

endorheic systems. Understanding the processes that affect NO3
‾ concentration in these endorheic 

systems is essential in order to improve water resources management. Among the different processes of 

the nitrogen cycle, denitrification is considered one of the most significant NO3
‾ attenuation processes. 

Nitrate concentration in surface and groundwater from Pétrola basin ranged from <1.6x10-3 mM to 2.5 

mM. The observed variation in NO3
‾ concentration could be linked with natural attenuation. In this basin 

two different sediments are able to produce denitrification: 1) the organic and sulphide-rich sediment 

from the Utrillas Facies (Lower Cretaceous) and 2) the bottom lake sediment. In this context, laboratory 

experiments can provide useful information to understand the natural attenuation mechanisms and the 

global attenuation potential of the different sediments present in the Pétrola basin. Laboratory 

experiments coupled with field data can be applied to improve the understanding of the nitrogen cycle in 

Pétrola basin.  

 

The results obtained in the column experiment using Utrillas Facies showed that this sediment 

was able to remove NO3
‾ contamination from groundwater (0.8 mM) under specific flow conditions. 

During the experiment, two different stages were observed. Stage I started at the beginning of the 

experiment up to day 21. An important increase in DOC was observed during this stage pointing out that 

NO3
‾ attenuation could be promoted by heterotrophic denitrification. However, during this stage an 

important leaching from the sediment was observed, masking any chemical (SO4
2- concentration) or 

isotopic (δ34SSO4 and 18OSO4) variation produced by autotrophic denitrification. Therefore, the role of 

pyrite in NO3
‾ attenuation could not be neither discarded nor confirmed for this stage. The Stage 2 started 

at day 21 and lasted until the end of the experiment (day 332). During this stage NO3
‾ concentration in the 

outflow changed when flow rate was modified reaching complete NO3
‾ and NO2

‾ attenuation whit a flow 

rate of 15 mL/d. Coupled with complete NO3
‾ and NO2

‾ removal, DOC increased in the outflow. In 

addition, SO4
2- concentration and δ34SSO4 and δ18OSO4 remained unchanged, pointing out that 
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denitrification was produced using organic matter as electron donor. The nitrogen reduction rates (NRR) 

calculated during different flow-rate periods ranged from 1.0x10-2 mmol N d-1 L-1 (Stage I) to 3.1x10-2 

mmol N d-1 L-1 (Stage II). The isotopic fractionations obtained were ‾11.6‰ and ‾15.7‰ for εN and 

‾12.1‰ and ‾13.8‰ for εO during denitrification produced in Stage I and II respectively. The observed 

NO3
‾ attenuation from water samples collected in the field ranged from 0% to 60%.  

 

In the column experiment performed using the bottom lake sediment, results showed complete 

NO3
‾ attenuation in the outflow after 7 days, and remained below input water NO3‾ concentration after 

288 days. During the first days of the experiment dissimilatory nitrate reduction to ammonium (DNRA) 

was observed. This reaction was favored by the high C/N ratio and high salinity at the early stages. After 

10 days, denitrification became in the main NO3
‾ attenuation reaction. Sulphate reduction could not be 

confirmed neither discarder during the experiment since chemical and isotopic variations were masked by 

sulphate leaching from the sediment. The average NRR reduction rate obtained was 1.25 mmol N d-1 L-1 

and remained constant despite several changes in flow rate. The NRR of bottom lake sediment was two 

orders of magnitude higher than the obtained for the Utrillas Facies. The calculated amount of organic 

carbon (Corg) mobilized during the experiment was about 18% of solid organic matter from the sediment 

(SOM =0.5 mol Kg-1). Differences in the reactivity of Corg could be related with the sediment age. The 

isotopic fractionations obtained were ‾14.7‰ and ‾14.5‰ for N and O respectively. These values were 

similar to the ones obtained for the Utrillas Facies. 

 

The hydrogeological field study showed that groundwater flow in Pétrola basin could be 

considered as the result of two main flow components: 1) regional groundwater flow, from perimeter 

areas to the lake, and 2) density driven flow from surface lake water towards the underlying aquifer. 

Results showed that NO3
‾ contamination was linked with agricultural activities developed in the area. The 

isotopic signatures of dissolved nitrate suggested that the main nitrate source was the use of synthetic 

fertilizers (slightly volatilized). The isotopic study performed in 2010 showed that nitrate attenuation 

ranged from 0 to 60%. The attenuation was negligible in the perimeter area of the basin, whereas close to 

the lake the mean attenuation was 20%, reaching maximum values of 60%. However, some samples with 

high denitrification showed NO3
‾ content of 0.77 mM close to the threshold for human water supply. 

Chemical and isotopic data from field samples were affected by other processes such as gypsum 

dissolution or calcite precipitation that could mask the concentration and isotopic composition of the 

different by-products of denitrification reactions. Higher DOC concentration in those samples with higher 
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nitrate attenuation suggested that organic matter was acting as the main electron donor. These results 

were in agreement with the laboratory experiment using Utrillas Facies, where the attenuation was linked 

to organic matter oxidation and the complete attenuation only was reached under low flow rate. With 

regards to the attenuation in the aquifer-lake area, results from piezometers located inside the lake showed 

NO3
‾ concentration below detection limit down to 37 m depth (below ground surface). However, the 

influence of density driven down flow was restricted to the saltwater-freshwater interface (down to 12 m-

14m). The absence of NO3
‾ in the deepest part of the aquifer was attributed to groundwater regional flow 

with longer residence times, since tritium data in these samples indicated that infiltration was prior to 

1950. 

 

To enhance the heterotrophic denitrification in the Pétrola basin, a biostimulation treatment was 

proposed. The biostimulation involved periodically injecting glucose to act as an electron donor to 

promote complete NO3
‾ removal. The C/N ratios tested were nearly stoichiometric to prevent the 

generation of undesirable compounds, such as NO2
‾ or H2S. Complete NO3

‾ reduction was achieved after 

13 days, along with transient NO2
‾ accumulation that was observed until day 27. In addition to NO3

‾ 

attenuation, the glucose injection repressed the DNRA, reducing NH4
+ concentration in the outflow. 

Changes in the C/N ratio during the experiment reduced the amount of glucose discharged from the 

system. However, despite these changes, NO3
‾ attenuation continued because secondary carbon sources 

(DOC in input water and/or biomass) were present during the experiment and accounted for 

approximately 30% of the total attenuated NO3
‾. Isotopic characterisation of the SO4

2- proved that the 

SO4
2- reduction did not occur, even though carbon excess and low redox conditions were present. This is 

attributed to the lack of time for SO4
2- reduction to occur inside the column. The N and O isotopic 

fractionation obtained during the induced attenuation were -8.8‰ and -8.0‰ respectively; these values 

were lower (in absolute values) than the isotopic fractionation in natural denitrification. This variation 

was caused by differences in the organic carbon source. Overall, periodically injecting glucose might be a 

feasible method to remove NO3
‾ from groundwater; a pilot-scale test should be performed to verify its 

applicability during long-term treatments at field-scale.  
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1. Introduction 

 

In the last decades nitrate pollution has become a major threat to groundwater quality. Presence 

of nitrate (NO3
‾) in water can cause serious health problems in both humans and domestic animals, and 

environmental impacts. High NO3
‾ ingestion can cause methemoglobinemia in infants and young children 

( Comly et al., 1945; Magee and Barnes, 1956) and also can promote cancer in humans (Volkmer et al., 

2005; Ward et al., 2005). Moreover, NO3
‾ impacts the environment, contributing to the eutrophication of 

surface water bodies (Rivett et al., 2008; Vitousek et al., 1997). The natural NO3
‾ content in water is moderate; 

however, anthropogenic activities increase the NO3
‾ concentration, reducing water quality. Frequently, the 

sources for the NO3
‾ pollution in groundwater are linked to the extensive use of synthetic and organic 

fertilisers, inappropriate placement of animal waste, and spills from septic system effluents. The European 

Groundwater Directive (EC 2006) considers NO3
‾ as one of the most important contaminants that could 

prevent the achievement of the goals of the Water Framework Directive (EC 2000). The NO3
‾ 

concentration threshold established by Directive 98/83/CE for human water supplies is 0.81 mM (50 mg/L 

NO3
‾, or 11 mg/L N-NO3

‾).  

 

In order to improve characterization and water resources management in nitrate polluted or 

nitrate vulnerable areas, it is necessary to understand the different processes that affect nitrogen 

compounds in the environment. The most important processes found in hydrogeological systems affecting 

nitrogen compounds are nitrification, denitrification (including nitrifier denitrification), dissimilatory 

nitrate reduction to ammonia (DNRA or ammonification) and anaerobic ammonium oxidation 

(Anammox). As NO3
‾ is a key compound for these processes (Fig. 1), it is very important to know the 

reactions pathways and the conditions for these reactions to take place. Depending on the biological 

pathway, a different chemical signature of groundwater can be produced, which can help, for instance to 

identify whether denitrification is promoted by autotrophic or heterotrophic bacteria. However, when 

chemical data are not conclusive, multi-isotopic studies are an effective tool to identify and describe these 

processes (Aravena and Robertson, 1998; Mariotti et al., 1988; Pauwels et al., 2000; Vitoria et al., 2008; 

Wassenaar, 1995; among others). Stable isotopes are usually measured as the ratio between the less 

abundant isotope(s) and the most abundant one, e.g. 15N against 14N. Ratios are usually established with 

respect to international standards using the delta notation (Eq. 1). 
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δ15N = [(Rsample – Rstd) / Rstd] x 1000  (1)    

where R = 15N/14N in the sample (sa) and the standard (std) 

 

Changes in the isotopic composition or fractionation produced by biological processes such as 

denitrification or DNRA used to be expressed as a Rayleigh distillation process (ε) (Eq. 2 and 3 in the 

case of NO3
‾ fractionation) (Mariotti et al., 1988). Fractionation is useful to distinguish between 

microbial/chemical/biological reactions from other processes such as dilution, which can also affect to 

nitrogen compounds concentration but without changing the isotopic value (Clark and Fritz, 1997; 

Kendall et al., 2007).  

 

δ15Nresidual = δ15Ninitial + ε ln ([NO3
‾] residual   ⁄   [NO3

‾] initial)   (2) 

δ18Oresidual = δ18Oinitial + ε ln ([NO3
‾] residual   ⁄    [NO3

‾] initial)   (3) 

 

1.1 Main N-cycle reactions  

Most important N-cycle reactions in groundwater and the intermediate steps of oxidation and 

reduction processes are represented in Figure 1. 

NH4
+ NO N2ONO3

¯NO2
¯ N2

N2

NO2
¯

N2

N-3               N+3 N+5 N+3           N+2             N+1              N0

NO2
¯

NO

N2O

Anammox

Nitrification

Nitrifier den.

Denitrification

DNRA

 

Figure 1.  Schematic representation of the soil microbial pathways affecting N compounds. 

 

 

1.1.1 Nitrification 

Nitrification is one of the most important processes that produce the increase of NO3
‾ 

concentration in groundwater. Nitrification is the oxidation of NH4
+ compounds to NO3

‾ under aerobic 

conditions by nitrifying bacteria. Main sources of NH4
+ in soil are: 1) NH4

+ formed by the mineralization 
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of organic-N in soils, 2) the application of synthetic fertilizer and 3) NH4
+ from animal or sewage waste, 

formed by the hydrolysis of urea to NH3, that is subsequent converted to NH4
+ (Eq 4 and 5) (Table 1) 

(Heaton, 1986). 

 

CO(NH2)2 + 2H2O → 2NH3 + H2CO3 + H+  (4) 

2NH3 + 2H2O ↔ 2NH4
+

 + 2OH-    (5) 

 

NH4
+ oxidation (Eq. 6 and 7, Table 1 Fig. 1) is mainly produced under aerobic conditions in the 

non saturated zone, but it can also take place under saturated conditions (Choi et al., 2003). 

 

2NH4
+ + 3O2 → 2NO2

‾ + H2O +4H+  (6) 

2NO2
‾ + O2 → 2NO3

‾     (7) 

 

Nitrification produces the consumption of NH4
+ and the increase of NO3

‾ in groundwater. 

Isotopically, during this reaction the δ15N of the residual NH4
+ increases whereas the δ15N of the 

generated NO3
‾ is depleted with respect to the δ15N of NH4

+. However, as Heaton (1986) pointed out, 

during nitrification processes NH4
+ is completely nitrified and no isotopic fractionation is observed. 

Nevertheless, the isotopic composition of δ15N-NH4
+ can be affected by volatilization of NH3 when 

animal or sewage waste is stored for long periods of time, or during their application on the surface of the 

soil. Volatilization tends to increase the δ15N of residual NH3 and therefore the generated NH4
+ will have 

a higher value of 15N-NH4
+ (Högberg, 1997). With regards to 18O, during nitrification the δ18ONO3 is 

mainly derived from water and atmospheric oxygen and the resulting δ18ONO3 can be calculated following 

Equation 8 defined by Anderson and Hooper (1983).  

 

δ18ONO3= 1/3 δ18OO2 + 2/3 δ18OH2O   (8) 

 

This equation can be applied when NH4
+ is abundant and nitrification rates are high. It also 

assumes negligible isotope fractionation effects during water and atmospheric O2 (O2(atm)) incorporation 

(Mayer et al., 2001). It is also supposed that the δ18O of O2 used by the microorganisms is that of O2(atm). 

In this case, two-thirds of the oxygen atoms of NO3
‾ produced are derived from water, whereas one-third 

is incorporated from atmospheric oxygen (δ18Oatm= +23.5‰; Lane and Dole, (1954)). Thus the calculated 

δ18ONO3 will depend of the isotopic composition of the regional or local water.  
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One of the most important applications of isotopes is source identification of groundwater NO3
‾ 

(Wassenaar et al., 1995, Kendall et al., 1997). The isotopic composition of 15N-NO3
‾ formed via 

nitrification will depend on the 15N-NH4
+ that is controlled by the source of the NH4

+ (i.e. manure or 

ammonium fertilizer). However there are overlaps in the 15N-NO3
‾ from different sources such as between 

NO3
‾ fertilizer and ammonium fertilizer (Xue et al., 2009 and references therein). Nonetheless, plotting 

δ15NNO3 vs. δ18ONO3 has shown to be useful to identify the source of groundwater NO3
‾ to a certain extent 

(Aravena and Robertson 1998; Mayer et al., 2002; Vitòria et al., 2004; Kendall et al., 2007;  among 

others). 

 

1.1.2 Denitrification 

Among the different biological pathways, denitrification is considered the main reaction that 

irreversibly eliminates dissolved NO3
‾ from groundwater (Aravena and Robertson 1998). In natural 

systems, denitrification leads to nitrate elimination through conversion into harmless N2 (Knowles 1982) 

but is limited by the availability of electron donors. Denitrification is a redox reaction driven by autotrophic 

or heterotrophic bacteria that reduce NO3
‾ to nitrogen gas (N2) under anaerobic conditions. Autotrophic 

bacteria promote denitrification using reduced sulphur compounds such as Fe2+ bearing minerals (i.e. Fe2+-

sulphides and Fe2+-silicates) whereas heterotrophic bacteria use organic matter as the electron donors for 

NO3
‾ reduction. In both cases, denitrification occurs through a number of sequential reactions. NO3

‾ is initially 

converted to nitrite (NO2
‾), which is in fact a more serious health hazard than NO3

‾ (De Beer et al., 1997). The 

maximum allowed NO2
‾ concentration in drinking water is 0.01 mM (Directive 98/83/CE). The next reaction 

transforms NO2
‾ into nitric oxide gas (NO), and NO is subsequently converted into nitrous oxide gas (N2O); 

both gaseous species are greenhouse gases. Finally, N2O is transformed into N2. The chain of reactions can, 

however, discontinue at each step depending on biological and kinetic factors. Usually, this reaction 

sequence is presented as a single reaction (Eqs. 9 and 10).  

 

5CH2O + 4NO3
‾ + 4H+ → 2N2 + 5CO2 + 7H2O   (9) 

5FeS2 + 15NO3
‾ + 5H2O → 10SO4

2- + 7.5N2 + 5FeOOH + 5H+ (10) 

 

During denitrification reaction, the δ15N and δ18O of the residual nitrate increase as nitrate 

concentration decreases with a εN/εO ratio that ranges from 0.9 (Otero et al., 2009) to 2.1 (Böttcher et al., 

1990). Likewise, the isotopic composition of the reaction by-products (HCO3
‾ and SO4

2-) may be used to 

identify the metabolic processes involved in natural or induced denitrification scenarios (Aravena and 
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Robertson, 1998; Hosono et al., 2013; Kendall et al., 2007; Otero et al., 2009; Rodríguez-Escales et al., 

2014; Vidal-Gavilan et al., 2013)(Aravena and Robertson, 1998; Hosono et al., 2013; Kendall et al., 

2007; Otero et al., 2009; Rodríguez-Escales et al., 2014; Vidal-Gavilan et al., 2013). 

  

Another kind of denitrification is the nitrifier denitrification, which is usually considered 

separately in the nitrogen cycle (Fig 1). This reaction is produced by ammonia-oxidizing bacteria that 

reduce NO2
‾ produced during nitrification (or denitrification) to N2 (Ritchie et al., 1972, Poth et al., 

1985). This process is considered one of the main production pathways of N2O(g) in soils (Wunderlin et 

al., 2013; Zhu et al., 2013). 

 

1.1.3 DNRA 

DNRA is an anaerobic reduction reaction enacted by fermentative bacteria that reduce NO3
‾ to 

NO2
‾ before the final reduction to NH4

+ (Korom, 1992). The global DNRA reaction is commonly represented 

by Equation 11. 

 

2H+ + NO3
‾ + 2CH2O → NH4

+ + 2CO2 + H2O (11) 

 

This reaction occurs under similar conditions as denitrification, however, is less observed in 

practice. The main factors affecting the development of every reaction are the biomass in the system that 

is finally controlled by the organic matter type and availability (Nijburg et al., 1998). DNRA has been 

reported mainly when the electron acceptor (NO3
‾) is limited (Burgin and Hamilton, 2007; Lind et al., 

2013). Despite DNRA is rarely observed, some authors have found DNRA in groundwater systems (Bulger et 

al., 1989; Smith et al., 1991). Nizzoli et al. (2010) found a shift from denitrification to DNRA in hypolimnetic 

sediments due to an increase in both, organic carbon and the reducing conditions. Isotopically, DNRA will 

produce an enrichment in δ15N and δ18O of the residual NO3
‾ whereas the δ15N-NH4

+ is strongly depleted 

(McCready et al., 1983; Lehmann et al., 2004). 

 

1.1.4 Anammox 

Anammox reaction was discovered by Mulder et al., (1995) in a wastewater treatment 

experiment. The reaction occurs under anaerobic conditions driven by autotrophic bacteria where NH4
+ is 

oxidized using NO2
‾ and NO3

‾ as electron donors Eq. 12, 13 and 14 (Van de Graaf et al., 1995 and 1996). 
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3NO3
‾ + 2NH4

+ → 3NO2
‾ + N2 + 3H2O + 2H+   (12) 

NH4
+ + 1.3NO2

‾ → N2 + 2H2O + 0.3NO3
‾     (13) 

 

Anammox is a very important process in marine environments where about 50% of N is removed 

through this reaction (Dalsgaard et al., 2005; Nicholls and Trimmer, 2009; Thamdrup and Dalsgaard, 

2002).  In addition, Anammox has been described in lake systems (Schubert et al., 2006) and in some 

groundwater systems (Clark et al., 2008; Meyer et al., 2005). During Anammox reaction, the 15N becomes 

heavier in the residual molecules of NO3
‾, NO2

‾ and NH4
+ as concentration decreases; likewise, the 

isotopic composition of 18O increases in the unreacted NO3
‾ and NO2

‾.  

 

1.2 Induced nitrate attenuation 

The human supply threshold of NO3
‾ is exceeded by many aquifers worldwide because NO3

‾ is 

highly mobile in groundwater and often persists in aquifers where the concentration of dissolved oxygen 

is over 0.06 mM and/or there are few electron donors, such as labile organic carbon, sulphides and/or 

Fe(II)-bearing minerals (Korom, 1992). As a consequence, there are many areas where NO3
‾ cannot be 

naturally removed in the environment. In this context, Europe has proposed actions to reduce NO3
‾ pollution 

(Directive 91/976/ECC). For instance, preventing pollution at the source involves improving farming practices 

(Aarts et al., 2001; Flessa et al., 2002; Moreau et al., 2012) and/or the conceptual management framework 

(Almasri, 2007). Furthermore, different remedial strategies have been proposed to remove NO3
‾ from 

groundwater, such as membrane technologies, permeable reactive barriers, ion exchange, hydrogenotrophic 

denitrification (Haugen et al., 2002; Pintar et al., 2001; Schmidt and Clark, 2012; Soares et al., 2011; Xia et al., 

2010), or microbial desalination-denitrification (Zhang and Angelidaki, 2013). Of the different strategies, one 

of the most efficient treatments for removing NO3
‾ involves enhanced biological denitrification within the 

aquifer using biodenitrification technologies (Khan and Spalding, 2004; Tartakovsky B. et al., 2002; Vidal-

Gavilan et al., 2013, among others). 

 

In natural systems, denitrification is predominantly restricted by the availability of electron donors 

(Knowles, 1982), In this sense, different field- and lab-scale treatments have been tested to remove NO3
‾ from 

both ground- and wastewaters by adding an external electron donor to promote heterotrophic or autotrophic 

denitrification with significant success (Borden et al., 2011; Istok et al., 2004; Leverenz et al., 2010; 

Tartakovsky et al., 2002; Torrentó et al., 2010; Vidal-Gavilan et al., 2013). In the case of the induction of 

Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain) 18

Raúl Carrey Labarta, 2014



Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain) - 7 – 
 

 

heterotrophic denitrification biostimulation, frequently tested electron donors included alcohols, such as ethanol 

or methanol, sugars, such as glucose or sucrose, or other organic compounds, such as acetic acid, glycerol or 

lactic acid (Aesoy et al., 1998; Akunna et al., 1993; Fernández-Nava et al., 2010; Ge et al., 2012; Gómez et al., 

2000; Lee and Welander, 1996; Martin et al., 2009; Osaka et al., 2008; Peng et al., 2007; Vidal-Gavilan et al., 

2013; among others). Complex organic compounds, such as pine bark, compost or sawdust have also been 

investigated (Schipper and Vojvodic, 2000; Trois et al., 2010). In the case of autotrophic denitrification, some 

compounds such as pyrite have been evaluated to enhance nitrate attenuation at field and lab scale (Torrentó et 

al., 2010). Multi-isotopic characterisation is an important tool to identify and describe induced denitrification 

reactions and can be used to quantify the attenuation performed at field-scale (Vidal-Gavilan et al., 2013, 

Barford et al., 1999, Delwiche & Steyn, 1970, Torrentó et al., 2011).  

 

1.3 Kinetics of nitrate attenuation  

Useful information about nitrate attenuation reactions can be obtained through the kinetic studies 

that can be applied to model the reactive transport in aquifers. This type of models can be helpful to 

understand the behavior of the system under different conditions, describing the chemical distribution of 

species in water along time. Most of the kinetic studies of denitrification were focused on induced 

attenuation, adding an external organic or inorganic substrate ((Dinçer and Kargi, 2000; Koenig and Liu, 

2001; Nielsen et al., 1996) or a specific bacteria strain (Joshi et al., 2007). Kinetic studies can be based on 

batch experiments (Joshi et al., 2007; Vasiliadou et al., 2008) and/or continuous systems (Andre et al., 

2011; Fu et al., 2009; Mathioudakis and Aivasidis, 2009; Roychoudhury and Viollier, 1998). Commonly, 

Monod kinetic equation has been utilized to describe biological redox reactions, however, this equation 

must be considered purely descriptive and should not be used to predict transformation rates outside the 

range of concentration performed in the experiments (Bekins et al., 1998). Despite this limitation, Monod 

equations have been applied to biodegradation models (Van Cappellen and Wang, 1996; Koenig and Liu, 

2001; Hunter et al., 1998 and references therein). 

 

2. Rationale  

 

Many areas of Spain have been declared as vulnerable to NO3
‾ pollution according to European 

directive (EC, 1991), and most of these zones have NO3
‾ concentration over the threshold level 
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established by Directive 98/83/CE for human water supply. One of the most vulnerable environments to 

nitrate pollution are the systems without drainage to large water bodies such as endorheic basins located 

in semiarid or arid regions because these closed systems have low precipitation and high evaporation 

rates. Endorheic basins are very frequent in the central part of Spain. Among the endorheic systems from 

Central Spain, Pétrola basin, located in the SE of Spain, in the Castilla-La Mancha Region, is an excellent 

example. Pétrola basin covers 43 km2 with a saline lake located near the SW edge of the basin. This area, 

vulnerable to nitrate pollution, has been declared both a highly-modified superficial water body and a 

nature reserve (Spanish Decree 102/2005, September 13th). Despite the use of fertilizers is restricted and 

under the authorities supervision (Order 2011/7/2 CMA), nitrate pollution has been observed in the region 

and is linked to farming activities producing an estimated input of NO3
‾ in the lake about 3.76 t/year 

(Cortijo et al., 2012). Furthermore, there is an additional NO3
‾ input from the municipal wastewaters, 

which are spilled directly to the lake. These NO3
‾ sources enhance eutrophication processes and produce 

harmful algal blooms in the Pétrola Lake. 

 

3. Study area 

 

Geology of the Pétrola basin is formed mainly by Mesozoic materials (Fig. 2). The bottom of the 

sequence is formed by oolitic carbonate Jurassic rocks with porosity related to the fracture network. The 

base of the Lower Cretaceous unit corresponds to the Weald Facies and consists on lutite sediments, 

overlayed by sands and sandy-conglomerate sediments with intergranular porosity, which reaches the 

Barremian time. Aptian carbonates overlay Barremian terrigenous deposits. Albian deposits (Utrillas 

Facies) consist on siliciclastic sands, sandy-conglomerates and reddish to dark grey clay to lutite 

sediments. The Utrillas Facies materials are interstratified by grey-to-black lutitic and sandy sediments 

with high contents in organic matter and sulphides. These deposits show noticeable lateral changes in 

thickness and different oxidation states throughout the Pétrola basin with an average thickness of about 

7m. 

 

Hydrogeologically, the basin is formed by two unconnected aquifers. A confined aquifer formed 

by highly permeable oolitic Jurassic carbonates. The overlaying lutitic Weald Facies forms the confining 

layer. The second aquifer is composed of siliciclastic sands, conglomerates and lutites (Utrillas Facies, 

Albian). Groundwater flow in the system converges on the Pétrola Lake. The lake is connected to the 
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aquifer and the saline system can be considered as a terminal discharge zone. However, the difference 

between salty surface water from lake and fresh-groundwater can produce a density-driven flow from 

surface lake water towards underlying aquifer (Zimmerman et al., 2006).  

 

NO3
‾ concentration in surface and ground-water in the basin for the period 2008-2010 ranged 

from <0.1 to 154.7mg/L. The observed variation in NO3
‾ concentration can be linked with natural 

attenuation processes. However, some limitations can mask the whole rate of these processes at field-

scale. The inaccessibility to sampling points in a flow line, mixing processes and the variation in the 

solutes load make difficult the identification of attenuation processes. In addition, the role of different 

electron donors and their capacity to promote denitrification at calculated from field data can also be 

affected by these processes. In this context, laboratory experiments can provide useful information to 

understand the role of both, the different sediments from the basin that are able to produce denitrification 

and the different electron donors present in the sediments. As a result, laboratory coupled with field data 

can be therefore used to improve understanding of the nitrogen cycle of Pétrola basin. 

 

2581S3 2581S3 2581S3

 

Figure 2. Location and regional geology (modified from Baena-Pérez and Jerez-Mir, 1982) and simplified geological 
map of the Pétrola Lake endorheic basin. Ab: Albacete, Ch: Chinchilla de Montearagón, Mo : Montealegre del Castillo, AL : 
Almansa, masl: meters above sea level. 
 

In this context, in this thesis innovative laboratory experiments coupled with field survey were 

performed in order to understant the key factors affecting nitrogen cycle in the Pétrola Basin. The work 
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developed represents a step forward in the knowledge of natural and induced nitrate attenuation using 

isotopic tracers (δ15N-NO3
‾, δ18O-NO3

‾, δ34S-SO4
2-, δ18O-SO4

2-, δ13C-HCO3
‾).  

 

4. General goals 

 

The general goal of this thesis is to improve the knowledge on natural and induced nitrate 

attenuation using isotopic tracers (δ15N-NO3, δ
18O-NO3, δ

34S-SO4, δ
18O-SO4, δ

13C-HCO3). The aim is to 

understand the key factors affecting nitrogen cycle in Pétrola Basin by means of both laboratory and field 

scale studies.  

 

The first main objective is to assess the natural attenuation mechanisms present in the Pétrola 

basin. To achieve this goal laboratory-scale (flow-through experiments) with  different sediments of the 

basin were performed to determine their global natural attenuation potential. The specific goals are: 

 

o To study the availability and the role of the different electron donors in the Utrillas 

Facies and bottom lake sediments from Pétrola basin to promote denitrification.  

 

o Calculate the denitrification rates of both sediments and to relate it with different flow 

rates used during the experiments. 

  

o Characterize the possible generation of toxic compounds such as NH4
+ and/or NO2

‾, as 

well as other redox processes such as the sulphate reduction. Identify the factors that 

control their production during the experiments.  

 

o Obtain the fractionation factors (εN and εO) during denitrification produced by Utrillas 

Facies and bottom lake sediment in order to quantify the denitrification degree at field 

scale. 

 

The second main goal of the thesis is to characterize natural attenuation processes of NO3
‾ in 

Pétrola basin at field scale and to understand the key factors affecting nitrogen cycle. The specific goals 

are: 
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o To study the hidrogeological system of the Pétrola basin focusing on the aquifer-lake 

relationships in order to confirm the occurrence of denisity down-flow  from the 

hypersaline lake to the underlying groundwater. 

 

o Identify the source of NO3
‾ and understand the factors controlling NO3

‾ distribution in 

the Pétrola basin, focusing in the surroundings of the hypersaline lake and its 

connection to the regional-scale groundwater system. 

 

o Describe the NO3
‾ attenuation processes in Pétrola basin with the integration of 

laboratory and field data to confirm the role of the different electrons donors present in 

the basin. 

 

o Calculate the capacity of the density driven flow to transport the dissolved organic 

carbon from lake sediments into deep anoxic aquifer zones for enhancing denitrification 

processes. 

 

Finally the third main goal of the thesis is to asses the feasibility of  induced attenuation methods 

(biostimulation) to allow to reduce the contamination where natural nitrate attenuation was not observed 

or was insuficient. The specific goals are: 

 

o Evaluate the viability of periodically injecting glucose to promote denitrification in 

groundwater from Pétrola basin using C/N ratios close to stoichiometric value of 

heterotrophic denitrification reaction. 

 

o Achieve complete NO3
‾ elimination while preventing the generation of undesirable 

compounds and processes, such as NO2
‾ or sulphate reduction  

 

o Obtain the isotopic fractionation factor (ε) for N and O during the induced 

denitrification reaction to evaluate the efficiency of future field tests.  
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5. Methodology 

 

The description of the analytical methods employed in this thesis, are detailed in the appendix B. 

 

5.1 Field survey  

A total of 252 samples from 20 control points (springs, streams and agricultural wells) where 

analysed between April 2008 and December 2010. Twelve sampling points were selected for assessing 

denitrification in the saline lake-aquifer system. Eight of them (2554, 2564, 2571, 2581, 2602, 2640, 

2641, 2642) were selected for evaluating denitrification processes based on their accessibility, location in 

the hydrogeological context, hydrogeochemical parameters, and the dominant land use (irrigation crops). 

Additionally, four PVC piezometers (2623, 2624, 2625, 2626) were installed during 2008 close to the 

lake in order to measure vertical profiles of hydrogeochemical parameters at different depths. The 

piezometers were 5 cm in inner diameter and were installed to depths ranging from 12.1 m (2626) to 37.9 

m (2623). 

 

5.2 Experimental design 

The experiments consisted of flow-through glass columns (40 cm in length and 9 cm in 

diameter) filled with sediments from the Pétrola basin (Fig. 3). Two different sediments were studied: 1) 

the organic and sulphide-rich material from Utrillas sediments and 2) the bottom lake sediment. In 

September 2008 four piezometers (S1 to S4) were drilled close to the SE edge of the lake. The sediment 

was sampled in one of these piezometers (S3) (Fig. 2).  During the drilling, the core was sampled at 

various depths (a) 1.5 – 2.0 m, (b) 5.30 – 5.45 m, (c) 9.00 – 9.60 m, and (d) 15.30 – 15.45 m. The core 

was then isolated from the atmosphere with polypropylene and immediately frozen in the field with solid 

CO2 to preserve it at -30ºC. X-ray powder diffraction (XRD) analyses from the fine size (<40 µm) 

fraction of the sediments were performed. Measured total organic carbon was 0.4% for Utrillas Facies and 

1.2% for the bottom lake sediment. The sulphur percentage was 2% in the Utrillas Facies, mainly as 

disseminated pyrite, whereas in bottom lake sediments sulphur was 4%, in this case as sulphate forms 

such as gypsum and magnesite. The water used in the experiment was sampled at well 2581 (Fig. 2) with 

average NO3
‾ concentration of 0.81 mM (50 mg/L).  
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Figure 3. Set-up of the flow-through experiments. Flow rate in the experiment was controlled by a peristaltic pump. 

Arrows indicate the flow direction in the flow-through experiment. 
 

 

6. Results and discussion 

 

6.1 Natural attenuation: Utrillas Facies  

The results obtained in column experiment showed that Utrillas Facies sediments were able to 

remove NO3
‾ contamination from groundwater (0.8 mM) under specific flow conditions. In addition, the 

role of the different electron donors present in this sediment was also evaluated. During the experiment, 

two different stages were observed.  

 

Stage I started at the beginning of the experiment up to day 21. Denitrification was observed at 

the beginning coupled with an increase NO2
‾ in the outflow (Fig. 4). The important NO2

‾ accumulation 

observed was related with the initial growth of denitrifiers and the induction of nitrite reductase (Abell et 

al., 2009). An important increase in DOC was observed during this stage pointing out that NO3
‾ 

attenuation could be promoted by heterotrophic denitrification. However, during this stage an important 

leaching from the sediment was observed, masking any chemical (SO4
2- concentration) or isotopic (δ34S-

SO4
2- and 18O-SO4

2-) variation produced by autotrophic denitrification. Therefore, the role of pyrite in the 

NO3
‾ attenuation could not be discarder neither confirmed for this period. The denitrification rate 

(NO3
‾+NO2

‾
� N2) calculated for this period was 10 µmol N d-1 L-1. 

 

The Stage 2 started at day 21 until the end of the experiment, with a flow rate of 0.1 mL/min. 

The outflow NO3
‾ concentration was similar to the input water, whereas NO2

‾ concentration remained 

constant around 0.04 mM. After a flow rate change down to 0.05 mL/min, NO3
‾ in the outflow decreased 
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down to 0.48 mM and NO2
‾ increased to values around 0.15 mM. At day 96, when the flow rate was 

again reduced to 0.01 mL/min, NO3
‾ and NO2

‾ were below detection limit (3x10-3 and 4x10-3 mM 

respectively) in the outflow water. Coupled with complete NO3
‾ and NO2

‾ removal, DOC increased in the 

outflow up to 0.75 mM (Fig. 4). In addition, during Stage II, SO4
2- concentration, δ34S-SO4

2- and δ18O-

SO4
2- did not varied in the outflow water compared to the input water, pointing out that denitrification 

was produced using organic matter as electron donor.  The degree of attenuation during this stage showed 

to be controlled by changes in flow rate. After 215 days, NO3
‾ concentration in the outflow showed an 

increasing trend towards values close to the input water due to organic carbon depletion. The higher 

denitrification rate during this stage was 31 µmol N d-1 L-1. 

 

Figure 4. Nitrate, NO2
‾ and DOC concentration over time showing flow rates and denitrification stages. Square points 

represent input water concentration. 
 
 
The isotopic fractionation of N and O from the residual NO3

‾ was calculated. The obtained 

values were ‾11.6‰ and ‾15.7‰ for εN and ‾12.1‰ and ‾13.8‰ for εO during attenuation produced in 

stages I and II respectively (Fig. 5).  
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           a)                               b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. (a) δ15N vs. ln[NO3
‾] for both stages of denitrification. Slopes correspond to the isotopic fractionation value of 

15N. (b) δ18O vs. ln[NO3
‾] for both stages. Slope corresponds to the isotopic fraction of 18O 

 

With the fractionation values obtained in this experiment, the percentage of denitrification at the 

field scale was calculated using: 

 

DEN (%) = [1- e (δresidual-δinitial/ε)] x 100 (14) 

 

The observed NO3
‾ attenuation from water samples collected in the field ranged from 0% to 60% 

with an average attenuation of 20%. The percentage was calculated using both εN and εO for the two stages 

(Fig. 6). Slight differences were observed in the attenuation depending on the fractionation factor used. 

This can be explained to the different processes affecting the changes in δ15N and δ18O during nitrification 

reactions such as volatilization occurring in the field. Overall, the isotopic study of the field samples has 

showed that denitrification is taking place in the basin but it cannot completely remove NO3
‾ from 

groundwater. 
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Figure 6. Comparison of the percentage of NO3
‾ attenuation using the different fractionation values obtained in the column 

experiment. (a) Percentage obtained using fractionation values of the first stage. (b) Percentage obtained using fractionation values of 
the second stage. The solid lines indicate the 1:1 ratio and the dashed lines represent variation of 5%. Error bars of samples are 5%, in 
agreement with the standard deviation of isotopic analyses.  
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6.2 Natural attenuation: Bottom lake sediments 

In the column experiment performed using bottom lake sediment results showed complete NO3
‾ 

attenuation in the outflow water after 7 days. Nitrate attenuation in the outflow was observed during 288 

days. Coupled with NO3
‾ attenuation, a very important increase in the salinity of the outflow water was 

observed produced by the dissolution of the salty minerals present in the sediment. During the first days 

of the experiment NH4
+ and NO2

‾ concentration increased up to 0.88 mM and 0.52 mM respectively. The 

increase of NH4
+ was related with dissimilatory nitrate reduction to ammonium (DNRA) favored by high 

C/N ratio and salinity at early stages. Hence, the NO2
‾ accumulated was produced by uncompleted DNRA 

reaction. After 10 days NH4
+ concentration decreased pointing out the repression of DNRA, and 

denitrification became in the main NO3
‾ attenuation reaction. These results were similar to other studies 

performed in lakes where DNRA had a limited extent (e.g., Mengis et al., 1997; Lehmann et al., 2003). 

Sulphate reduction could be promoted due to the low redox observed when NO3
‾ was completely 

consumed (<150 mV). However, the possible variation of SO4
2- concentration was masked by both 

leaching and gypsum dissolution of the sediment that increased SO4
2- content in the outflow water. In 

addition, the leaching masked variations in the isotopic composition of dissolved SO4
2- in the outflow 

water. Therefore, sulphate reduction could not be confirmed neither discarder during the experiment. 

However at field scale the migration of dissolved organic C coupled with the reducing environment could 

promote sulphate reduction.  

Using Phreeqc-2d a biogeochemical model was developed to determine the organic carbon 

transfer from solid sediment to water, and to model organic matter oxidation consumed to reduce N-NOx
‾ 

(NO3
‾ + NO2

‾) from input water. Data from different vertical profiles of the column experiment under 

different flow rate were employed to validate the proposed model. Equations for nitrate reduction and 

organic transfer were Equation 15, and 16. 
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  (15) 

12 rQr ⋅=     (16) 

 

where [C] is the concentration of the soluble electron donor (mmol L-1) (DOC), [N] is the concentration 

of the electron acceptor (N-NOx
‾, mmol L-1); µmax is the maximum specific growth rate (h-1); Ks is the half 

saturation constant of N-NOx
‾ (mmol L-1) and Q is the stoichiometric relationship between the electron 
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acceptor and the electron donor; in the case of heterotrophic denitrification, Q is 0.8 (Knowles, 1982) 

 

The immobilized organic carbon can be attached to the aquifer matrix and/or to the biofilms. 

From there, particulate organic matter will be successively solubilized and subsequently oxidized during 

denitrification (Janning et al., 1998). Solubilization, i.e., mass transfer process, is assumed to be a rate-

limited process where the rate can also depend on the solubility of the dissolved organic compounds. We 

have modeled this processes it following the instructions of Greskowiak et al. (2005), who slightly 

modified model from Kinzelbach et al. (1991), as Eq. 17: 

 

satC

DOCCsatC
βSOMCsolDOC,r

−
=   (17)  

 

where r is a mass transfer rate (mmol L-1 h-1), Csat is the saturation concentration (mmol L-1), CDOC is the 

soluble organic carbon (mmol L-1), CSOM is the solid organic carbon in the sediment normalized to the 

mass of water in the reactor (mol Kg-1) and β is the maximum transfer rate (h-1). 

 

The calibrated parameters used to reproduce the model are listed in Table 1. Figure 7 shows how 

the model fits well with experimental data (each figure is related to a different flow velocities). The 

calculated denitrification parameters (µmax and Ksat,nit) were in the same range as other similar natural 

attenuation experiences, and were also similar to other enhanced denitrification studies at lab-scale.  

 

Table 1. Estimated values of different parameters used in this work 

Parameter Unit Value 

µmax [h-1] 0.04 

Ksat,nit [mmol/L] 5 x 10-2 

Csat [mmol/L] 4.65 

β [h-1] 1.78 x 10-3 
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Figure 7. Modeling results (lines) versus experimental data (circles). Solid line represents nitrate concentration; dashed 
line represents organic carbon degraded; dotted line represents organic carbon transfer to liquid from solid phase without 
degradation and grey surface represents the organic carbon consumed due to denitrification.  

 

The results from the kinetic model showed that the attenuation rate was similar for every period 

despite the different flow-rate. The average nitrogen reduction rate obtained was 1.25 mmol N d-1 L-1. 

This value was in the range of bibliographic data from other brackish environments such as hypersaline 

lakes or estuaries (Laverman et al., 2012). In addition the nitrogen reduction rate obtained for lake 

sediment from Pétrola was two orders of magnitude higher than the obtained using the sediment of the 

Utrillas Facies.  

 

The amount of organic carbon mobilized during the experiment calculated from the model and validated 

with measured DOC in the outflow. The total amount of reactive organic carbon mobilized from the 

sediment was 53.5 mmol. The amount of organic carbon consumed to reduce NO3
‾ to N2 was 28.8 mmol.  

This amount represented about 18% of solid organic carbon presented in the sediment (1.2%). This result 

was considerably higher than the Utrillas Facies results were only 2% of the solid organic carbon (0.4%) 

was degraded. The remarkable differences in denitrification rate and the carbon availability could be 

linked to different reactivity of organic carbon sources. 

 

The isotopic fractionation values obtained were ‾14.7‰ and ‾14.5‰ for N and O respectively 

(Fig. 8). These values were similar to those obtained using the Utrillas Facies sediment. Some authors 

observed that fractionation values were lower as denitrification rate increased (Mariotti et al., 1988), 

whereas other authors observed that more negative values of fractionation were associated with higher 

rates of kinetic denitrification (Korom et al., 2012). Our results showed that despite denitrification rates 
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using bottom lake sediments were two orders of magnitude higher than using sediment of the Utrillas 

Facies, the isotopic fractionation was similar for both sediments. Therefore, isotopic fractionation of δ15N 

and δ18O during denitrification cannot be only explained by variation in reaction rate and other factors can 

also affect to it such as bacteria community or environment conditions. 
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 ε= -14.5‰

R2 = 0.84

0

10

20

30

40

-2.0 -1.5 -1.0 -0.5 0.0

ln[NO 3
-]

δδ δδ18
O

Flow-through

Batch-exp

ε = -14.7‰

R2 = 0.80

0

10

20

30

40

-2.0 -1.5 -1.0 -0.5 0.0

ln [NO 3
-]

δδ δδ15
N

Flow-through

Batch-exp

 

 Figure 8. (a) Plot of δ 15N vs ln[NO3
‾] values. Slopes correspond to the isotopic fractionation value of 15N. (b) Plot of 

δ18O vs ln[NO3
‾] values. Slope corresponds to the isotopic fractionation of 18O. 

 

 

6.3 Chemical and multi-isotopic characterization of Pétrola basin 

According to its hydrological dynamics the study area has been divided in three different zones 

(Fig. 9). Zone 1 corresponds with the recharge area of the upper aquifer in the North whereas Zone 2 is 

located nearby the lake following the groundwater flow direction from Zone 1. Therefore, Zones 1 and 2 

will be discussed together in order to understand the chemical and isotopic evolution of groundwater in 

Pétrola basin. In other hand, Zone 3 represented the zone of density-driven groundwater flow located 

under the lake and showing the down-flow from the lake to the underlying aquifer as was observed in the 

Electrical Resistivity Tomography (ERT) survey performed in the lake. 
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Figure 9. Map showing the distribution of piezometric surface (masl) of Cretaceous aquifer (2003) and sampling 
locations. 

 

A field survey was performed in the Pétrola basin during 2008-2010 in order to determine the 

distribution of NO3
‾ contamination. The integration of the experimental results with the field data were 

used to depict the attenuation processes acting in the basin. The NO3
‾ concentration increased in Zone 1 

following the groundwater flow. Higher NO3
‾ values were located at the Center and South-West of the 

basin in agreement with agricultural activities developed in the area. The isotopic composition of δ15NNO3 

and δ18ONO3 indicated that the origin of NO3
‾ was derived from synthetic fertilizers slightly volatilized. 

With regards Zone 2, samples nearby the lake showed a slightly decrease in NO3
‾ concentration coupled 

with an increase in isotopic composition of δ15NNO3 and δ18ONO3. This increase in the isotopic composition 

pointed out the presence of denitrification in Pétrola basin. The % of NO3
‾ attenuation in Zone 1 reached 

a maximum of 10% whereas Zone 2 showed a higher denitrification percentage, between 10% and 60% 

(Fig. 10). However, samples in with higher denitrification showed an average NO3
‾ concentration of 44.8 

mg/L, close to the human water supply threshold.  
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Figure 10. δ15NNO3 vs δ18ONO3 of field samples together with the isotopic composition of the main nitrate sources (Vitoria 
et al 2004). Line shows the % of attenuation calculated with isotopic fractionation obtained in the column experiment. 
 

Interpretation of chemical and isotopic data from field surveys had an added difficulty, since 

samples were also affected by other processes (no only denitrification) such as dissolution of gypsum or 

precipitation of calcite. These reactions affected the concentration and isotopic composition of the 

different by-products of denitrification reactions (SO4
2- and HCO3

-) complicating their interpretation. 

Only DOC in some samples showed a similar trend than the observed in the experiments, with higher 

DOC concentration in samples with higher attenuation, suggesting that organic matter was acting as the 

main electron donor, in agreement with the experiment performed with the sediment from the Utrillas 

Facies. The observed denitrification at field scale showed an important spatial variability linked to the 

variation of the amount and reactivity of labile organic matter as well as NO3
‾ supply.   

 

The Zone 3 involves both, surface lake water and the mixing area of contaminated groundwater 

with density flow from lake. In both systems the NO3
‾ contents were below the detection limit. In surface 

water, NO3
‾ was mainly consumed promoting the development of the algal blooms observed in the lake 

that produce the eutrophication of the lake. Under the lake, the hydrogeologic model suggested that saline 

lake water (with no NO3
‾) is mixed with fresh-groundwater (contaminated by NO3

‾). However, NO3
‾ 

concentration measured in the piezometers under the lake during the year 2010 was below the detection 

limit. The experiment performed with bottom lake sediment indicated that this sediment was playing an 

important role as source of electron donors that could promote denitrification in the underlying 

groundwater. However, ERT results indicated that the saltwater-freshwater interface extents down to 12-

16m.  The density driven downflow therefore could not explain the absence of NO3
‾ measured in the 
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deepest piezometers. An alternative explanation is that the deepest piezometers are groundwater with 

longer residence time and absence of NO3
‾. It was supported by the analyses of Tritium in deepest 

piezometers (2624, 2625 and 2626) that showed values close to the detection limit (~0.8 TU), suggesting 

waters infiltrating before 1950. Since in the Castilla-La Mancha Region, the surface of irrigation crops 

began to be noticeable at the beginning of the 80´s of the past century (Calera and Martín, 2005), the 

absence of NO3
‾ in the deepest part of the aquifer under the lake is related to regional groundwater flow 

with longer residence time and it was not linked to denitrification. Therefore, tritium data confirmed 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 (down to 12 m below ground surface), in agreement 

with ERT results. Consequently, the geometry of the density downflow plays an important role in 

denitrification under the lake.  

 

6.4 Induced attenuation experiment 

To enhance the heterotrophic denitrification in the Pétrola basin, a biostimulation treatment was 

proposed. The present work sought to design an efficient strategy for inducing biostimulation. The 

biostimulation consisted on the periodical injection of glucose in a flow-through system. Three different 

C/N ratios were tested along experiment. From the beginning of the experiment to day 39 the C/N ratio 

was 1.6. Nitrate concentration displayed several increase-decrease cycles until day 18. Coupled with NO3
‾ 

attenuation, NO2
‾ was accumulated in the outflow up to day 27. From that day on, NO3

‾ was completely 

removed and NO2
‾ was not detected. Changes performed in the C/N ratio to lower values of 1.25 and 1.12 

did not further affect the denitrification efficacy, and complete NO3
‾ attenuation lasted until day 125 without 

NO2
‾ accumulation  (Fig. 11). 
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Figure 11.  NO3
‾ and NO2

‾ evolution during the experiment. (a) Stage I C/N = 1.6. (b) Stage II C/N = 1.25. (c) Stage III C/N 
=1.12. *Note that the graph (a) has a different y-axis scale. Vertical lines represent the glucose injections. 

 

The NO2
‾ accumulation was produced because bacteria preferentially use NO3

‾ at the beginning 

of denitrification when NO3
‾ and NO2

‾ are available, accumulating NO2
‾. In addition, samples with 

detectable NO2
‾ concentrations had a pH ranging from 8.4 to 8.7; these values are within the range that inhibits 

the NO2
‾ reduction (between 8.5 and 9.0) (Glass and Silverstein, 1998) (Fig. 12).  
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Figure 12. NO2
‾ accumulation vs. pH. NO2

‾ was usually detected on samples with pH > 8.4. 

 

Glucose was detected in the outflow samples during all the experiment despite the C/N injected was 

stoichiometric or lower and complete NO3
‾ attenuation was achieved. The results indicated that a 

supplementary C source was necessary to promote the observed NO3
‾ attenuation for every injection. This 

secondary source might include the DOC of the input water with a concentration up to 0.21 mM or the C from 

the biomass growing inside the reactor. The amount of extra C needed to achieve the complete NO3
‾ 

attenuation in the outflow ranged between 20 and 35%. 

 

The presence of glucose in the outflow water might suggest the possible development of sulphate 

reduction processes. In addition, the Eh values were below reported values able to promote SO4
2- reduction 

(<‾150 mV) (Connell and Patrick Jr. 1968). Therefore, once NO3
‾ was completely removed, the glucose excess 

could promote SO4
2- reduction. However, the isotopic composition of δ34SSO4 and δ18OSO4 was constant 

indicating that SO4
2- reduction was most likely not occurring.  It is hypothesized that once NO3

‾ was 

completely consumed, the residence time of water inside the reactor was too short to promote sulphate 

reduction. Although in the present work the SO4
2- reduction was not observed, an excess of available 

glucose is undesirable because this reaction could occur during field-tests. 

 

The isotopic fractionation of the N and O of the biostimulation experiment was 8.8‰ for εN and 

8.0‰ for εO (Fig. 13). These values were lower than those obtained for the Utrillas Facies and bottom 

lake sediments. These variations in the denitrification rate might be related to the specific C source used 

for biostimulation being different than the C-natural sources present in the sediment, affecting the 

evolution of the microbial populations and, consequently, the denitrification kinetics (Song and Tobias, 

2011)(Song and Tobias, 2011). The isotopic fractionation can be applied in a future pilot-test assay in 

order to quantify the efficiency of the induced degradation. 
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Figure 13. δ15N and δ18O of NO3
‾ against the natural logarithm of NO3

‾ concentration [mM]. Slopes of the regression 
lines represent the isotopic fractionation factor for N and O. Error bars represent the standard deviation of the replicates. 

 

 

7. General conclusions 

 

The study of Cretaceous Utrillas Facies and bottom lake sediments in laboratory experiments 

combining multi-isotopic techniques and chemical data showed that natural attenuation produced by both 

materials was mainly linked with the oxidation of the organic matter. In the case of Utrillas Facies, 

isotopic values of δ34SSO4 and δ18OSO4 throughout the most important denitrification stage, ruled out pyrite 

as electron donor. Bottom lake sediments showed higher potential to remove NO3
‾ than the Utrillas 

Facies. Important differences between both sediments were observed in the amount of reactive organic 

carbon, and in the nitrogen reduction rate. The reactive organic carbon from Utrillas Facies was 1.7mmol 

C that corresponds to 2% of the total organic carbon present in the sediment (0.4%) with a maximum 

nitrogen reduction rate of 3.1x10-2 mmol N d-1 L-1. With regards lake sediments, reactive organic carbon 

was 53.0 mmol that represents 18% of the total organic carbon of the sediment (1.2%). The nitrogen 

reduction rate of lake sediment obtained from the biogeochemical model was 1.25 mmol N d-1 L-1. These 

differences were linked to the variation in the reactivity of the different organic carbon sources. Despite 

the remarkable differences, similar isotopic fractionation of N and O during denitrification for the Utrillas 

Facies and the bottom lake sediment were observed. The Utrillas Facies displayed values of ‾11.6‰ and 

‾15.7‰ for εN and ‾12.1‰ and ‾13.8‰ for εO whereas denitrification produced by the bottom lake 

sediments showed εN of ‾14.7‰ and εO of ‾14.5‰. Furthermore the εN/εO ratios for both sediments 

were analogous, with values of 0.96 and 1.14 for the Utrillas Facies and 1.01 for the bottom lake 

sediment. 
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The hydrogeological study showed that groundwater flow in the Pétrola basin can be considered 

as the result of two main flow components: a regional groundwater flow, from the recharge areas (Zone 

1) to the discharge ones located near the lake (Zone 2) and the density driven flow from surface water 

from the lake towards the underlying aquifer (Zone 3). Hydro-chemical and isotopic results suggested that 

NO3
‾ in the basin is derived from synthetic fertilizers slightly volatilized. Isotopic results from the field 

showed that denitrification was taking place in the basin although it was restricted to the surrounding area 

(Zone 2) and under the lake (Zone 3). In addition, the using the isotopic fractionations obtained in the 

laboratory experiments, the percentage of NO3
‾ attenuation was calculated. NO3

‾ removed ranged from 

0% to 60% with an average percentage of 20%. The degree of denitrification observed at field scale 

showed an important spatial variability related with the amount, availability and reactivity of labile 

organic matter as well as spatial variation of NO3
‾ supply. The observed denitrification in Cretaceous 

aquifer in the basin is likely to be produced by organic carbon oxidation of the Utrillas Facies sediment 

since dissolved SO4
2- distribution could be explained by gypsum dissolution. However, in specific wells, 

sulphide minerals could not be discarded as a potential electron donor. Attenuation processes by 

heterotrophic denitrification reactions were more likely to occur in zones of the saline lake-aquifer 

system. Density downflow from surface water effectively transported the DOC to aquifer zones under 

reducing conditions; however, its influence decreased with depth becoming negligible in the deepest part 

of the aquifer. 

 

As consequence of the incomplete NO3
‾ attenuation observed in groundwater of Pétrola basin a 

biostimulation treatment was proposed. Periodically injecting an organic carbon source might be a 

suitable method to remove NO3
‾ from groundwater during long-term treatments. The induced attenuation 

experiment showed that the injection of glucose enhanced denitrification over other processes such as 

DNRA. Remarkable presence of NO2
‾ was produced during the first days due to enzymatic repression of 

nitrite reductase as well as the pH conditions of the system. Complete NO3
‾ attenuation without NO2

‾ 

accumulation was reached after 27 days. Changes in C/N ratio to stoichiometric or lower ratio did not 

further affect the achieved complete NO3
‾ attenuation because secondary carbon sources were available in 

the system (DOC in the input water and/or biofilms). The isotopic fractionation values of N and O during 

induced denitrification were ‾8.8‰ and ‾8.0‰ respectively, lower (in absolute values) than natural 

denitrification fractionation of both the Utrillas Facies sediment and the bottom lake sediment.  
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Overall, the elaboration of this thesis has improved the knowledge of the NO3
‾ attenuation 

processes that are taking place in the endorheic systems of the central part of Spain. Focusing on an 

excellent example of this kind of basins, the exhaustive laboratory work based on flow-trough 

experiments has showed the role and the potential to produce nitrate attenuation from different sediments. 

Combination of chemical and isotopic data from these experiments with field data is a robust method to 

depict and evaluate the processes and key factors controlling the reactions of these hydro-geological 

systems. 

 

More research is needed to understand the temporal distribution and degree of denitrification in 

Pétrola basin. In addition, exhaustive field data analyses of δ34S and δ18O from dissolved SO4
2- and solid 

(sulphides and evaporate) samples coupled with their spatial distribution are needed to depict the role of 

sulphide oxidation in denitrification. The identification of sulphate reduction or methanogenesis processes 

in the lake can be another fact to take into account in future works. All this information can used to 

develop hydrogeological and reactive transport models that can be applied to similar environments of 

Castilla-La Mancha region. Finally, the application of bioremediation treatment in specific wells affected 

by NO3
‾ pollution should be tested in a pilot-scale field test following the treatment strategy used in the 

flow-through experiment. 

 

8. Thesis outline 

 

This thesis is composed of 2 published papers and 2 manuscripts that are currently in 

preparartion for publication or under review by international peer-reviewed journals.  

 

Two of the papers deals the potential of denitrification with Utrillas Facies and Bottom lake 

sediments from Pétrola basin in order to know the intrisic potential of these materials to promote 

denitrification. The first paper, published in Appliend Geochemistry, was focused on the Utrillas Facies 

and discusse the role of the different electron donors present in this material (pyrite and organic matter) 

for NO3
‾ attenuation. The second paper (under review) is focused on role of the bottom lake sediment as 

carbon source to promote denitrification and include the kinetic study of the NO3
‾ attenuation reaction to 

quantify the reaction rate. 
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The third paper is focused on the characterization of the natural NO3
‾ attenuation occurring in 

groundwater of the Pétrola basin by means of a multi-isotopic approach integrated with hydrochemistry 

data. The main objetives of this part are: i) to describe the hydrogeological system and the relationship 

between groundwater system and the saline lake; ii) idenitfy and characterize the denitrification processes 

ocurring in the Pétrola basin; iii) determine the role of the different electron donors present in the basin 

and to study its spatial and temporal distribution. Results from previous papers were used in order to 

understand the chemical and isotopic distribution at field. 

 

Last paper discusses the potential of denitrification with glucose as bioremediation strategy of 

NO3
‾ contaminated groundwater of Pétrola basin. The experiment is performed to evaluate the viability of 

a biostimulation treatment consisting on periodical injections of glucose to promote complete NO3
‾ 

attenuation. Different C/N ratios were tested to achieve complete NO3
‾ elimination while preventing the 

generation of undesirable compounds, such as NO2
‾ or H2S. Isotopic and chemical analyses were used to 

monitor the efficacy of stimulated denitrification. The impact of the biostimulation in the indigenous 

microbial community was also evaluated.  

 

Appendix A includes the published papers and the manuscrpits under review. Appendix B 

encompasses a short description of the main laboratory methods and protocols used in the experimental 

work of the thesis. Appendix C includes the bulk dataset of experimental results and field survey 

presented in papers. 
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Abstract 

Endorheic basins located in semiarid or arid regions constitute one of the most vulnerable and exposed 

environments to nitrate pollution. The Pétrola basin (Central Spain) is an outstanding example of this 

endorheic system. Several constraints have been observed that impede a correct picture of the 

denitrification pathway and degree at the field scale. To better understand the key factors controlling 

nitrate attenuation, a five-stage column experiment was performed using organic and pyrite rich 

sediments from the Utrillas Facies (Lower Cretaceous) as possible electron donor source to promote 

denitrification. A chemical and multi-isotopic characterization (δ
15

NNO3, δ
18

ONO3, δ
13

CDIC, δ
34

SSO4, 

δ
18

OSO4) of the outflow of the column experiment showed that nitrate attenuation was driven by organic 

matter. The total amount of organic carbon consumed during denitrification was 2% of the total organic 

carbon present in the sediment. Both the degree and rate of denitrification were related to flow rate 

variations. Lower flow rates favored bacterial growth at the beginning of the experiment producing an 

increase of complete denitrification rate (CDR). When NO3
-
 reduction was higher than 15%, CDR 

remained constant (around 30 µmol L
-1

 d
-1

) under different flow rates. In the last stage, flow rate had no 

effect on output NO3
-
 concentration because the organic carbon supply was limited and had become the 

main kinetic factor of denitrification. Isotopic fractionation (ε) of 
15

N-NO3
-
 and 

18
O-NO3

-
 between 

reaction products and remaining reactants were calculated using representative column samples. The 

results for the two attenuation stages observed were -11.6‰ and -15.7‰ for εN, and -12.1‰ and -13.8‰ 

for εO. Most of the field samples showed a percentage of attenuation ranging from 0 to 60% of nitrate 

removal. 

 

1. Introduction 

 

In the last decades nitrate pollution has become a major threat to groundwater quality. Nitrate pollution 

can cause serious health problems in both humans and domestic animals, and contributes to the 

eutrophication of surface water bodies (Rivett et al., 2008; Vitousek et al., 1997). High nitrate ingestion 

can cause methemoglobinemia in infants and young children (Comly et al., 1945; Magee and Barnes, 

1956) and also nitrogen compounds can promote cancer in humans (Volkmer et al., 2005). Nitrate 
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pollution is linked to the intensive use of synthetic and organic fertilizers, as well as livestock and septic 

system effluents. The European Groundwater Directive (EC 2006) considers nitrate as one of the most 

important contaminants that could prevent the achievement of the goals of the Water Framework 

Directive (EC 2000). Many areas of Spain have been declared vulnerable to nitrate pollution according to 

European directive (ECC, 1991), with nitrate concentration over the threshold level established by 

Directive 98/83/CE for human water supply (50 mg/L). One of the most vulnerable environments to 

nitrate pollution are the systems without drainage to large water bodies such as endorheic basins located 

in semiarid or arid regions because these closed systems have low precipitation and high evaporation 

rates.  

 

In order to improve characterization and water resources management for these areas exposed to nitrate 

pollution, it is necessary to understand the processes that affect nitrate concentration in the hydrogeologic 

system. Denitrification is an effective process that irreversibly eliminates nitrate from groundwater. In 

natural systems, denitrification leads to nitrate elimination through conversion into harmless N2 (Knowles 

1982) but is limited by the availability of electron donors. The denitrification reaction has several 

intermediate steps. Nitrate (NO3
-
) is first converted to nitrite (NO2

-
), which is in fact a more serious health 

hazard than nitrate (De Beer et al., 1997). The next intermediate step of denitrification converts NO2
-
 to 

NxO (g), which are greenhouse gases, and finally if the reaction is complete, to harmless N2 (g). The 

chain of reactions can, however, discontinue at each step depending on biological and kinetic factors. 

 

Denitrification takes place under anaerobic conditions where bacteria use nitrate as an oxidant for 

different compounds such as organic matter, sulphides and Fe
2+

-bearing minerals. There are two different 

denitrification reactions driven by different bacteria. Heterotrophic bacteria use nitrate to oxidize organic 

matter (Eq. 1) and autotrophic bacteria use nitrate to oxidize reduced sulfur compounds as pyrite (Eq. 2).  

 

5CH2O + 4NO3
-
 + 4H

+1
 � 2N2 + 5CO2 + 7H2O (1) 

 

5FeS2 + 15NO3
-
 + 5H2O � 10SO4

2-
 + 7.5N2 + 5FeOOH + 5H

+ 
(2) 

 

Reaction 1 generates CO2 which implies an increase in dissolved inorganic carbon (DIC), whereas 

reaction 2 produces an increase in sulphate concentration as nitrate decreases. Therefore, depending on 

the denitrification pathway a different chemical signature of groundwater will be produced, which can 

help to identify whether denitrification is promoted by autotrophic or heterotrophic bacteria. However, 

when chemical data are not conclusive, multi-isotopic studies are an effective tool to identify and describe 

denitrification processes (Aravena and Robertson, 1998; Mariotti et al., 1988; Pauwels et al., 2000; 

Vitòria et al., 2008; Wassenaar et al., 1995; among others). Stable isotopes of the gases are usually 

measured as the ratio between the minor isotope and the major isotope, e.g. 
15

N against 
14

N. Ratios are 

almost always established with respect to international standards using the delta notation (Eq. 3). 

 

δ
15

N = [(Rsample – Rstd) / Rstd] x 1000  (3)    
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Where R = 
15

N/
14

N 

 

In denitrification processes, the δ
15

N and δ
18

O of the residual nitrate increases as nitrate concentration 

decreases. This change in the isotopic composition, or fractionation (ε) (Eq. 4), is useful to distinguish 

between denitrification and other processes such as dilution, which can also decrease nitrate concentration 

but without changing the isotopic value (Clark and Fritz, 1997; Kendall et al., 2007).  

 

εproduct/reactant = (Rproduct / Rreactant – 1) *10
3
 (‰) (4) 

 

During denitrification processes, the εN/εO ratio ranges from 0.9 (Otero et al., 2009) to 2.1 (Böttcher et 

al., 1990). Likewise, the isotopic analyses of the solutes involved (δ
34

SSO4, δ
18

OSO4 and δ
13

CDIC) are also a 

useful method to study denitrification reactions. 

 

Endorheic basins are very frequent in the central part of Spain. Nitrate pollution in the region is linked to 

farming activities and wastewaters. Among these endorheic systems from Central Spain, Pétrola basin, 

located in the SE of Spain, in the Castilla-La Mancha Region, is an excellent example (Fig. 1). This area, 

vulnerable to nitrate pollution, has been declared both a highly-modified superficial water body and a 

nature reserve (Spanish Decree 102/2005, September 13
th

). The study area covers 43 km
2
 with a saline 

lake located near the SW edge of the basin. This basin is located in the South-East of Spain in the 

Castilla-La Mancha Region. The climate of the study area is continental and semiarid. Mean annual 

precipitation is usually below 400 mm and mainly falls during the spring and autumn. Mean temperature 

oscillates from 4.9 ºC (January) to 24.2 ºC (July).  

 

Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain) 55

Raúl Carrey Labarta, 2014



 

Figure 1. a) Simplified geological map of the Pétrola Lake endorheic basin with sampling point locations. b) Hydrostratigraphic 

cross section.  masl: meters above sea level. 

 

The geology of the area is mostly formed by Mesozoic materials affected by faulting and minor folding. 

The main aquifer, made up of Cretaceous sedimentary material, is known as the Utrillas Facies (Fig. 1). 

This facies is mainly composed of siliciclastic sands and conglomerates. Grey-to-black sandy-to-lutitic 

sediments with high content of organic matter and pyrite can be found interestratified in the Utrillas 

Facies. The average thickness of this unit is about 7 m (Gómez-Alday et al., 2004). Groundwater flow in 

the system converges to the Pétrola Lake. Springs and small streams drain the aquifer which is confined 

by organic and sulphide rich terrigenous deposits in the saline lake area where flowing wells are 

observable. During 2010, groundwater NO3
- 

in the basin varied from 13.7 to 70.2 mg/L. Higher NO3
-
 

values were observed at the SW edge of the basin, coinciding with agricultural activities carried out in the 

area.  

 

Denitrification at the field scale can occur in the upflowing groundwater at the expense of the organic 

matter and pyrite of the Utrillas Facies where anoxic conditions were observed in the groundwater. 

However several constraints have been observed that hinder a full and complete visualization of the 
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reaction pathway at the field scale. For example, inaccessibility to representative points located in a flow 

line, mixing processes and variations in solute loads complicate the evaluation of the potential electron 

donor source and its capacity to promote denitrification at the field scale. Moreover, the degree of 

denitrification calculated with field data is also affected by these limitations. In this context, laboratory 

experiments have proven to be a useful tool to evaluate the denitrification potential of the black-grey 

sediments of the Utrillas Facies and to identify the role of different electron donors involved in 

denitrification (Grischek et al., 1998; Torrentó et al., 2010; Laverman et al., 2012; Abell et al., 2009). 

 

The Utrillas Facies is of interest due to its regional extent and the common presence of interestratified 

organic matter and pyrite rich sediments. The experiment reported here consisted of a flow-

through/column system with chemical and isotopic characterization of the solutes involved in the 

reactions. The aim of the experiment was to study the availability and the role of the different electron 

donors in the sediment and to relate denitrification rate with flow rate. Finally, the fractionation factors 

(εN and εO) from dissolved NO3
-
 in denitrification processes were determined at the laboratory scale, in 

an attempt to estimate the natural attenuation at field scale. 

 

2. Methods 

 

2.1 Experimental set-up 

 

The experiment consisted of a flow-through glass column (30 cm in length and 9 cm in diameter) filled 

with organic and sulphide-rich material from Utrillas sediments (Fig. 2). In September 2008 four 

piezometers (S1 to S4) were drilled close to the SE edge of the lake. The sediment was sampled at well 

S3 (Fig. 1).  During the drilling, the core was sampled at various depths (a) 5.30 – 5.45 m, (b) 9.00 – 9.60 

m, and (c) 15.30 – 15.45 m. The core was isolated from the atmosphere with polypropylene and 

immediately frozen in the field with solid CO2 to preserve it at -30ºC. To fill the column, sediments from 

the three depths were mixed. X-ray powder diffraction (XRD) analysis from the fine size (<40 µm) 

fraction obtained from the sediment mixture indicated that the most abundant minerals were quartz, 

orthoclase, clay minerals (illite and kaolinite) and pyrite. The total amount (%) of nitrogen, carbon, 

sulphur and hydrogen in the sediment was also determined by Elemental Analysis (EA 1108 CHNS-O 

Carlo Erba Instruments). Measured total organic carbon was around 0.4%, implying a total weight of 

carbon of 2.4 g in the experiment. The percentage of sulphur was higher (up to 2%) indicating an 

abundance of pyrite. The water used in the experiment was sampled at well 2581.  
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Figure 2. Set-up of the column experiment. Sediment was obtained in piezometer S3 near Pétrola Lake. Water was sampled in well 

2581; nitrate concentration was 46.1 mg/L. Flow rate in the experiment was controlled by a peristaltic pump.  

 

The experiment was set up and carried out in an anaerobic chamber with an Ar atmosphere to avoid the 

presence of O2. The glass column was filled with 600 g of organic and sulphide-rich sediment (200 g 

from each sampled depth) mixed with 1200 g of clean silica sand (1-2 mm) Panreac® to increase the 

permeability. The bottom of the column was filled with silica balls (2 mm ∅) to avoid sediment clogging 

of the outlet. Prior to filling the column, the input water was bubbled with Ar to remove dissolved O2. 

The column was filled up with water leaving a 5 cm free nappe over the sediment to avoid the occurrence 

of preferential flow pathways. The total volume of water was 0.5 L and the porosity of the filling was 

approximately 0.35-0.40. Four different flow rates were used during the experiment: 0.1, 0.05, 0.025 and 

0.01 mL/min (peristaltic pumps Gilson Minipuls3 of 2 channels and Micropump Reglo Digital 4 channels 

ISMATEC). Eh and pH were measured every hour at the outlet of the column. The experiment lasted for 

12 months. 

 

 

2.2 Analytical methods 

 

During the experiment, 96 samples were collected over 12 months. Chemical analyses were performed 

for each sample and isotopic data were compiled on a subset of samples considered representative with 

respect to nitrate concentration. Samples were filtered through a 0.45 µm Millipore® filter. NH4
+
 was 

analysed by spectrophotometry (ALPKEM, Flow Solution IV). Major anions (NO3
-
, SO4

2-
, Cl

-
, and NO2

-
) 

were analysed by high performance liquid chromatography (HPLC) using a WATERS 515 HPLC pump 

with IC-PAC Anions columns and WESCAN and UV/VIS KONTRON detectors; dissolve organic 

carbon (DOC) was measured by organic matter combustion (TOC 500 SHIMADZU). For major cations 

analysis, samples were filtered through a 0.2 µm Millipore® filter and acidified with 1% HNO3
-
. Ca

2+
, 

Na
+
, K

+
, and Mg

2+
 were determined by inductively coupled plasma-optical emission spectrometry (ICP-

OES, Perkin-Elmer Optima 3200 RL). Periodically, from every other sample a volume of 25 mL was 

extracted through the column outlet to measure the dissolved inorganic carbon (DIC) by titration 

(METROHM 702 SM Titrino). 
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The isotopic characterization included δ
34

S and δ
18

O of SO4
2-

, δ
15

N and δ
18

O of NO3
-
 and δ

13
C of DIC. 

For the δ
34

S and δ
18

O determination, dissolved SO4
2-

 was precipitated as BaSO4 by adding BaCl2, after 

acidifying the sample with HCl and boiling it to prevent BaCO3 precipitation, following standard methods 

(e.g. Dogramaci el al., 2001). For the δ
13

CDIC determination, unfiltered samples were treated with NaOH-

BaCl2 solution to precipitate BaCO3. δ
34

S and δ
13

C were analysed in a Carlo Erba Elemental Analyzer 

(EA) coupled in continuous flow to a Finnigan Delta C IRMS. δ
18

O was analyzed in duplicate with a 

ThermoQuest TC/EA (high temperature conversion elemental analyzer) unit with a Finnigan Matt Delta 

C IRMS. δ
15

N and δ
18

O from dissolved NO3
-
 were analysed by the bacterial denitrifier method of Sigman 

et al. (2001) and Casciotti et al. (2002). Isotope ratios were calculated using both international and 

internal laboratory standards. Notation was expressed in terms of delta (δ) per mil relative to the 

international standards (V-SMOW for δ
18

O, Atmospheric N2 for δ
15

N, V-CDT for δ
34

S and V-PDB for 

δ
13

C). Precision of the analyses calculated from the reproducibility of standards interspersed in the 

analytical batches was ±0.3‰ for δ
15

N, ±0.2‰ for δ
34

S, ±0.5‰ for δ
18

O of SO4
2-

 and NO3
-
, and ±0.2‰ 

for δ
13

C. Isotopic analyses were prepared at the Mineralogia Aplicada i Medi Ambient research 

laboratory and analyzed at the Serveis Científico-Tècnics of the Universitat de Barcelona, except for the 

isotopic composition of dissolved nitrate which was analyzed at the Woods Hole Oceanographic 

Institution (Massachusetts, USA).    

 

3. Results  

 

Complete chemical and isotopic data of the column experiment are available as supporting information. 

The evolution of NO3
-
 concentration throughout the studied period is shown in Figure 3a. Two NO3

-
 

attenuation stages were detected. The first stage (from day 0 to 21), had an approximate flow rate of 0.1 

mL/min, and a mean residence time of 3 days. During this stage, NO3
-
 dropped quickly to reach values of 

0.03 mM after 5 days. Thereafter, NO3
-
 concentration rose gradually reaching its initial values after 20 

days, and higher values than the initial ones (up to 0.8 mM) after 40 days. The decrease in  NO3
-
 output 

was coupled with a significant increase of NO2
-
 which reached values of 0.43 mM  and then diminished to 

values close to 0.04 mM, but never reached the input values (below the detection limit) (Fig. 3b). At the 

beginning of the experiment the flow was not constant, resulting in irregular residence times that could 

explain the observed high and low peaks in NO3
-
 concentration, with lower NO3

-
 content in those samples 

with higher residence time (e.g. sample at day 18 had 0.41 mM of NO3
-
 with 6 days of residence time) 

and higher NO3
-
 content in those samples with lower residence time (e.g. sample at day 21 had 0.76 mM 

of NO3
-
 with 3 days of residence time). On day 46, the pump was replaced resulting in both a constant 

flow rate and a regular residence time. On day 48, the flow rate was modified from 0.1 to 0.05 mL/min, 

increasing the residence time up to 6 days. Following this first flow rate change, NO3
-
 content decreased 

abruptly, from 0.8 mM to 0.64 mM. After this initial drop, NO3
-
 concentration decreased gradually to 

values below 0.48 mM. This NO3
-
 decrease period coincided with a moderate increase of NO2

-
, from an 

initial range between 0.04 and 0.06 mM to values between 0.08 and 0.14 mM (Fig. 3a, b). On day 96, the 

flow rate was lowered again down to 0.01 mL/min resulting in a residence time up to 12 days, and both 

NO3
-
 and NO2

-
 concentrations dropped down to values below the detection limit. On day 158, the flow 
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rate was increased to 0.05 mL/min, and NO3
-
 increased up to 0.48 - 0.64 mM.  Thereafter, NO3

-
 content 

rose gradually to the initial value and was not affected by further flow rate changes (0.1, 0.025 and 0.01 

mL/min). 

 

 

Figure 3. Nitrate, nitrite and DOC concentration over time showing flow rates and denitrification stages. Square points represent 
inflow concentration. 

 

 

During the first NO3
-
 reduction stage (from day 0 to 21, Fig. 3a), the isotopic composition of dissolved 

NO3
-
 showed an increase from +9.0‰ to +43.4‰ for δ

15
N, and from +4.8‰ to +40.6‰ for δ

18
O (Fig. 4). 

The observed increase in δ values coincided with a NO3
-
 decrease from 0.76 to 0.03 mM. Furthermore 

δ
15

N showed a linear relationship with δ
18

O, with a slope of 1.04 (Fig. 4). Similarly the isotopic 

composition of NO3
-
 during the second attenuation stage (from day 22 to 332) showed an increase of δ

15
N 

and δ
18

O as NO3
-
 content decreased. δ

15
N varied from +11.2‰ to +44.5‰ and δ

18
O ranged from +4.9‰ 

to +35.5‰. δ
15

N showed a similar linear relationship with δ
18

O and the slope was 0.88 (Fig.4). These 

values confirmed the fact that NO3
-
 attenuation during both stages was caused by denitrification. 
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Figure 4. δ15N vs δ18O for first and second denitrification stages with a slope of 1.04 and 0.88, respectively. Both slopes are typical 

of denitrification processes. 

 

The experiment began with an increase of one order of magnitude of Cl
-
, SO4

2-
, K

+
, Na

+
 and Mg

2+
 

concentrations (Fig. 5). The observed increase in major ions was linked to the displacement of the initial 

saline porewater and the leaching of the sediment. After 20 days, Mg
2+

 and SO4
2-

 concentrations 

decreased gradually down to values close to the inflow levels.  Cl
-
 , Na

+
 and K

+
 did not recover to the 

input-water concentration. Higher concentration in those samples with higher residence time indicated a 

continuous leaching of the sediment. Finally, Ca
2+

 and DIC concentrations showed a constant decrease 

throughout the experiment. Measured Ca
2+

 showed a slight increase at the beginning (first sample had 

3.49 mM) with respect to the input water (inflow water 3.03 mM). After that, Ca
2+

 content tended to 

decrease with output concentrations between 1.58 and 0.89 mM (Fig. 5b). DIC content in the output 

samples was lower than the initial input value (6.28 mM), ranging from 2.14 to 6.12 mM (Fig. 6). After 

20 days DIC values reached a constant concentration, around 2.46 mM. The output samples had δ
13

CDIC 

values from -8.9‰ to -23.2 ‰ (Fig. 6). Dissolved organic carbon (DOC) concentration varied from an 

initial value of 0.07 to 0.31 mM during the first 21 days, with a sharp increase in the first sample but a 

rapid decrease to the initial values of the input water (Fig. 3c). After 21 days, DOC content remained 

between 0.06 and 0.12 mM. When flow rate was changed to 0.01 mL/min, however, DOC increased to 

values between 0.16 and 0.75 mM (Fig. 3c). After 160 days, DOC concentration showed values ranging 

from 0.08 to 0.15 Mm again. 
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Figure 5. Logarithmic of major ion outflow concentrations during the flow-through experiment showing flow rates and 
denitrification stages. Square points represent the inflow concentration. 

 

 
 
Figure 6. DIC and δ13CDIC evolution during the flow-through experiment showing flow rates and denitrification stages. Square 
points represent inflow concentration. 

 

4. Discussion  

 

4.1 Identifying the electron donor for the denitrification reaction 

 

The variation in isotopic composition of N and O of dissolved NO3
-
 of the output water indicated that 

NO3
-
 attenuation was caused by denitrification in both stages. The role of the potential different electron 
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donors in the aquifer material was evaluated and quantified by means of the chemical and isotopic 

characterization of the outflow water. However, any chemical and isotopic variation associated with 

denitrification produced at the beginning of the experiment was masked by the release of pore water and 

the leaching of sediment. Because this process increased the major ion concentration by about one order 

of magnitude, the discussion of the electron donors will focus on the second stage.  

 

Denitrification produced by sulphide oxidation should result in an increase in SO4
2-

 concentration coupled 

with NO3
-
 removal following reaction 2. Moreover, there should be an isotopic variation in S and O of the 

SO4
2-

 molecule towards values derived from pyrite oxidation. Values of δ34
SSO4 and δ18

OSO4 should match 

with a mixing between the isotopic composition of SO4
2-

 from the input water and the isotopic 

composition of SO4
2-

 from sulphide oxidation. During the second stage of the experiment, SO4
2-

 contents 

from outflow water ranged from 3.25 to 3.95 mM. However the observed variation in SO4
2-

 concentration 

was not related with the observed trends in NO3
-
 concentration. The slight differences in SO4

2-
 

concentration could have been caused by sediment leaching, since higher SO4
2-

 values matched up with 

higher residence times, similarly to the observed variations for Cl
-
, K

+
 and Na

+
 concentrations. Moreover, 

the isotopic composition of dissolved SO4
2-

 also indicated that denitrification was not responsible for the 

SO4
2-

 concentration increase. The mean value of δ34
S in the organic and sulphide-rich sediment was -

22.5‰, whereas SO4
2-

 from the input water had an isotopic composition of -16.8‰ for δ34
S and +5.3‰ 

for δ18
O. The fact that throughout the second stage the isotopic composition of SO4

2-
 in the output water 

showed constant values of -16.9‰ for δ34
SSO4 and +5.5‰ for δ18

OSO4 (Fig. 7), equal to the input water 

dissolved SO4
2-

 confirms that pyrite oxidation plays an insignificant role in SO4
2-

 variation, and, 

subsequently, in NO3
-
 attenuation.  

 

 

Figure 7. δ34SSO4 and δ18OSO4 evolution during the flow-through experiment showing flow rates and denitrification stages. Square 

points represent inflow concentration. 

 

With regard to reaction (1), DIC values in the output samples showed a constant concentration of 

approximately 2.5 mM, and δ
13

CDIC values ranged from -13.2‰ to -23.2‰ (Fig 7). During this period 

calcium carbonate (aragonite) precipitation was observed in the free nappe of the column. Groundwater 
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used in the experiment was previously bubbled with Ar to remove O2 (g) inside the Ar chamber. This 

process also removed dissolved CO2 (g), producing calcium carbonate precipitation. Because aragonite 

predominates over calcite as the stable CaCO3 mineral for high Mg concentrations in solution (Morse and 

Malkenzie, 1990), a parallel experiment was carried out in order to asses the effect of aragonite 

precipitation in the concentration and δ
13

C of the DIC in the input water. Every 5 days, over a period of 

30 days, the input water placed in the anaerobic chamber was analyzed and the results showed that 

aragonite precipitation actually hindered the possible variations in DIC concentration linked with 

denitrification. Moreover, aragonite precipitation also modified the δ
13

CDIC of the input water, which 

showed a decrease from its initial value of -10.1 to -24.6‰ after 30 days in the anaerobic chamber (data 

not shown). As a result, we discarded the use of δ
13

C to trace the role of organic matter oxidation in the 

column experiment.  

 

As an alternative indicator of the organic matter role in denitrification, during the period with complete 

NO3
-
 elimination (between days 100 and 150) an increase in DOC concentration was observed when the 

flow rate was changed from 0.05 to 0.01 mL/min (Fig 3). DOC concentration varied from 0.2 mM (tr= 6 

days) to 0.4 mM (tr= 12 days). Sample Col-41, with tr=21 days, showed the highest DOC concentration 

up to 0.7 mM. The total amount of DOC released from the column during the experiment (calculated 

subtracting input water DOC from output water DOC) was 1.5 mmol. Organic compounds degraded from 

the sediment increased as flow rate decreased. The reactive organic fraction was mobilized due to 

increased residence times promoting heterotrophic denitrification. After 225 days, the DOC concentration 

tended to gradually decrease despite increasing residence time. This latter decrease in the DOC 

concentration could be caused by depletion of the degradable carbon source in the sediment. Results 

indicated that denitrification was limited by the availability of the organic carbon substrate. The measured 

total organic carbon concentration in the sediment (0.4%) only provides a rough indicator of electron 

donor availability due to the compositional variation and accessibility of organic matter (Laverman et al., 

2012). The reactive organic carbon was calculated from the amount of carbon consumed in 

denitrification. Total NO3
-
 reduced to N2 throughout the experiment was 1.7 mmol. Following equation 

(1) the C-CH2O consumed was 2.2 mmol. Moreover 1.4 mmol of NO3
-
 was reduced to NO2

-
 

(uncompleted denitrification). The molar N:C ratio for this intermediate reaction of denitrification is 2:1, 

hence, the C-CH2O consumed by this reaction was 0.7 mmol and the total reactive C-CH2O in the 

sediment was 2.9 mmol. This mass of consumed C-CH2O is 2% of the total C available in the sediment. 

Degradable organic carbon was calculated adding the total reactive C-CH2O and the DOC released from 

the column. Degradable organic carbon was 4.6 mmol, which corresponded to about a 3% of total C in 

the sediment. In a similar flow-through experiment Abell et al. (2009) found that only a small fraction of 

total organic matter is degraded on experimental time scales. Furthermore, these authors found that only 

between 4 - 6% of total organic carbon was consumed by nitrate reduction. The lower reactivity of C-

CH2O observed in the Utrillas sediment can be caused by the aged organic matter that has shown to be of 

lower reactivity than fresh organic matter (Kristensen et al., 2000). Despite the lower reactivity observed 

in the Utrillas sediment, this material had the potential to remove NO3
-
. In fact, assuming a constant C-
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CH2O fraction and 7 m thickness of the organic-rich sediment from Utrillas Facies, this sediment has the 

potential to remove 100 mg/L of NO3
-
 from a groundwater flux of 5 m

3
/m

2
/yr over a period of 6 years. 

 

 

4.2 Denitrification rate 

 

As shown in the previous section, two denitrification stages were identified, with different kinetic 

behaviour. During the experiment, NO2
-
 appeared as an intermediate product of the denitrification 

reaction. The accumulation rate of NO2
-
 throughout the experiment was calculated in order to determine 

the complete denitrification rate (NO3
-
 � N2). Zero-order nitrate attenuation rate and zero-order nitrite 

accumulation rate (µmol L
-1

 d
-1

) were calculated according to the following equations: 

 

RNO3 = q (CNO3
i
 – CNO3

o
) / Vs (5) 

ANO2 = q CNO2
o
 / Vs  (6) 

 

where RNO3 is the nitrate reduction rate, ANO2 is the nitrite accumulation rate, q is the flow rate (L/d), 

CNO3
i
 and CNO3

o
 are the input and output nitrate concentration, respectively (µmol/L), CNO2

o
 is the output 

nitrite concentration (µmol/L) and Vs is the sediment volume inside the column (L). The difference 

between RNO3 and ANO2 is the complete denitrification rate (CDR) that represents the velocity of nitrate 

transformation to N2. The main factors that determine CDR are: pH, temperature and microbial 

population, the latter controlled by the abundance and availability of nitrate and organic and inorganic 

substrates (Hunter et al., 1998). Temperature and pH remained constant throughout the entire experiment. 

However changes in flow rate had an impact on nitrate and organic carbon loads.  

 

Reported values of RNO3 and ANO2 corresponded to the average of each constant flow period. The first 

stage was less notable with regard to the amount of NO3
-
 eliminated and the time period involved. The 

average RNO3 was 101 µmol L
-1

 d
-1

 but the reduction only lasted 21 days. On the other hand, significant 

ANO2 of 91 µmol L
-1

 d
-1

 was observed during this stage, but only about 10% of NO3
-
 was reduced to N2. A 

higher production of NO2
-
 is generally observed when a system is perturbed (Martin et al., 2009), as 

occurred at the start of the experiment. Higher denitrification and nitrite accumulation rates have been 

observed in column and batch experiments and reflect the initial growth of denitrifiers and the induction 

of nitrite reductasa (Abell et al., 2009). 

 

 

 

 

 

 

 

. 
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Figure 8. a) % of nitrate attenuation vs. residence time between day 21 and day 158. b) % nitrate attenuation from day 158 to the 
end of the experiment (day 332) showing a gradual decrease in denitrification % up to the last sample where it reaches 0%. In these 

plots nitrite was not taken into account. 

 

The second stage of our experiment began on day 22 (Fig. 3). The degree of attenuation during this 

second stage was linked to flow rate variation and, therefore, to the residence time (tr) (Fig. 8a). At an 

early stage (from day 22 to day 46), with a flow rate of 0.1 mL/min NO3
-
, attenuation was not higher than 

15%. Denitrification was taking place but to a limited extent, with a RNO3 of 26 µmol L
-1

 d
-1

. During this 

period, however, ANO2 measured was 25 µmol L
-1

 d
-1

, which means that only 5% of the NO3
-
 reduced was 

completely converted to N2. From day 46 to day 96, with a flow rate of 0.05 mL/min, the NO3
-
 removed 

increased from 15% to 50% with an average value of 30% (Fig. 8a). RNO3 was 54 µmol L
-1

 d
-1

 with a 

gradual increase over time, whereas ANO2 was constant with a value of 22 µmol L
-1

 d
-1

. CDR increased 

from negligible to 32 µmol L
-1

 d
-1

. The rise in CDR may have been related to an increase in biomass 

concentration favored by longer residence time.  

 

Between days 97 and 158, flow rate was decreased to 0.01 mL/min (tr up to 12 days); NO3
-
 was 

completely removed to N2 with average RNO3 of 31 µmol L
-1

 d
-1

 and with no NO2
-
 accumulation. CDR 

was equal to that of the previous period with 0.05mL/min showing that flow rate variation had an effect 

on yield amount of denitrification but not on the kinetics of the reaction. Similar results were obtained in 

the next periods. From day 158 to day 189, with flow rate of 0.05, average NO3
-
 attenuation was 35% 
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with RNO3 and ANO2 of 53 mmol L
-1

 d
-1

 and 22 mmol L
-1

 d
-1

. Whereas from day 189 to day 215, with flow 

rate of 0.1 mL/min, average NO3
-
 attenuation was about 20% (Fig 8b) and RNO3 and ANO2 of 54 mmol L

-1
 

d
-1

 and 25 mmol L
-1

 d
-1

. The CDR of these periods (31-29 µmol L
-1

 d
-1

) remained the same as the 

previous periods. Therefore, variation of flow rate had an effect on both the kinetics of the reaction at 

early stages and in the percentage of NO3
-
 removed when steady state were reached. After day 215, nitrate 

reduction ranged from 0 to 15% regardless of residence time (from 8 to 36 days) (Fig. 8b) and RNO3 and 

ANO2 decreased despite flow rate changes. In this case decreasing flow rate had no effect on the 

percentage of nitrate removed, nor on the kinetics of the reaction. Exhaustion of organic carbon in the 

sediment controlled the kinetics of the reaction during the last periods of the experiment.  

 

Denitrification rates obtained in the present study were one or two orders of magnitude lower than those 

measured in flow-through experiments for fresh sediments from lakes, rivers, estuaries and marine coastal 

areas (Laverman et al., 2012). Zero-order denitrification rates obtained in field studies using NO3
-
 

gradient range from <0.05 to 45 µmol L
-1

 d
-1

 (Green et al., 2008), similar to the CDR values measured in 

the present study (up to 31 µmol L
-1

 d
-1

). However, experimental and field rates show significant 

differences. These differences are attributed to the variability of the field conditions such as nitrate load 

changes, heterogeneous media or groundwater mixing. Temperature also has an important effect on 

denitrification rate, with increasing rates as temperature increases. Rivett et al., (2008) report that the 

effects of temperature cause the denitrification rate double for every 10ºC increase in temperature 

following the Arrhenius rate law, and that the observed increase in denitrification rate, from 10 to 25ºC, 

for different soils can vary from 1.7 to 23 times. The present experiment was performed at room 

temperature ranging from 20 to 25ºC while the usual groundwater temperature in the studied basin is 15 

to 19ºC. Therefore, denitrification rates expected in the field may be slightly lower than values obtained 

in our experiment. 

 

4.3 Fractionation of N and O 

 

In order to properly assess the rate of denitrification at the field scale, fractionation (ε) must first be 

estimated in laboratory experiments. Whereas dilution can sometimes conceal the denitrification process, 

fractionation allows us to quantify the biodegradation rate regardless of an existing dilution process. 

Denitrification can be expressed as a Rayleigh distillation process (Eqs. 7 and 8) (Aravena & Robertson, 

1998; Mariotti et al., 1988) 

 

δ
15

Nresidual = δ
15

Ninitial + ε lnf  (7) 

δ
18

Oresidual = δ
18

Oinitial + ε lnf  (8) 

 

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

-
 and ε is the fractionation factor 

(defined above). In this study, fractionation was calculated for each denitrification stage. ε was obtained 

using a linear regression between ln[NO3
-
] and both δ

15
N and δ

18
O (Fig. 9a, b). A plot of δ

15
N or δ

18
O 

versus ln[NO3
-
] should show a linear correlation if denitrification occurs (Kendall et al., 2007). The 
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studied samples showed a good correlation of these parameters for both stages (Stage 1 r
2
>0.96; Stage 2 

r
2
=0.95). Fractionation values calculated for the first stage were -11.6‰ ±2‰ for εN and -12.1‰ ±2‰ 

for εO. During the second stage fractionation values were -15.7‰ ±2‰ for εN and -13.8‰ ±2‰ for εO.  

 

a)                        b) 

Stage 1
y = -11.65x + 89.02

R2 = 0.97

Stage 2 
y = -15.72x + 115.31

R2 = 0.95

0

10

20

30

40

50

3.5 4.5 5.5 6.5
Ln[NO 3

-]

δ
15

N
 N

O
3 

(‰
)

Stage 1 Stage 2

 

Stage 2
y = -13.77x + 98.00

R2 = 0.95

Stage 1
y = -12.06x + 87.16

R2 = 0.96

0

10

20

30

40

50

3.5 4.5 5.5 6.5
Ln[NO 3

-]

δ
18

O
 N

O
3 

(‰
)

Stage 2 Stage 1

 
Figure 9. a) δ 15N vs ln[NO3

-] for both stages of denitrification. Slopes correspond to the isotopic fractionation value of 15N. b) δ18O 

vs ln[NO3
-] for both stages. Slope corresponds to the isotopic fractionation of 18O. 

 

The ε values obtained in this experiment were compared with those obtained in other experiments or field 

studies based on heterotrophic or autotrophic denitrification. To our knowledge there are only two similar 

column experiments dealing with natural denitrification process using flow-through experiments and 

isotopic characterization reported in the literature: Grischek et al. (1998) and Tsushima et al. (2006). 

Whereas Grischek et al. used alluvial aquifer material and obtained a εN value of -14.6‰, Tsushima et al. 

calculated εN using sediment from a riparian aquifer and obtained a value of -34.1‰. Results of the 

present experiment (-11.6‰ and -15.7‰) were close to the values reported by Grischek et al. (1998). 

Other εN values in the literature have been obtained by induced attenuation batch experiments and field 

studies. Isotopic characterization of different heterotrophic denitrifying strains and/or different electron 

donors has been carried out in the last decades by Bardford et al. (1999), Delwiche and Steyn (1970) and 

Wellman et al. (1968). Values obtained in these studies varied from -13.4‰ to -30.0‰. Field studies of 

denitrification report values of εN that range from -4‰ to -30‰ (Pauwels et al., 2000; Vogel et al., 

1981). The εN values calculated in the present study fall within the range of previous field studies and are 

comparable with the lower absolute values obtained during induced denitrification batch experiments (-

13.4‰), although fractionation calculated for the first denitrification stage (-11.6‰) was slightly lower in 

absolute values.  

 

As for εO values, to our knowledge there are no published data of εO values obtained in flow-through 

column experiments of natural denitrification. Only a few publications report εO during heterotrophic 

denitrification in batch experiments. Toyoda et al. (2005) reported εO of two heterotrophic denitrifying 

cultures that converted NO3
-
 to N2O and the εO values obtained ranged from -3‰ to +32‰ showing 

inverse fractionation produced by 
16

O loss during reduction of NO3
-
 to nitrous oxide (Casciotti et al., 

2002; Toyoda et al., 2005). Torrentó et al. (2010, 2011) also reported εO, but during induced autotrophic 

denitrification. Whereas the fractionation values reported by Torrentó et al. ranged from -13.5‰ to -
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20.4‰ for εO, the εO calculated in the present study ranged from -12.1‰ to -13.8‰, similar (though  

slightly lower in absolute values) to the values obtained by induced autotrophic denitrification. Compared 

with field data, fractionation values obtained in the present study fall within the range of -2‰ to -18‰ for 

εO (Otero et al., 2009; Mengis et al., 1999). 

 

Torrentó et al. (2010, 2011) obtained an εN/εO ratio of between 1.13 and 1.3 in batch experiments with 

pure culture, higher than the ratio obtained in the present experiment for the first denitrification stage 

where εN/εO = 0.96±0.04, but comparable to those values obtained during the second stage where εN/εO  

= 1.14±0.04. Our εN/εO values fall within ratios from in situ studies of denitrification in groundwater 

which range from 0.9 to 2.3 (see Otero et al., 2009 and references therein). 

 

Gómez-Alday et al. (2011) performed a field survey during 2010. These authors identified the 

nitrification of slightly volatilized ammonium fertilizers as the main source of NO3
-
 in the basin. 

Furthermore, a positive correlation (r
2
= 0.65) between δ

15
NNO3 and δ

18
ONO3 was observed, indicating that 

denitrification processes can be taking place (Fig 10). 
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Figure 10. δ15NNO3 vs δ18ONO3 of field samples together with the isotopic composition of the main nitrate sources (Vitoria et al 

2004). Line shows the % of attenuation calculated with isotopic fractionation obtained in the column experiment. 

 

With the fractionation value obtained in the laboratory, the percentage of denitrification at the field scale 

can be calculated using both εN and εO by Equation 9.  

 

DEN (%) = [1- e 
(δresidual-δinitial/ε)

] x 100 (9) 

 

Calculated nitrate attenuation % from water samples collected in the field, using fractionation values from 

the second stage of our experiments, varied from 0% to 60% (Fig. 10). Average denitrification in the 

water samples was 20% ± 5%. Slight differences were observed in the percentage of attenuation 

depending on the fractionation factor used. When considering εΟ values, the nitrate attenuation 

percentage was slightly higher than using εN values. The variability in the percentage in most of the 
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samples was within the range of the standard deviation of the isotopic data (±5%) (Fig. 11). However, 

some samples showed higher differences in the percentage of attenuation (up to 15%). This variation can 

be related to the different processes affecting the changes in 
15

N/
14

N and 
18

O/
16

O ratio during nitrification 

reactions such as volatilization occurring in field. Overall, denitrification is taking place in the basin but it 

cannot remove NO3
-
 completely from the groundwater. The degree of attenuation estimated using 

laboratory-derived enrichment factors is in general underestimated with respect to the extent of 

denitrification estimated in situ (Mariotti et al., 1988)A more detailed field sampling survey is needed to 

know the real extent of denitrification at the field scale and field denitrification rates.  
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Figure 11. Comparison of the percentage of nitrate attenuation using the different fractionation values obtained in the column 

experiment. a) Percentage obtained from fractionation values of the first stage. b) Percentage obtained from fractionation values of 

the second stage. The solid lines indicate the ratio 1:1 and dashed lines represent variation of ±5%. Error bars of samples are the 5%, 
in agreement with the standard deviation of isotopic analyses. 

 

5. Conclusions  

 

Flow-through column experiments are a useful method to address the role of the different electron donors 

that promote denitrification, to quantify the attenuation rates and to obtain fractionation factors of 

denitrification. Our column experiment showed that the sediments from the Cretaceous Utrillas Facies 

can attenuate NO3
-
 pollution. Constant isotopic values of δ34

SSO4 and δ18
OSO4 throughout the 

denitrification stage ruled out pyrite as an electron donor. However, due to aragonite precipitation in the 

experimental column, DIC concentration and δ13
CDIC values could not be used to prove unambiguously 

that denitrification was driven by organic matter oxidation. Nevertheless, an increase in C-CH2O 

concentration during complete NO3
-
 attenuation was in agreement with heterotrophic denitrification. 

Total NO3
-
 removed during the experiment was 3.1 mmoL. The stoichiometric C-CH2O necessary to 

remove this amount of NO3
-
 is 2.9 mmol which corresponds to 2% of the total C present in the sediment. 

The degree and rate of denitrification were related to flow rate variations. Lower flow rates favored 

bacterial growth at the beginning of the experiment which in turn produced an increase of complete 

denitrification rate (CDR). When NO3
-
 reduction was higher than 15%, CDR remained constant at around 

30 µmol L
-1

 d
-1

 under different flow rates. In the last stage, flow rate had no effect on output NO3
-
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concentration because organic carbon supply was limited and became the limiting factor of 

denitrification. Finally, an isotopic fractionation of NO3
-
 was calculated for both 

15
N-NO3

-
 and 

18
O-NO3

-
. 

The first stage had a εN of -12.1‰ and a εO of -11.6‰ whereas the second stage had a εN of -15.7‰ and 

a εO of -13.8‰ with a εN/εO ratio of 0.96 and 1.14, respectively. Using the calculated isotopic 

fractionation the percentage of natural attenuation due to denitrification in the field samples of Pétrola 

basin can be estimated to be from 0 to 60%. Thus, the results from a column experiment have revealed 

very useful information to characterize the natural denitrification processes taking place in a regional 

aquifer basin. 
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Abstract 

 

Complex lacustrine systems, such as hypersaline lakes located in endorheic basins, are exposed 

to nitrate (NO3
‾) pollution. An excellent example of these lakes is the hypersaline lake located in the 

Pétrola basin (central Spain), where the lake acts as a sink for NO3
‾ from agricultural activities and from 

sewage from the surrounding area. Because density-driven downflow across the bottom sediment has 

been observed in hypersaline lakes, the lake sediments can promote different biological pathways 

affecting the nitrogen cycle in the underlying groundwater. To better understand the role of the organic 

carbon (Corg) deposited in the bottom sediment in promoting denitrification, a four-stage flow-through 

experiment (FTR) and 9 batch experiments using lake bottom sediment were performed. The chemical, 

multi-isotopic and kinetic characterization of the outflow and the vertical profiles of the reactor showed 

that the intrinsic NO3
‾ attenuation potential of the lake bottom sediment was able to remove 95% of the 

NO3
‾ input over 295 days under different flow conditions. At the beginning of the FTR experiment, some 

dissimilatory nitrate reduction to ammonium was produced, favored by the high C/N ratio and salinity. 

Sulfate reduction could be neither confirmed nor rejected during the experiments because the sediment 

leaching masked the chemical and isotopic signatures of this reaction. The kinetic model simulates the 

dissolution of solid Corg into the aquifer and its subsequent oxidation due to denitrification, as observed in 
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the vertical profiles of FTR. The average nitrogen reduction rate (NRR) obtained from the model was 

1.25 mmol d-1 Kg-1 and was independent of the flow rate employed. The amount of reactive Corg from the 

bottom sediment consumed during denitrification was 28.8 mmol, representing approximately 10% of the 

total Corg of the sediment (1.2%). The isotopic fractionations (ε of 15N-NO3
‾ and 18O-NO3

‾) between the 

reaction products and the remaining reactants were calculated using batch and vertical profile samples. 

The results were -14.7‰ for εN and -14.5‰ for εO. To the authors’ knowledge, these are the first 

isotopic fractionations of denitrification related exclusively to hypersaline lake sediment.  

 

1. Introduction 

 

Human activities have modified the global nitrogen cycle through the input of substantial 

amounts of nitrate (NO3
‾) into the hydrological system. This anthropogenic NO3

‾ has led to the 

degradation of water resources. Because freshwater demand for drinking and agricultural purposes has 

increased in recent decades, NO3
‾ pollution of surface and groundwater is considered one of the most 

important water quality issues worldwide (Nolan, 2001; Puckett et al., 2011). NO3
‾ contamination 

originates either from diffuse (non-point) sources, linked to the intensive use of synthetic and organic 

fertilizers and livestock, or point sources, such as septic system effluents. High NO3
‾ ingestion impacts 

human health, promoting cancer and producing methahemoglobinemia in infants (Comly, 1945; Magee 

and Barnes 1956; Ward et al., 2005). Furthermore, an increase of NO3
‾ in surface water can produce an 

increase in primary production and therefore anoxic conditions, promoting the eutrophication of surface 

water bodies (Rivett et al., 2008; Vitousek et al., 1997). As a consequence, the European Directive 

98/83/CE established a NO3
‾ concentration threshold level for human water supplies of 0.80 mM.  

 

Lakes and wetlands have a recognized attenuation potential in removing excess dissolved NO3
‾ 

from water (Harrison et al., 2009; Schubert et al., 2006; Seitzinger et al., 2006). Among the biological 

pathways used, denitrification is the main reaction in removing dissolved nitrogen compounds from lake 

systems (Piña-Ochoa and Álvarez-Cobelas, 2006; Wetzel, 2001). Denitrification is a redox reaction that 

occurs during microbial metabolism under anaerobic conditions, where NO3
‾ is reduced to N2 through 

several intermediate steps (NO3
‾ � NO2

‾ � NO � N2O � N2) (Knowles, 1982; Mariotti et al., 1988). 

Denitrification can be produced by both heterotrophic and/or autotrophic bacteria that use organic or 

inorganic compounds, respectively, as electron donors (Aravena and Robertson, 1998; Dendooven et al., 
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2010, 2009; Kendall et al., 2007; Otero et al., 2009; Pauwels et al., 2000). If optimal conditions do not 

exist (e.g., an inadequate supply of organic carbon (Corg) or the presence of oxygen), intermediate nitrite 

(NO2
‾) can temporarily accumulate, which is even more harmful than NO3

‾ (De Beer et al., 1997). Further 

reactions that can affect NO3
‾ levels are the dissimilatory nitrate reduction to ammonium (DNRA) and 

anaerobic ammonium oxidation (Anammox). The DNRA reaction is promoted by fermentative bacteria 

that transform NO3
‾ to NH4

+. In contrast with denitrification, DNRA does not remove nitrogen from the 

ecosystem (Bulger et al., 1989; Nizzoli et al., 2010; Schmidt et al., 2011; Smith et al., 1991). The 

Anammox reaction consists of the oxidation of NH4
+ using NO3

‾ and NO2
‾ as electron acceptors, 

producing N2. Studies have shown that Anammox can be restricted in the presence of denitrification 

reactions due to the lower biological growth rate of Anammox bacteria compared with denitrifying 

bacteria (Jetten and Strous, 2007; Kraft et al., 2011). In addition, complete NO3
‾ removal from 

groundwater can occur when electron donors are still available. Under these conditions, other redox 

reactions, such as sulfate reduction, can occur, decreasing the water quality. 

 

Different approaches have been useful in identifying the key processes that enable the natural 

attenuation of NO3
‾ in lakes. Investigating the isotopic composition of the different by-products of the 

reactions can further elucidate these reactions (Aravena and Robertson, 1998; Clark et al., 2008; Lehmann 

et al., 2003; Mariotti et al., 1988; Schmidt et al., 2011; Vitoria et al., 2008; among others). Stable isotopes 

are usually measured as the ratio between the heavier isotope and the lighter isotope, e.g., 15N against 14N. 

Ratios are established with respect to international standards using the delta notation (Eq. 1): 

 

δ15N = [(Rsa – Rstd) / Rstd] x 1000    (1)    

 

where R = 15N/14N in the sample (sa) and in the standard (std). During denitrification and DNRA, the 

δ15N and δ18O of the residual NO3
‾ increase as the NO3

‾ concentration decreases. This change in the 

isotopic composition or fractionation (ε) is useful in distinguishing between biological reactions and other 

processes, such as dilution, which can also decrease the NO3
‾ concentration but do not change the 

isotopic value (Clark and Fritz, 1997; Kendall et al., 2007). The isotopic fractionation (ε) is defined as 

follows (Eq. 2): 

 

εproduct/reactant = (Rproduct / Rreactant – 1) * 103 (‰) (2) 
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During denitrification processes, the εN/εO ratio ranges from 0.9 (Otero et al., 2009) to 2.1 

(Böttcher et al., 1990). Differences in the isotopic fractionation and in the εN/εO ratio reflect the variety 

of environmental conditions. However, to our knowledge, the isotopic fractionation during NO3
‾ 

attenuation produced by hypersaline lake sediments have not been reported to date. 

 

Furthermore, the rates of attenuation reactions can be evaluated through biogeochemical models. 

These models permit the quantitative analysis of the interactions among reaction processes (Steefel et al., 

2005) and provide a framework to improve the characterization and monitoring of denitrification. The 

majority of the kinetic studies of NO3
‾ attenuation processes have focused on attenuation induced by 

adding an external organic or inorganic substrate (Nielsen et al., 1996; Dinçer and Kargi, 2000; Koenig 

and Liu, 2001) or a specific bacteria strain (Joshi et al., 2007). Kinetic studies can be based on batch 

experiments (Joshi et al., 2007; Vasiliadou et al., 2008; Rodríguez-Escales et al., 2014) and/or flow-

through systems (Roychoudhury and Viollier, 1998; Fu et al., 2009; Mathioudakis and Aivasidis, 2009; 

Andre et al., 2011).  

 

In lakes, denitrification can occur in the benthic environment (Nizzoli et al., 2010), when water 

flows through lake bottom sediments, or by NO3
‾ diffusion into the lake sediment (Lehmann et al., 2003). 

These sediments are an important source of electron donors because freshly deposited Corg can be easily 

degraded by denitrifying bacteria (Seitzinger, 1988). Several authors have shown that the attenuation 

produced in sediment is more important than that in benthic environments (Lehmann et al., 2004; 

Woszczyk et al., 2011). Other reactions that can affect NO3
-, including DNRA and Anammox, have been 

observed in lakes under similar anaerobic conditions to denitrification (Laverman et al., 2007; Nizzoli et 

al., 2010). In complex lacustrine systems such as hypersaline lakes located in endorheic basins, these 

different biological pathways can affect the nitrogen cycle. An important surface area of the region of La 

Mancha in central Spain is composed of endorheic basins draining to hypersaline lakes. These lakes serve 

as a sink for N compounds from agriculture and sewage waters (Brinson et al., 1995). An excellent 

example of this type of lake is located in the Pétrola basin (Fig. 1).  

 

The increase in the NO3
‾ levels in Pétrola lake has promoted the growth of harmful algal blooms, 

which have led to the eutrophication of the lake. Biological production increases the amount of organic 

matter deposited in Pétrola Lake, which can be an important source of electron donors to promote 

different redox reactions. In addition, in hypersaline lakes, a density-driven flow has been observed, 
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produced by the instability of the saline boundary layer, which promotes a vertical downflow across the 

lake bottom sediment (Zimmermann et al., 2006). However, the rates and pathways of the microbial 

reactions occurring in lake bottom sediments and the capacity of the Corg in the sediment to be mobilized 

to the underlying groundwater are poorly understood. In this context, the present study attempts to 

elucidate the NO3
‾ attenuation processes in the bottom sediments of Pétrola Lake and to investigate the 

generation of undesirable compounds, such as NO2
‾ or H2S. The study is based on chemical and multi-

isotopic data from laboratory experiments. In addition, a biogeochemical model was developed to obtain 

the kinetic constants of the NO3
‾ attenuation reaction and the reactive carbon solubilization. As a 

secondary goal of this study, the isotopic fractionation produced during denitrification by the lake bottom 

sediment was calculated. 

 

 

Figure 1. Geographic situation of Pétrola basin and simplified geological map with the lake located in the SW area. 
Sediment was obtained with piezometer S3 near the Pétrola Lake edge/shore. Water was sampled in well 2581; the NO3

‾ 
concentration was 0.8 mM. 
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2. Methodology 

 

2.1 Flow-through experiment 

A flow-through reactor (FTR) experiment was carried out for ten months. The FTR consisted of 

a glass column (40 cm in length and 9 cm in inner diameter) placed in an anaerobic glove box. The 

reactor was equipped with 7 sampling ports at different heights (5, 12, 14, 17, 19, 22 and 24 cm from the 

sediment surface) (Fig. 2). The experiment was conducted at ambient temperature ranging from 16.4 ºC to 

27.3 ºC, with an average value of 24.4 ºC. The atmosphere inside the glove box was mainly composed of 

argon to exclude O2. Oxygen was removed once a day to maintain its partial pressure below 0.5%. The 

FTR was filled to a 24 cm height with 300 g of lake bottom sediment mixed with 1950 g of clean silica 

sand (1-2 mm) (Panreac®) to increase the permeability and achieve a homogenous flow inside the 

reactor. The total volume of water needed to saturate the sediment was 0.6 L, representing a porosity of 

approximately 0.30 - 0.35. The inflow and outflow rates were controlled by a peristaltic pump 

(Micropump Reglo Digital 4 channels ISMATEC) operating in the downflow mode. During the 

experiment, different flow rates were tested, ranging from 25 mL/d to 290 mL/d, providing residence 

times between 23 and 2 days, respectively. 
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Figure. 2. Set-up of the flow-through experiment. The flow rate in the experiment was controlled by a peristaltic pump. 
Arrows indicate the flow direction in the flow-through experiment. 
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2.2 Batch experiments 

Laboratory-scale batch experiments were performed to determine the N and O isotopic 

fractionation. A total of 9 sealed 0.5 L glass bottles were used as microcosms. Each glass bottle was filled 

with 75 g of sediment and 375 mL of the input water used in the FTR experiment. The reactors were set 

up inside a glove box with an argon atmosphere to remove any existing dissolved O2. Then, the 

microcosms were removed from the glove box and wrapped with aluminum foil to prevent 

photodegradation, placed at room temperature and shaken twice a day. Once a day, 0.5 mL of water was 

sampled from each bottle to measure the NO3
‾ concentration using a spectrophotometer (VVR 

Photometer Instrument Module V-1000, from CHEMetrics). Sampling was performed through a septum 

using a 3 mL syringe with a 25G needle (BD) to avoid oxygen diffusion into the system. Complete 

chemical and isotopic characterizations were performed according to the NO3
‾ concentration evolution to 

characterize different reaction times. 

 

2.3 Sediment and water description 

The lake bottom sediment was sampled in September 2008 using a piezometer drilled close to 

the SE edge of the lake. The sediment used was sampled between depths of 0 m and 2 m below the 

ground surface. Immediately after sampling, the sediment was isolated from the atmosphere with 

polypropylene and frozen in the field with solid CO2 to preserve it at -30 ºC. X-ray powder diffraction 

(XRD) analysis from the fine size (<40 µm) fraction indicated that the most abundant minerals were 

quartz, bassanite, gypsum, halite and magnesium sulfate. The total amounts (%) of nitrogen, carbon, 

sulfur and hydrogen in the sediment were determined by Elemental Analysis (EA 1108 CHNS-O Carlo 

Erba Instruments). The measured total Corg was approximately 1.2%, implying a total carbon mass of 3.6 

g in the experiment. The sediment also included a significant percentage of sulfur (up to 5.7%), 

confirming the abundance of sulfate minerals observed with XRD.  

 

The water used in the experiment was sampled at well 2581, screened in the Cretaceous aquifer, 

and can be considered representative of the groundwater composition that flows toward the lake. The 

physicochemical parameters measured in situ showed a conductivity of 1.2 mS/cm, a pH of 7.8 and an redox 

potential (Eh) of +88 mV. The input water was sampled periodically and analyzed during the experiment. 
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2.4 Analytical methods 

During the 10 months of the FTR experiment, 115 samples were collected from the output point and 

from the 9 complete vertical profiles (2 mL from the 7 sampling points located throughout the column). In the 

batch experiments, 7 systems were analyzed. The Eh and temperature were measured every hour at the 

outlet of the column using portable electrodes (WTW pH-3310). The electrical conductivity was measured 

for all the samples using a WTW Cond-3310. Major element analyses were performed for all the samples 

except for the profile samples, for which, due to the lower volume extracted, analyses were restricted to the 

major anions. Isotopic analyses were performed on a subset of samples considered as representative. Samples 

were filtered through a 0.2 µm Millipore® filter. NH4
+ was analyzed by spectrophotometry (ALPKEM, Flow 

Solution IV). The major anions (NO3
-, SO4

2-, Cl- and NO2
-) were analyzed by high-performance liquid 

chromatography (HPLC) using a WATERS 515 HPLC pump with IC-PAC Anion columns and WESCAN 

and UV/VIS KONTRON detectors. For the major cations and trace element analyses, filtered samples were 

acidified with 1% HNO3
-, and Ca, Na, K and Mg were determined by inductively coupled plasma-atomic 

emission spectrometry (ICP-AES, Thermo Jarrel-Ash with CID detector), whereas Mn and Fe were 

analyzed with inductively coupled plasma-optical emission spectrometry (ICP-OES, Perkin-Elmer Optima 

3200 RL.). The dissolved Corg (DOC) was measured by organic matter combustion (TOC 500 SHIMADZU). 

Analyses were performed in the Centres Científics i Tecnològics of the Universitat de Barcelona. 

 

2.5 Isotopic analyses 

Isotopic analyses during the experiment were performed on a subset of samples considered as 

representative based on their SO4
2- and NO3

‾ concentrations. A total of 9 samples were analyzed for their 

NO3
‾ isotopic composition, including 5 samples from profile P7 at day 123, 3 samples from the batch 

experiment and the initial water for the experiments. The isotopic analyses included the δ34S and δ18O of the 

dissolved SO4
2-, the δ34S of S from the sediment and the δ15N and δ18O of the dissolved NO3

‾. To analyze δ34S 

and δ18O, SO4
2- was precipitated as BaSO4 by adding BaCl2 after acidifying the sample with HCl and boiling it 

to prevent BaCO3 precipitation according to standard methods (Dogramaci et al., 2001). The δ34S was analyzed 

in a Carlo Erba Elemental Analyzer (EA) coupled in continuous flow to a Finnigan Delta C IRMS. The δ18O 

was analyzed in duplicate with a ThermoQuest high-temperature conversion analyzer (TC/EA) unit with a 

Finnigan Matt Delta C IRMS. The δ15N and δ18O from the dissolved NO3
‾ were analyzed by the bacterial 

denitrifier method of Casciotti et al. (2002) and Sigman et al. (2001). Isotope ratios were calculated using 3 

international standards and 1 internal laboratory standard. Notation is expressed in terms of δ per mL relative to 
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the international standards (Air for δ15N, V-SMOW for δ18O and V-CDT for δ34S). The reproducibilities of the 

samples were ±0.2‰ for δ34S, ±0.5‰ for the δ18O of SO4
2-, 1‰ for the δ15N of NO3

- and ±2‰ for the δ18O of 

NO3
‾. Isotopic analyses of δ34S and δ18O of SO4

2- were prepared at the laboratory of the Mineralogia Aplicada i 

Medi Ambient research group and analyzed at the Centres Científics i Tecnològics of the Universitat de 

Barcelona, whereas isotopic analyses of δ15N and δ18O were analyzed at the Facility for Isotope Ratio Mass 

Spectrometry (FIRMS) at the University of California, Riverside. 

 

2.6 Biogeochemical model construction 

The Phreeqc-2 model code (Parkhurst and Appelo, 1999) was used to simulate the 

biodenitrification coupled to Corg transfer from the solid phase (organic sediment) to the liquid phase 

(DOC). The model was calibrated using the experimental data from the different vertical profiles (one for 

each velocity flow) of the FTR experiments measured at steady state.  

 

Denitrification was modeled using the Monod equation (Monod et al., 1949). The Monod kinetic 

equation has been used to describe biological redox reactions; however, this equation must be considered 

purely descriptive and should not be used to predict transformation rates outside the range of 

concentrations used in the experiments (Bekins et al., 1998). Despite this limitation, Monod equations 

have been applied to biodenitrification models (Van Cappellen and Wang, 1996; Koenig and Liu, 2001; 

Hunter et al., 1998 and references therein). This equation has been utilized to describe the relationship 

between bacterial growth kinetics and substrate concentration (Rittmann and McCarty, 2001), and its use 

is justified when the organic substrate acts as a primary energy source for bacteria (Hunter et al., 1998). 

The model assumed that the input pH and temperature were constant during the experiment. The biomass 

was considered constant because the model was focused on steady-state conditions inside the FTR. The 

multiple-Monod expression was divided into two main equations: one for the electron donor (Eq. 3) and 

one for the electron acceptor (Eq. 4). 
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12 rQr ⋅=     (4) 

     

where [C] is the concentration of the soluble electron donor (mmol L-1) (DOC), [N] is the concentration 

of the electron acceptor (N-NOx
‾, mmol L-1), µmax is the maximum specific growth rate (h-1), Ks is the half 

saturation constant of N-NOx
‾ (mmol L-1), and Q is the stoichiometric relationship between the electron 

acceptor and the electron donor; in the case of heterotrophic denitrification, Q is 0.8 (Knowles, 1982). To 

simplify the model, the denitrification rate was calculated for N-NOx
‾ (N-NO3

‾ + N-NO2
‾), which is 

appropriate when the denitrifier biomass concentration is not measured, as in the present study (Fu et al., 

2009).  

 

The proposed conceptual model for carbon species includes one immobile form of Corg 

(sediment) and one form of DOC. The immobilized sediment can be attached to the aquifer matrix and/or 

to the biofilms. From there, particulate organic matter will be successively solubilized and oxidized 

during denitrification (Janning et al., 1998). Solubilization, i.e., the mass transfer process, is assumed to 

be a rate-limited process, where the rate can also depend on the solubility of the dissolved organic 

compounds. We modeled this process following the instructions of Greskowiak et al. (2005), who slightly 

modified the model from Kinzelbach et al. (1991), as shown in Eq. 5: 

 

sat

DOCsat
SOMsolDOC, C

CC
βCr

−=   (5) 

 
where r is the mass transfer rate (mmol L-1 h-1), Csat is the saturation concentration (mmol L-1), CDOC is the 

soluble Corg (mmol L-1), CSOM is the solid Corg in the sediment normalized to the mass of water in the 

reactor (mol Kg-1), and β is the maximum transfer rate (h-1). The solubilization of filtered, immobilized 

sediment is thought to form a continuous and localized source of DOC. The initial conditions considered 

in the model are listed as supporting information (Table SI-1).  

 

To enable a comparison with other values reported in the literature, the results of the model are 

shown as the net nitrogen (N-NOx
‾) reduction rate (NRR) (Laverman et al., 2012; Carrey et al., 2013; 

Abell et al., 2009). The NRR is defined as the nitrogen removed each day per volume of reactive 

sediment. The NRR values were determined from r2 multiplied by the volume of water in the reactor (0.6 
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L) and normalized to the volume of the lake bottom sediment in the reactor (0.15 L-1). Because the model 

focuses on N species, sulfate reduction reactions were not taken into account. 

 

3. Results 

 

3.1 FTR results 

The bulk dataset from the FTR experiments is provided as supporting information (Table SI-2, 3 

and 4). The input water composition did not vary significantly during the experiment, with an average pH of 

7.8, an average Eh of +81 mV and concentrations of 0.88 mM NO3
‾, 3.54 mM SO4

2-, 0.02 mM NH4
+ and 0.17 

mM DOC; NO2
‾, Fe and Mn were below the detection limit (<4.3x10-3 mM, <2 x10-3 mM and 4x10-4 mM, 

respectively).   

 

Stage I: day 0 – 71 (flow rate of 150 mL/d) 

At the beginning of the experiment, substantial leaching from the sediment was observed. As a 

consequence, an increase of two orders of magnitude in the major cations and certain anions was 

observed. The increased solute concentrations produced an increase in the electrical conductivity from 1.2 

mS/cm (input water) to 88.3 mS/cm (outflow water) on day 1 and a gradual decrease to 3.0 mS/cm at the 

end of the stage (Fig. 3a). The concentrations of the major cations (Na+, K+, Ca2+, Mg2+) and anions (Cl‾ 

and SO4
2-) in the outflow showed similar trends, with the highest concentration at day 1 and decreases 

observed thereafter. The Eh varied from +88 mV to -300 mV, decreasing in the outflow rapidly to -192 

mV (day 2) and subsequently increasing to -25 mV (day 15) (Fig. 3b). From day 15 to the end of Stage I, 

the Eh decreased to -300 mV (day 71). The pH measured in the outflow ranged from 7.8 to 8.6, increasing 

from an initial value of 7.8 (day 1) to 8.6 (day 10) and decreasing thereafter, ranging from 8.0 (day 15) to 

8.3 at the end of the stage (Fig. 3c). The evolution of NO3
‾ concentration in the outflow showed a 

decrease from 0.93 mM to 0.15 mM after 2 days (Fig. 3a). Complete NO3
‾ attenuation in the outflow 

water was achieved at day 23 and remained below the detection limit (<3.2x10-3 mM) thereafter. As the 

NO3
‾ decreased in the outflow, substantial NO2

‾ and NH4
+ accumulation occurred. The NO2

‾ 

concentration in the outflow increased from day 1, reaching its highest level of 0.52 mM at day 2. 

Thereafter, the NO2
‾ concentration decreased in the outflow, ranging from 0.24 mM to 0.01 mM, until 

day 15, when the NO2
‾ was below the detection limit (4.3x10-3 mM) (Fig. 4a). During this stage, the NH4

+ 
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concentration in the outflow was higher than that in the input water (0.01 mM), varying from 0.07 mM to 

0.88 mM (Fig. 4a). The NH4
+ increased from 0.34 mM at day 1 to 0.88 mM (day 4) and then declined 

gradually to 0.07 mM at the end of the stage. A similar trend was observed for DOC in the outflow water, 

increasing initially to 17.5 mM (day 2) and then decreasing later to a concentration of 0.34 mM. 
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Figure 3. a) Electrical conductivity in the outflow water with time for the different stages; b) evolution of Eh; c) 
evolution of pH. 

 
Two profile analyses were performed, at days 39 (P1) and 67 (P2) (Fig. 4a). The profile results 

showed that the NO3
‾ concentration decreased mainly in the upper part of the FTR. Complete NO3

‾ 

consumption was achieved in the first 12 cm. The NO2
‾ concentration ranged from 0.07 mM to below the 

detection limit. The NO2
- concentration increased in the upper part of the sediment, with the highest 

concentration observed 5 cm under the sediment surface. 

Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain) 88

Raúl Carrey Labarta, 2014



Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain)                                            - 65 - 
 

 

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0 15

1
17

0
18

9
20

8
22

7
24

6
26

5
28

4

t [
da

ys
]

[mM]
P

9

06121824

0.
0

0.
5

1.0

[m
M

]

Heigh [cm]

  
  

  
  

  
O

ut
flo

w
 N

O
3- 

  
  

  
  

  
  

  
  

  
  

  
 O

ut
flo

w
 N

O
2- 

  
  

  
  

  
  

  
  

  
  

  
 In

pu
t 

N
O

3- 
  

  
  

  
  

  
  

  
  

  
  

  
O

ut
flo

w
 N

H
4+

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0 11

6
12

1
12

6
13

1
13

6
14

1
14

6
15

1

t [
da

ys
]

[mM]

P
7

06121824

0.
0

0.
5

1.0

[m
M

]

Heigh [cm]

P
8

06121824

0.
0

0.
5

1.0

[m
M

]

[cm]

  
  

  
  

  
  

  
  

  
O

ut
flo

w
 N

O
3- 

  
  

  
  

  
  

  
  

  
  

  
  
O

ut
flo

w
 N

O
2- 

  
  

  
  

  
  

  
  

  
  

  
In

pu
t 

N
O

3- 
  

  
  

  
  

  
  

  
  

  
  

  
  

  
O

ut
flo

w
 N

H
4+

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

0
10

20
30

40
50

60
70

t [
da

ys
]

[mM]

P
1

06121824

0.
0

0.
5

1.0

[m
M

]

Heigh [cm]

P
2

06121824

0.
0

0.
5

1.0

[m
M

]

[cm]

  
  

  
  

  
  

  
  

  
  

 O
ut

flo
w

 N
O

3- 
  

  
  

  
  

  
  

  
  

  
  

  
O

ut
flo

w
 N

O
2- 

  
  

  
  

  
  

  
  

  
  

  
In

pu
t 

N
O

3- 
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  
O

ut
flo

w
 N

H
4+

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

71
80

89
98

10
7

11
6

t [
da

ys
]

[mM]

  
  

  
  

  
  

  
  

O
ut

flo
w

 N
O

3- 
  

  
  

  
  

  
  

  
  

  
 O

ut
flo

w
 N

O
2- 

  
  

  
  

  
  

  
  

  
  

  
In

pu
t 

N
O

3- 
  

  
  

  
  

  
  

  
  

  
  

  
  
O

ut
flo

w
 N

H
4+

P
3

06121824

0.
0

0.
5

1.0

[m
M

]

Heigh [cm]

P
4

06121824

0.
0

0.
5

1.0

[m
M

]

[cm]

P
5

06121824

0.
0

0.
5

1.0

[m
M

]

[cm]

P
6

06121824

0.
0

0.
5

1.0

[m
M

]

Heigh [cm]

Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain) 89

Raúl Carrey Labarta, 2014



Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain)                                            - 66 - 
 

Stage II: Day 72 – 116 (flow rate of 200 mL/d) 

During Stage II, the effects of leaching on the outflow water chemistry were less important. The 

electrical conductivity ranged from 3.0 mS/cm to 2.8 mS/cm but remained higher than the electrical 

conductivity of the input water (Fig. 3a). Some anions, such as Cl‾, K+ and Mg2+, had outflow 

concentrations similar to those in the input water. However, the Ca2+, Na+ and SO4
2- concentrations 

remained higher than those in the input water during this stage. The Eh values increased from -304 mV at 

day 72 to +22.6 mV at the end of the phase (Fig. 3b). The pH measured in the outflow was about 8.2 (Fig. 

3c). The NO3
‾ concentration did not vary significantly during this stage, ranging from below the detection 

limit to 0.1 mM. The NO2
‾ concentration in the outflow remained below the detection limit in all the 

samples, whereas the NH4
+ concentration decreased from 0.08 mM, observed at the end of Stage I, to 0.03 

mM at the end of Stage II (Fig. 4b). The DOC observed in the outflow ranged from 0.81 to 0.35 mM. 

 

During the second stage, four profile analyses were performed, at days 74 (P3), 81 (P4), 88 (P5) 

and 112 (P6) (Fig. 4b). Similarly to Stage I, NO3
- attenuation was achieved in the top of the sediment. In 

the upper 14 cm, P3 and P4 showed complete NO3
‾ consumption, whereas in P5 and P6, the NO3

‾ 

removal was approximately 90%. Coupled with NO3
‾ attenuation, NO2

‾ was also accumulated in the top 

of the sediment. The maximum NO2
‾ concentration was observed at the first sampling point, located 5 cm 

under the surface sediment (ranging from 0.03 mM to 0.11 mM), and decreased to below the detection 

limit at a 12 cm depth from the surface in all the profiles.  

 

Stage III: Day 116 – 135 (flow rate of 290 mL/d) 

When the flow rate was increased, the electrical conductivity decreased to 1.2 mS/cm at day 127. 

This value is the same conductivity as that of the input water, illustrating the termination of the leaching 

from the sediment (Fig. 3a). The sulfate, Ca2+ and Na+ concentrations in the outflow decreased during this 

stage to the same concentrations measured in the input water. The Eh decreased at the beginning of this 

stage to -204.7 mV (day 123) and then increased to +84.4 mV (day 135) (Fig. 3b). The pH observed in 

the outflow varied from 8.1 to 8.2 (Fig. 3c). Despite the flow rate increase, the NO3
‾ concentration 

remained below the detection limit until day 133. Thereafter, the NO3
‾ level increased to 0.22 mM. A 

substantial increase of NO2
‾ was observed in the outflow after day 123. The NO2

‾ concentration ranged 

from 0.03 mM to 0.13 mM, with the highest value reached at day 127. The increase in NO2
‾ might have 

been influenced by the profile analysis performed at day 123, in which 7 mL was taken from each 

sampling point, modifying the residence time in the subsequent samples. Regarding the NH4
+ observed in 
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the outflow, the measured concentration remained constant, with values of 0.01 mM, equal to the input 

water concentration (Fig. 4c). The DOC during this stage ranged from 0.49 mM to 0.30 mM. 

 

Two profiles were collected during this stage: one at day 123 (P7) under steady-state conditions 

(Fig. 3c) and one at day 135 (P8), when the NO3
‾ concentration in the outflow began to increase and 

could not be considered to be under steady-state conditions (Fig. 4c). In P7, NO3
‾ attenuation was 

produced in the bottom of the FTR, with 95% of the NO3
‾ consumed between the last two sample points 

(between 14 cm and 19 cm below the sediment surface) (Fig. 4c). The NO3
‾ concentration in P8 

decreased from 0.85 mM (first sampling point) to 0.22 mM (outflow). The NO2
‾ concentration ranged 

from 0.01 mM to 0.03 mM. In both profiles, NO2
‾ accumulated at the top of the reactor beginning at the 

onset of NO3
‾ attenuation and then subsequently decreased to below the detection limit at the bottom of 

the reactor.  

 

Stage IV: Day 135 – 295 (flow rate from 125 mL/d to 25 mL/d) 

After day 135, the flow rate was gradually decreased to a minimum of 25 mL/d. The Eh 

increased during this stage with maximum value of +138.5 mV whereas pH remained almost constant 

ranged from 8.1 to 8.2 (Fig. 3b and c). The NO3
‾ concentration tended to increase in the outflow. From 

day 135 to day 151, when the flow rate was lowered to 125 mL/d, the NO3
‾ concentration ranged from 

below the detection limit up to 0.09 mM, lower than the values observed at the end of Stage III. During 

this period, the NO2
‾ in the outflow water ranged from below the detection limit to 0.02 mM. After day 

151, the flow rate was significantly decreased to 25 mL/d; nonetheless, the NO3
‾ concentration increased 

from 0.09 mM to 0.94 mM at day 296. The NO2
‾ concentration in the outflow water also increased to 

0.11 mM at day 243 and then decreased to below the detection limit in the last samples (Fig. 4c and d). 

During this stage, the NH4
+ concentration did not exhibit any variation, remaining at the input water 

concentration of 0.01 Mm. The DOC concentration ranged from 0.16 to 0.25 mM. 

 

One profile was performed in non-steady-state conditions (P9) at day 243, showing incomplete 

NO3
‾ attenuation. The NO3

‾ concentration decreased from 0.85 mM to 0.55 mM, and the main attenuation 

was produced in the bottom of the FTR. NO2
‾ accumulated in the bottom of the FTR, increasing to a 

concentration of 0.09 mM at the last sampling point (Fig. 4c and d). 
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3.2 Batch experiment results 

The bulk dataset from the batch experiments is provided as supporting information (Table SI-5). 

All the systems showed a substantial increase in the electrical conductivity from that of initial water (1.3 

mS/cm) to approximately 30 mS/cm in all the microcosms. The NO3
‾ concentration ranged from below 

the detection limit to 0.60 mM. NO2
‾ accumulation was observed in all the microcosms, ranging from 

0.11 mM to 0.69 mM. The NH4
+ concentration ranged from 0.01 mM to 0.08 mM. The DOC 

concentration varied from 0.65 mM to 1.17 mM. 

 

3.3 Isotopic results 

The isotopic composition of NO3
‾ increased as the NO3

‾ concentration decreased. δ15N-NO3
‾ 

ranged from +9.6‰ to +27.2‰, whereas δ18O-NO3
‾ varied from +8.6‰ to +28.9‰. In the batch 

experiments, δ15N ranged from +15.0‰ to +28.9‰, whereas δ18O varied from +20.1‰ to +31.0 ‰. The 

plot of δ15N vs. δ18O for all the samples showed a slope of 0.93 (r2 = 0.94), typical of processes such as 

denitrification or DNRA, confirming that the observed NO3
‾ attenuation could be achieved by these 

processes (Fig. 5). The isotopic composition of the sulfur from the lake bottom sediment was -22.5‰. 

The δ34SSO4 and δ18OSO4 from the input water were -17.0‰ and +5.5‰, respectively. The first sample of 

the outflow collected at Stage I showed a higher SO4
2- concentration, with δ34S of -20.0‰ and δ18O of 

+4.3‰. The isotopic composition of δ34S remained almost constant with time, ranging between -20.3‰ 

and -19.4‰. In the batch experiments, the isotopic composition of δ34S also remained constant, with 

values ranging from -21.0‰ to -21.7 ‰. 
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Figure 5. δ15N vs. δ18O for the flow-through and batch experiments, showing a slope of 0.93, typical of denitrification 
processes. 
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4. Discussion 

 

4.1 NO3
‾ attenuation processes 

NO3
‾ attenuation was produced quickly in the FTR experiment, beginning at day 2. The rapid 

decrease of NO3
‾, with a consumption of over 90% after 4 days, coupled with the substantial increase in 

the DOC in the outflow, indicated that the Corg from the sediment was easily degraded and acted as an 

electron donor. During the first 10 days, as the NO3
‾ decreased, substantial NH4

+ accumulation was 

produced. This increase in NH4
+ may indicate the occurrence of DNRA in the FTR and may have been 

generated by the remineralization of organic nitrogen in the sediment as well as by NH4
+ leached due to 

cation exchange. Remineralization can be ruled out because the amount of N in the sediment was below 

0.01%. Increases in NH4
+ due to cation exchange with Na+ have been well established (Seitzinger et al., 

1991; Rysgaard et al., 1999) and might have influenced the NH4
+ increase in the outflow. The high cation 

concentrations observed at the beginning may have favored NH4
+ mobility in the sediment. However, in 

the batch systems, the maximum detected NH4
+ concentration was 0.08 mM, indicating low levels of 

NH4
+ mobilized by cation-exchange in the sediment. Therefore, it is reasonable to assume that DNRA 

was the main source of NH4
+ observed in the outflow. The amount of NO3

‾ attenuated by DNRA with 

respect to the total NO3
‾ removed after day 4 was 90%, decreasing gradually to approximately 2% after 

17 days. The contributions of other reactions, such as Anammox, that could reduce the NH4
+ 

concentration in the experiments is likely to be absent because Anammox is repressed in systems with 

excess organic C (Burgin and Hamilton, 2007). Therefore, the gradual decrease of NH4
+ in the outflow 

was due to the repression of DNRA reactions over time. The evolution of the DNRA reactions in the FTR 

experiment might have been related to the variations in the C/N ratio observed in the initial stage. A high 

C/N ratio favors the development of DNRA reactions (Tiedje 1988; Nijburg 2000; Burgin and Hamilton 

2007). The initial dominance of the DNRA reaction in the FTR experiment was not observed in the batch 

systems, where this reaction appeared to be negligible or absent. The lack of DNRA in the batch systems 

may be linked with the lower sediment-water ratio compared with that in the FTR experiment. A lower 

sediment-water ratio implies a lower C/N ratio. Therefore, a high C/N ratio might have favored the 

development of DNRA over denitrification in the FTR experiment, whereas when C/N decreased, 

denitrification became the main NO3
‾ attenuation process. The high DOC values observed during the first 

days of the FTR experiment might have been promoted by the high salinity, which induced the 

mobilization of the sediment-bound organic matter (Laverman et al., 2007). The role of salinity in 
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different NO3
‾ attenuation reactions is uncertain. Although some studies observed the inhibition of 

DNRA in highly saline environments (Dendooven et al., 2010), in the present study, DNRA seemed to be 

more important at the beginning of the FTR, when the salinity was highest. In this sense, the high salinity 

observed may have stressed the freshwater denitrifying bacteria, decreasing the denitrification rate 

(Rysgaard et al., 1999) and favoring the development of DNRA in the initial stage of the FTR 

experiment. After day 4, as the salinity decreased, denitrification became the dominant reaction. Overall, 

these FTR results and batch experiments showed that denitrification was the main reaction promoting 

NO3
‾ attenuation, in agreement with other studies in lake systems, where DNRA generally does not play 

an important role (e.g., Mengis et al., 1997; Lehmann et al., 2003). 

 

4.2 NO2
‾ accumulation 

Assuming that DNRA was the main NO3
‾ reduction pathway during the first days (Stage I, Fig. 

4a), it is also reasonable to assume that the NO2
‾ accumulation during this period was linked to partial 

DNRA reactions. However, denitrification might have also contributed to the observed NO2
‾ 

concentration. During denitrification, NO2
‾ accumulation is produced due to the inhibition of NO2

‾ 

reductase (Akunna et al., 1993). Because during DNRA, NO2
‾ reduction is caused by the same reductase 

(Kraft et al., 2011), similar enzymatic behavior should be expected, resulting in the NO2
‾ accumulation 

observed during Stage I. In addition, because NO2
‾ reductase is a periplasmic enzyme, it is more sensitive 

to environmental conditions. Therefore, high salinity can stress this enzyme, affecting NO2
‾ reduction 

processes (Zumft, 1997). Furthermore, NO2
‾ accumulation may be related to the pH of the media. The 

observed NO2
‾ accumulation during the experiment was correlated with the increase in the pH from 7.9 to 

8.6 (Fig. 3c). The pH-values observed in this study were in the range of those reported by Glass and 

Silverstein (1998) to inhibit NO2
‾ reduction during denitrification (8.5 to 9.0). Therefore, the pH 

conditions might have favored the lag in NO2
‾ reduction compared with NO3

‾ during the first days of the 

experiment. After day 15, NO2
‾ accumulation was not observed in the outflow, despite the increase of the 

flow rates to 290 mL/d. At the end of the experiment, when organic C was limited in the sediment, the 

NO3
‾ concentration began to increase, despite the decreasing flow rates tested in the FTR. Coupled with 

this increase in NO3
‾, NO2

‾ accumulated again in the outflow but with a lower concentration than that 

observed during the first days of the experiment. Therefore, the substantial NO2
‾ concentration in the 

outflow during Stage I may have been favored by competition among different bacterial communities, 
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whereas at the end, when the denitrifying bacteria were dominant, the NO2
‾ accumulation was less 

important and was controlled by the lack of an electron donor in the sediment.  

 

4.3 Sulfate reduction reaction 

Once NO3
‾ is completely consumed, if an electron donor is still available in the system, sulfate 

reduction can take place through a redox reaction sequence (Stumn and Morgan, 1996) because Fe and Mn 

concentrations are below the detection limit in the input water. Sulfate reduction should produce a 

decrease in the SO4
2- concentration in the outflow water accompanied by an increase in the δ34S values of 

the dissolved SO4
2-. However, the possible variation in the SO4

2- concentration was masked by both 

leaching and gypsum dissolution in the sediment, which increased the SO4
2- content in the outflow water. 

In addition, the leaching masked variations in the isotopic composition of the dissolved SO4
2- in the 

outflow water. The gypsum from the sediment had an average isotopic composition for δ34S of -22.5‰, 

similar to the isotopic composition observed in the outflow (-20.3‰ to -19.1‰). Mainly during Stages I 

and II of the experiment, the redox conditions in the outflow were below the typical values at which 

sulfate reduction can be promoted (<-150 mV) (Connell and Patrick Jr., 1968) (Fig. 3b). Therefore, at the 

lab scale, sulfate reduction could be neither confirmed nor rejected; at the field scale, the migration of 

dissolved organic C coupled with the reducing environment might promote sulfate reduction.  

 

4.4 Biogeochemical model and natural attenuation potential 

The model simulates the dissolution of Corg into the aquifer and its subsequent oxidation due to 

denitrification. Fig. 6 shows the agreement of the model with the experimental data; each figure illustrates 

different flow velocities. The calibrated parameters used to produce the model are listed in Table 1. The 

denitrification parameters (µmax and Ks) were in the same range as those of other similar natural 

attenuation processes and were similar to those of other enhanced denitrification studies at the lab scale 

(Table 1).  
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Table 1. Estimated values of different parameters used in this work compared to literature values. 

Parameter Unit This work Literature values References 

0.06 Killingstad et al., 2002 

0.42 Kinzelbach et al. 1991 

1.7 Lee et al., 2006 

1.6-3.3 Rodriguez-Escales et al., 2014 

µmax [h-1] 0.04 

0.014-0.054 An et al., 2011 

8x10-3 Kinzelbach et al. 1991 

4x10-2 Rodriguez-Escales et al., 2014 

1.4x101 Killingstad et al., 2002 
Ksat,nit [mmol/L] 5x10-2 

2.2-2.7x101 An et al., 2011 

4.65 Greskowiak et al. 2005 
Csat [mmol/L] 4.65 

0.13 Kinzelbach et al. 1991 

4.63 x 10-3 Greskowiak et al. 2005 
β [h-1] 1.78 x 10-3 

8.9 x 10-4 Kinzelbach et al. 1991 
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Figure 6. Modeling results (lines) vs. experimental data (solid circles). The solid line represents the NO3
- concentration; 

the dashed line represents the calculated degraded Corg; the dotted line represents Corg transfer to the liquid from the solid phase 
without degradation; and the grey surface represents the Corg consumed due to denitrification processes. 
 

Notably, certain values fit well with the three different flow conditions (Fig. 6). This finding 

indicates that the denitrification kinetics were not affected by the different flow rates with similar nitrogen 

reduction rates (NRRs) when steady-state conditions were reached. The average NRR during complete N-

NOx
‾ attenuation obtained in the model was 1.25 mmol d-1 L-1, with a maximum value of 1.91 mmol d-1 

L-1. The results from the Pétrola Lake sediment were 50% lower than the NRR reported for other 
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hypersaline lakes, such as Mono lake (between 2.8 and 3.9 mmol d-1 L-1) (Laverman et al., 2012). 

Furthermore, the NRR values obtained in the present study were within the range of values displayed by 

other brackish environments, such as estuaries, salt-marshes and near-shore environments (from 0.6 mmol 

d-1 L-1 to 7.3 mmol d-1 L-1) (Laverman et al., 2012). The NRR values were two orders of magnitude higher 

than the values observed in an analogous FTR experiment using Cretaceous organic strata from the 

Pétrola area with CSOM of 0.33 mol/Kg, which reached a maximum NRR of 0.02 mmol d-1 L-1 (Carrey et 

al., 2013). This remarkable difference may be related to the different reactivities of the Corg sources. The 

analysis of Corg in sediment provides only a rough indicator of electron donor availability due to the 

compositional variations of organic matter (Laverman et al., 2012). Therefore, the reactive Corg from the 

lake bottom sediment was obtained from chemical data from the outflow. The reactive Corg was obtained 

from the amount of C consumed by denitrification from day 10 to day 150. The total NO3
‾ reduced to N2 

throughout the experiment was 23.0 mmol. Following the heterotrophic denitrification reactions, 1 mol of 

NO3
‾ consumed 1.25 mol of C; hence, the total amount of Corg consumed during denitrification was 28.8 

mmol. Moreover, the degradable Corg was calculated by adding the Corg released in the outflow as DOC 

from day 10 to day 150 with complete NO3
‾ attenuation because after day 150, denitrification was limited 

by the low availability of organic C. The Corg released from the system was 24.7 mmol. The total amount 

of reactive Corg mobilized from the sediment was 53.5 mmol. Therefore, the reactive Corg represented 18% 

of the total SOM measured in the sediment (0.50 mol Kg-1). These values are similar to those determined 

by Abell et al. (2009), where only 3-13% of the total organic C from intertidal freshwater sediments was 

degradable. Assuming a constant thickness of the lake bottom sediment of approximately 2 m and a Corg 

fraction of 1.2%, of which 18% is reactive, the lake bottom sediment can remove 1.6 mM (100 mg/L) of 

NO3
‾ from a water flux of 5 m3/m2/y over a period of 40 y. Utrillas Facies sediment showed the capacity 

to remove the same amount of NO3
‾ considering the same flux for a period of 6 y. Therefore, the lake 

bottom sediment is an important source of electron donors that can remove input NO3
‾ from the lake and 

can act as a source of C to underlying groundwater through different density-driven flows, as has been 

proposed previously by Gómez-Alday et al. (2013). In addition, the amount of organic matter in the lake 

bottom sediment is continuously increasing due to the high biological production in eutrophic lake water, 

which causes a continuous deposition of organic compounds (Hammer, 1986). Therefore, the key 

question for the sustainability of Pétrola N cycling is the actual rate of Corg accumulation in the lake 

bottom. 
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4.5 N and O isotopic fractionation  

In this study, the isotopic fractionation for denitrification was calculated using samples from 

batch experiments as well as one profile performed in the FTR on day 123, when the NO3
‾ removed by 

denitrification and DNRA was negligible. Variations in the isotopic compositions of both δ15N and δ18O 

during denitrification can be expressed as Rayleigh distillation processes (Aravena and Robertson, 1998; 

Mariotti et al., 1988): 

  

δ15Nresidual = δ15Ninitial + εlnf (8) 

δ18Oresidual = δ18Oinitial + εlnf (9) 

 

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

‾ and ε is the fractionation. The value 

of ε was obtained using a linear regression between ln[NO3
‾] and both δ15N and δ18O (Fig. 7). If 

denitrification occurs, a linear correlation should be observed, where the slope corresponds with the ε 

(Kendall et al., 2007). The studied samples showed a good correlation between these parameters, with 

similar trends in both experiments (r2 = 0.80 and 0.84 for δ15N and δ18O, respectively). The fractionation 

values obtained were -14.7‰ for εN and -14.5‰ for εO (Fig. 7). The calculated isotopic fractionations 

from the lake bottom sediment were close to the values gathered from the Cretaceous strata of the region 

(-11.6‰ and -15.7‰ for εN and -12.1‰ and -13.8‰ for εO). Some authors have proposed that 

fractionation values decrease as denitrification rates increase (Mariotti et al., 1988), whereas others have 

observed that more negative values of fractionation were associated with higher denitrification rates 

(Korom et al., 2012). In the present study, the NO3
- reduction rate in the lake bottom sediment was 

significantly higher than that observed in the Cretaceous strata; however, the isotopic fractionation values 

obtained in the two experiments were similar. Furthermore, the fractionation obtained from the batch 

systems agreed well with the fractionation determined from the FTR experiment (Fig. 7), even though the 

batch systems’ denitrification rates were noticeably lower. Therefore, variations in δ15N and δ18O 

fractionation during denitrification cannot be explained only by variations in the reaction rate, and other 

factors play a role, such as the Corg type and availability or the bacterial community.  
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a) b) 

 

Figure 7. (a) Plot of δ 15N vs. ln[NO3
-] values. The slopes correspond to the isotopic fractionation value of 15N. (b) Plot of 

δ18O vs. ln[NO3
-] values. The slope corresponds to the isotopic fractionation of 18O. 

 

To the authors’ knowledge, no isotopic fractionation values linked to denitrification produced 

exclusively by bottom sediments in hypersaline lakes have been reported. Brandes and Devol (1997, 

2002) observed that sedimentary denitrification in the highly reactive sediments of Puget Sound did not 

produce apparent εN in the bottom water because denitrification was controlled by the diffusion of NO3
‾ 

into reactive microsites, leading to the complete consumption of NO3
‾ in the sediment. Because there was 

no significant fractionation during diffusion and NO3
‾ was completely removed, no εN was observed. 

Some fractionation values have been reported for benthic denitrification. Lehmann et al. (2003) obtained 

variable εN and εO values from Lake Lugano (-11.2‰ and -20.7‰ for εN; -6.6‰ and 11.0‰ for εO) 

calculated using Rayleigh and diffusion models, respectively, in bottom waters. The isotopic 

fractionations obtained in the present study were in the range of the εN values obtained from both models, 

whereas the εO was higher in absolute value. Wunderlich et al. (2013) obtained fractionations in batch 

experiments with bottom sediments from freshwater lake Fohnsee of -19.5‰ for εN and -16.5‰ for εO, 

similar to the values obtained in the present study. In addition, the values obtained were in the range of 

the isotopic fractionation values previously reported in field and lab studies, which ranged from -4‰ to -

30‰ for εN and from -2‰ to -18‰ for εO (Vogel et al,. 1981; Pauwels et al, 2000; Mengis et al., 1999; 

Otero et al., 2009). The εN/εO ratio for the lake bottom sediment was 1.01 ± 0.05, falling within the ratios 

from laboratory experiments using Cretaceous Corg-bearing strata (εN/εO ratios ranged from 0.96 to 1.14) 

(Carrey et al., 2013) and other lab-scale ratios reported by Torrentó et al. (2010, 2011) (in which εN/εO 

ratios ranged from = 1.13 to 1.30 in batch experiments with pure culture). In addition, this ratio was close 
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to the lower values of in situ field studies (in which εN/εO ratios ranged from 0.9 to 2.3; see Otero et al. 

2009 and references therein). The low εN/εO observed is explained by the difference in εO linked to the 

variation observed in the δ18O-NO3
‾ between the experiment and field studies due to the exchange 

between 18O-H2O and 18O-NO2
‾ and the re-oxidation of NO2

‾ to NO3
‾, resulting in low δ18O-NO3

‾ in the 

field data and therefore lower εO values than observed in the lab (Wunderlich et al., 2013).  

 

5. Conclusions 

 

FTR and batch experiments were designed to evaluate and quantify the different reactions 

affecting N compounds in lake bottom sediment from the Pétrola basin. The results showed that the lake 

bottom sediment has the potential to remove NO3
‾ from the water through denitrification. The intrinsic 

NO3
‾ attenuation potential of the lake bottom sediment was able to remove 95% of the NO3

‾ input over 

295 days under different flow conditions. DNRA reactions were observed at the beginning of the FTR 

experiment, favored by the high C/N ratio and the high salinity observed in the early days of the 

experiment. After 10 days, as the C/N ratio and salinity decreased, denitrification became the main NO3
‾ 

attenuation reaction in the system. Substantial NO2
‾ accumulation was observed at the beginning and at 

the end of the FTR experiment. The former occurred because of the enzymatic repression favored by the 

high salt content, whereas the latter accumulation was likely related to the exhaustion of the Corg supply. 

Sulfate reduction could be neither confirmed nor rejected during the FTR experiment because sediment 

leaching masked the chemical and isotopic signatures of this process. However, the Eh values measured 

were below the typical values for sulfate reduction, suggesting the possible development of this process at 

the field scale. The modeled average NRR was 1.25 mmol d-1 L-1, with a maximum of 1.91 mmol d-1 L-1, 

one order of magnitude higher than the NRR calculated for the Corg of the Cretaceous age. The calculated 

amount of reactive Corg consumed by denitrification during the experiment was approximately 28.8 mmol 

of C, representing approximately 10% of the total C in the sediment. The isotopic fractionation values 

obtained were -14.7‰ for εN and -14.5‰ for εO, similar to those calculated in the experiment using 

Cretaceous material. This finding indicates that the variations in the isotopic fractionation during 

denitrification cannot be explained only by variations in the reaction rate and that other factors, such as 

the bacterial community, also play a role. Overall, the important mobilization and transport of organic C 

observed in the FTR can influence the migration of this electron donor by density flow, promoting NO3
‾ 

attenuation in the underlying contaminated aquifer. Because of the high biological production in the 
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eutrophic lake water, a key question for the sustainability of Pétrola N cycling is the actual rate of Corg 

accumulation in the lake bottom. 
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Abstract 

 
Agricultural regions placed at semiarid or arid climate zones with associated saline wetlands 

constitute one of the most vulnerable and exposed environments to nitrate pollution. The Pétrola basin 

was declared vulnerable to nitrate pollution by the Regional Government in 1998 and the hypersaline lake 

was classified as a heavily modified water body. This study was conducted in order to assess the fate of 

groundwater nitrate by means of the use of multi-isotopic tracers (δ15N, δ34S, δ13C, δ18O) coupled to 

hydrochemistry in the aquifer system connected to the Pétrola eutrophic saline lake. Hydrogeology of the 

basin showed two main flow components: regional groundwater flow, from the perimeter area/recharge 

areas (Zone 1) towards the lake (Zone 2) and the density driven flow from surface water from the lake 

towards the underlying aquifer (Zone 3) as was observed in Electrical Resistivity Tomography (ERT). In 

Zones 1 and 2, δ15NNO3 and δ18ONO3 is derived from synthetic fertilizers slightly volatilized. In addition, 

the observed trend in the isotopic composition of nitrate suggests the existence of denitrification 

processes controlling natural attenuation of the dissolved nitrate in the aquifer system. Nitrate reduction 

appears to be conducted by heterotrophic denitrification reactions as sulphate distribution and fate in the 

system can be explained by the dissolution of secondary gypsum from weathering of sulphide minerals. 

However, some samples the occurrence of autotrophic denitrification can not be ruled out. In zone 3, the 

saltwater-freshwater interface in the upper part of the aquifer (down to 12 m below ground surface) 
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constitutes a reactive zone for NO3
‾ attenuation. On the other hand, tritium data suggest that the absence 

on nitrate in the deepest part of the aquifer under the lake can be attributed to regional flow with longer 

residence time. Consequently, the geometry of the density downflow plays an important role in 

denitrification processes under the lake. 

 

1. Introduction 

 

The European Groundwater Directive (EC 2006) considers nitrate (NO3
‾) as one of the most 

important contaminants that could prevent the achievement of the goals of the Water Framework 

Directive (EC 2000). Excessive use of synthetic and/or organic fertilizers in agriculture and the spill out 

of wastewaters are the major sources of NO3
‾. High NO3

‾ concentration in groundwater is a matter of 

great concern due to the negative effects on health (Comly, 1945; Magee and Barnes 1956; Ward et al., 

2005) and on the eutrophication of surface water bodies (Dassenakis et al. 1998; Mason 2002; Kraft and 

Stites 2003). The NO3
‾ concentration threshold established by the Directive 98/83/CE for human water 

supplies is 50 mg/L NO3
‾.  

 

At watershed scale, the identification of the 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 resources renewal. Denitrification is considered the main process that 

irreversibly eliminates NO3
‾ from groundwater. Denitrification is a redox reaction driven by specialized 

bacteria that utilize organic carbon disseminated in the sediment (heterotrophic denitrification) or reduced 

sulphur compounds (autotrophic denitrification) such as Fe2+ bearing minerals (i.e. Fe2+-sulphides and 

Fe2+-silicates), as electron donors for NO3
‾ reduction to harmless N2 (Korom, 1992; Appelo and Postma, 

2005). Denitrification reactions can be represented by the following chemical reactions: 

 

5CH2O + 4NO3
‾ � 2N2 + 4HCO3

‾ + CO2 + 3H2O  (1) 

5FeS2 + 14NO3
‾ + 4H+ � 7N2 + 10SO4

2- + 5Fe2+ + 2H2O (2) 

 

The isotopic composition of dissolved NO3
‾ can provide information about the source of the 

pollution (Kendall et al., 2007; Böttcher et al., 1990; Vitòria et al., 2004; Widory et al., 2004). In addition, 

a multi-isotopic approach coupled to hydrochemistry is a useful method for understanding denitrification 
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reactions in aquifers and surficial water systems (Aravena and Robertson, 1998; Mariotti et al., 1988; 

Pauwels et al., 2000; Vitòria et al., 2008; Wassenaar et al., 1995; among others). Stable isotopes are 

usually measured as the ratio between the less abundant isotope and the most abundant one (e.g. 15N 

against 14N). Stable isotope ratios are reported with respect to international standards using the delta 

notation (Eq. 3). 

 

δ15N = [(Rsample – Rstd) / Rstd] x 1000  (3) 

where R = 15N/14N 

 

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

NO3
‾ fraction increase as denitrification proceeds (Mariotti et al., 1981). Denitrification can be considered 

as a single-step Rayleigh process and isotopic fractionation (ε) can be calculated employing the Eqs. 4 

and 5 (Mariotti, 1986). 

 

δ15Nresidual = δ15Ninitial + εlnf  (4) 

δ18Oresidual = δ18Oinitial + εlnf  (5) 

 

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

‾ and ε is the isotopic fractionation. 

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
‾ coupled with a decrease of δ13C 

and NO3
‾ concentration should be expected. In the other hand, autotrophic denitrification should produce 

an increase in SO4
2- concentration and the δ34S from dissolved sulphate should match with the isotopic 

composition of SO4
2- from sulphide oxidation whereas the δ18O would be related with the isotopic 

composition of δ18OH2O.  

 

Endorheic basins located in semiarid or arid regions are vulnerable areas to pollution due to their 

low precipitation and high evaporation rates. However, they have shown a high potential to remove 

nitrogen compounds from agricultural runoff (Brinson et al. 1995). In the Central Spain, the High Segura 

River Basin is located. This basin includes an important saline endorheic complex named the Pétrola-

Corral Rubio-La Higuera Saline Complex, which is about 275 km2 in extent. In this saline complex, a 

total of 19 wetlands have been identified (Cirujano et al., 1988). Usually, the final discharge point for 
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surface waters in these endorheic systems is a saline lake that can act as sink for dissolved nitrogen 

compounds. However, if the necessary conditions are met, NO3
‾ can be reduced by denitrification in 

surface and/or groundwater (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 different density between salty surface water 

from the lake and fresh groundwater can produce a density-driven downflow from the surface lake water 

towards the underlying aquifer (Zimmermann et al., 2006). The saltwater-freshwater interface is a 

favorable area to reduce NO3
‾ in estuarine zones (Santoro et al., 2009 and references therein). However, 

to the authors’ knowledge, less attention has been focused on nitrogen cycle studies on endorheic 

systems, especially to determine the relationship between saline lake-groundwater interface and NO3
‾ 

attenuation processes. 

 

A representative example from the Segura River Basin of such an endorheic system with a saline 

lake is the Pétrola Basin (Fig. 1). Pétrola Basin is located in a vulnerable zone to NO3
‾ pollution, where 

the use of fertilizers is restricted and under the government supervision (Order 2011/7/2 CMA). However, 

the input of NO3
‾ to the lake has been quantified, reaching 3.76 t/year (Cortijo et al., 2011). Furthermore, 

there is an additional NO3
‾ input from the municipal wastewaters which are spilled directly to the lake. 

These NO3
‾ inputs enhance eutrophication processes and produce harmful algal blooms in the Pétrola 

Lake. Previous laboratory work performed using different sediments present in the basin showed the 

potential to promote NO3
‾ attenuation at field scale (Carrey et al., 2013, 2014). In these studies, the 

authors demonstrated the denitrification potential of sediments form the Utrillas Facies (a regional 

Formation rich in organic matter and sulphides such as pyrite) and the bottom lake sediment. 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 the regional-scale groundwater to confirm the occurrence 

and magnitude of density-driven downflow. 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 that 

NO3
‾ attenuation processes in the basin will be studied by means of chemical and multi-isotopic 

techniques to confirm the role of the different electrons donors present in the basin. Results will be 

discussed integrating the laboratory experiments performed previously (Carrey et al., 2013 and 2014). 

Finally, this study aimed to describe the role of the surface lake water in the transport of the dissolved 

organic carbon into deep anoxic aquifer zones where denitrification can be produced. The study 
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represents a step forward in the study of the role of saline systems as natural barrier for nitrate pollution, 

adding a new value for their future study and conservation. 

 

 

Figure 1. Location, regional geology and Simplified geological map of the Pétrola Lake endorheic basin (modified from 
Baena-Pérez and Jerez-Mir, 1982). Ab: Albacete, Ch: Chinchilla de Montearagón, Mo : Montealegre del Castillo, AL : Almansa, 
masl: meters above sea level. 

 

2. The study area 

 

The hydrogeologic boundary of the Pétrola saline lake-aquifer system extends over 43 km2. The 

climate of the region is Mediterranean, continental, and semiarid. Mean annual precipitation is usually 

below 400 mm, and is mainly distributed during the spring and autumn seasons. Mean temperature values 

oscillate from 4.9 ºC (January) to 24.2 ºC (July). Farming (cultivation, livestock farming and cattle rising) 

are the main economic activities in the area. Irrigation and dry land occupies about 17 km2 that represent 

40% of the total surface of the basin (Database Corine Land Cover, 2000). The estimated nitrogen load 

from agricultural activities calculated was about 10 t/Km2 year-1 (year 2000) (ITAP, 2010). Furthermore, 

urban wastewaters, from a population of 777 inhabitants, are spilled directly to the lake, with no 

wastewater treatment. Crops are fertilized mainly using inorganic synthetic fertilizers and manure is not 

widely applied in the area.  
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Geology of the basin is formed mainly by Mesozoic materials (Fig. 1). The bottom of the 

sequence is formed by oolitic carbonate Jurassic rocks with porosity related with the fracture network. 

The base of the Lower Cretaceous unit corresponds to the Weald Facies and consists on lutite sediments, 

overlayed by sands and sandy-conglomerate sediments with intergranular porosity, which reaches the 

Barremian time. Aptian carbonates overlay Barremian terrigenous deposits. Albian deposits (Utrillas 

Facies) consist on siliciclastic sands, sandy-conglomerates and reddish to dark grey clay to lutite 

sediments deposited overlaying concordantly over Aptian sediments. The Utrillas Facies materials are 

interstratified by grey-to-black mudstones and sandy sediments with high contents in organic matter and 

sulphides. These deposits show noticeable lateral changes in thickness throughout the Pétrola Basin with 

an average thickness of about 7m. As consequence of sulphide oxidation processes, gypsum appears in 

the Lower Cretaceous lutitic sediments (Gómez-Alday et al., 2004). 

 

During the late Miocene, pronounced compressional events related to the Alpine Orogeny, 

resulted in a general uplift of the region, accompanied by the development of NE-SW and NW-SE 

trending fractures which lead to a regional scale horst-and-graben structure. The tectonic framework 

exerts important controls on the hydrogeologic system in the study area where the Pétrola Lake occupies 

the lower topographic position in a horst-type tectonic structure.  

 

3. Methods 

 

3.1 Field survey 

The sampling locations are shown in Figure 2. A total of 252 samples from 20 control points 

(springs, surface water including streams and lake, and agricultural wells) were collected in control points 

located in the Cretaceous aquifer, between April 2008 and December 2010. Additionally, four PVC 

piezometers (2623, 2624, 2625, 2626) were installed during 2008 nearby the lake border in order to 

measure vertical profiles of hydrogeochemical parameters at different 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 (2625), 34.1 m (2624) and 37.9 m (2623). Screen lengths were 3 m (2623), 9 m (2624), 5 m 
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(2625) and 4 m (2626). Screening zones where isolated by means of the use of internal bentonite 

seals. Core sediments from the Utrillas Facies and bottom lake sediment were obtained during drilling 

operations. The core was isolated from the atmosphere with polypropylene and immediately frozen in the 

field with solid CO2 to preserve it at -30ºC. These sediments were examined under scanning electron 

microscope using a DSM 940 model. In addition, eight thin sections were examined by standard 

microscopy methods, using Alizarin Red S and potassium ferricyanide staining (Dickson, 1965). In 

addition, several samples of gypsum, sulphides and dolomites from Utrillas Facies were collected from 

the basin and analyzed for sulphur, oxygen and carbon isotopic composition. 

a

b

a

b

 

Figure 2. Map showing the distribution of piezometric surface (masl) of Cretaceous aquifer (2003) and sampling 
locations. C) Hydrostratigraphic cross-section with location and construction logs for the piezometers 2623, 2624, 2625 and 2626, 
installed in the lake.  
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3.2 Chemical analyses 

Groundwater temperature (T), pH, redox potential (Eh), electrical conductivity (EC), and 

dissolved oxygen (DO) parameters were measured in situ with portable electrodes. In the springs, streams 

measurements were performed directly in the water flow whereas measurements in the four piezometers 

were made using a flow through-chamber to minimize the effect of air exchange. Agricultural wells were 

purged prior to sampling about a minimum of three well volumes and/or until EC was stabilized. Water 

samples were stored at 4 ºC in darkness previous to further analysis and following the official standard 

methods (APHA-AWWA-WEF, 1998). Water samples were filtered with a 0.45 µm nylon Millipore® 

filter. Alkalinity titrations were carried out in the laboratory by acid-base titration. NO3
‾, SO4

2-, and Cl- 

contents were measured by ion chromatography (DX120, Vertex). For avoiding chloride interferences in 

samples with high EC, the cadmium reduction method was employed for determining NO3
‾ contents 

using a spectrophotometer (Perkin-Elmer, Lambda 650). Determination of NH4
+ contents was carried out 

by distillation and volumetric methods (Koroleff method). Ca2+ and Mg2+ concentrations were measured 

by complexometry. TOC in solid samples (n=4) from drills core (2623) were performed in selected black 

to grey lutitic sediments at different depths using a Shimadzu Analyzer (A Coruña University). Dissolved 

organic carbon (DOC) concentration was determined using a Shimadzu Analyzer in the research services 

of the A Coruña University.  

 

3.3 Isotopic analyses  

Isotopic analyses were performed following standard methodology in a subset of samples 

according to their location and their hydrogeological context. The stable isotopic ratios 34S/32S and 

18O/16O from dissolved SO4
2- were measured on BaSO4 precipitated from dissolved sulphate by the 

addition of 5% BaCl2 after acidifying the sample 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 sulphides as described by Canfield et al. (1986) and Hall et al. (1988). The δ34S from water 

samples was analyzed in a Carlo Erba Elemental Analyzer (EA) coupled in continuous flow to a Finnigan 

Delta C IRMS whereas the δ34S from gypsums and sulphide were analyzed in a SIRA-II dual inlet 

spectrometer. The δ18O from dissolved SO4
2-, and gypsum was analyzed in duplicate with a ThermoQuest 

high-temperature conversion analyzer (TC/EA) unit with a Finnigan Matt Delta C IRMS. 18O/16O ratios from 

H2O were measured by the CO2 equilibration method using a Multiflow device coupled on line to a 
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continuous flow Isoprime Mass Spectrometer. 13C/12C ratios in DIC were determined on CO2 evolved 

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

of a few samples was precipitated as SrCO3 by addition of 45% SrCl2 to previously basified waters (to 

pH>10, using Na(OH)). These samples were reacted with 103% H3PO4 in a purpose-built vacuum 

extraction line, and the CO2 evolved measured on a dual inlet SIRA-II mass spectrometer. These stable 

isotope analyses were performed at the Laboratorio de Isotopos Estables of Salamanca University 

(Spain). The isotopic composition of dissolved nitrate 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 determined 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 waters. Radioactive isotope of H3 

(Tritium) in groundwater were determined by Liquid Scintillation Counting in the 14C and Tritium Dating 

Service of the Universidad Autónoma de Barcelona with an analytical reproducibility of ±0.4 TU. 

 

3.4 Electrical Resistivity Tomography (ERT)  

The ERT survey was carried out in September 2008 using a RESECS DMT resistivity-meter, 

equipped with 72 electrodes. The selected electrode configuration was a Wenner array, because it has the 

highest signal-to-noise ratio and is more sensitive to the vertical variations of resistivity (Loke and 

Dahlin, 2002). Electrode spacing was 5 m, and 23 levels of investigation were used to reach 60 m depth 

in the central part of each section. Two cycles of injection were applied in each measurement, taking 700 

potential differences and intensity values, and calculating root mean square (RMS) error for each apparent 

resistivity value.  Three sections, lined up on the ground surface, were measured at Pétrola lake along 

dykes placed close to the east bank of the lake, coinciding with the industrial facilities (Fig. 3). ERT 

profile A, of about 355 m in length, was parallel to the location of the four piezometers installed in the 

lake eastern edge. ERT profiles B and C were allocated perpendicular to ERT profile A, and were about 

310 m and 355 m in length, respectively. No noticeable differences in topography exist and, therefore, 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 
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with a standard deviation higher than 20% were removed. Field data inversion was performed with 

Res2Dinv software using the same the parameters in the inversion for all the profiles (De Groot-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 are between 12% and 17%. Finally, 

inversion results were exported to absolute XYZ coordinates, in order to compare with the rest of 

hydrogeological and geochemical data. 

A

B

C

A

B

C

A

B

C

 

Figure 3. Inverted resistivity sections for two-dimensional ERT profiles: Location of the profiles in the edge of the 
Pétrola lake. A) Profile Pétrola A; B) Profile Pétrola B; C) Profile Pétrola C.  Data were gathered with a 5 m spacing among 
electrodes. High resistivity (Red color) represents low EC values whereas low resistivity (Blue color) shows areas with high EC. 
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4. Hydrogeology of the Pétrola basin 

Hydrogeologically, the system is formed by two unconnected aquifers (Gómez-Alday et al. 

2004). A confined aquifer formed by highly permeable oolitic Jurassic carbonates is overlaid by a 

confining layer of lutitic Weald Facies. The upper aquifer is composed of siliciclastic sands, 

conglomerates and lutites (Utrillas Facies, Albian). Piezometric levels measured in the Cretaceous aquifer 

data points showed that groundwater flow in the unconfined aquifer converges to the Pétrola Lake (Fig. 

2). Nearby the lake, the piezometric level of Cretaceous aquifer is close to the topographic surface and as 

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 relationship between the aquifer and the Pétrola lake has shown to be more complex. The 

ERT survey allowed visualizing the distribution of resistivity in sediments and rocks that is related to 

several parameters which include water content, EC, mineral content, porosity and temperature. Figure 3 

shows the resistivity profiles performed on the lake. ERT was performed when Pétrola Lake was almost 

dry. Therefore, the first 2 m observed in profiles correspond to the height of the dykes where the ERT 

survey was performed showing unsaturated conditions. Below 2 m the system was saturated in water. The 

sedimentary sequence can be considered homogeneous in the three profiles performed. Changes in rock 

porosity can be negligible although the existence of preferential flow zones has been observed in the 

bottom of the lake. Thus, resistivity variations should mainly be related to changes in electrical 

conductivity of water. Resistivity values varied from lower than 0.2 Ohm·m, in the lake surface, to 20 

Ohm·m at depths of about 50 m (Fig. 3). The observed differences in resistivity values are explained by 

the fact that superficial brines were underlying by fresh groundwater producing a hydro-dynamically 

unstable situation with dense brine perched on less dense fresh water. Thus, the resistivity gradient 

observed can be interpreted as the existence of a density-driven flow produced by the instability of the 

saline boundary layer (Zimmermann et al., 2006). The location of the piezometers 2626, 2625 2624 and 

2623 coincided with this zone of density-driven groundwater flow. 

 

The study area has been divided into three different zones (Fig. 2). Zone 1 corresponds with the 

recharge area of the upper aquifer in the North and East. Sample points in Zone 2 are located nearby the 

lake, discharge zone, following the groundwater flow direction from Zone 1. Therefore, Zones 1 and 2 

will be discussed together in order to understand the chemical and isotopic evolution of groundwater in 
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the Pétrola Basin. In the other hand, Zone 3 represents the area of density-driven downflow from the lake 

to the underlying aquifer; the data points included are the piezometers 2623, 2624, 2625, 2626 and the 

surficial water (data point 2635). 

 

5. Results 

 
Complete chemical and isotopic characterization of the samples is available in appendix C.3. 

Despite that the sample points were not located along a groundwater flow line; the concentric pattern of 

the ion concentration distribution allowed to infer some conclusions on the hydrogeochemical behavior of 

the Pétrola lake-aquifer system. 

 

Zone 1
Zone 2
Piezometers
Surface water

Zone 1
Zone 2
Piezometers
Surface water

Zone 1
Zone 2
Piezometers
Surface water

 

Figure 4. Piper diagram plotted the chemical composition of the surface and ground water sample points (Fig. 2) during 
2008-2010.  
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5.1 Hydrochemistry of Zones 1 and 2 

Zone 1 groundwater type varied between Mg-Ca-HCO3 and Mg-Ca-SO4 hydrofacies (8 control 

points; April 2008-December 2010; n=82). pH ranged from 7.3 to 8.4 and Eh values varied from +142 to 

+452 mV. In Zone 1 the electrical conductivity (EC) showed values, ranging from 507µS/cm to 2180 

µS/cm and dissolved O2 varied from 0.4 mg/L to 5.0 mg/L. The NO3
‾ concentration ranged from below 

the detection limit (<0.1 mg/L) to 149 mg/L. The NH4
+ contents oscillated between below the detection 

limit (<0.1 mg/L) and 0.2 mg/L. The SO4
2- concentration varied from 33 mg/L to 803 mg/L whereas Cl‾ 

changed in a range 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. DOC concentration ranged from below detection limit (0.2 

mg/) to 4.9 mg/L.  

 

Zone 2 hydrofacies were similar than in Zone 1, between Mg-Ca-SO4-HCO3 and Mg-Ca-SO4 (5 

control points; April 2008-December 2010; n=37) (Fig 4). Water samples had higher EC values than the 

measured in Zone 1, varying from 1046 µS/cm up to 3380 µS/cm. Dissolved O2 showed values between 

1.2 mg/L and 7.9 mg/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 ranged from below detection limit up to 2.1 

mg/L. SO4
2- ranged from 175 mg/L to 2009 mg/L whereas Cl‾ oscillated from 34 mg/L up to 522 mg/L. 

The HCO3
‾ values varied from 119 mg/L to 572 mg/L. DOC concentration observed ranged from 3.1 

mg/L to 8.5 mg/L.  

 

5.2 Hydrochemistry of Zone 3 

Results from Zone 3 are presented in Table C.3.3, C.3.6 in appendix C.3. Chemical data are 

displayed separately between surface water of the lake and the groundwater results from the piezometers. 

 

Surface waters of the lake were clearly different than in the Zones 1 and 2 (Fig 4). Hydrofacies 

can be classified as Mg-Na-SO4-Cl during the study period (February 2010-November 2010; n=4). 

Surface waters of the lake showed a pH ranging from 7.6 to 9.1 and Eh varied from +63 mV to +292 mV. 

The EC values ranged from 59,300 (April) to 123,000 µS/cm (November). Dissolved O2 was below 0.2 

mg/L. The NO3
‾ concentration was below detection limit (0.1 mg/L) in all the samples analyzed. The 

NH4
+ concentration varied from 0.5 mg/L to 1.1 mg/L. SO4

2- contents ranged from 43,200 mg/L to 
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122,880 mg/L and Cl‾ varied between 21,799 mg/L and 102,960 mg/L. HCO3
‾ concentration ranged from 

327 mg/L to 2,134 mg/L. DOC values varied between 163 mg/L and 646 mg/L.  

 

With regards to groundwater under the lake, the hydrofacies varied between Mg-Ca-SO4-HCO3 

(2623) (Similar than Zones 1 and 2) to similar hydrofacies than surface lake water Mg-Na-Cl-SO4 (2626) 

(September 2008-November 2010; n=30). The pH and Eh values ranged from 7.0 to 8.2 and from ‾100 

mV to +318 mV, respectively. EC ranged from 2,410 µS/cm, in the deepest screened piezometer (2623), 

to 96,000 µS/cm in the shallowest one (2626). Therefore, in terms of groundwater chemistry, piezometers 

can be considered to be located in the saltwater-freshwater interface. Dissolved O2 varied from 0.2 mg/L 

to 1.4 mg/L. The NO3
‾ concentration was below detection limit (<0.1 mg/L) in most of the samples 

except for sample point (2623) where NO3
‾ showed values up to 2.6 mg/L. The NH4

+ contents varied 

between below detection limit (< 0.1 mg/L) to 1.8 mg/L. SO4
2- changed between 510 mg/L, in the deepest 

screened piezometer (2623), and 38,808 mg/L, in the shallowest screened one (2626). Cl‾ concentrations 

changed from 82.2 mg/L (2623), in the deepest screened piezometer to 42,071 mg/L (2626). Variations in 

HCO3
‾ concentrations were not so noticeable: values oscillated from 207 mg/L (2623) to 499 mg/L 

(2626). DOC contents changed from a mean value of 21.3 (n=4; 2626) to 4.1 mg/L (n=4; 2623).  

  

5.3 Stable isotope results 

The isotopic analyses were performed on a subset of samples based on NO3
‾ concentrations. The 

δ18OH2O in the water samples from Zone 1 and 2 varied from ‾5.4‰ to ‾7.6‰ (mean value of ‾6.5‰; 

n=25) whereas samples from piezometers ranged from ‾2.4‰ to ‾7.4‰ (mean value of ‾5.3‰; n=11). 

The δ15NNO3 and δ18ONO3 of the samples located in the Zone 1 varied between +6.1‰ and +7.6‰, and 

from +2.1‰ to +4.7‰ (n=7), respectively.  In the Zone 2 the δ15NNO3 varied from +6.6‰ and +19.9‰ 

whereas the δ18ONO3 ranged from +5.3‰ to +16.2‰. The δ34SSO4 values in the water samples from Zone 

1 ranged from ‾17.4‰ to ‾13.2‰ whereas δ18OSO4 varied between +2.3‰ and +4.8‰ (n=4). In Zone 2, 

δ34SSO4 and δ18OSO4 values varied from ‾22.5‰ to ‾14.3‰ and between +2.9‰ and +12.3‰ (n=6). The 

δ13CDIC data showed similar values in Zone 1 and 2 ranging from ‾12.7‰ to ‾8.0‰ (n=13).  

 

Analyses from sulphides minerals, gypsum and dolomite from the basin are available in Table 

C.3.9, appendix C.3. δ34Ssulphide from Utrillas Facies ranged from ‾40.5‰ to ‾12.2‰ (average value of 

‾29.5‰, n=15). The δ34Sgypsum ranged from ‾30.3‰ to +3.0‰   and the δ18Ogypsum ranged from -3.2‰ to 
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+14.0‰ (n = 8). δ13Cdolomite analysed from Utrillas Facies showed values oscillating from -7.2‰ to 

+1.9‰ (n = 21). 

 

5.4 Tritium concentrations 

Tritium is a short-lived isotope of hydrogen with a half-life of 12.43 years (Unterweger et al., 

1980) and it is assumed that groundwater tritium contents reflect atmospheric levels of this isotope when 

the water was last in contact with the atmosphere (Clark and Fritz, 1997). Tritium content in water 

samples varied from 0.2 ±0.4 TU to 4.6 ±0.3 TU (n= 8). In the collected water samples the highest tritium 

concentration was detected in the surface water of the lake (data point 2635) reaching a value of 4.6 ±0.3 

TU. The shallowest piezometer installed in the lake edge (2626) showed the highest tritium concentration 

(1.5 ±0.3 TU). Lower value of tritium were observed in wells 2623 and 2625 (0.8 ±0.4 TU), whereas 

2625 showed 0.9 ±0.4TU. 

 

6. Discussion 

 

6.1 Nitrification and denitrification in Zones 1 and 2 

Since groundwater level is usually close to the land surface, agrochemicals can rapidly reach the 

water table. However, the NH4
+ concentration in Zones 1 and 2 was not significant with a mean value of 

0.1 mg/L (n=147) indicating that NH4
+ from agricultural activities was completely nitrified in the non-

saturated zone to NO3
‾. In Zone 1, NO3

‾ concentration increased coupled with EC (Fig. 5). Higher NO3
‾ 

values were in agreement with the agricultural activities developed at the center and SW of the basin. 

Therefore, these agricultural activities affect to the heterogeneous spatial distribution of NO3
‾ in the zone. 

Samples in Zone 2 showed a slightly decrease in NO3
‾ concentration whereas EC values trend to increase 

compared with samples from Zone 1 (Fig. 5).  
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Figure 5. Scatter plot of electrical conductivity data against NO3
‾ concentration from control points of the Cretaceous 

aquifer. 

 

The decrease in NO3
‾ concentration from Zone 1 to Zone 2 was produced coupled with an 

increase in the isotopic composition of δ15NNO3 and δ18ONO3. Figure 6 shows the δ15NNO3 and δ18ONO3 of 

dissolved NO3
‾ of the 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). As Heaton (1986) pointed out, during nitrification processes 

no isotopic fractionation occurs between the δ15NNH4 and δ15NNO3 when NH4
+ is completely nitrified. The 

δ18ONO3 range for nitrification was calculated using Equation (5) (Anderson and Hooper 1983). 

 

δ18ONO3= 1/3δ18OO2 + 2/3δ18OH2O  (5) 

 

This equation can be applied when NH4
+ is abundant and nitrification rates are high. It also 

assumes negligible isotope fractionation effects during water and atmospheric O2 (O2(atm)) uptake (Mayer 

et al., 2001). It is also supposed that the δ18O of O2 used by the microorganisms is that of O2(atm). In this 

case, two-thirds of the oxygen atoms of NO3
‾ produced are derived from water, whereas one-third is 

incorporated from atmospheric oxygen (δ18Oatm= +23.5‰; Dole et al., 1954). Thus the calculated δ18ONO3 

should range between +2.8‰ and +4.2‰.  
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Figure 7. δ15NNO3 and δ18ONO3 (R2= 0.65) 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). 

 

The isotopic composition of NO3
‾ from Pétrola samples showed δ15NNO3 and δ18ONO3 values, 

falling close or inside the literature box representing NO3
‾ derived from soil organic N (Fig. 6). The 

lowest NO3
‾ concentrations correspond to samples of Zone 1. Data points 2535 (mean value: 0.9 mg/L, 

n=12), 2579 (mean value: 1.9 mg/L, n=17) and 2621 (mean value: 3.4 mg/L, n=10) showed NO3
‾ 

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

the measured NO3
‾ concentration in data points 2554 and 2564, was higher than the expected from a soil-

derived organic N. An alternative explanation of NO3
‾ origin could be nitrification of ammonium 

fertilizers slightly volatilized (Vitòria et al., 2004). Samples located in Zone 2 had higher values of both 

δ15NNO3 and δ18ONO3 (>10 ‰) and showed a positive correlation (r2=0.65) between δ15NNO3 and δ18ONO3 

(Fig. 6) pointing out that denitrification processes were taking place (Carrey et al., 2013). Denitrification 

was observed in samples with DO concentration above the threshold value of 2 mg/L. Denitrification can 

be justified by the presence of anoxic microsites, although the bulk groundwater may be well oxygenated 

(Mengis et al., 1999).  

 

The isotopic fractionation (ε) allows to quantify 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 natural attenuation at field scale 

(Torrentó et al., 2010, Otero et al., 2009, among others). However, using field samples, the plots of 
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δ15NNO3 and δ18ONO3 vs. Ln[NO3
‾] showed poor correlations, R2=0.26 and R2=0.40, respectively (data not 

shown). This can be produced due to differences in the source origins, transport and reduction rates of 

NO3
‾ in the aquifer system, the amount of volatilization occurred before nitrification, etc. Laboratory 

experiments allow to obtain reasonable isotopic fractionation values of denitrification at field scale. 

Carrey et al. (2013) reported values of isotopic fractionation obtained in laboratory experiments using 

organic and sulphides rich sediment from the Utrillas Facies (Pétrola Basin). These authors determined 

the isotopic fractionation during denitrification: ‾11.6‰ and ‾15.7‰ for εN, and ‾12.1‰ and ‾13.8‰ for 

εO. These values were used to quantify the amount of NO3
‾ removed by denitrification at field scale 

ranging from 0% to 60% (Carrey et al., 2013). Reported average denitrification in Zone 1 reached a 

maximum of 10% whereas Zone 2 showed a higher denitrification percentage, between 10% and 60% 

(Fig. 6). Therefore, the observed denitrification was located in the area surrounding the lake but the 

attenuation was limited. In fact, samples in Zone 2 with higher denitrification, showed an average NO3
‾ 

concentration of 44.8 mg/L, close to the human water supply threshold. For instance, sample 2602, where 

the observed denitrification during 2010 ranged from 30 - 40%, had a NO3
‾ concentration between 46.8 

and 50.4 mg/L. Even higher NO3
‾ concentration was further observed at this site in the following surveys 

(96.1 mg/L in 2008 and 86.4 mg/L in 2009) illustrating that despite denitrification is acting in the study 

area, it has a limited capacity to remove NO3
‾. These data were in agreement with the observed limited 

capacity of Utrillas Facies to promote denitrification (Carrey et al., 2013). In this sense, the observed 

denitrification at field scale showed important spatial variability linked to variation in the amount and 

reactivity of labile organic matter availability, as well as NO3
‾ supply. Also the higher DO measured 

pointed out the variability of the anoxic conditions in the aquifer. The resultant of these variables might 

be responsible of the observed spatial and temporal heterogeneity in NO3
‾ attenuation at field scale. 

 

6.2 Identifying the electron donor for denitrification 

The presence of electron donors able to produce denitrification in Zone 2 is noticeable in the 

organic and sulphide-rich sediments from the Utrillas Facies (Carrey et al., 2013). Denitrification 

observed can be linked with organic matter oxidation or sulphide oxidation since both electron donors are 

present. In the case of heterotrophic denitrification (Eq. 1), although, the distribution of HCO3
‾ seems to 

increase as δ15NNO3 or δ18ONO3 increase, no correlation was observed between δ13CDIC and HCO3
‾, δ15NNO3 

or δ18ONO3. In addition to denitrification, variation of HCO3
‾ and δ13CDIC might be affected by carbonate 

dissolution and/or precipitation processes. Despite the increase in HCO3
‾ can be related with calcite 

Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain) 126

Raúl Carrey Labarta, 2014



Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain) - 103 - 

 

dissolution, δ13CDIC analyzed (‾5.5‰ to -1.9‰, n=13) fell in the range of the isotopic values determined 

for carbonates present in the Utrillas Facies (δ13C= ‾7.2‰ to +1.9‰, n=21). Therefore, the observed 

variation in δ13C might be hidden by other processes such as calcite precipitation. Calcite precipitation 

was supported by the calculated calcite saturation indexes, which varied from 0.0 to 1.1. Thus, the 

chemical equilibrium among the dissolved carbonate species masked any chemical and isotopic variation 

due to heterotrophic denitrification. As an alternative indicator of heterotrophic denitrification, a coupled 

decrease of both NO3
‾ and DOC would be expected. However, in the present study higher DOC content 

matched up with a higher denitrification percentage (Fig. 7). The observed DOC increase pointed out the 

degradation of organic carbon compounds that, hence, increased the electron donor availability for 

denitrification. The variation in DOC concentration and denitrification can be attributed to the 

heterogeneous distribution of both, sources of organic matter and NO3
‾ pollution of the basin. Therefore, 

although HCO3
‾ and δ13C data were not conclusive, chemical evolution of DOC pointed out that organic 

matter played a role in NO3
‾ attenuation observed at field scale.  
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Figure 8. DOC contents against HCO3
‾ concentrations scatter plot from water samples collected from the Cretaceous 

aquifer. 

Regarding the oxidation of sulphides minerals, NO3
‾ attenuation by autotrophic denitrification 

processes could also take place (Eq. 2). Either O2(atm) or water oxygen can be used during sulphide 

oxidation processes as electron acceptor (Taylor et al. 1984, Nordstrom & Alpers 1999). In Zone 1, 

located in the North and North-East where denitrification was not observed, the SO4
2- concentration 

showed differences in the spatial distribution. Most of the samples located in the North showed an 

increase in SO4
2- with low NO3

‾ concentration (Fig. 9). On other hand, sample points located in the East 

(2581, and 2564) showed a coupled increase in NO3
‾ and SO4

2- concentration (Fig. 9). Groundwater flow 
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through Zone 2 produced an increase in SO4
2- concentration and the higher values of SO4

2- matched out 

with the samples with higher denitrification. In the studied area, the distribution of SO4
2- in groundwater 

can be explained by 1) dissolution of gypsum, 2) the oxidation of sulphides minerals during 

denitrification. 
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Figure 9.  Scatter plots of NO3
‾ and SO4

2- concentrations in Zone 1(A) and Zone 2 (B). 

The δ34SSO4 and δ18OSO4 isotopic composition of the dissolved SO4
2- can be used to distinguish 

between different SO4
2- sources such as sulphide oxidation or evaporitic sulphate minerals dissolution 

(Krouse, 1980; van Stempvoort and Krouse 1994). The Utrillas Facies is rich in reduced sulphur 

compounds, however in some areas, secondary gypsum occurs from the weathering of these sulphides. 

The isotopic composition of disseminated sulphides present in the Utrillas Facies ranges from –11.7‰ to 

–40.5‰. The δ34S measured in gypsum from the Utrillas Facies sediment (+3.0‰ to –30.3‰), pointing 

out that sulphide oxidation was the main source of gypsum (Gómez-Alday et al., 2004). Likewise, 

δ18Ogypsum formed via sulphide oxidation must show a relationship with δ18OH2O. Van Stempvoort and 

Krouse (1994) defined the area, in a δ18OSO4 vs. δ18OH2O diagram, where SO4
2- derived from sulphide 

oxidation must fall. The lower line of the area is represented for the δ18OSO4 considering no fractionation 

during the incorporation of oxygen from H2O; the upper limit was calculated following the equation 

defined as: 

 δ18OSO4 = 0.62 * δ18OH2O + 9 (8) 

Following equation (8), using similar δ18OH2O than current groundwater (ranging from –5.0‰ to 

–8.0‰), most of the gypsum samples from the Utrillas Facies fall inside the area derived from sulphide 
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oxidation (Fig. 10). However, some values with higher δ18Ogypsum, plotted outside of this area, and could 

be interpreted gypsum formed from subaerial sulphide oxidation, or by secondary precipitation processes 

that should be enriched in 18O due to the influence of atmospheric δ18O (+23.8‰) in the non-saturated 

zone.  
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Figure 10. The δ18OH2O against δ18OSO4 in secondary gypsum (Square area) from Utrillas Facies and water samples 
(circles) collected from the Cretaceous aquifer. 

 

In this context, where the gypsum samples are derived from sulphide oxidation it is impossible to 

determine if the isotopic composition of dissolved sulphate is derived from sulphide oxidation or from  

secondary gypsum dissolution, since both the δ34SSO4 and δ18OSO4 will be same. Indeed the studied 

groundwater samples had δ34SSO4 ranging form -1.9‰ and -22.5‰ and δ18OSO4 values between +2.3‰ 

and -12.3‰ overlapping both the δ34S of disseminated sulphides and the δ34SSO4 and δ18OSO4 of gypsum. 

Even in those samples affected by denitrification (2571 and 2602 from Zone 2), where sulphate could be 

derived form sulphide oxidation linked to denitrification, dissolved sulphate could no be isotopically 

distinguished from gypsum dissolution (Fig. 10). Hence, neither chemical nor isotopic field data could 

completely confirm or discard the role of sulphide in NO3
‾ attenuation. Overall, chemical and isotopic 

data from the field were in agreement with the results obtained in the flow-through experiment using 

Utrillas Facies, where denitrification was mainly linked with organic matter, and sulphide had a 

secondary role. Detailed isotopic characterization of SO4
2- water should be needed to give further insight 

about the role of sulphides to promote denitrification in some areas of Pétrola basin.  
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6.3 Nitrate reduction in Zone 3 

The important NO3
‾ input from both farming activities and the wastewater spilled out directly to 

the lake coupled with the increase nitrogen load from groundwater discharge have contributed to the 

eutrophication of the lake. In continental lakes nitrogen is one of the limiting nutrients which promote 

eutrophication (Vitousek et al., 1997). In the case of Pétrola Lake, NO3
‾ concentration measured in 

surface water was below the detection limit. Therefore, NO3
‾ was mainly consumed in surface waters for 

primary production, promoting the development of algal blooms observed seasonally in the lake. DOC 

concentrations increased with salinity. High values of DOC matched with the lowest water level in the 

lake, corresponding to the dry periods, and probably influenced by an important evaporation. This 

increase in organic C in surface lake water enhances the appearance of anoxic conditions (Ryther and 

Dunstan, 1971; Van Luijn et al., 1996). Under these conditions organic matter is preserved and 

accumulated in the bottom of the lake as organic rich sediment. This important amount of organic C 

available in surface waters can also promote NO3
‾ reduction by denitrification or dissimilatory NO3

‾ 

reduction to ammonium (DNRA) (Laverman et al., 2007). However, despite DNRA could be favored by 

the high C/N ratio observed (Carrey et al., 2014), the NH4
+ concentration in surface waters showed around 

1.1 mg/L, similar values to those samples collected nearby the lake. In addition, NH4
+ can also be directly 

derived from the Pétrola town wastewater. All these evidences suggested that the occurrence of DNRA 

could be ruled out in the Pétrola Lake. Regarding denitrification this reaction has been observed in lakes 

in benthic environments or linked with bottom lake sediments (Mengis et al., 1997; Lehmann et al., 

2003). However, due to the lack of chemical data of surface lake waters, the role of denitrification as 

responsible of NO3
‾ elimination from surface water could not be neither confirmed nor discarded.  

 

In the saltwater-freshwater interface, the hydrogeologic model suggested that saline lake water 

(with no NO3
‾) is mixed with fresh-groundwater (contaminated by NO3

‾). However, NO3
‾ concentration 

measured in the piezometers under the lake during the year 2010 was below the detection limit. 

Therefore, the hypothesis is that organic matter from the bottom lake sediment could be transported by 

the density driven flow, provoking the development of reducing conditions and the availability of electron 

donors in the freshwater-saltwater interface. NO3
‾ could be therefore completely removed in the fresh-

water-saltwater interface. This is in agreement with the laboratory experiments performed using bottom 

lake sediment as electron donor for denitrification (Carrey et al., 2014). The freshwater-saltwater 

interface may be a reactive zone to promote NO3
‾ reduction. The distribution of DOC in the piezometers 
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showed a positive correlation with EC (R2=0.84, Fig. 11), suggesting that labile organic matter for 

denitrification is available where the influence of the saline water from the lake is more pronounced.  
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Figure 11.  DOC contents against EC values scatter plot from water samples collected from piezometers in Zone 3.  

 

ERT results indicated that the saltwater-freshwater interface extents down to 12-16m (Fig. 3A).  

The density driven downflow therefore could not explain the absence of NO3
‾ measured in the deepest 

piezometers. An alternative explanation is that the deepest piezometers are influenced by regional 

groundwater flow with longer residence time and absence of NO3
‾. Tritium in piezometer samples 

showed values close to the detection limit, suggesting waters infiltrating before 1950, meanwhile surficial 

waters of the lake show higher tritium values (4.6 ±0.3 TU), corresponding to recent recharge. Piezometer 

2626 (12 m) with 1.5 ±0.3 TU represented the mix between surface lake water and regional groundwater, 

pointing out the influence of surface lake at this depth. On the other hand values close to the detection 

limit (~0.8 TU) indicated pre-bomb water (prior to 1950s) reflecting groundwater without lake influence. 

Since in the Castilla-La Mancha Region, the surface of irrigation crops began to be noticeable at the 

beginning of the 80´s of the past century (Calera and Martín, 2005), the absence of NO3
‾ in the deepest 

part of the aquifer under the lake is related to regional groundwater flow with longer residence time and it 

was not linked to denitrification. Therefore, tritium data confirmed 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 (down to 12 m below ground surface), in agreement with ERT results. Consequently, the 

geometry of the density downflow plays an important role in denitrification under the lake.  
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7. Conclusions 

 

The obtained results have important implications for understanding the role of hypersaline 

systems in groundwater denitrification. The hydrogeologic study has shown that the groundwater flow in 

the Pétrola basin can be considered as the result of two main flow components: regional groundwater 

flow, from the perimeter area/recharge areas (Zone 1) towards the lake (Zone 2) and the density driven 

flow from surface water from the lake towards the underlying aquifer (Zone 3). Hydro-chemical and 

isotopic results suggested that NO3
‾ in the basin is derived from synthetic fertilizers slightly volatilized, 

and denitrification is taking place although restricted to the area surrounding and under the lake. In 

agreement with the results from Carrey et al., (2013), the observed denitrification in the Cretaceous 

aquifer is likely to be produced by organic carbon oxidation, since dissolved SO4
2- distribution can be 

explained by dissolution processes. However, in specific wells sulphide minerals could not be discarded 

as potential electron donors. The observed denitrification was limited and presented important spatial 

variability due to the amount, availability and reactivity of labile organic matter, as well as to the spatial 

variation of NO3
‾ supply. The saltwater-freshwater interface (Zone 3) constitutes a reactive zone for NO3

‾ 

attenuation. In this sense, attenuation processes by heterotrophic 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 down flow would be restricted to the freshwater-saltwater interface in the upper part of the 

aquifer (down to 12 m below ground surface) whereas the absence on nitrate in the deepest part of the 

aquifer is attributed to regional flow with longer residence time. Consequently, the geometry of the 

density downflow plays an important role in denitrification processes under the lake.  

 

Overall, the hydrodynamic equilibrium is not equally distributed in Pétrola basin because of 

heterogeneities in the physical properties of the aquifer media. In addition to this variability, the amount 

and reactivity of labile organic matter availability as well as NO3
‾ supply can also show spatial 

variability. These results in the spatial heterogeneity in nitrate attenuation observed at field scale. 

Significant spatial and temporal variability of denitrification processes within the Pétrola Basin suggests 

that accurate estimates of denitrification will require more extensive studies. 
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Abstract 

 

Endorheic basins are frequently exposed environments to nitrate (NO3
‾) pollution where groundwater 

may be the primary fresh water resource. The Pétrola basin (Central Spain) is an outstanding example of 

this type of basin that is affected by NO3
‾ pollution where natural attenuation capacity observed in the 

field is limited. A three-stage flow-through experiment was developed to evaluate the viability of induced 

heterotrophic denitrification to remove NO3
‾ using chemical, microbial and isotopic tools. The proposed 

biostimulation involves periodically injecting glucose to act as an electron donor to promote complete 

NO3
‾ removal. The C/N ratio tested is nearly stoichiometric to avoid the generation of undesirable 

compounds such as NO2
‾ or H2S. Nitrate reduction was achieved after 13 days, along with transient NO2

‾ 

accumulation that was observed until day 27. In addition to attenuating NO3
‾, the glucose injection also 

represses the dissimilatory nitrate reduction to ammonium (DNRA), reducing the NH4
+ concentration in the 

outflow. Changes in the C/N ratio during the experiment reduced the amount of glucose discharged from 

the system. However, despite these changes, NO3
‾ attenuation continued because secondary carbon 

sources (dissolved organic carbon in the input water or biomass) were present during the experiment and 

accounted for approximately 30% of the total attenuated NO3
‾. Isotopic characterisation of the sulphate 

(SO4
2-) proved that the SO4

2- reduction did not occur, even though carbon excess and low redox 

conditions were present. This is attributed to the lack of time for SO4
2- reduction to occur inside the 

column. The N and O isotopic fractionation obtained during the induced attenuation were ‾8.8‰ and 

‾8.0‰, respectively; these values were lower (in absolute values) than the fractionation from natural 

denitrification processes observed in Pétrola basin. This variation was caused by differences in the 
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experimental conditions that affected the denitrification rate. Overall, periodically injecting glucose might 

be a feasible method to remove NO3
‾ from groundwater; a pilot-scale test should be performed to verify 

its applicability during long-term treatments in the field. 

 

1. Introduction 

 

Nitrate (NO3
‾) is one of the most common groundwater pollutants. Anthropogenic activities increase the NO3

‾ 

concentration, reducing water quality. Frequently, the sources for the NO3
‾ pollution in groundwater are linked 

to the extensive use of synthetic and organic fertilisers, inappropriate placement of animal waste, and spills 

from septic system effluents. High NO3
‾ ingestion causes adverse health effects, such as methemoglobinemia, 

in infants and young children (Comly et al., 1945, Magee and Barnes, 1956) and may also promote cancer 

(Ward et al., 2005). Moreover, NO3
‾ impacts the environment, contributing to the eutrophication of surface 

water bodies (Vitousek et al., 1997). The NO3
‾ concentration threshold established by Directive 98/83/CE for 

human water supplies is 0.81 mM. This limit is exceeded by many aquifers worldwide because NO3
‾ is 

highly mobile in groundwater and often persists in aquifers where the concentration of dissolved oxygen 

is over 0.06 mM and/or there are few electron donors available, such as labile organic carbon, sulphides 

and Fe(II)-bearing minerals (Korom, 1992). Consequently, Europe has proposed actions to reduce NO3
‾ 

pollution (Directive 91/976/ECC). Of the different strategies, one of the most efficient treatments for removing 

NO3
‾ involves enhanced biological denitrification within the aquifer using biodenitrification technologies 

(Khan and Spalding, 2004; Tartakovsky et al., 2002; Vidal-Gavilan et al., 2013; among others). 

 

Denitrification is a redox reaction driven by autotrophic or heterotrophic bacteria that reduce NO3
‾ to nitrogen 

gas (N2) under suboxic conditions. Autotrophic bacteria promote denitrification using reduced sulphur 

compounds. Heterotrophic denitrification occurs through a number of sequential reactions where bacteria use 

organic matter as the electron donors for NO3
‾ reduction. In both processes, NO3

‾ is initially converted to nitrite 

(NO2
‾), which is more toxic than NO3

‾ (De Beer et al., 1997). The maximum allowed NO2
‾ concentration in 

drinking water is 0.01 mM (Directive 98/83/CE). The next reaction transforms NO2
‾ into nitric oxide gas (NO), 

and NO is subsequently converted into nitrous oxide gas (N2O); both species are greenhouse gases. Finally, 

N2O is transformed into N2. Usually, this reaction sequence is presented as a single reaction (Eqs. 1 and 2).  

 

5FeS2 + 15NO3
‾ + 5H2O → 10SO4

2- + 7.5N2 + 5FeOOH + 5H+ (1) 
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5CH2O + 4NO3
‾ → 2N2 + 4HCO3

‾ + CO2 + 3H2O (2) 

 

Chemical data, when coupled with multi-isotopic studies of the solutes involved in the reactions, are an 

effective tool to identify and describe heterotrophic and autotrophic denitrification, as well as secondary 

processes, such as SO4
2- reduction (Aravena and Robertson, 1998; Mariotti et al., 1988; Pauwels et al., 

2000; Vitòria et al., 2008). Stable isotopes are commonly measured as the ratio between the heavier and 

the most-abundant isotope (lighter isotope), e.g., 15N against 14N. These ratios are established in 

accordance with international standards using delta notation (δ) (Eq. 3).  

 

δ15N = [(Rsa – Rstd) / Rstd] x 1000  (3)    

where R = 15N/14N in the sample (sa) and the standard (std) 

 

In addition, the isotopic fractionation (ε) of the N and O in dissolved NO3
‾ is essential for determining the 

rate of denitrification. During denitrification, while NO3
‾ is consumed, any residual NO3

‾ becomes 

enriched in the heavier isotopes (15N and 18O). This process can be expressed as a Rayleigh distillation 

process (Eqs. 4 and 5) (Mariotti et al., 1988). 

 

δ15Nresidual = δ15Ninitial + ε lnf (4) 

δ18Oresidual = δ18Oinitial + ε lnf (5) 

where f is the residual NO3
‾ divided by the initial NO3

‾ concentration and ε is the fractionation factor that 

depends on the aquifer’s materials and media characteristics.  

 

In natural systems, denitrification is predominantly restricted by the availability of electron donors (Knowles, 

1982). To overcome this natural limitation, different field-scale treatments were tested to remove NO3
‾ from 

both ground- and wastewaters by adding an external electron donor to promote denitrification with significant 

success (Borden et al., 2011; Istok et al., 2004; Leverenz et al., 2010; Tartakovsky et al., 2002; Vidal-Gavilan 

et al., 2013). From the different remedial strategies tested, biostimulation of heterotrophic denitrification has 

seen common use because it is the most economical and easily performed technique. However, some issues 

must be taken into account during induced treatments to avoid increasing the toxicity of the treated water by 

generating undesirable compounds, such as NO2
‾, N2O or hydrogen sulphide (H2S). Furthermore, the processes 
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that reduce NO3
‾ beyond denitrification, such as the dissimilatory nitrate reduction to ammonium (DNRA or 

ammonification), should be avoided. DNRA is enacted by fermentative bacteria, reducing NO3
‾ to NO2

‾ before 

the final reduction to NH4
+. Therefore, before any field treatment, exhaustive laboratory experiments must 

be performed to avoid these adverse effects. Consequently, in recent decades, several studies have introduced 

different carbon sources as electron donors and/or a specific bacterial strain to promote heterotrophic 

denitrification. Frequently tested electron donors included alcohols, sugars, or other organic compounds (Aesoy 

et al., 1998; Akunna et al., 1993; Fernández-Nava et al., 2010; Ge et al., 2012; Gómez et al., 2000; Lee and 

Welander, 1996; Martin et al., 2009; Osaka et al., 2008; Peng et al., 2007; Vidal-Gavilan et al., 2013; among 

others). Complex organic compounds, such as pine bark, compost or sawdust have also been studied (Schipper 

and Vojvodic, 2000; Trois et al., 2010). Few of the induced studies have utilised multi-isotopic characterisation 

to identify and describe the denitrification reactions (Vidal-Gavilan et al., 2013; Barford et al., 1999; Delwiche 

and Steyn, 1970; Torrentó et al., 2011).  

 

Enhanced denitrification may be applied in areas affected by NO3
‾ pollution where attenuation is absent 

or limited but environmental conditions in the natural system are met. Examples of areas exposed to NO3
‾ 

pollution include the endorheic basins located in arid and semiarid regions. These basins are common in 

central Spain. The Pétrola basin is an excellent example of an endorheic system affected by NO3
‾ pollution. 

Previous work performed in this basin has indicated that, although heterotrophic denitrification occurs 

naturally, it is limited; the NO3
‾ attenuation ranges from 15% to 60% with an average value of approximately 

20% (Carrey et al., 2013). To enhance the heterotrophic denitrification in the Pétrola basin, a 

biostimulation treatment is proposed. Before any field application, a detailed laboratory characterisation 

is required. Consequently, the present work sought to design an efficient strategy for inducing 

biostimulation. To simulate field conditions, the experiment was performed on a flow-through system. 

The selected carbon source was glucose which has been previously used as an electron donor in 

denitrification batch experiments (Akunna et al., 1993; Ge et al., 2012; Vidal-Gavilan et al., 2013). 

However, to the best of our knowledge, long-term denitrification experiments using glucose have not 

been assessed. The major goal of this experiment was to evaluate the viability of periodically injecting 

glucose to promote denitrification in ground water. Different C/N ratios were tested to achieve complete 

NO3
‾ elimination while preventing the generation of undesirable compounds, such as NO2

‾ or H2S. The 
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second goal of this study was to obtain the isotopic fractionation factor (ε) for N and O during the induced 

denitrification reaction to evaluate the efficiency of future field tests.  

 

2. Methodology / Methods  

 

2.1 Experimental set-up 

The experiment consisted of a glass cylindrical column (40 cm high, 9 cm inner diameter) filled with a 

homogeneous mix of sediment and clean silica (siliceous) sand (Panreac®) (Fig. 1). Before the biostimulation 

experiment, the system’s natural denitrification potential was evaluated. The sediment had a limited capacity 

for inducing denitrification. This preliminary experiment lasted for one year, ending when the electron donors 

were exhausted (Carrey et al., 2013). After that interval but before the biostimulation experiment was set-up, 

the column was operated for 3 months at 0.1 mL/min and with constant NO3
‾ input (0.88 mM) to verify that 

the sediment was no longer able to naturally undergo denitrification. 

 

Figure 1. Set-up of the column experiment. Glucose injection was performed in the top of the sediment. Water was sampled in 

agricultural well; NO3
‾ concentration was 0.88 mM. Flow rate in the experiment was controlled by a peristaltic pump. 

 

The experiment was developed in an anaerobic glove box filled predominantly with argon. The temperature 

ranged from 18 to 27 ºC. Oxygen was removed once a day to maintain a partial pressure between 0.0% and 

0.4%. The inflow and outflow rate was controlled with a peristaltic pump (Micropump Reglo Digital 4 

channels ISMATEC). The flow rate was 0.1 mL/min for 87 days and 0.11 mL/min from day 87 to day 124, 

meaning the retention times were 72 and 67 hours, respectively. The input water used in this experiment was 

collected in 2008 from an agricultural well and can be considered as representative of contaminated 

groundwater from the Pétrola basin. This water contained, on average, 0.88 mM NO3
‾, 3.54 mM SO4

2-, 0.02 
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mM NH4
+, 0.21 mM dissolved organic carbon (DOC), and NO2

‾ was below the detection limit (< 4x10-3 mM). 

The outflowing water was sampled every 12 hours for 60 days and once a day thereafter. 

  

2.2 Carbon source and C/N ratio during the biostimulation experiment 

Anhydrous glucose (C6H12O6) Panreac® was used as the carbon source because it was accessible and easy to 

handle. The solid glucose was dissolved in 10 mL input groundwater. The solution was injected at the top of 

the column 2 cm below the surface sediment using a spinal needle (BD spinal Needle 25G). The injection was 

carried out every 3 days (72 hours), corresponding to the retention time calculated for the flow rate (0.1 

mL/min). The molar ratio of C/N (C-C6H12O6 / N-NO3
‾) was varied during the experiment. The minimum 

required C/N ratio was calculated based on a stoichiometric heterotrophic denitrification reaction (Eq. 2). 

Following this equation, 5 mol C-C6H12O6 are consumed to remove 4 mol of N-NO3
‾, suggesting a C/N ratio of 

1.25.  During the experiment, three different stages with varied C/N ratios were tested. Initially (stage I, days 0 

to 39), the C/N molar ratio was approximately 1.6, corresponding to 0.60 mmol C-C6H12O6 per injection. The 

excess carbon source was added to reach complete NO3
‾ attenuation more rapidly. From day 39 to day 87 

(stage II), the stoichiometric ratio was 1.25 (0.46 mmol C-C6H12O6 per injection). Finally, from day 87 to day 

124 (stage III), the flow rate was changed from 0.1 to 0.11 mL/min, changing the molar ratio to 1.12.   

 

2.3 Analytical methods  

 

Chemical analyses 

The experiment was run over 4 months to collect 133 samples. The redox potential (Eh) and pH were 

measured every hour at the outflow with portable electrodes (WTW-3310). Chemical analyses were 

performed for all samples, but the isotopic data were only analysed in a subset of representative samples 

according to the measured NO3
‾ concentrations. The samples were filtered through a 0.20 µm Millipore® filter 

and 1% 0.1 M HgCl2 was added to stop all microbial activity. NH4
+ was analysed using spectrophotometry 

(ALPKEM, Flow Solution IV). NO3
‾, SO4

2-, Cl‾, and NO2
‾ were analysed using high performance liquid 

chromatography (HPLC) with a WATERS 515 HPLC pump and IC-PAC Anions columns, as well as 

WESCAN and UV/VIS KONTRON detectors. Mn- and Fe-containing samples were acidified with 1% 

HNO3
‾ and analysed with inductively coupled plasma-optical emission spectrometry (ICP-OES, Perkin-

Elmer Optima 3200 RL). DOC was measured using organic matter combustion (TOC 500 SHIMADZU). 
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Glucose was analysed by HPLC with a Waters Alliance 2695 system. Chemical analyses were conducted at the 

Centres Cientifics i Tecnològics of the Universitat de Barcelona. 

 

Isotopic analyses 

The isotopic analyses included the δ15N and δ18O of the dissolved NO3
‾ and the δ34S and δ18O of the dissolved 

SO4
2-. The δ15N and δ18O from the dissolved NO3

‾ were analysed using the bacterial denitrifier method 

described by Casciotti et al. (2002) and Sigman et al. (2001). Bacterial cultures of “Pseudomonas 

aureofaciens” (LMG1245; ATCC 13985) were used to convert NO3
‾ to N2O(g). Before the isotopic 

analyses, the samples were treated with sulfamic acid to remove the dissolved NO2
‾ according to the 

methodology detailed by Granger and Sigman (2009). Simultaneous δ15N and δ18O analysis of the 

produced N2O was carried out using a Trace gas-preparation unit (ANCA TGII, PDZ Europa Ltd.) 

coupled with an IRMS instrument (20-20, SerCon Ltd.). For δ34S and δ18O analyses, SO4
2- was precipitated 

as BaSO4 by adding BaCl2 after acidifying the sample with HCl and boiling it to prevent BaCO3 precipitation, 

as prescribed by the standard method (Dogramaci et al., 2001). The δ34S was analysed with a Carlo Erba 

Elemental Analyzer (EA) coupled in continuous flow with a Finnigan Delta C IRMS. The δ18O was analysed 

in duplicate with a ThermoQuest high temperature conversion elemental analyser (TC/EA) coupled in 

continuos flow with a Finnigan Matt Delta C IRMS. The isotope ratios were calculated using international and 

internal laboratory standards. The notation is expressed as δ per mil relative to the international standards (Air 

for δ15N, V-SMOW for δ18O and V-CDT for δ34S). The reproducibility of the samples was ±0.2‰ for the δ34S, 

±0.5‰ for the δ18O of SO4
2-, ±1‰ for the δ15N of NO3

‾, and ±2‰ for the δ18O of NO3
‾. The isotopic analyses 

of the δ34S and δ18O were prepared at the laboratory of the Mineralogia Aplicada i Medi Ambient research 

group and analysed at the Centres Científics i Tecnològics of the Universitat de Barcelona; the isotopic 

analyses of δ15N and δ18O were prepared and analysed at the laboratory of the ISOFYS research group at Gent 

University.  

 

Microbial analysis 

During the experiment, the denitrifying population was quantified using the most probable number (MPN) 

method published by Saitoh et al. (2003). In addition, the total aerobic heterotrophic population was obtained 

using the miniaturised MPN method. Five millilitres of water was removed from the middle of the bioreactor 

until day 23 and processed within 6 hours of collection. To estimate the population density of the denitrifying 
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bacteria, the water sample was diluted up to a maximum of 1/1012. Nine 0.25-mL replicates of each dilution 

were placed in Eppendorf vials with 0.25 mL sterilised Nutrient Broth (NB) medium. The NB solution 

contained 6 g/L beef extract, 10 g/L peptone, 2 g/L NaNO3, 0.05 g/L NaNO2, 2 g/L agar, and 2.5 g/L HEPES. 

The pH of the NB was adjusted to 7.0 using a 0.1 M NaOH. Eppendorf vials containing the diluted sample and 

NB, were individually sealed with 1 mL overlaying solution containing 5 g/L agar and 8 g/L gellan gum to 

preserve the N2 bubbles formed by the denitrifying bacteria. To calculate the population density of the 

heterotrophic bacteria, the diluted samples were added to microtiter plates using sterilised Tryptic Soy Broth 

(TSB) solution as a culture medium. Twenty-five microlitres of TSB was placed in each well and mixed with 

25 µL diluted sample. Eight replicate wells per dilution were constructed. The positive tests were used to 

calculate the MPN of the heterotrophic organisms per millilitre of water. 

 

3. Results  

 

3.1 Outflow water before biostimulation  

Before biostimulation, the experiment ran for 3 months. During this time, the outflow water was analysed to 

confirm that the sediment could not perform denitrification. The input water was described in Section 2.1. The 

outflow water before biostimulation had Eh of +180 mV and pH 8.5, similar to the input water. The NO3
‾ 

concentration ranged from 0.77 mM to 0.84 mM, NO2
‾ varied from 0.02 mM to 0.03 mM, SO4

2- ranged from 

3.23 mM to 3.54 mM, NH4
+ varied from 0.09 mM to 0.1 mM and DOC concentration changed between 0.20 

and 0.22 mM.  

 

3.2 Outflow water during biostimulation 

3.2.1 Redox potential and pH evolution 

The Eh and pH during the experiment were measured every hour. The daily Eh average in the outflow 

displayed several increase-decrease steps varying from +170 mV to ‾370 mV with an overall trend towards the 

lower values (Fig. 2a). At stage I (C/N= 1.6), the Eh values decreased from +170 mV in the first sample to 

approximately ‾270 mV. During stage II (C/N=1.25), the Eh values ranged between ‾117 mV and ‾262 mV, 

and during stage III (C/N=1.12), the Eh varied from ‾186 to ‾370 mV (Fig. 2a). The daily average pH in the 

outflow ranged from 8.0 to 8.7 (Fig. 2b), remaining within the optimal range for denitrification (pH 7 – 9) 

(Aesoy et al., 1998). From the beginning of the experiment until day 18, the pH varied from 8.5 to 8.7. After 
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day 18, the pH decreased from 8.5 to approximately 8.1 at day 39. During the second stage, the pH in the 

outflow ranged from 8.0 to 8.3, while during the final stage, the pH varied from 8.0 to 8.4. (Fig. 2b) 
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Figure 2. a,b: Average daily Eh (a) and pH (b) along the experiment. 

 

 

3.2.2 Chemical data 

The NO3
‾ concentration in the outflow water varied from below the detection limit (< 3x10-3 mM) to 0.84 mM. 

During stage I, the NO3
‾ concentration displayed several increase-decrease cycles (Fig. 3a). A cycle was 

observed after every glucose addition until day 18. A peak concentration of NO3
‾ was observed during the first 

36 hours, while from 36 to 72 hours, the lowest NO3
‾ concentration was observed for each injection (Fig. 3a). 

Over time, the NO3
‾ peak for each injection was lower than the previous peak until the 7th injection (from day 

18 to day 21); thereafter, NO3
‾ was permanently below the detection limit in the outflow. During stage II, the 

C/N ratio was lowered to 1.25 to prevent sulphate reduction once NO3
‾ was completely reduced. During this 
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period, the detected NO3
‾ concentrations ranged from below the detection limit to 0.02 mM (Fig. 3b). At stage 

III, similar NO3
‾ values were obtained at the outflow, ranging from below the detection limit to 0.02 mM (Fig. 

3c). 
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Figure 3. a, b c: NO3
‾ and NO2

‾ evolution during the experiment. a) Stage I C/N = 1.6, b) Stage II C/N = 1.25, c) Stage III C/N =1.12. 
*Note that the graph (a) has a different y-axis scale. Vertical lines represent the glucose injections. 
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Because it is associated with the NO3
‾ reduction, NO2

‾ was accumulated in the outflow during the first stage 

(up to day 27) but was observed infrequently after that day (Fig. 3). The NO2
‾ concentration of the outflow 

samples ranged from below the detection limit (< 4x10-3 mM) to 0.64 mM. After the first injection, a NO2
‾ 

peak was detected on day 1 (36 hours after the injection) that reached the highest NO2
‾ concentration value 

during the experiment. Afterwards, the NO2
‾ concentration decreased on day 2 (after 60 hours of glucose 

addition) and increased again until day 3 (24 hours after second injection). From day 3 to day 11, NO2
‾ was 

observed in the outflow at a concentration ranging from 0.11 mM to 0.33 mM. Between days 12 and 27, the 

NO2
‾ concentration increased during the first 24 hours after each glucose addition and decreased between 24 

and 72 hours. From day 27 until the end of the experiment (including stages II and III), most of the samples 

(90%) showed NO2
‾ contents below the detection limit, and the samples with detectable NO2

‾ had 

concentrations up to 0.04 mM (Fig. 3b and c).  

 

During the experiment, the NH4
+ content decreased in the outflow samples from 0.10 mM (measured in the 

first sample) down to 0.04 mM at day 3. From day 3 to day 10, NH4
+ increased to 0.07 mM and decreased 

thereafter to 0.02 mM; the NH4
+ content remained between 0.01 mM and 0.02 mM in the samples analysed 

until the end of the experiment (Fig. 4). The SO4
2- concentration in the outflow during stage I ranged from 3.23 

mM to 3.62 mM. During stage II, the SO4
2- varied from 3.15 mM to 3.58 mM, and in stage III, it varied from 

3.25 mM to 3.53 mM (not shown). 
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Figure 4. NH4
+ concentration in the outflow during the first period (C/N =1.6). Horizontal line represents the input concentration, and the 

vertical lines represent the glucose injections.  
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3.2.3 Isotopic results   

A subset containing 16 samples was selected based on the NO3
‾ concentrations and isotopically analysed. 

During NO3
‾ reduction, the isotopic composition increased from +9.5‰ to +39.5‰ for δ15N-NO3

‾ and 

from +3.3‰ to +39.9‰ for δ18O-NO3
‾ (Fig. 5). The observed increase in δ values agrees with a NO3

‾ 

concentration decrease from 0.88 mM to 0.05 mM. Furthermore, δ15N was linearly related to δ18O and 

had a slope of 0.95 (R2=0.88) (Fig. 5); this value is common for denitrification reactions (Böttcher et al., 

1990). For SO4
2-, a subset containing 9 samples with different SO4

2- concentrations was analysed to determine 

the isotopic composition of 34SSO4 and 18OSO4. The initial isotopic composition of sulphate was ‾17.0‰ for δ34S 

and +5.1‰ for δ18O. The analysed outflow water revealed a narrow range of δ34S between ‾17.1‰ and 

‾17.2‰, while δ18O varied from +5.2 ‰ to +5.8 ‰ (Fig. 6). 
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Figure 5. δ15N plotted against δ18O to display a positive linear trend with a slope of 0.92 (typical for the denitrification process).  
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Figure 6. δ34S-SO4
2- and δ18O-SO4

2- for samples with different SO4
2- concentrations. 

 

3.3 C-C6H12O6 concentration 

Glucose concentrations were measured in the outflow during the first 72 hours after selected injections during 

the experiment (the 1st, 7th, 10th, 14th, 17th, 19th, 30th, 34th and 39th injections). The C-C6H12O6 concentration in 
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the outflow varied from below the detection limit (<0.06 mM) to 1.07 mM. The concentration of C-C6H12O6 

revealed a linear increase starting from the injection and lasting 48 hours until a C-C6H12O6 concentration peak 

was observed. Then, the concentration decreased until the next glucose injection (72 hours later). During stage 

I, the C-C6H12O6 peak ranged from below 0.95 mM to 1.07 mM; whereas 72 hours after every injection, the C-

C6H12O6 concentration ranged from 0.08 mM to 0.43 mM (Fig. 7a). During stage II, the peak of C-C6H12O6 in 

the outflow samples ranged from 0.53 mM to 0.71 mM, and the concentration after 72 hours from each 

injection ranged from 0.32 mM to 0.50 mM (Fig. 7b). With regards to stage III, the peak was not observed and 

the C-C6H12O6 concentration in the outflow samples ranged from below the detection limit to 0.35 Mm (Fig. 

7c).  
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Figure 7. a, b, c:  C-C6H12O6 concentration measured every 12 hours for the 72 hours after the selected injections. a) C/N =1.6 (1st, 7th, and 
10th injections), b) C/N =1.25 (14th, 17th, and 19th), c) C/N =1.12 (30th, 34th, and 39th). 

 

3.4 MPN results 

The first sample used for MPN analysis was removed before the first glucose injection to establish the initial 

number of denitrifying and heterotrophic bacteria in the system. Subsequent sampling was performed on days 

2, 5, 8, and 23. Before biostimulation, the denitrifying bacteria population contained 4.4x100 MPN cells mL-1, 

representing 0.2% of the total heterotrophic bacteria. After the first injection, the denitrifying bacteria increased 

drastically. At day 23 (540 hours), when the NO3
‾ attenuation was nearly complete, the denitrifying bacteria 

population was 1.2x106 MPN cells/mL, reaching 28% of the total heterotrophic bacteria. The heterotrophic 

population displayed a similar increase from 2.5x103 MPN cells/mL at the beginning of the experiment to over 

4.3x106 MPN cells/mL after 23 days (Table 1).  
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Table 1: Bacteria enumeration results. T: time. Den.: denitrifiying bacteria, MPN cells/mL. Het: heterotrophic bacteria, MPN cells/mL. 
%Den.: percentage of denitrifying organisms 

T [day] Den. Het. % Den. 

0 4.40x100 2.50x103 0.2 

2 3.20x102 1.80x104 2 

5 2.70x104 1.50x105 18 

8 6.70x105 3.30x106 20 

23 1.20x106 4.30x106 28 

 

4 Discussion 

 

4.1 NH4
+
 generation before biostimulation 

Before glucose biostimulation, the NH4
+ concentration measured in the outflow water was higher than the input 

water concentration. This increase in NH4
+ could indicate the occurrence of DNRA in the reactor but could 

also be generated by remineralisation of organic matter in the sediment. Remineralisation can be ruled out 

since this process should not be affected once glucose was injected in the system in contrast with the 

NH4
+ trend observed in the outflow after the glucose inoculation. Therefore, it is reasonable to assume 

that DNRA reaction was the main source of the NH4
+ generated in the system previous biostimulation. In 

addition, the NO2
‾ detected in the outflow was likely produced by an incomplete DNRA reaction. DNRA 

occurs in environments with high C and low NO3
‾ contents (Burgin and Hamilton, 2007; Lind et al., 2013). In 

the present study, NH4
+ was produced with a lower C content and NO3

‾ in excess. The NO3
‾ reduction pathway 

depends on the biomass present in the system, that is controlled by the type of organic carbon available 

(Nijburg et al., 1998). In addition, Abell et al. (2009) reported that fermentative bacteria are able to use organic 

substrates that are unavailable for nitrate reducers. The reactive organic carbon available for denitrification in 

the sediment was completely consumed in the natural attenuation experiment but it represented only the 3% of 

total carbon from the sediment (Carrey et al., 2013). Therefore, the remaining organic carbon present in the 

sediment could not promote denitrification, although fermentative bacteria were able to use it to promote 

DNRA despite the low C/N ratio. The amount of NO3
‾ reduced before the biostimulation began was calculated 

using a stoichiometric reaction of DNRA: 1 mol of NO3
‾ produces 1 mol of NH4

+. The amount of NO3
‾ 

reduced by the DNRA in the column before the first glucose injection was approximately 0.10 mM, agreeing 

with the difference between the input (0.88 mM) and outflow NO3
‾ concentrations (which ranged from 0.77 

mM to 0.84 mM). 
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4.2 Denitrification enhanced by biostimulation 

Once glucose was added to the system, NO3
‾ reduction increased rapidly, implying that bacteria capable 

of using carbon to reduce NO3
‾ were present in the sediment. Therefore, autochthonous bacteria adapted 

rapidly once a carbon source was available. Successive glucose injections produced an exponential increase 

in both heterotrophic and denitrifying bacteria. The proportion of denitrifying organisms increased from 

almost negligible levels (<1%) to approximately 28% (Table 1). The bacteria enumeration measured in this 

study was significantly lower than in previous studies. For instance, Vidal-Gavilan et al. (2013) obtained 

approximately 108 MPN cells/mL of denitrifying bacteria in glucose-amended batch experiments; this result 

was two orders of magnitude higher than the MPN found in our experiment. This disparity in the bacteria count 

might be caused by differences in the experimental design (batch versus flow-through) and conditions, such as 

nitrogen and carbon supply. Along with this increase in denitrifying bacteria, the NO3
‾ and NH4

+ 

concentrations decreased in the outflow. As described in section 4.1, DNRA reaction consumed 0.1 mM of 

NO3
‾ previous to biostimulation. When glucose was injected, the generated NH4

+ decreased likely 

because the reaction was repressed, and therefore the amount of NO3
‾ consumed by this reaction also 

decreased. If the DNRA reaction is enhanced by glucose injection an increase in NH4
+ concentration in 

the outflow should be observed. In the experiment after 13 days the NH4
+ concentration in the outflow 

showed similar values than the input water, supporting that DNRA was completely repressed (Fig. 4). 

This finding suggests that the role of DNRA in the removal of NO3
‾ during the experiment was limited and 

decreased over time. Therefore, NO3
‾ attenuation was mostly linked to denitrification. Because denitrification 

is the main NO3
‾ reduction process, NO2

‾ observed at the first stage was predominantly attributed to 

incomplete denitrification. During the experiment, NO2
‾ persisted until day 27, remaining in the outflow even 

after NO3
‾ was completely removed. This lag in the NO2

‾ reduction was produced because bacteria 

preferentially use NO3
‾ at the beginning of the induced denitrification processes when NO3

‾ and NO2
‾ were 

available, accumulating NO2
‾ when the nitrite reductase was repressed (Kraft et al., 2011; Strohm et al., 2007 

and references therein). Similar NO2
‾ accumulation was reported when glucose was used as an electron donor 

instead of other carbon sources, such as methanol or acetate (Ge et al., 2012). In addition, NO2
‾ accumulation 

may also be related to pH. Samples with detectable NO2
‾ concentrations had a pH ranging from 8.4 to 8.7; 

these values are within the range that inhibits the NO2
‾ reduction (between 8.5 and 9.0) (Glass and Silverstein, 

1998). However, when the pH in the outflow was lower than 8.4, the NO2
‾ content was below the detection 

limit (Fig. 8). Changing the C/N ratio did not affect the complete NO3
‾ reduction, revealing that stable 
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conditions were reached inside the reactor. With regards N2O generation, the presence of easily degradable 

C substrates has been reported to increase denitrification and may decrease the N2O/N2 product ratio of 

denitrification (Senbaryram et al., 2012, Weier et al, 1993, Welti et al, 2012). As in the present work 

organic carbon is periodically inoculated, and denitrification increased achieving complete NO3
- 

consumption, N2O should be converted to N2 and not be accumulated and/or expelled during the 

experiment.  
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Figure 8. NO2
‾ accumulation vs. pH. NO2

‾ was usually detected on samples with pH > 8.4. 

 

In addition to NO2
‾, H2S is also an undesirable compound in biostimulation processes. Sulphate reduction may 

be promoted when NO3
‾, as well as the dissolved Mn and Fe, have been entirely consumed but organic carbon 

is still available. The input water contained Fe and Mn concentrations below the detection limit (<2x10-3 mM 

and <2x10-4 mM, respectively); therefore, once the NO3
‾ was completely consumed, SO4

2- reduction could 

occur according to the redox sequence in natural systems (Stumn and Morgan, 1996). During the experiment, 

the NO3
‾ concentration in the outflow water was below the detection limit after day 10. Most of these samples 

appeared during the first stage (when more glucose was injected). In addition, the Eh was below the values 

reported to promote SO4
2- reduction (<‾150 mV) (Connell and Patrick Jr. 1968). Therefore, once NO3

‾ was 

completely removed, the excess glucose could be used to promote SO4
2- reduction, producing variations in the 

SO4
2- concentration between the input (3.54 mM) and outflow water (3.15 mM). If this variation in the SO4

2- 

concentration was caused by SO4
2- reduction reactions, then changes in δ34SSO4 and δ18OSO4 should be 

produced. Isotopic fractionation values of the SSO4 reported in groundwater studies ranges from ‾33.1‰ 

(Massmann et al., 2003) to ‾9.7‰ (Strebel et al., 1990). After accounting for these isotopic fractionation 
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factors, a Rayleigh distillation process (similar to Eq. 4 or 5 using SO4
2- instead of NO3

‾) was applied. If 

SO4
2- reduction processes took place in the column, an increase in the isotopic composition of δ34SSO4 

between 1‰ and 4‰ should be observed in the outflow samples. However, the measured δ34SSO4 remained 

constant at ‾17.1‰ ±0.2‰ (Fig. 6), indicating that the SO4
2- reduction was not occurring; this result occurred 

even though glucose remained in most of the outflow samples, revealing an excess of labile carbon. Once NO3
‾ 

was completely consumed, the residence time of water inside the reactor was too short to promote sulphate 

reduction. Although in the present work the SO4
2- reduction was not observed, an excess of available 

glucose is undesirable because this reaction could occur during field-tests.  

 

 

4.3 Organic carbon balance 

The C-C6H12O6 concentration in the outflow decreased over time (Fig. 5). The mass of the C-C6H12O6 

discharged between two successive injections may be obtained by adding the glucose concentration multiplied 

by the volume of each sample during that period (L). The mass of the discharged C-C6H12O6 ranged from 0.21 

mmol to 0.24 mmol during stage I, from 0.12 mmol to 0.21 mmol for stage II and between 0.06 mmol and 0.12 

mmol for stage III. This progressive depletion was caused by the increasing success of the NO3
‾ removal, as 

well as by changes in the mass of the injected glucose. However, glucose was detected in most of the outflow 

samples, regardless of whether the C/N ratio was stoichiometric or lower, and NO3
‾ was completely removed. 

The amount of secondary C was obtained by subtracting the reactive C from glucose (C-C6H12O6 injected – C-

C6H12O6 discharge) over 72 hours from the C used to reduce NO3
‾, following Eq. 2. The results indicated that a 

supplementary C source was necessary to promote the observed NO3
‾ attenuation for every injection, except 

for the first one (Table 2). The additional mass of C required ranged from 0.08 mmol to 0.17 mmol for every 

injection, representing between 20% and 35% of the total C used to remove NO3
‾. Apart from glucose, the 

secondary C-sources in the system might include i) the DOC from the input water with a concentration of 0.21 

mM; or ii) the C from the biomass growing inside the reactor. The use of dead and lysed cells as the C-source 

has been reported during studies of induced denitrification (Koenig et al., 2005; Torrentó et al., 2011). The 

NO3
‾ removal by heterotrophic denitrification in these studies using biomass as the secondary C source was 

approximately 35%, agreeing with the percentage of NO3
‾ removed by the secondary source in the current 

work. However, the DOC in the input water cannot be ruled out as a secondary C source. The presence of 
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different C sources must be accounted for minimising the glucose concentration after NO3‾ has been 

completely consumed in groundwater. 

 

Table 2: C balance of the system for the injections analyzed. Cinj: CC6H12O6 

 Injected;  Cdis; CC6H12O6 Discharged;  C NO3 ; CC6H12O6consumed 

Nº injection 

C/N 1.6 

CC6H12O6 

 injected  

[mmol] 

CC6H12O6 

Discharged 

[mmol] 

CNO3  

consumed  

[mmol] 

Secondary C = 

CNO3 ‾ (Cinj ‾ Cdis ) 

[mmol] 

1st 0.60 0.20 0.32 -0.08 

7th 0.60 0.25 0.47 +0.12 

10th 0.60 0.22 0.46 +0.09 

C/N 1.25 

14th 0.47 0.14 0.45 +0.12 

17th 0.47 0.16 0.47 +0.17 

19th 0.47 0.12 0.42 +0.08 

C/N 1.12 

30th 0.47 0.10 0.50 +0.13 

34th 0.47 0.09 0.50 +0.12 

39th 0.47 0.07 0.51 +0.11 

 

4.4 Fractionation of N and O 

Induced denitrification at field scale may be masked by several processes, such as dispersion, diffusion, 

or dilution (mixing) that change the NO3
‾ concentration in the groundwater. The isotopic fractionation 

factor (ε) of N and O for dissolved NO3
‾ allows the biodegradation rate produced by biostimulation to be 

quantified. The ε value was obtained using a linear regression between ln[NO3
‾] and both δ15N and δ18O 

(Fig. 9). A plot of δ15N or δ18O versus ln[NO3
‾] should reveal a linear correlation if denitrification occurs 

(Kendall et al., 2007). The studied samples displayed an acceptable correlation of these parameters 

(R2=0.90 for εN and R2=0.80 for εO) (Fig. 9). The ε values attained were ‾8.8‰ ±1‰ for δ15N and ‾8.0‰ 

±2‰ for εO.  

 

 

Natural and induced nitrate attenuation processes in Pétrola basin (Albacete, Spain) 158

Raúl Carrey Labarta, 2014



 

y = -8.8x + 12.1
R2 = 0.9

0

10

20

30

40

50

-3.5 -2.5 -1.5 -0.5

Ln [NO3
-]

δ
15

N
[‰

] 

y = -8.0x + 11.5
R2 = 0.8

0

10

20

30

40

50

-3.5 -2.5 -1.5 -0.5

Ln [NO3
-]

δ
18

O
[‰

] 

 

Figure 9. δ15N and δ18O of NO3
‾ against the natural logarithm of the NO3

─ concentration [mM]. Slopes of 
the regression lines represent the isotopic fractionation factor for N and O. Error bars represent the 
standard deviation of the replicates. 
 

As was stated above, before the biostimulation experiment was carried out, the intrinsic potential of the 

sediment to promote denitrification was isotopically characterised. The isotope fractionation values for 

natural denitrification obtained varied between ‾15.7‰ and ‾11.6‰ for εN and ‾13.8‰ and ‾12.1‰ for 

εO (Carrey et al., 2013). Therefore, the isotopic fractionation values for both N and O calculated during 

natural attenuation were significantly higher (in absolute values) than the values calculated during the 

induced attenuation experiment, most likely because the natural process displayed slower kinetics. 

Different isotope effects may be related to the variations in the denitrification rate constant (Mariotti et 

al., 1988). The denitrification rate was higher during induced denitrification, producing the observed 

lower isotopic effect. These variations in the denitrification rate might be related to the specific C source 

used for biostimulation being different than the C-natural sources present in the sediment, affecting the 

evolution of the microbial populations and, consequently, the denitrification kinetics (Song and Tobias, 

2011). 

 

The isotopic fractionation factor of induced heterotrophic denitrification in flow-through experiments has 

not yet been reported. The εN and εO values obtained during this study were lower (in absolute values) 

than the values calculated for biostimulation batch experiments using glucose as the C source. For 

instance, Vidal-Gavilan et al. (2013) obtained εN values of ‾17.1‰ and εO of ‾15.2‰, but Delwiche and 

Steyn (1970) used glucose as the electron donor for the Pseudomonas denitrificans strain and obtained εN 

values ranging from ‾13.4‰ to ‾20.8‰. The observed differences might be linked to the differences in 

the experimental protocol. Therefore, the conditions inside the reactor, such as the pH, C/N ratio, 
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temperature, or soil characteristics, might affect the community structure of the denitrifying bacteria that 

control the denitrification rate constant (Braker et al., 2001; Cavigelli and Robertson, 2000; Holtan-

Hartwig et al., 2000) and, therefore, the isotopic fractionation (Mariotti et al., 1988). 

 

Compared to other fractionation factors reported in the literature, in the current study, the εN values fall 

inside the range for biostimulation experiments using alternative carbon sources that varied from ‾5‰, 

reported by Bryan et al. (2013) using succinate, to ‾39‰ attained by Toyoda et al. (2005) using acetylated 

citrate. With respect to εO, fewer values have been reported in the literature. Isotopic fractionation 

performed in lab-scale experiments using different denitrifying bacteria species and electron donors 

ranged from -27.6‰, obtained during an induced autotrophic denitrification (Torrentó et al., 2011), to 

+32‰ measured in pure cultures with inversed isotopic fractionation (Toyoda et al., 2005). The εN/εO 

obtained in the present biostimulation study was 1.08 ±0.04. This value agreed with the ratios determined 

for the natural denitrification in the Pétrola basin; these values oscillated between 0.96 and 1.14 (Carrey 

et al., 2013) and were also similar to the ratio obtained by (Vidal-Gavilan et al., 2013) during their 

glucose experiments (εN/εO=1.13). Furthermore, the value obtained in the present study fell within the 

range of field-scale εN/εO ratios (0.9 ‾ 2.3) (Otero et al., 2009 and references therein).  

 

5 Conclusions 

The viability of periodically injecting glucose to remove NO3
‾ from groundwater was tested with flow-

through experiments using a nearly stoichiometric C/N ratio. The glucose inoculation enhanced the 

denitrification and repressed the DNRA observed before biostimulation. The NO3
‾ was completely 

attenuated 13 days after the beginning of biostimulation. However, significant NO2
‾ accumulation was 

observed in the outflow water until day 27, most likely because the nitrite reductase was enzymatically 

repressed and the pH was high during the first stage of the experiment. Controlling the pH might be 

useful for decreasing the lag time for NO2
‾ accumulation. The isotopic results for δ34S-SO4

2- indicated 

that the SO4
2- reduction did not generate H2S during the experiment, even though glucose was available 

after complete NO3
‾ removal, due to kinetic effects/reasons. Using a substoichiometric C/N ratio reduced 

the glucose outflow; however, complete NO3
‾ attenuation was still achieved because secondary C sources 

such as DOC of input water and the biomass were available. Nitrate was isotopically fractionated: εN = 

8.8‰ and εO = 8.0‰, with a εN/εO ratio = 1.08. These values were lower (in absolute values) than those 
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observed during the natural sediment denitrification and in other induced attenuation experiments using 

glucose. Overall, periodically injecting an organic carbon source might be a suitable method to remove 

NO3
‾ from groundwater during long-term treatments. The strategy tested at laboratory-scale reliably 

removed all NO3
‾ after 13 days when the C/N ratio was close to or slightly below the stoichiometric 

value. The data obtained in this study support a continuing investigation using a field-scale/pilot-test 

assay. 
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In this appendix of the thesis the main laboratory and field methods and protocols used are 

described. The analyses performed in solid and aqueous samples were carried out according to standard 

methodologies described elsewhere. 

 

1. Water sampling and preservation 

 

1.1 Field samples 

A total of 20 control points including springs, streams, agricultural wells and piezometers were 

analyzed between April 2008 and December 2010. Springs and streams samples were collected directly 

whereas for well and piezometer samples a portable pump was used. Physicochemical parameters pH, 

redox potential (Eh), dissolve O2 (DO), and conductivity (EC) were measured in situ, directly in the water 

flow in springs and streams, whereas in well and piezometers measurements were performed using a flow 

cell to avoid contact with the atmosphere. Water samples were stored in plastic bottles filled completely 

to avoid oxidation of species in contact with atmosphere. Samples were preserved at 4 ºC in darkness 

prior to further analysis. 

 

1.2 Laboratory experiment samples 

Aqueous samples from flow-through experiments were obtained at periodical intervals 

depending of the flow rate using glass bottles. Batch experiments were sampled depending of the reaction 

kinetics using sterile syringes. In natural attenuation experiments samples were filtered through a 0.45 µm 

Millipore® filter. In the induced attenuation experiment, the samples were filtered through a 0.20 µm 

Millipore® filter and 1% 0.1 M HgCl2 was added to stop all microbial activity.  

 

In flow through experiments pH and Eh were measured in the outflow every hour by means 

portable electrodes (WTW-3310) connected to the experimental set up. In batch experiments pH and Eh 

measurement were performed in aliquots previously filtered through a 0.45µm Millipore® filter. 
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2 Chemical analyses 

 

2.1 Anion analyses 

Water samples filtered at 0.45µm were diluted until EC was below 1000 µS/cm and subsequent 

analysed. Major anions (NO3
‾, SO4

2-, Cl‾, and NO2
‾) were analysed by high performance liquid 

chromatography (HPLC) using a WATERS 515 HPLC pump with IC-PAC Anions columns. For NO3
‾ 

and NO2
‾ determinations WESCAN and UV/VIS KONTRON detectors were used in order to measure 

low concentrations. Samples for NH4
+ analyses were preserved with phenol. NH4

+ concentration was analysed 

using spectrophotometry (ALPKEM, Flow Solution IV). 

 

2.2 Cation analyses  

Samples were filtered through a 0.2 µm Millipore® filter and acidified with 1% HNO3
- (67%). 

Samples were diluted in order to decrease EC under 1000 µS/cm. Ca, Na, K, Mg, S, total Fe and P were 

determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, Perkin-Elmer 

Optima 3200 RL). Trace metals (As, Ba, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Se, V and Zn were analysed using 

inductively coupled plasma-mass spectrometry (ICP-MS) Perkim-Elmer, model Elan-6000. The detection 

limits for undiluted sample are listed in Table 1. Analyses were performed at the Centres Científics i 

Tecnològics of the Universitat de Barcelona. 

Table 1: Detection limits of ICP-OES and ICP-MS 

Detection limit   

ICP-OES ICP-MS 
Confidence limits (ppm) 

 ppm ppb  ppb  Limit Accepted 

Ca 0.025 25 As 10 Ca 200 220 

Mg 0.025 25 Se 50 Mg 100 123-130 

Na 0.05 50 Cd 1 Na 500 510 

K 0.5 500 V 10 K 100 120-130 

Sr 0.005 5 Hg 1 Sr 5 6 

Ni 0.025 25 Zn 10 Ni 0.5  

Fe 0.005 5 Mn 1 Fe 0.5 2 

B 0.025 25 Ba 1 B 1 2 

Cr 0.025 25 Pb 1 Dilution 

Co 0.025 25 Cr 10 2000 < EC < 4000 1:2 

Zn 0.05 50 Cu 10 4000 < EC < 5000 1:5 

   Ni 20 5000 < EC < 10000 1:10 
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2.3 Organic carbon analyses 

20 mL of filtered (for DOC) and unfiltered (for TOC) samples were placed in combusted (2 

hours at 450ºC) glass bottles and acidified with HCl (14%) to reach pH < 3. The analyses were performed 

by organic matter combustion (TOC 500 SHIMADZU).  

 

Samples for Glucose analyses were filtered at 0.2 µm and preserved with 1% of HgCl2 0.1 M. 

Glucose was analysed by HPLC with a Waters Alliance 2695 system.  

 

2.4 Dissolved inorganic carbon analyses 

The dissolved inorganic carbon (DIC) was measured in the 0.45 µm filtered samples by titration 

(METROHM 702 SM Titrino).  

 

3. Isotopic analyses 

 

Stable isotopes are measured as the ratio between the desired isotope and the most-abundant one. 

Because measuring such a small difference cannot be feasibly done in an absolute way, these ratios are almost 

always established with respect to international standards. As a result, measures are usually expressed in terms 

of δ per mil relative to the international standards: V-SMOW (Vienna Standard Mean Oceanic Water) for δ18O, 

AIR (Atmospheric N2) for δ15N, V-CDT (Vienna Canyon Diablo Troilite) for δ34S and V-PDB (Vienna Peedee 

Belemnite) for δ13C. 

 

The isotope ratios were calculated using international and internal laboratory standards (Table 2 ). The 

reproducibility of the samples was ±0.2‰ for the δ34S, ±0.5‰ for the δ18O of SO4
2-, ±0.2‰ for δ13C, from 

±0.3‰ to ±1‰ for the δ15N of NO3
‾, and from ± 0.5‰ to ±2‰ for the δ18O of NO3

‾. The differences in the 

reproducibility of δ15N and δ18O of dissolved NO3
‾ are due to the reproducibility of two different techniques 

performed in different laboratories.  
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Table 2: Standards used in the isotopic determinations 

Ratio Scale 
Reference 

material 
Matrix δ [‰] 

Used for the 

determination of 

IAEA-CH3 (1) Cellulose -24.72 δ13CDIC 

IAEA-CH6 (1) Sucrose -10.43 ±0.13 δ13CDIC 

IAEA-CH7 (1) Polyethylene -31.83 ±0.11 δ13CDIC 

13C/12C VPDB (Vienna Peedee 
Belemnite 

USGS 24 (1) C (graphite -15.99 ±0.11 δ13CDIC 

IAEA-N1 (1) (NH4)2SO4 +0.43 ±0.07 δ15NNO3 

IAEA-N2 (1) (NH4)2SO4 +20.41 ±0.12 δ15NNO3 

IAEA-NO3 (1) KNO3 +4.72 ±0.13 δ15NNO3 

USGS-25 (1) (NH4)2SO4 -30.25 ±0.38 δ15NNO3 

USGS-32 (1) KNO3 +180 ±1.0 δ15NNO3 

USGS-34 (1) KNO3 -1.8 ±0.2 δ15NNO3 

USGS-35 (1) NaNO3 +2.7 ±0.2 δ15NNO3 

15N/14N AIR-N2 (Atmospheric 
N2) 

IWS (2) KNO3 +16.9±0.2 δ15NNO3 

NBS127 (1) BaSO4 +9.3 ±0.4 δ18ONO3 δ18OSO4 

YCEM (2) BaSO4 +17.6 ±0.5 δ18ONO3 δ18OSO4 

H2SO4 
(2) BaSO4 +12.9 ±0.6 δ18ONO3 δ18OSO4 

USGS-32 (1) KNO3 +25.7 ±0.4 δ18ONO3 

USGS-34 (1) KNO3 -27.9 ±0.6 δ18ONO3 

USGS-35 (1) NaNO3 +57.5 ±0.6 δ18ONO3 

EGC-1 (3) KNO3 +28.0 δ18ONO3 

EIL 61 (3) KNO3 +11.0 δ18ONO3 

EIL 62 (3) AgNO3 +20.5 δ18ONO3 

 

18O/16O 

VSMOW (Vienna 
Standard Mean Ocean 

Water) 

IWS (2) KNO3 +28.5±0.4 δ18ONO3 

IAEA-S1 (1) Ag2S -0.30 (exact.) δ34SSO4 

IAEA-S2 (1) Ag2S +22.67 ±0.15 δ34SSO4 

IAEA-S3 (1) Ag2S -32.55 ±0.12 δ34SSO4 

NBS127 (1) BaSO4 +21.1 δ34SSO4 

34S/32S 
V-CDT (Vienna 
Canyon Diablo 

Troilite) 

YCEM (2) BaSO4 +12.5 δ34SSO4 

(1) International standard 
(2) Internal standard (Centres Científics i Tecnològics of the Universitat de Barcelona) 
(3) Environmental Isotopes Laboratory, University of Waterloo, Canada  

 

The isotopic analyses of the δ34S and δ18O of SO4
2- and δ13C were prepared at the laboratory of the 

Mineralogia Aplicada i Medi Ambient research group and analysed at the Centres Científics i Tecnològics of 

the Universitat de Barcelona; the isotopic analyses of δ15N and δ18O were prepared and analysed at the 
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laboratory of the ISOFYS research group at Gent University, in the Woods Hole Oceanographic Institution 

(Woods Hole, MA, US) and at the laboratory of Facility for Isotope Ratio Mass Spectrometry (FIRMS) at 

University of California, Riverside.  

 

3.1 δ15N and δ18O of dissolved NO3
‾ 

Samples for the δ15N and δ18O analysis of dissolved NO3
‾ were preserved filtered at 0.2 µm and either 

basified to pH >11 by adding 0.5 mL of K(OH) (10 mg/L) or frozen. The isotopic analyses were obtained 

following the denitrifier method at three different laboratories: the Woods Hole Oceanographic Institution, 

Riverside University and ISOFYS research group at Gent University. The protocol of the denitrifier method 

employed in Gent is explained in detail. 

 

Before the isotopic analyses, the samples were treated with sulfamic acid to remove the 

dissolved NO2
‾ according to the methodology detailed by (Granger and Sigman, 2009) . Briefly, the 

sulfamic method consisted on the addition of 0.8mL of 40 mM sulphamic acid ((H2N)HSO3) solution. 

Then, the sample pH must be adjusted to 1.6 - 1.9 pH units in order to promote NO2
‾ transformation to N2 

following the Eq. 1. 

 

 HNO2
‾ + (H2N)HSO3 → H2 SO4 + N2 + H2O (1) 

 

After 10 minutes all the NO2
‾ is completely removed. Thereafter, samples are neutralized by 

adding ~1mL of Na(OH) 1M solution and then are subsequently analyzed. This method allows to remove 

dissolved NO2
‾ concentrations up to 7-fold the ambient NO3

‾ without detectably compromising the 

isotopic composition of dissolved NO3
‾.  

 

The bacterial denitrifier method was described by Casciotti et al. (2002) and  Sigman et al. (2001). 

This method is based in the conversion of NO3
‾ to N2O by denitrifying bacteria that lack an active N2O 

reductase. All the steps must be performed in a sterilized laminar flow hood and the material must be 

sterile to avoid bacterial contamination. 

 

Denitrifier strain of “Pseudomonas aureofaciens” (LMG1245; ATCC 13985), which naturally 

lack active N2O reductase, is cultured in 40g/L Tryptic soy Agar amended with 10 mM KNO3 in a Petri 
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Plate following a 4x4 dilution method to get an isolate colony. After one day, an isolate colony is 

inoculated in a starter culture (10 mL Tryptic Soy Broth or TBS) and grown overnight in a reciprocal 

shaker. TSB solution is amended with 10mM KNO3, 7,5mM NH4Cl and 36Mm KH2PO4 and 0.25mL/L 

of antifoam, the solution is poured in glass bottles and autoclaved. 3mL of starter culture is inoculated 

into the working cultures. Working cultures are grown in 1L batches with Tryptic Soy Broth during 6 – 

10 days in a reciprocal shaker at 200rpm and 25ºC.  On the day of sample preparation the culture is 

divided into 40 mL aliquots in falcon tubes and centrifuged for 20 minutes at 4000rpm in a fixed-angle. 

The supernatant medium is then decanted and reserved and 4 mL of spent medium is pipetted back into 

the falcon tubes with each cell pellet, representing 10-fold bacteria concentration. These tubes are then 

vortexed to ensure homogenized cultures and the content is transferred as 2 x 2 aliquots into 20 mL 

headspace vials. The vials are sealed with screw-topped Teflon-backed silicone septa. To ensure 

anaerobic conditions and remove N2O formed during bacteria grown, each sealed vial is purged during 3 

hours with N2 gas. The purging gas is introduced through a 22-gauge spinal needle, inserted through the 

septum so as to bubble the medium, and is vented through a 27-gauge needle that is inserted above the 

liquid level. At the end of the purging time, the vent needle is removed, followed immediately by the 

bubbling needle. Samples of dissolved NO3
‾ are then injected into the headspace vials and incubated 

overnight to allow complete NO3
‾ conversion into N2O. The volume of sample injected is adjusted to 

achieve a final sample size of 100 nmols of N2O although the volume can not be over 1mL to avoid 

overpressure in the vials. On the following day, 0.1 mL of 10N Na(OH) is injected into the headspace 

vials to stop bacterial activity and to scrub any CO2 gas in the vial which could interfere with N2O 

measurement. Finally, simultaneous δ15N and δ18O analysis of the produced N2O is carried out using a 

Trace gas-preparation unit (ANCA TGII, PDZ Europa Ltd.) coupled with an IRMS instrument (20-20, 

SerCon Ltd.).  

 

3.2 δ34S and δ18O of dissolved SO4
2- 

The dissolved SO4
2- was precipitated as BaSO4 by adding BaCl2 ·2H2O after acidifying the sample 

with HCl and boiling it to remove HCO3
‾ and CO3

2- and, therefore, prevent BaCO3 precipitation, as prescribed 

by the standard method (Dogramaci et al., 2001). Samples were filtered at 3µm and the precipitate was dried 

in an oven at <60ºC. The precipitate was subsequent scraped off the filter paper and stored in a desiccator until 

analysis. The solid precipitated was analysed for the δ34S using a Carlo Erba Elemental Analyzer (EA) coupled 

in continuous flow (Conflo II Finningan MAT) with a Finnigan Delta C IRMS. Previously to analyse the δ18O, 
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the precipitated BaSO4 must be dried in an oven at ~100ºC to remove H2O. δ18O was analysed in duplicate with 

a ThermoQuest TC/EA (high temperature conversion elemental analyser) unit  coupled in continous flow 

(Conflo III  Finningan MAT) with a Mass Spectometer (Finnigan Matt Delta C IRMS).  

 

3.3 δ13C of dissolved inorganic carbon 

For the δ13CDIC determination, filtered samples were treated with NaOH-BaCl2 solution to 

precipitate BaCO3 together with BaSO4. Sample was filtered and recovered following the same 

methodology as in the case of BaSO4. δ13C was analysed in a Carlo Erba Elemental Analyzer (EA) 

coupled in continuous flow to a Finnigan Delta C IRMS.  

 

4.  Microbial analyses 

 

During the induced denitrification experiment, the denitrifying population was quantified using the 

most probable number (MPN) method published by Saitoh et al. (2003). In addition, the total aerobic 

heterotrophic population was obtained using the miniaturised MPN method. Five millilitres of water were 

removed from the middle of the bioreactor and processed within 6 hours of collection. To estimate the 

population density of the denitrifying bacteria, the water sample was diluted up to a maximum of 1/1012. Nine 

0.25-mL replicates of each dilution were placed in Eppendorf vials with 0.25 mL sterilised Nutrient Broth (NB) 

medium. The NB solution contained 6 g/L beef extract, 10 g/L peptone, 2 g/L NaNO3, 0.05 g/L NaNO2, 2 g/L 

agar, and 2.5 g/L HEPES. The pH of the NB was adjusted to 7.0 using a 0.1 M NaOH. Eppendorf vials 

containing the diluted sample and NB, were individually sealed with 1 mL of overlaying solution containing 5 

g/L agar and 8 g/L gellan gum to preserve the N2 bubbles formed by the denitrifying bacteria. To calculate the 

population density of the heterotrophic bacteria, the diluted samples were added to microtiter plates using 

sterilised Tryptic Soy Broth (TSB) solution as a culture medium. Twenty-five microlitres of TSB was placed in 

each well and mixed with 25 µL diluted sample. Eight replicate wells per dilution were constructed. The 

positive tests were used to calculate the MPN of the heterotrophic organisms per millilitre of water. 
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5.  Set up of new isotopic methods 

 

During the thesis new methodologies to analyses of δ15N from NH4
+, by diffusion method and 

δ15N and δ18O from NO3
‾ and NO2

‾ by cadmium reduction method were set up in the laboratory of 

MAiMA group. 

 

5.1 δ15N-NH4
+ analyses by diffusion method 

The method is based on the protocol explained by Sebilo et al., (2004) and Holmes et al., (1998). 

The method consists on the conversion of dissolved NH4
+ to (NH4

+)2SO4. Prior to perform the analysis 

samples must be keep at Ph < 2.5 adding 1 drop of H2SO4 (99%). 

 

During the set up of the method different tests were performed in order to achieve the best 

reproducibility. Two different filters: GF/D and GF/C with different sealed material (Teflon or 

Polypropylene) were utilized. In addition, the volume of water and the amount of NH4
+ were also 

checked. Finally different shaker (orbital or magnetic) were also evaluated (Table 3). The best results of 

the different approaches performed were obtained with the following methodology:  

 

Samples are placed in acid-washed amber glass bottles of 250 mL and deionized water is added 

to each bottle, if necessary, to bring the total liquid volume of 100 mL. Over the water sample a filter-

pack is placed. Filter-packs consist on a 1 cm-diameter GF/D filter (WHATMAN) containing 30 µL of 

8N H2SO4 solution and sandwiched between two Teflon sheets. The Teflon sheets were sealed making 

pressure using a stainless steel tube pressed down on the filters and rotated slightly to form a circular 

compression around the enclosed filter. Once the filter-pack was placed over the water 2mL of Na(OH) 

5N solution was added in order to increase pH to a value above 12 pH units. The raises in pH will 

produce the NH4
+ conversion to NH3. The bottle was quickly sealed and placed in an orbital shaker during 

7 days at room temperature in order to favor the NH3 diffusion into the headspace. NH3 was then trapped 

into the filter and converted to (NH4
+)2SO4. After one week the filter-pack was placed in an acid-washed 

glass bottle and placed in a freezer-drier during 2 hours to remove any water from the filter. Then the 

GF/D filter was removed and placed in a silver-cup to immediately analyze in an EA-IRMS. 
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 Table 3: Results of different diffusion method approaches 

Compound Filter-pack Shaker 
NH4

+ 

(µg) 

Volume 

(mL) 

Avg δ15NAIR 

[‰] 
SD n 

(NH4
+)2SO4 GF/C + Polyp Orbital 150 100 -7.2 2.9 n = 2 

(NH4
+)2SO4 GF/C + Polyp Orbital 100 50 -2.1 0.5 n = 8 

(NH4
+)2SO4 GF/C + Polyp Orbital 75 50 -3.5 1.3 n = 5 

(NH4
+)2SO4 GF/C + Polyp Magnetic 100 100 -2.4 0.7 n = 4 

(NH4
+)2SO4 GF/C + Polyp Magnetic 100 50 -2.0 0.4 n = 2 

(NH4
+)2SO4 GF/D + Teflon Orbital 150 100 -1.6 0.9 n = 6 

(NH4
+
)2SO4 GF/D + Teflon Orbital 100 100 -0.8 0.1 n = 10 

(NH4
+)2SO4 GF/D + Teflon Orbital 75 50 -0.9 0.9 n = 4 

(NH4
+)2SO4 GF/D + Teflon Magnetic 100 150 -0.8 0.0 n = 2 

δ15N-(NH4
+)2SO4 = -0.8 ±0.1     

 

 

5.2 δ15N and δ18O analyses by cadmium method 

This method was described by McIlvin and Altabet (2005).  The method involves the chemical 

reduction of NO3
‾ to NO2

‾ using spongy cadmium with further reduction to N2O using sodium azide in an 

acetic acid buffer. Different tests were made in order to achieve the best reproducibility. Different NO3
‾ 

concentration and timing of the reduction steps were tested using international and internal standards. The 

best results were obtained with the following protocol. 

 

5.2.1 Cadmium preparation 

Spongy cadmium was prepared by whasing with 10% HCl to activate particle surface followed 

by a reaction with a 2% CuSO4 solution in order to create Cu-Cd reactive. Then, the spongy cadmium 

was rinsed multiple times with deionized water previously bubbled with Argon until the pH became 

neutral. 12-13 g of Cu-Cd was placed in each plastic columns filled with De-Ionized Water (DIW) and 

stored in a container with an Argon atmosphere until their utilization. After four batchs of samples were 

processed, the cadmium columns can be reused by repeating the acid wash, Cu reactivation and rinse 

steps. All the steps were performed at room temperature. 
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5.2.2 Conversion of NO3
‾ to NO2

‾ 

A sample volume containing 50 nmol of N was added to the Cd-column followed by 0.2 mL of 

1M imidazole solution with a resultant pH close to 9. In the case of freshwater, 2 mL of 2.5M of NaCl 

solution is added to avoid overreduction of NO2
‾ to N2 follwing the recommendations of (Ryabenko et al., 

2009). Columns were then shaken during 3 hours on a rotator shaker to complete NO3
‾ reduction to NO2

‾. 

 

5.2.3 Conversion of NO2
‾ to N2O 

Samples were then removed from the column and placed in a headspace vials capped tightly with 

Teflon-lined septa that have been previously purged with helium (He) during 5 minutes. Samples were 

removed from the column through a 0.45µm filter connected to a 27g needle for injecting into the 

headspace vial. Then 2 mL of the azide/acetic acid buffer was added to each vial via a syringe. To prepare 

50 mL of the buffer, 25 mL of 2 M sodium azide solution was mixed with 25mL of 20% acetic acid 

solution.  Thereafter the headspace vials were placed in an orbital shaker during 10 minutes. Following, 

1mL of 6 M Na(OH) solution were added and shaken to neutralize the solution. Then 1mL of headspace 

gas was removed using a gas tight syringe and placed in a 12 mL tube previously purged with He. 

Simultaneous δ15N and δ18O analysis of the N2O produced was carried out using Pre-Con system (Thermo 

Scientific) coupled to an IRMS Finnigan MAT-253 (Thermo Scientific). Precision of the system was 

±0.3‰ for 15N and 18O analyses. Precision calculated from the reproducibility of standards interspersed in 

the analytical batches achieved for δ15N and δ18O of NO3
‾ are listed in Table 4. 

Table 4: Results of international and internal standards analyzed by Cadmium method. 

Standard 
Avg. δ15NAIR 

[‰] 
SD 

Avg. δ18OAIR 

[‰] 
SD n 

USGS-32 +180.8 1.5 26.1 0.5 n = 30 

USGS-34 -2.6 0.5 -26.1 0.6 n = 30 

USGS-35 +3.8 0.5 +57.2 0.6 n = 30 

IWS +16.5 0.5 +28.4 0.7 n =19 

Isotopic composition of Standards are listed in Table 2 
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Appendix C.1: 

 

 

 
Chemical and Isotopic data from  

flow-through experiment of  

Appendix A-1 
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Table C.1.1. Results of chemical characterization for column experiment. (b.d.l.: below detection limit. n.d.: not determined) 

Sample 
t 

(days) 

Sample 
Volume 

(mL) 

Retention 
time 

(days) 

Cl
¯
  

(mM) 

SO4
2-

(mM) 
NO3

¯
 

(mM) 
NO2

¯
 

(mM) 

DOC 
(mM) 

DIC 
(mM) 

%NO3
¯
 

Removed 

First denitrification stage        

Input 

water 
- - - 1.23 3.38 0.74 0.00 0.16 6.29 46 

Ini-1 1 140 1 136.79 44.96 0.40 0.38 0.68 n.d 91 

Ini -2 5 50 5 75.89 29.46 0.07 0.50 n.d n.d 94 

Ini -3 7 140 7 59.27 22.66 0.05 0.49 0.51 3.55 70 

Ini -4 8 150 8 22.59 11.53 0.22 0.37 0.36 n.d 43 

Ini -5 11 150 8 8.54 5.98 0.42 0.22 0.34 6.12 12 

Ini -6 12 250 4 2.67 4.54 0.65 0.13 0.25 n.d 22 

Col-1 13 150 5 2.82 4.44 0.58 0.19 n.d 3.62 21 

Col-2 15 150 5 3.23 4.70 0.59 0.19 n.d n.d 45 

Col-3 18 150 6 2.99 4.63 0.41 0.17 n.d 3.21 5 

Col-4 19 150 6 1.93 4.25 0.70 0.06 n.d n.d 11 

Col-5 20 150 5 2.03 4.29 0.66 0.06 n.d n.d 0 

Col-6 21 140 3 1.73 4.15 0.76 0.04 n.d n.d 46 

Second denitrification stage         

Col-7 22 150 3 1.94 3.61 0.64 0.05 0.27 2.69 13 

Col-8 23 140 3 1.74 3.35 0.73 0.04 n.d n.d 2 

Col-9 26 150 5 1.72 3.64 0.83 0.04 n.d n.d 0 

Col-10 27 150 5 1.81 3.17 0.76 0.05 n.d n.d 0 

Col-11 29 150 7 1.91 3.12 0.64 0.05 n.d n.d 15 

Col-12 32 750 1 1.62 3.14 0.80 0.03 n.d n.d 0 

Col-13 34 250 2 1.77 3.16 0.71 0.06 n.d n.d 4 

Col-14 36 200 4 1.58 3.49 0.85 0.05 n.d 2.76 0 

Col-15 37 170 4 1.54 3.45 0.85 0.06 n.d n.d 0 

Col-16 39 190 4 1.57 3.47 0.82 0.05 n.d n.d 0 

Col-17 40 150 4 1.47 3.43 0.89 0.05 n.d 2.78 0 

Col-18 41 160 4 1.61 3.54 0.90 0.06 n.d n.d 0 

Col-19 42 170 3 1.40 3.48 0.76 0.06 n.d n.d 0 

Col-20 43 150 3 1.75 3.48 0.89 0.04 n.d n.d 0 

Col-21 46 150 5 2.65 3.46 0.74 0.10 n.d n.d 0 

Col-22 47 160 5 1.46 3.44 0.54 0.13 n.d n.d 27 

Col-23 48 160 5 1.67 3.46 0.65 0.13 0.18 n.d 13 

Col-24 50 150 4 1.93 3.25 0.61 0.14 0.19 2.67 18 

Col-26 55 220 6 2.02 3.76 0.59 0.15 0.14 n.d 20 

Col-27 57 160 6 2.03 3.45 0.62 0.11 0.13 n.d 16 

Col-28 60 215 6 1.98 3.77 0.59 0.10 0.16 n.d 20 

Col-29 62 160 6 1.97 3.35 0.57 0.09 0.15 n.d 24 

Col-30 64 150 6 2.16 3.74 0.59 0.08 0.16 2.80 20 

Col-31 67 210 6 2.01 3.32 0.54 0.09 0.15 n.d 27 

Col-32 69 180 6 2.00 3.35 0.51 0.09 0.15 n.d 32 

Col-33 71 160 6 2.05 3.13 0.43 0.09 0.16 n.d 42 

Col-34 74 160 6 2.01 3.27 0.47 0.09 0.17 n.d 37 

Col-35 76 160 6 1.95 3.28 0.50 0.09 0.17 2.47 33 

Col-36 78 160 6 2.02 3.34 0.52 0.09 0.18 n.d 30 

Col-37 81 160 6 2.28 3.40 0.54 0.08 0.22 n.d 27 

Col-38 85 150 6 2.12 3.34 0.44 0.08 0.25 n.d 41 

Col-39 92 150 6 1.92 3.25 0.39 0.09 0.20 n.d 48 

Col-40 96 150 6 1.90 3.31 0.44 0.07 0.19 n.d 41 

Col-41 104 140 12 3.22 3.38 0.01 b.d.l 0.40 n.d 99 

Col-42 115 150 21 2.94 3.66 b.d.l b.d.l 0.76 n.d 100 
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Table C.1.1. (continued)         

Sample t 
Sample 

Volume 

(mL) 

Retention 

time 

(days) 

Cl
¯
  

(mM) 

SO4
2-

(mM) 
NO3

¯
 

(mM) 
NO2

¯
 

(mM) 

DOC 

(mM) 

DIC 

(mM) 
% NO3

¯
 

Remov 

Col-43 133 250 33 3.50 3.68 b.d.l b.d.l 0.42 2.52 100 

Col-44 145 170 32 3.47 3.77 b.d.l b.d.l 0.38 n.d 100 

Col-45 158 180 32 3.67 3.73 0.04 b.d.l 0.36 2.52 95 

Col-46 160 150 6 1.85 3.64 0.31 0.14 0.31 n.d 58 

Col-47 162 150 4 1.83 3.63 0.34 0.16 0.28 2.52 54 

Col-48 167 150 9 2.43 3.45 0.53 0.09 0.29 n.d 29 

Col-49 169 150 9 1.85 3.78 0.64 0.06 0.23 n.d 14 

Col-50 172 225 10 1.59 3.39 0.58 0.05 0.24 2.64 22 

Col-51 174 150 7 1.54 3.39 0.58 0.06 0.21 n.d 22 

Col-52 176 170 7 1.84 3.69 0.64 0.09 0.23 3.12 14 

Col-53 179 230 7 1.62 3.39 0.54 0.08 0.24 n.d 27 

Col-54 183 225 8 1.63 3.55 0.55 0.12 0.25 n.d 26 

Col-55 186 225 7 1.91 3.71 0.54 0.12 0.24 2.49 27 

Col-56 189 225 6 1.59 3.40 0.41 0.12 0.27 2.70 45 

Col-57 194 150 5 2.32 3.52 0.44 0.15 0.32 n.d 40 

Col-58 195 150 6 1.69 3.60 0.58 0.11 0.22 n.d 22 

Col-59 196 150 7 1.70 4.12 0.58 0.10 0.22 n.d 22 

Col-60 199 225 5 1.69 3.64 0.53 0.12 0.23 n.d 29 

Col-61 200 150 5 2.12 3.65 0.45 0.12 0.26 2.44 39 

Col-62 201 150 5 1.56 3.60 0.52 0.08 0.22 n.d 30 

Col-63 202 150 3 1.66 3.66 0.61 0.08 0.22 2.44 18 

Col-64 203 150 3 1.66 3.47 0.63 0.09 0.20 n.d 15 

Col-65 207 150 6 2.00 3.58 0.61 0.08 0.25 n.d 18 

Col-66 208 150 6 1.66 3.56 0.67 0.07 0.18 n.d 10 

Col-67 209 150 6 1.43 3.41 0.57 0.06 0.18 2.14 23 

Col-68 213 550 3 1.42 3.41 0.58 0.06 0.19 n.d 22 

Col-69 214 150 5 1.40 3.40 0.60 0.06 n.d n.d 19 

Col-70 215 150 3 1.60 3.57 0.72 0.06 n.d 2.70 3 

Col-71 221 225 8 2.01 4.00 0.68 0.07 n.d n.d 9 

Col-72 227 190 12 1.77 3.49 0.65 0.06 n.d n.d 12 

Col-73 236 180 17 2.12 3.50 0.55 0.06 n.d n.d 26 

Col-74 242 225 16 1.69 3.57 0.67 0.08 n.d n.d 10 

Col-75 245 130 12 1.69 3.49 0.66 0.07 n.d n.d 12 

Col-76 250 150 12 1.66 3.50 0.63 0.11 n.d n.d 15 

Col-77 255 170 14 1.80 3.57 0.62 0.10 n.d n.d 16 

Col-78 259 150 14 1.72 3.60 0.64 0.12 n.d n.d 14 

Col-79 263 150 13 1.70 3.54 0.70 0.09 n.d n.d 5 

Col-80 269 225 14 1.70 3.48 0.72 0.12 n.d n.d 3 

Col-81 273 150 14 1.71 3.54 0.74 0.09 n.d n.d 0 

Col-82 278 190 15 1.79 3.51 0.65 0.08 n.d n.d 13 

Col-83 283 200 14 1.69 3.64 0.70 0.08 n.d n.d 5 

Col-84 290 250 17 1.71 3.59 0.74 0.08 n.d n.d 1 

Col-89 332 400 36 2.12 3.96 0.74 b.d.l n.d n.d 0 
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Table C.1.2: Results of chemical characterization for column experiment. (n.d.: not 

determined) 

Sample 
t 

(days) 
K+ 

(mM) 
Na+ 

(mM) 
Ca2+ 

(mM) 
Mg2+ 
(mM) 

NH4
+ 

(mM) 
pH 

First denitrification stage    

Initial 0 0.10 0.62 3.03 4.36 0.02 8.4 

Ini-1 1 9.19 111.6 3.49 59.7 0.02 8.4 

Ini -3 7 6.47 54.4 1.58 29.8 0.01 8.3 

Ini -4 8 2.90 18.1 0.72 10.6 0.01 8.1 

Ini -5 11 2.41 8.86 0.55 7.20 0.04 8.1 

Ini -6 12 1.45 2.23 0.58 5.55 0.05 7.8 

Col-1 13 n.d n.d n.d n.d 0.02 8 

Col-6 21 n.d n.d n.d n.d 0.02 8 

Second denitrification stage     

Col-7 22 n.d n.d n.d n.d n.d 8.1 

 
Col-9 26 0.44 1.01 1.18 4.13 n.d 8 

Col-14 36 n.d n.d n.d n.d n.d 8.1 

Col-16 39 0.44 1.09 1.31 4.30 n.d 7.9 

Col-21 46 n.d n.d n.d n.d n.d 7.9 

Col-22 47 0.45 1.09 1.40 4.56 n.d 7.9 

Col-23 48 n.d n.d n.d n.d 0.01 7.9 

Col-26 55 0.69 0.87 1.25 4.39 n.d 7.9 

Col-27 57 n.d n.d n.d n.d 0.02 7.9 

Col-28 60 0.63 0.82 1.17 4.22 n.d 7.9 

Col-29 62 n.d n.d n.d n.d 0.02 7.9 

Col-35 76 n.d n.d n.d n.d 0.02 8.0 

Col-38 85 0.73 0.86 1.25 4.52 n.d 7.9 

Col-39 92 n.d n.d n.d n.d 0.02 7.9 

Col-40 96 n.d n.d n.d n.d 0.02 7.9 

Col-41 104 1.68 1.04 1.16 4.28 0.02 8.0 

Col-42 115 n.d n.d n.d n.d n.d 8.0 

Col-43 133 2.04 1.07 1.16 4.26 n.d 8.0 

Col-44 145 n.d n.d n.d n.d 0.02 8.0 

Col-45 158 1.90 1.11 1.09 4.44 0.02 8.0 

Col-46 160 n.d n.d n.d n.d 0.02 8.0 

Col-50 172 0.47 0.97 0.97 4.36 0.02 8.0 

Col-52 176 0.47 0.95 0.96 4.45 n.d 8.0 

Col-55 186 0.48 1.01 0.89 4.32 n.d 8.1 

Col-56 189 n.d n.d n.d n.d 0.02 8.1 

Col-57 194 0.79 1.03 0.90 4.34 n.d 8.1 

Col-58 195 n.d n.d n.d n.d n.d 8.1 

Col-75 245 n.d n.d n.d n.d n.d 8.2 

Col-89 332 n.d n.d n.d n.d n.d 8.2 
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Table C.1.3. Results of isotopic characterization for column experiment. (n.d.: not determined) 

Sample 
t 

(days) 
δ13CDIC

  

(‰) 
δ34SSO4

  

(‰) 
δ18OSO4 

(‰) 
δ15NNO3

 

(‰) 
δ18ONO3  

(‰) 

First denitrification stage     

Initial 0 -10.1 -16.8 +5.3 +9.0 +4.8 

Ini -1 1 n.d. -21.6 +15.7 +27.7 +24.2 

Ini -2  5 n.d. -21.5 +15.3 +43.4 +40.6 

Ini -3  7 -11.7 -21.4 +14.7 +40.7 +37.0 

Ini -4  8 n.d. -20.6 +13.2 +27.0 +22.2 

Ini -5  11 -9.9 -19.2 +9.9 +19.2 +14.8 

Ini -6 12 n.d. -17.6 +5.8 +14.3 +9.9 

Col-1  13 -8.9 n.d. n.d. n.d. n.d. 

Second denitrification stage     

Col-7  22 -13.4 -17.0 +5.0 +14.3 +9.8 

Col-21  46 n.d. n.d. n.d. +11.2 +4.9 

Col-23  48 n.d. n.d. n.d. +13.4 +4.9 

Col-29  62 -14.2 -16.8 +5.0 +16.1 +11.7 

Col-31  67 n.d. -16.8 +5.3 n.d. n.d. 

Col-35  76 -19.7 -16.9 +5.7 +18.2 +13.4 

Col-38  85 n.d. -16.8 +5.2 n.d. n.d. 

Col-39  92 n.d. -17.0 +5.5 +16.9 +12.4 

Col-40  96 n.d. -16.9 +5.4 n.d. n.d. 

Col-41  104 n.d. -17.0 +5.5 n.d. n.d. 

Col-44  145 -21.2 -16.9 n.d. n.d. n.d. 

Col-45  158 n.d. -16.9 n.d. +44.5 +35.5 

Col-46  160 -21.2 n.d. n.d. +29.4 +23.0 

Col-56  189 -21.5 -16.9 n.d. n.d. n.d. 

Col-68 213 -23.2 n.d. n.d. n.d. n.d. 
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Appendix C.2: 

 

 

 
Chemical and Isotopic data from  

the batch and flow-through  

experiments of Appendix A-2 
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Table C.2.1. Results of chemical characterization of outflow water for column experiment. (b.d.l.: below detection limit. n.d.: 
not determined) 

Sample 
t 

(days) 
Cl‾  

(mM) 
SO4

2-

(mM) 
NO3

‾ 
(mM) 

NO2
‾ 

(mM) 
NH4

+ 
(mM) 

DIC 
(mM) 

DOC 
(mM) 

Eh 
(mV) 

Cond 
(mS/cm) 

Input Water 0 1.41 4.00 0.91 0.00 0.02 n.d. 0.17 88 1.17 

RC-03-00 1 1477.5 673.9 0.93 0.15 0.34 n.d. 17.5 88.0 88.3 

RC-03-01 2 914.1 511.8 0.15 0.52 0.30 n.d. 16.3 -192.5 76.9 

RC-03-02 3 628.2 378.3 0.02 0.24 0.65 n.d. 12.2 -169.6 58.2 

RC-03-03 4 222.9 130.6 0.01 0.15 0.88 n.d. 8.15 -166.2 31.8 

RC-03-04 7 56.6 63.9 0.00 0.21 0.61 3.46 2.81 -165.8 11.91 

RC-03-05 8 28.7 37.6 0.02 0.22 0.39 n.d. 1.28 -174.3 7.78 

RC-03-06 9 23.8 32.3 0.00 0.15 0.30 n.d. 1.34 -181.4 6.98 

RC-03-07 10 24.3 33.8 0.05 0.16 0.27 n.d. 1.19 -165.7 6.99 

RC-03-08 11 21.1 33.4 0.12 0.15 0.23 n.d. 0.96 -138.4 6.64 

RC-03-09 13 20.1 36.7 0.01 0.17 0.18 2.27 0.91 -59.5 6.05 

RC-03-10 15 16.7 35.6 0.01 0.09 n.d. n.d. n.d. -25.0 5.66 

RC-03-11 16 13.7 29.4 0.12 0.01 n.d. n.d. n.d. -30.3 5.54 

RC-03-12 17 12.5 28.8 0.01 b.d.l. n.d. n.d. n.d. -77.0 5.31 

RC-03-13 19 10.4 28.2 0.02 b.d.l. n.d. 2.63 n.d. n.d. 4.97 

RC-03-14 22 8.61 27.0 0.07 b.d.l. n.d. n.d. n.d. n.d. 4.66 

RC-03-15 23 7.71 27.0 0.01 b.d.l. 0.11 n.d. 0.82 -161.5 4.31 

RC-03-16 24 7.34 27.2 b.d.l. b.d.l. n.d. n.d. n.d. -142.8 4.28 

RC-03-17 25 6.83 26.3 b.d.l. b.d.l. n.d. n.d. n.d. -160.9 4.19 

RC-03-18 27 6.08 26.1 b.d.l. b.d.l. n.d. 3.08 n.d. -183.3 4.08 

RC-03-19 29 5.50 25.7 b.d.l. b.d.l. n.d. n.d. n.d. -216.0 3.97 

RC-03-20 30 5.97 30.7 b.d.l. b.d.l. n.d. n.d. 0.66 -239.4 3.93 

RC-03-21 31 4.92 25.4 b.d.l. b.d.l. n.d. n.d. n.d. -252.8 3.84 

RC-03-22 32 5.10 29.6 b.d.l. b.d.l. n.d. 3.18 n.d. -261.3 3.79 

RC-03-23 34 4.22 24.7 b.d.l. b.d.l. n.d. n.d. n.d. -266.5 3.72 

RC-03-24 36 4.25 28.4 b.d.l. b.d.l. n.d. n.d. n.d. -267.5 3.62 

RC-03-25 37 4.11 28.5 b.d.l. b.d.l. 0.13 n.d. 0.57 -274.9 3.57 

RC-03-26 38 3.55 23.8 b.d.l. b.d.l. n.d. n.d. n.d. -277.7 3.53 

RC-03-27 39 4.11 29.0 b.d.l. b.d.l. n.d. n.d. n.d. -258.3 3.56 

RC-03-28 41 3.58 27.8 b.d.l. b.d.l. n.d. 2.84 n.d. -275.6 3.50 

RC-03-29 43 3.39 28.3 b.d.l. b.d.l. n.d. n.d. n.d. -285.4 3.42 

RC-03-30 44 3.28 27.4 b.d.l. b.d.l. n.d. n.d. n.d. -282.7 3.38 

RC-03-31 45 3.15 27.4 b.d.l. b.d.l. n.d. n.d. n.d. -261.9 3.34 

RC-03-32 46 2.93 27.0 b.d.l. b.d.l. n.d. n.d. n.d. -292.2 3.32 

RC-03-33 49 2.91 26.7 b.d.l. b.d.l. n.d. 2.43 0.69 -280.8 3.26 

RC-03-34 50 2.82 26.5 b.d.l. b.d.l. n.d. n.d. n.d. -223.0 3.23 

RC-03-35 51 2.78 26.9 b.d.l. b.d.l. 0.09 n.d. n.d. -283.9 3.20 

RC-03-36 52 2.69 25.9 b.d.l. b.d.l. n.d. n.d. 0.67 -289.5 3.19 

RC-03-37 53 2.66 25.8 b.d.l. b.d.l. n.d. n.d. n.d. -248.0 3.12 

RC-03-38 56 2.47 25.8 b.d.l. b.d.l. n.d. 2.24 n.d. -275.0 3.15 

RC-03-39 57 2.38 25.7 b.d.l. b.d.l. n.d. n.d. n.d. -282.9 3.14 

RC-03-40 58 2.02 23.0 b.d.l. b.d.l. n.d. n.d. 0.37 -287.4 3.13 

RC-03-41 59 1.97 22.9 b.d.l. b.d.l. n.d. n.d. n.d. -287.7 3.12 

RC-03-42 60 2.21 27.0 b.d.l. b.d.l. n.d. n.d. n.d. -291.1 3.12 

RC-03-43 63 1.90 22.8 b.d.l. b.d.l. n.d. 2.44 n.d. -289.4 3.10 

RC-03-44 64 1.85 22.5 b.d.l. b.d.l. n.d. n.d. n.d. -290.9 3.09 
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Table C.2.1. (continued)        

Sample 
t 

(days) 
Cl‾  

(mM) 
SO4

2-

(mM) 
NO3

‾ 
(mM) 

NO2
‾ 

(mM) 
NH4

+ 
(mM) 

DIC 
(mM) 

DOC 
(mM) 

Eh 
(mV) 

Cond 
(mS/cm) 

RC-03-45 65 1.83 22.8 b.d.l. b.d.l. 0.08 n.d. n.d. -294.5 3.09 

RC-03-46 66 1.80 22.5 0.01 b.d.l. n.d. n.d. n.d. -297.9 3.08 

RC-03-47 67 1.77 22.6 b.d.l. b.d.l. 0.08 n.d. n.d. -300.0 3.07 

RC-03-48 71 1.62 21.9 b.d.l. b.d.l. n.d. 2.26 n.d. -296.1 2.99 

RC-03-49 72 1.90 25.3 b.d.l. b.d.l. n.d. n.d. n.d. -301.0 2.97 

RC-03-50 73 1.73 25.2 b.d.l. b.d.l. n.d. n.d. n.d. -304.8 2.95 

RC-03-51 74 1.71 25.2 b.d.l. b.d.l. n.d. n.d. n.d. -303.7 2.93 

RC-03-52 77 1.70 25.3 b.d.l. b.d.l. n.d. 2.41 n.d. -280.3 2.92 

RC-03-53 78 1.65 25.0 b.d.l. b.d.l. n.d. n.d. n.d. -262.9 2.91 

RC-03-54 79 1.82 25.2 b.d.l. b.d.l. n.d. n.d. n.d. -292.6 2.91 

RC-03-55 80 1.64 25.3 b.d.l. b.d.l. n.d. n.d. n.d. -295.8 2.90 

RC-03-56 81 1.65 25.3 b.d.l. b.d.l. n.d. n.d. n.d. -293.6 2.90 

RC-03-57 84 1.44 23.8 b.d.l. b.d.l. 0.06 n.d. 0.72 -119.1 2.88 

RC-03-58 85 1.40 23.4 b.d.l. b.d.l. n.d. n.d. n.d. -130.1 2.88 

RC-03-59 86 1.38 23.3 b.d.l. b.d.l. 0.04 n.d. n.d. -225.4 2.88 

RC-03-60 87 1.37 23.2 b.d.l. b.d.l. 0.05 n.d. n.d. -260.2 2.86 

RC-03-61 88 1.36 23.6 0.01 b.d.l. 0.05 n.d. 0.58 -270.4 2.85 

RC-03-62 91 1.35 23.1 b.d.l. b.d.l. n.d. n.d. n.d. -92.1 2.85 

RC-03-63 92 1.40 20.1 0.02 b.d.l. n.d. n.d. n.d. -97.3 2.83 

RC-03-64 93 1.27 17.3 0.01 b.d.l. n.d. n.d. n.d. -214.4 2.82 

RC-03-65 94 1.40 20.3 0.01 b.d.l. n.d. n.d. 0.81 -247.6 2.82 

RC-03-66 95 1.25 17.4 0.01 b.d.l. n.d. n.d. n.d. -267.8 2.82 

RC-03-67 98 1.28 17.2 0.10 b.d.l. n.d. n.d. n.d. -219.4 2.82 

RC-03-68 99 1.37 20.1 b.d.l. b.d.l. n.d. n.d. n.d. -135.2 2.81 

RC-03-69 100 1.25 17.3 b.d.l. b.d.l. n.d. n.d. n.d. -208.8 2.82 

RC-03-70 101 1.23 17.2 0.03 b.d.l. 0.03 n.d. 0.35 -91.9 2.81 

RC-03-71 102 1.39 20.1 0.01 b.d.l. n.d. n.d. n.d. -134.7 2.82 

RC-03-72 105 1.22 17.3 0.01 b.d.l. n.d. n.d. n.d. -184.0 2.81 

RC-03-73 106 1.39 19.9 b.d.l. b.d.l. n.d. n.d. n.d. -205.5 2.81 

RC-03-74 107 1.37 20.2 b.d.l. b.d.l. n.d. n.d. n.d. -241.5 2.83 

RC-03-75 108 1.43 20.3 b.d.l. b.d.l. n.d. n.d. n.d. -225.0 2.84 

RC-03-76 109 1.41 20.1 b.d.l. b.d.l. n.d. n.d. n.d. -202.9 2.82 

RC-03-77 112 1.41 20.0 b.d.l. b.d.l. n.d. n.d. n.d. -19.9 2.82 

RC-03-78 114 1.38 20.7 b.d.l. b.d.l. n.d. n.d. n.d. -98.2 2.82 

RC-03-79 115 1.37 20.4 b.d.l. b.d.l. n.d. n.d. n.d. -2.6 2.82 

RC-03-80 116 1.39 20.4 b.d.l. b.d.l. 0.03 n.d. 0.54 22.6 2.81 

RC-03-81 119 1.39 17.7 b.d.l. b.d.l. n.d. n.d. n.d. 35.7 2.56 

RC-03-82 120 1.42 10.5 b.d.l. b.d.l. n.d. n.d. n.d. -18.3 1.81 

RC-03-83 121 1.43 8.98 b.d.l. b.d.l. 0.02 n.d. 0.49 -72.9 1.63 

RC-03-84 123 1.45 7.40 b.d.l. b.d.l. n.d. n.d. n.d. -204.7 1.44 

RC-03-85 126 1.34 5.23 b.d.l. 0.09 n.d. n.d. n.d. -30.5 1.22 

RC-03-86 127 1.39 4.94 b.d.l. 0.13 n.d. n.d. 0.34 95.3 1.17 

RC-03-87 129 1.25 4.41 b.d.l. 0.08 n.d. n.d. n.d. 43.2 1.15 

RC-03-88 130 1.40 4.75 b.d.l. 0.05 n.d. n.d. n.d. 16.4 1.13 

RC-03-89 133 1.44 4.57 0.13 0.03 n.d. n.d. 0.31 84.4 1.11 

RC-03-90 134 1.44 4.37 0.21 0.03 0.02 n.d. n.d. 82.5 1.11 
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Table C.2.1. (continued)         

Sample 
t 

(days) 
Cl‾  

(mM) 
SO4

2-

(mM) 
NO3

‾ 
(mM) 

NO2
‾ 

(mM) 
NH4

+ 

(mM) 
DIC 

(mM) 
DOC 
(mM) 

Eh 
(mV) 

Cond 
(mS/cm) 

RC-03-91 135 1.43 4.37 0.22 0.02 n.d. n.d. n.d. 73.0 1.11 

RC-03-92 137 1.48 4.52 0.03 0.02 n.d. n.d. n.d. 35.9 1.11 

RC-03-93 140 1.47 4.53 b.d.l. b.d.l. n.d. n.d. n.d. -56.7 1.10 

RC-03-94 141 1.37 3.76 0.01 b.d.l. n.d. n.d. n.d. -30.8 1.09 

RC-03-95 142 1.37 3.76 0.03 0.02 0.02 n.d. n.d. -21.3 1.09 

RC-03-96 143 1.38 3.79 0.05 0.02 n.d. n.d. 0.22 24.9 1.09 

RC-03-97 144 1.27 3.28 0.04 0.01 n.d. n.d. n.d. 37.1 1.10 

RC-03-98 149 1.44 3.81 0.06 0.01 n.d. n.d. n.d. 96.4 1.10 

RC-03-99 151 1.54 3.92 0.10 0.02 n.d. n.d. 0.23 74.3 1.10 

RC-03-101 163 1.67 6.09 0.05 0.03 n.d. n.d. n.d. -67.0 n.d. 

RC-03-104 184 1.69 3.92 0.23 0.05 n.d. n.d. n.d. 69.8 n.d. 

RC-03-105 192 1.72 5.49 0.27 0.06 n.d. n.d. n.d. 118.6 n.d. 

RC-03-106 205 1.67 5.70 0.60 0.09 n.d. n.d. n.d. 138.5 n.d. 

RC-03-107 211 2.42 3.97 0.67 0.05 n.d. n.d. n.d. 83.6 n.d. 

RC-03-108 218 2.39 3.80 0.64 0.07 0.02 n.d. n.d. 120.0 n.d. 

RC-03-109 232 2.33 5.09 0.56 0.09 n.d. n.d. n.d. 125.0 n.d. 

RC-03-110 243 4.10 5.23 0.49 0.11 n.d. n.d. n.d. 121.0 n.d. 

RC-03-114 288 2.31 5.87 0.76 b.d.l. n.d. n.d. 0.18 104.9 n.d. 

RC-03-115 296 2.44 6.10 0.94 b.d.l. n.d. n.d. n.d. 85.5 n.d. 
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Table C.2. 2: Chemical characterization of the input water along experiment. (b.d.l.: below detection limit. 
n.d.: not determined) 

t 
(day) 

Input water 
Sample 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

0 RC-03-00-1 1.32 4.00 0.86 b.d.l. 

4 RC-03-00-2 1.21 3.27 0.76 b.d.l. 

8 RC-03-00-3 1.32 4.00 0.85 b.d.l. 

11 RC-03-00-4 1.20 3.36 0.76 b.d.l. 

15 RC-03-00-5 1.33 4.00 0.88 b.d.l. 

18 RC-03-00-6 1.34 3.93 0.86 b.d.l. 

21 RC-03-00-7 1.35 4.02 0.86 b.d.l. 

24 RC-03-00-8 1.25 3.33 0.81 b.d.l. 

27 RC-03-00-9 1.41 3.37 0.83 b.d.l. 

28 RC-03-00-10 1.43 3.45 0.84 b.d.l. 

31 RC-03-00-11 1.29 3.35 0.85 b.d.l. 

35 RC-03-00-12 1.24 3.29 0.80 b.d.l. 

37 RC-03-00-13 1.39 3.99 0.91 b.d.l. 

42 RC-03-00-14 1.40 3.94 0.91 b.d.l. 

46 RC-03-00-15 1.39 4.07 0.90 b.d.l. 

48 RC-03-00-16 1.39 4.09 0.91 b.d.l. 

53 RC-03-00-17 1.39 3.91 0.84 b.d.l. 

55 RC-03-00-18 1.36 4.01 0.88 b.d.l. 

59 RC-03-00-19 1.33 3.72 0.82 b.d.l. 

62 RC-03-00-20 1.24 3.84 0.84 b.d.l. 

66 RC-03-00-21 1.43 3.90 0.78 b.d.l. 

72 RC-03-00-22 1.38 4.34 0.92 b.d.l. 

76 RC-03-00-23 1.37 4.54 0.93 b.d.l. 

87 RC-03-00-24 1.38 4.04 0.88 b.d.l. 

100 RC-03-00-25 1.20 3.64 0.95 b.d.l. 

116 RC-03-00-26 1.28 3.53 0.91 b.d.l. 
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Table C.2.3. Isotopic characterization of SO4

2- for 
outflow water of column experiment. 

Sample 
δ34SSO4  

(‰) 
δ18OSO4 

(‰) 

Input water -17.0 -+4.9 

RC-03-00 -20.1 +4.3 

RC-03-01 -20.3 +5.3 

RC-03-02 -19.8 +6.8 

RC-03-03 -19.9 +6.4 

RC-03-04 -19.4 +4.9 

RC-03-05 -19.1 +6.9 

RC-03-07 -19.2 +6.4 

RC-03-08 -19.3 n.d. 

RC-03-09 -19.3 +6.7 

RC-03-15 -19.8 +5.7 

RC-03-25 -19.4 +4.0 

RC-03-30 -19.4 +6.4 

RC-03-35 -19.2 +5.0 

RC-03-40 -19.3 +5.1 
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Table C.2. 4. Chemical results for column profiles 

Profile day 39 Flow rate = 150 mL/day   

Sample 
Height 
(cm) 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

Input water 24 1.40 3.94 0.91 b.d.l. 

RC-PV-1-1 19 1.42 9.93 0.58 0.07 

RC-PV-1-2 12 1.59 23.47 0.07 0.01 

RC-PV-1-3 10 1.60 23.29 b.d.l. 0.01 

RC-PV-1-4 7 1.89 23.85 b.d.l. b.d.l. 
RC-PV-1-7 0 3.58 27.77 b.d.l. b.d.l. 

      

Profile day 67 Flow rate = 150 mL/day     

Sample 
Height 
(cm) 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

Input water 24 1.40 3.94 0.91 b.d.l. 

RC-PV-2-1 19 1.44 4.25 0.80 0.05 

RC-PV-2-2 12 1.38 21.09 0.03 b.d.l. 
RC-PV-2-3 10 1.49 24.62 b.d.l. b.d.l. 
RC-PV-2-4 7 1.32 21.02 b.d.l. b.d.l. 
RC-PV-2-5 5 1.51 24.75 b.d.l. b.d.l. 
RC-PV-2-6 2 1.53 24.48 0.01 b.d.l. 
RC-PV-2-7 0 1.80 22.50 0.01 b.d.l. 

      

Profile day 74 Flow rate = 200 mL/day       

Sample 
Height 
(cm) 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

Input water 24 1.40 3.94 0.92 b.d.l. 

RC-PV-3-1 19 1.33 3.63 0.75 0.09 

RC-PV-3-2 12 1.27 20.22 0.04 b.d.l. 
RC-PV-3-3 10 1.45 24.18 0.03 b.d.l. 
RC-PV-3-4 7 1.48 24.20 0.01 b.d.l. 
RC-PV-3-5 5 1.45 24.40 b.d.l. b.d.l. 
RC-PV-3-6 2 1.32 20.49 b.d.l. b.d.l. 
RC-PV-3-7 0 1.71 25.16 b.d.l. b.d.l. 

      

Profile day 81  Flow rate =  200mL/day      

Sample 
Height 
(cm) 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

Input water 24 1.40 3.94 0.93 b.d.l. 

RC-PV-4-1 19 1.52 4.68 0.81 0.11 

RC-PV-4-2 12 1.46 17.97 0.15 0.03 

RC-PV-4-3 10 1.47 23.91 b.d.l. b.d.l. 
RC-PV-4-4 7 1.48 24.23 b.d.l. b.d.l. 
RC-PV-4-5 5 1.49 24.17 b.d.l. b.d.l. 
RC-PV-4-6 2 1.47 23.95 b.d.l. b.d.l. 
RC-PV-4-7 0 1.43 24.54 b.d.l. b.d.l. 
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Table C.2. 4. (continued) 

Profile day 88  Flow rate =  200 mL/day     

Sample 
Height 
(cm) 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

Input water 24 1.40 3.94 0.88 b.d.l. 

RC-PV-5-1 19 1.29 3.30 0.72 0.07 

RC-PV-5-2 12 1.42 6.10 0.33 0.03 

RC-PV-5-3 10 1.26 17.96 0.10 0.01 

RC-PV-5-4 7 1.42 0.00 0.07 b.d.l. 
RC-PV-5-5 5 1.29 22.48 0.01 b.d.l. 
RC-PV-5-6 2 1.28 22.43 0.01 b.d.l. 
RC-PV-5-7 0 1.36 23.58 0.01 b.d.l. 

      

Profile day 112 Flow rate = 200 mL/day     

Sample 
Height 
(cm) 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

Input water 24 1.20 3.64 0.95 b.d.l. 

Supernatant 24 1.28 4.11 0.91 0.02 

RC-PV-6-1 19 1.29 4.10 0.90 0.03 

RC-PV-6-2 12 1.29 4.21 0.67 0.03 

RC-PV-6-3 10 1.28 4.36 0.57 0.01 

RC-PV-6-4 7 1.25 4.49 0.38 b.d.l. 
RC-PV-6-5 5 1.25 6.85 0.12 b.d.l. 
RC-PV-6-6 2 1.26 21.56 0.01 b.d.l. 
RC-PV-6-7 0 1.26 22.53 b.d.l. b.d.l. 

      

Profile day 123 Flow rate = 290 mL/day     

Sample 
Height 
(cm) 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

Input water 24 1.28 3.53 0.91 b.d.l. 

RC-PV-7-1 19 1.52 3.16 0.81 0.02 

RC-PV-7-2 12 1.40 3.22 0.67 0.02 

RC-PV-7-3 10 1.66 3.80 0.65 0.02 

RC-PV-7-4 7 1.71 3.97 0.51 0.01 

RC-PV-7-5 5 1.75 4.44 0.23 b.d.l. 
RC-PV-7-6 2 1.44 11.82 0.06 b.d.l. 
RC-PV-7-7 0 1.37 15.72 0.05 b.d.l. 

      

Profile day 135 Flow rate = 290 mL/day   

Sample 
Height 
(cm) 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

Input water 24 1.28 3.53 0.91 b.d.l. 
RC-PV-8-1 19 1.34 3.56 0.86 b.d.l. 
RC-PV-8-2 12 1.41 3.95 0.69 0.03 

RC-PV-8-3 10 1.44 3.98 0.62 0.03 

RC-PV-8-4 7 1.41 3.98 0.59 0.02 

RC-PV-8-5 5 1.43 4.11 0.52 b.d.l. 
RC-PV-8-6 2 1.44 4.45 0.29 b.d.l. 
RC-PV-8-7 0 1.39 4.50 0.22 b.d.l. 
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Table C.2. 4. (continued) 

Profile day 243  Flow rate = 50 mL/day   

Sample 
Height 
(cm) 

Cl‾ 

(mM) 
SO4

2- 

(mM) 
NO3

‾ 

(mM) 
NO2

‾ 
(mM) 

Input water 24 1.25 4.42 0.85 b.d.l. 

RC-PV-9-1 19 1.49 5.54 0.77 0.03 

RC-PV-9-3 10 1.55 5.47 0.72 0.03 

RC-PV-9-4 7 1.45 5.42 0.64 0.01 

RC-PV-9-5 5 1.80 5.54 0.55 0.01 

RC-PV-9-6 2 1.47 5.54 0.55 b.d.l. 

RC-PV-9-7 0 1.67 5.23 0.60 0.09 

 
 
 

Table C.2.5.  NO3
¯ isotopic characterization for 

profile day 112 

Sample 
δ15NNO3  

(‰) 
δ18ONO3 

(‰) 

Input water +9.5 +4.0 

RC-PV-6-1 +9.5 +7.0 

RC-PV-6-2 +16.5 +12.2 

RC-PV-6-3 +21.0 +17.8 

RC-PV-6-4 +25.6 +22.3 

RC-PV-6-5 +27.2 +24.5 
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Table C.2. 6. Chemical results for batch experiment. (b.d.l.: below detection limit. n.d.: not 
determined) 

Sample 
Cl‾  

(mM) 
SO4

2-

(mM) 
NO3

‾ 
(mM) 

NO2
‾ 

(mM) 
NH4

+ 
(mM) 

DIC 
(mM) 

DOC 
(mM) 

Initial 1.288 3.58 0.89 0.00 0.02 6.23 0.2 

RC-04-01 115.9 67.0 0.60 0.23 n.d. n.d. n.d. 

RC-04-02 n.d. n.d. 0.55 0.11 0.03 5.19 1.17 

RC-04-03 114.6 70.3 0.55 0.34 n.d. n.d. n.d. 

RC-04-04 n.d. n.d. 0.47 0.38 0.07 5.59 0.77 

RC-04-05 n.d. n.d. 0.45 0.35 n.d. n.d. n.d. 

RC-04-06 124.2 76.8 0.26 0.55 0.08 5.60 0.72 

RC-04-07 115.7  0.13 0.66 0.01 5.64 0.65 

RC-04-08 131.5 81.3 0.09 0.70 n.d. n.d. n.d. 

RC-04-09 118.7 75.2 b.d.l. 0.63 n.d. n.d. 0.68 

   

 
 
 

Table C.2. 7.  Nitrate and SO4
2- isotopic characterization for batch experiments 

Sample 
δ34SSO4  

(‰) 
δ18OSO4  

(‰) 
δ15NNO3  

(‰) 
δ18ONO3  

(‰) 

Input water -17.0 +4.9 +9.5 +4.0 

RC-04-02 -21.6 +17.0 +20.1 +15.0 

RC-04-04 -21.7 +16.3 +31.0 +23.0 

RC-04-06 -21.0 +16.6 +31.0 +28.9 

RC-04-07 -21.4 +16.5 n.d. n.d. 
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Appendix C.3: 

 

 

 
Chemical and Isotopic data of 

Pétrola groundwater 

Appendix A-3 
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Table C.3.1: Values of pH, Conductivity, Hardness and oxygen for Pétrola 
groundwater samples of Zone 1. (n.d.: not determined) 
 
Sample ID 

Sampling 
Date 

pH 
Conductivity 

(µS/cm) 
Hardness 
( mg/L) 

O2 

(mg/L) 

Zone 1    

2560 Apr-2008 8.3 1137 574.8 n.d. 

2564 Apr-2008 8 1383 759.9 n.d. 

2579 Apr-2008 7.49 2180 1283.2 n.d. 

2581 Apr-2008 7.31 1173 647.7 n.d. 

2582 Apr-2008 7.19 1621 890.6 n.d. 
      

2535 May-2008 7.5 1096 553.3 0.9 

2537 May-2008 7.65 615 308.3 1.32 

2560 May-2008 8.67 1064 633.5 3.09 

2564 May-2008 8.11 1463 725.1 1.07 

2579 May-2008 7.48 1237 633.5 0.82 

2581 May-2008 7.48 1248 660.1 0.69 

2582 May-2008 7.38 1757 932.3 0.73 

      
2535 Jun-2008 7.85 899 474.3 0.94 

2537 Jun-2008 7.54 561 312.2 1.03 

2560 Jun-2008 8.92 761 371.5 3.51 

2564 Jun-2008 7.48 1090 699.6 0.98 

2579 Jun-2008 7.1 949 509.9 0.9 

2581 Jun-2008 7.51 1106 616.6 0.73 

2582 Jun-2008 7.58 1358 774.7 0.68 

      
2535 Jul-2008 7.36 1044 529.4 4.73 

2537 Jul-2008 7.36 619 309.8 1.62 

2560 Jul-2008 8.15 971 454.9 2.67 

2564 Jul-2008 7.76 1223 576.4 0.72 

2579 Jul-2008 7.52 999 490 1.17 

2581 Jul-2008 7.68 1144 615.6 0.76 

2582 Jul-2008 7.53 1757 948 1.05 

      
2535 Aug-2008 7.33 1029 513.8 1.32 

2537 Aug-2008 7.21 543 284.6 1.36 

2560 Aug-2008 7.41 1234 608.7 2.29 

2564 Aug-2008 7.64 1329 628.4 1.5 

2579 Aug-2008 7.65 964 474.3 0.92 

2581 Aug-2008 7.49 1173 636.3 1.11 

2582 Aug-2008 7.89 1730 893.2 1.24 

2621 Aug-2008 7.33 878 438.7 1.04 

      
2535 Sep-2008 7.27 986 520.5 0.99 

2537 Sep-2008 7.37 541 310.8 1.94 

2560 Sep-2008 8.02 967 470.5 1.9 

2564 Sep-2008 8.04 1310 637.1 1.11 

2581 Sep-2008 7.92 846 412.2 0.67 

2582 Sep-2008 7.75 1688 928.6 0.91 

2621 Sep-2008 7.59 903 487.2 0.78 

2579 Sep-2008 7.57 964 479.6 0.89 
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Table C.3.1 (continued) 
 

  

Sample ID 
Sampling 

Date 
pH 

Conductivity 
(µS/cm) 

Hardness 
( mg/L) 

O2 

(mg/L) 

2535 Oct-2008 8.45 842 454.2 1.68 

2537 Oct-2008 7.21 507 266.9 1.11 

2560 Oct-2008 7.95 984 525.9 2.23 

2564 Oct-2008 7.6 1384 653.4 1.2 

2579 Oct-2008 7.94 840 406.4 0.7 

2581 Oct-2008 7.66 1124 577.7 0.87 

2582 Oct-2008 7.52 1622 868.5 0.91 

2621 Oct-2008 7.65 898 475.6 2.25 

      
2535 Nov-2008 n.d. n.d. n.d. n.d. 

2537 Nov-2008 n.d. n.d. n.d. n.d. 

2560 Nov-2008 8.28 889 385.5 3.95 

2564 Nov-2008 8 1520 710.8 1.18 

2581 Nov-2008 7.53 1260 677.3 0.389 

2582 Nov-2008 n.d. n.d. n.d. n.d. 

2621 Nov-2008 7.63 1012 525.9 1.39 

2579 Nov-2008 8.11 1089 641.4 1.32 

      
2535 Dec-2008 7.69 971 481.7 0.77 

2537 Dec-2008 7.26 665 315.7 1.74 

2560 Dec-2008 8.26 861 384.6 3.61 

2564 Dec-2008 7.33 1425 672 1.66 

2581 Dec-2008 7.78 1071 631.5 0.93 

2582 Dec-2008 8.32 1548 797.5 0.81 

2621 Dec-2008 7.73 995 457.4 1.91 

2579 Dec-2008 7.36 1041 522.2 0.66 

      
2535 Jan-2009 7.93 1100 565.1 n.d. 

2537 Jan-2009 7.8 649 296.8 n.d. 

2560 Jan-2009 8.33 943 430.9 n.d. 

2564 Jan-2009 7.85 1223 625.5 n.d. 

2579 Jan-2009 7.46 883 466.1 n.d. 

2581 Jan-2009 7.65 1158 617.5 n.d. 

2582 Jan-2009 7.7 1374 784.8 n.d. 

2621 Jan-2009 7.71 902 443.1 n.d. 
      

2535 Feb-2009 n.d. n.d. 579 n.d. 

2537 Feb-2009 n.d. n.d. 345 n.d. 

2560 Feb-2009 n.d. n.d. 472 n.d. 

2564 Feb-2009 n.d. n.d. 591 n.d. 

2579 Feb-2009 n.d. n.d. 369 n.d. 

2581 Feb-2009 n.d. n.d. 651 n.d. 

2581 Feb-2009 n.d. n.d. n.d. n.d. 

2621 Feb-2009 n.d. n.d. 456 n.d. 

2536 Feb-2009 n.d. n.d. 660 n.d. 
      

2535 Mar-2009 n.d. n.d. 317 n.d. 

2537 Mar-2009 n.d. n.d. 496 n.d. 

2560 Mar-2009 n.d. n.d. 528 n.d. 
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Table C.3.1. (continued)   

Sample ID 
Sampling 

Date 
pH 

Conductivity 
(µS/cm) 

Hardness 
( mg/L) 

O2 

(mg/L) 

2564 Mar-2009 n.d. n.d. 583 n.d. 
2581 Mar-2009 n.d. n.d. 556 n.d. 

2621 Mar-2009 n.d. n.d. 444 n.d. 
      

2535 Apr-2009 n.d. n.d. 519.9 n.d. 

2537 Apr-2009 n.d. n.d. 341 n.d. 

2560 Apr-2009 n.d. n.d. 440.5 n.d. 

2564 Apr-2009 n.d. n.d. 564 n.d. 

2579 Apr-2009 n.d. n.d. 377 n.d. 

2581 Apr-2009 n.d. n.d. 517.8 n.d. 

2621 Apr-2009 n.d. n.d. 567 n.d. 
      

2535 May-2009 n.d. n.d. 544 n.d. 

2564 May-2009 n.d. n.d. 579 n.d. 

2579 May-2009 n.d. n.d. 452 n.d. 

2621 May-2009 n.d. n.d. n.d. n.d. 

2581 May-2009 n.d. n.d. 556 n.d. 
      

2579 Jun-2009 n.d. n.d. n.d. n.d. 

2579 Jun-2009 n.d. n.d. 587 n.d. 
      

2564 Feb-2010 n.d. n.d. n.d. n.d. 

2579 Feb-2010 n.d. n.d. n.d. n.d. 

2581 Feb-2010 n.d. n.d. n.d. n.d. 
      

2564 Apr-2010 n.d. n.d. 696 n.d. 

2579 Apr-2010 n.d. n.d. 455 n.d. 

2581 Apr-2010 n.d. n.d. 632 n.d. 

      
2564 Jul-2010 n.d. n.d. 719 n.d. 

2579 Jul-2010 n.d. n.d. 534 n.d. 

2581 Jul-2010 n.d. n.d. 668 n.d. 
      

2564 Oct-2010 n.d. n.d. 766 n.d. 

2581 Oct-2010 n.d. n.d. 721 n.d. 
      

2564 Nov-2010 n.d. n.d. 766 n.d. 
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Table C.3.2: Values of pH, Conductivity, Hardness and oxygen for Pétrola groundwater samples 
of Zone 2. (n.d. not determined) 

Sample ID 
Sampling 

Date 
pH 

Conductivity 
(µS/cm) 

Hardness 
(mg/L ) 

O2 

(mg/L) 

Zone 2    

2554 Apr-2008 7.97 1754 1036.3 1.00 

2571 Apr-2008 7.90 1738 943.2 5.00 

      
2554 May-2008 8.12 1861 1035.5 2.75 

2571 May-2008 8.24 1725 897.2 6.87 

2602 May-2008 8.70 2930 1454.5 4.77 

      
2554 Jun-2008 8.06 762 968.3 2.78 

2571 Jun-2008 7.46 1402 782.2 5.35 

2602 Jun-2008 8.45 2880 1560.4 5.26 

      
2554 Jul-2008 8.16 1692 908.5 1.29 

2571 Jul-2008 7.59 1612 799.9 7.07 

2602 Jul-2008 8.47 2600 1317 5.25 

      
2554 Aug-2008 8.11 1747 956.5 2.07 

      
2554 Sep-2008 8.55 1760 1028.5 2.93 

      
2554 Oct-2008 8.03 1937 1099.3 2.80 

      
2554 Nov-2008 n.d. n.d. n.d. n.d. 

2602 Nov-2008 8.18 3350 1677.3 6.47 

      
2554 Dec-2008 7.73 1819 574.8 1.50 

2571 Dec-2008 8.30 1693 846 7.92 

2602 Dec-2008 8.06 3380 1740.6 n.d 

      
2554 Jan-2009 7.93 1727 959.4 n.d. 

2571 Jan-2009 7.45 1679 857.8 n.d. 

2602 Jan-2009 8.16 3010 1528.5 n.d. 
      

2554 Feb-2009 n.d. n.d. 916 n.d. 

2571 Feb-2009 n.d. n.d. 754 n.d. 

2602 Feb-2009 n.d. n.d. 1556 n.d. 
      

2554 Mar-2009 n.d. n.d. 917 n.d. 

2571 Mar-2009 n.d. n.d. 790 n.d. 

2602 Mar-2009 n.d. n.d. 1344 n.d. 
      

2554 Apr-2009 n.d. n.d. 893 n.d. 

2571 Apr-2009 n.d. n.d. 806 n.d. 

2602 Apr-2009 n.d. n.d. 1416.7 n.d. 
      

2554 May-2009 n.d. n.d. 897 n.d. 

      
2554 Feb-2010 n.d. n.d. n.d. n.d. 

2571 Feb-2010 n.d. n.d. n.d. n.d. 

2602 Feb-2010 n.d. n.d. n.d. n.d. 
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Table C.3.2. (continued)    

Sample ID 
Sampling 

Date 
pH 

Conductivity 
(µS/cm) 

Hardness 
( mg/L) 

O2 

(mg/L) 

2554 May-2010 n.d. n.d. 72.6 n.d. 
2571 May-2010 n.d. n.d. 838 n.d. 

2602 May-2010 n.d. n.d. 1012 n.d. 

2642 May-2010 8.05 2510 1530 n.d. 

2640 Jun-2010 8.00 1046 n.d. 1.19 

2554 Jul-2010 n.d. n.d. 941 n.d. 

2571 Jul-2010 n.d. n.d. 968 n.d. 

2602 Jul-2010 n.d. n.d. 1431 n.d. 
      

2554 Oct-2010 n.d. n.d. 1008 n.d. 

2571 Oct-2010 n.d. n.d. 889 n.d. 

2602 Oct-2010 n.d. n.d. 1602 n.d. 

2640 Oct-2010 n.d. n.d. 1213 n.d. 

2641 Oct-2010 n.d. n.d. 635 n.d. 

2642 Oct-2010 n.d. n.d. 1549 n.d. 
      

2554 Nov-2010 n.d. n.d. 1000 n.d. 

2571 Nov-2010 n.d. n.d. 984 n.d. 

2602 Nov-2010 n.d. n.d. 1611 n.d. 

2640 Nov-2010 n.d. n.d. 1193 n.d. 

2641 Nov-2010 n.d. n.d. 627 n.d. 

2642 Nov-2010 n.d. n.d. 1607 n.d. 
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Table C.3.3: Values of pH, Conductivity, Hardness and oxygen for Pétrola groundwater samples of Zone 3 
(n.d. not determined, s.w. surface water) 
 

Sample ID 
Depth 

m 
Sampling 

Date 
pH 

Conductivity 
(µS/cm) 

Hardness 
(mg/L) 

O2 

(mg/L) 

Zone 3 

2623 37.0 Sep-2008 7.86 2750 1380.4 1.24 

       
2623 37.0 Oct-2008 7.31 3040 1669.8 1.28 

       
2623 37.0 Nov-2008 7.26 3020 1618.4 1.39 

       
2623 37.0 Dec-2008 7.66 2720 1457.3 1.22 

       
2623 37.0 Jan-2009 7.49 2730 1490 n.d.. 

       
2623 37.0 Feb-2009 n.d. n.d. 1068 n.d. 

       
2623 37.0 Mar-2009 n.d. n.d. 1419 n.d. 

       
2623 37.0 Apr-2009 n.d. n.d. 1408.8 n.d. 

       
2623 37.0 May-2009 7.45 2410 1294.8 n.d. 

2624 25.8 May-2009 7.14 51200 18724.8 n.d. 

2626 12.1 May-2009 7.18 96000 54580.8 n.d. 

2626 12.1 May-2009 n.d. n.d. n.d. n.d. 

2623 37.0 May-2009 n.d. n.d. 1452 n.d. 

2624 25.8 May-2009 n.d. n.d. 10787 n.d. 

2626 12.1 May-2009 n.d. n.d. 52556 n.d. 

2623 37.0 May-2009 n.d. n.d. n.d. n.d. 

2625 34.1 May-2009 n.d. n.d. n.d. n.d. 
       

2626 12.1 Jan-2009 n.d. n.d. n.d. n.d. 
       

2623 37.0 Feb-2010 7.25 2660 1570 n.d. 

2624 25.8 Feb-2010 7.05 63500 31900 n.d. 

2625 34.1 Feb-2010 7.55 22600 9800 n.d. 

2626 12.1 Feb-2010 7.2 93900 59800 n.d. 

2635 s.w. Feb-2010 9.18 72500 n.d. 0.23 

       
2623 37.0 Apr-2010 7.5 2650 1570 n.d. 

2624 25.8 Apr-2010 7 68100 36400 n.d. 

2625 34.0 Apr-2010 7.6 8390 3850 n.d. 

2626 12.1 Apr-2010 7 92700 63200 n.d. 

2635 s.w. Apr-2010 8.48 59300 n.d. 0.05 

       
2623 37.0 May-2010 7.3 2750 n.d. 0.26 

       
2623 37.0 Jun-2010 7.38 2730 n.d. 0.18 

       
2623 37.0 Jul-2010 7.5 2670 1580 n.d. 

2624 25.8 Jul-2010 7 58700 29400 n.d. 

2625 34.1 Jul-2010 7.55 5940 2650 n.d. 

2626 12.1 Jul-2010 7 86700 59400 n.d. 
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Table C.3.3. (continued)     

Sample ID 
Depth 

m 
Sampling 

Date 
pH 

Conductivity 
(µS/cm) 

Hardness 
( mg/L) 

O2 

(mg/L) 

2635 s.w. Jul-2010 8.28 62500 n.d. 0.09 

       
2623 37.0 Oct-2010 37.0 37.0 37.0 37.0 

2624 25.8 Oct-2010 25.8 25.8 25.8 25.8 

2625 34.1 Oct-2010 34.1 34.1 34.1 34.1 

2626 12.1 Oct-2010 12.1 12.1 12.1 12.1 

2635 s.w. Oct-2010 7.6 116800 n.d. 0.13 

       
2623 37.0 Nov-2010 8.15 2540 1500 n.d. 

2624 25.8 Nov-2010 7.7 40200 17800 n.d. 

2625 34.1 Nov-2010 7.9 15060 6700 n.d. 

2626 12.1 Nov-2010 7.1 86900 58800 n.d. 

2635 s.w. Nov-2010 7.63 123000 n.d. 0.12 
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Table C.3.4. Chemical data for Pétrola groundwater samples of  Zone 1. (n.d. not determined; b.d.l. below detection limit)  

Sample-ID 
Sampling 

Date 
NH4

+ HCO3
‾ Cl‾ SO4

2- NO3
‾ NO2

‾ Na+ K+ Ca2+ Mg2+ Fetot Mn2+ 

Zone 1 mg/L 

2560 Apr-2008 0.18 326.3 91.0 240.3 7.3 0.3 40.9 3.9 62.4 99.8 64.7 2.2 

2564 Apr-2008 0.04 331.0 85.9 227.6 38.7 b.d.l. 43.1 3.4 123.2 106.2 10.8 0.6 

2579 Apr-2008 0.04 316.3 87.0 803.6 60.5 b.d.l. 41.9 8.1 193.6 192.2 13.3 0.6 

2581 Apr-2008 0.01 296.5 58.1 370.4 45.3 b.d.l. 19.0 3.5 107.2 90.3 16.2 1.4 

2582 Apr-2008 0.01 343.9 74.7 501.5 15.7 b.d.l. 37.9 6.2 136.0 131.8 6.4 8.1 

              
2535 May-2008 0.07 293.8 81.8 341.0 1.0 b.d.l. 23.0 9.4 82.5 84.3 36.0 25.0 

2537 May-2008 1.04 199.5 12.7 62.7 77.6 0.7 3.9 1.8 54.0 42.1 7.8 1.4 

2560 May-2008 0.09 238.3 117.2 286.1 22.4 0.5 37.0 21.6 65.1 114.4 50.2 0.8 

2564 May-2008 0.08 280.8 164.2 438.4 74.1 b.d.l. 45.3 3.4 120.6 102.9 13.4 0.7 

2579 May-2008 0.08 336.9 89.8 347.2 2.4 b.d.l. 28.2 5.0 104.8 90.3 52.2 8.1 

2581 May-2008 0.07 280.8 62.9 418.5 73.6 b.d.l. 19.7 3.4 106.3 95.8 18.6 2.3 

2582 May-2008 0.06 334.4 129.3 724.4 10.6 b.d.l. 45.8 6.4 125.4 150.4 49.5 11.7 

              
2535 Jun-2008 0.01 203.3 53.4 221.5 0.5 b.d.l. 24.9 3.2 44.1 88.5 5.0 3.8 

2537 Jun-2008 0.15 177.9 10.9 45.5 80.2 0.1 4.7 1.4 47.2 47.2 5.4 2.5 

2560 Jun-2008 0.04 121.6 60.4 164.4 1.7 b.d.l. 34.4 3.8 29.9 72.1 12.2 2.5 

2564 Jun-2008 0.01 168.8 85.0 284.9 35.5 b.d.l. 34.4 2.4 72.4 126.0 10.8 2.5 

2579 Jun-2008 0.02 236.0 58.7 192.6 1.8 b.d.l. 27.9 5.3 66.1 83.7 5.0 2.5 

2581 Jun-2008 0.01 236.0 46.2 351.5 57.5 b.d.l. 18.7 3.2 91.3 94.3 5.0 2.5 

2582 Jun-2008 0.01 265.0 77.1 562.1 3.9 b.d.l. 30.8 4.1 122.8 113.6 8.6 5.3 

              
2535 Jul-2008 0.06 202.8 58.2 274.2 1.6 b.d.l. 26.2 3.0 60.6 91.8 265.9 13.9 

2537 Jul-2008 0.03 139.5 12.8 61.0 127.1 0.4 7.2 1.3 49.4 45.3 24.3 3.0 

2560 Jul-2008 0.05 187.9 48.8 156.1 16.3 1.1 26.5 3.0 43.0 84.4 128.6 5.9 

2564 Jul-2008 0.03 228.8 89.4 254.8 40.9 b.d.l. 36.0 2.5 87.6 85.9 28.9 2.5 

2579 Jul-2008 0.03 253.0 61.5 208.7 1.4 b.d.l. 22.8 4.3 78.1 71.7 151.0 5.0 

2581 Jul-2008 0.03 240.0 45.1 312.2 56.4 b.d.l. 19.6 3.2 84.5 97.3 169.5 2.5 

2582 Jul-2008 0.03 303.2 96.1 601.3 7.0 b.d.l. 50.8 6.6 143.4 143.5 191.0 8.4 

              
2535 Aug-2008 0.03 262.3 54.8 240.1 1.1 b.d.l. 22.6 2.9 62.2 87.1 22.5 6.1 

2537 Aug-2008 0.03 167.4 10.0 48.9 83.7 b.d.l. 4.4 1.1 41.4 44.0 6.4 2.5 

2560 Aug-2008 0.11 212.1 70.9 380.3 18.8 1.6 36.1 4.2 82.9 97.6 56.8 3.0 

2564 Aug-2008 0.03 212.1 114.4 305.1 51.4 b.d.l. 42.0 3.1 81.3 103.3 23.7 2.5 

2579 Aug-2008 0.12 260.5 63.8 182.8 2.7 b.d.l. 20.7 4.5 70.1 72.7 7.0 2.5 

2581 Aug-2008 0.22 254.9 36.0 263.4 42.0 b.d.l. 13.2 2.5 94.0 97.5 19.2 2.5 

2582 Aug-2008 0.03 273.5 91.1 563.5 5.7 b.d.l. 38.9 6.4 124.3 141.5 70.0 7.3 

2621 Aug-2008 0.12 215.2 39.4 191.3 1.1 b.d.l. 12.9 6.1 62.2 68.9 834.5 15.8 

              
2535 Sep-2008 0.03 223.8 58.4 281.9 1.4 b.d.l. 25.1 3.0 76.8 77.9 59.9 36.3 

2537 Sep-2008 0.04 158.5 9.0 44.6 80.5 b.d.l. 4.1 1.0 42.7 47.7 5.9 2.5 

2560 Sep-2008 0.12 214.5 66.8 195.2 16.9 0.5 32.3 4.0 42.3 88.8 26.3 6.4 

2564 Sep-2008 0.03 169.7 99.7 272.8 44.3 b.d.l. 41.0 2.8 76.8 108.1 7.5 2.5 

2581 Sep-2008 0.03 158.5 34.1 209.1 42.3 b.d.l. 23.3 3.8 61.2 61.0 13.7 2.5 

2582 Sep-2008 0.03 298.4 93.4 559.8 5.3 b.d.l. 47.1 6.6 128.6 147.5 14.6 7.5 
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Table C.3.4. (continued) 

Sample-ID 
Sampling 

Date 
NH4

+ HCO3
‾ Cl‾ SO4

2- NO3
‾ NO2

‾ Na+ K+ Ca2+ Mg2+ Fetot Mn2+ 

Zone 1 mg/L 

2621 Sep-2008 0.03 255.5 38.1 187.5 0.5 b.d.l. 12.3 5.9 72.1 74.6 173.6 5.9 

2579 Sep-2008 0.03 274.7 44.1 99.7 1.6 b.d.l. 23.4 3.8 80.0 66.0 46.6 9.4 

              
2535 Oct-2008 0.07 201.4 50.6 202.5 1.1 b.d.l. 21.6 2.8 41.1 85.4 54.0 11.6 

2537 Oct-2008 0.03 152.9 9.0 45.7 77.7 b.d.l. 3.9 0.7 37.9 40.9 21.5 2.5 

2560 Oct-2008 0.2 216.3 66.6 197.5 10.0 b.d.l. 33.5 3.6 47.4 98.0 26.8 2.5 

2564 Oct-2008 0.03 229.4 115.9 309.5 51.9 b.d.l. 45.2 3.2 85.4 105.9 7.9 2.5 

2579 Oct-2008 0.03 190.2 58.7 156.6 0.5 b.d.l. 20.7 4.1 64.8 58.4 28.2 3.3 

2581 Oct-2008 0.03 197.7 44.2 304.4 54.4 b.d.l. 18.7 3.2 75.9 93.3 8.6 2.5 

2582 Oct-2008 0.031 292.8 93.5 531.8 4.6 b.d.l. 43.2 6.1 128.0 132.3 11.4 5.9 

2621 Oct-2008 0.2 222.7 37.8 186.6 0.5 b.d.l. 12.8 5.6 75.1 68.0 134.3 13.0 

              
2535 Nov-2008 n.d. n.d. 44.0 141.4 1.5 n.d. 23.1 2.7 n.d. n.d. 18.3 7.5 

2537 Nov-2008 n.d. n.d. 9.7 33.4 71.8 n.d. 7.7 0.4 n.d. n.d. 5.0 2.5 

2560 Nov-2008 0.06 136.5 69.1 203.9 3.2 b.d.l. 29.6 3.5 43.4 66.4 39.4 3.6 

2564 Nov-2008 0.03 273.0 113.9 306.2 51.8 b.d.l. 45.1 3.2 120.5 98.6 12.9 2.5 

2581 Nov-2008 0.03 261.6 44.4 313.4 51.7 b.d.l. 18.7 3.3 105.9 99.3 18.7 5.7 

2582 Nov-2008 n.d. n.d. 126.1 619.5 6.7 n.d. 49.8 5.1 n.d. n.d. 11.5 7.3 

2621 Nov-2008 0.24 278.7 38.3 185.9 0.5 b.d.l. 12.9 6.5 101.2 65.4 10.6 85.2 

2579 Nov-2008 0.05 266.0 69.5 322.8 6.7 0.1 44.7 5.5 103.6 93.9 62.8 9.7 

              
2535 Dec-2008 0.03 243.6 55.5 210.7 0.8 b.d.l. 19.0 2.5 52.0 81.6 280.3 23.6 

2537 Dec-2008 0.03 163.6 13.2 54.7 115.0 b.d.l. 6.0 1.5 44.1 46.1 135.0 2.6 

2560 Dec-2008 0.03 174.5 61.4 190.5 4.8 b.d.l. 26.4 3.5 48.8 59.9 575.9 3.8 

2564 Dec-2008 0.03 216.4 115.9 321.8 54.4 b.d.l. 43.2 3.1 85.0 109.7 37.1 10.4 

2581 Dec-2008 0.03 223.6 55.5 348.4 47.9 b.d.l. 17.8 3.1 86.6 98.9 81.5 8.2 

2582 Dec-2008 0.03 194.5 95.0 512.3 8.1 b.d.l. 36.5 5.5 103.9 128.7 428.8 6.6 

2621 Dec-2008 0.48 203.6 49.0 230.9 1.4 b.d.l. 12.9 9.8 67.7 68.1 571.4 3.2 

2579 Dec-2008 0.03 276.4 54.9 141.3 0.5 b.d.l. 25.9 4.9 81.0 70.9 16.2 3.0 

              
2535 Jan-2009 0.05 193.2 24.0 115.7 0.5 b.d.l. 34.2 2.5 61.3 98.1 n.d. 4.6 

2537 Jan-2009 0.6 115.9 10.8 44.1 90.0 b.d.l. 11.6 1.9 43.5 43.7 n.d. 2.5 

2560 Jan-2009 0.05 141.1 35.0 119.1 3.0 0.0 23.9 3.4 40.3 78.2 n.d. 2.5 

2564 Jan-2009 0.06 196.6 48.7 151.8 22.4 b.d.l. 56.1 4.2 76.2 103.8 n.d. 2.5 

2579 Jan-2009 0.05 264.1 38.9 103.0 0.5 b.d.l. 25.4 4.4 69.8 68.9 n.d. 6.6 

2581 Jan-2009 b.d.l. 235.5 27.6 189.3 31.8 b.d.l. 24.2 3.2 90.5 92.2 14.2 2.5 

2582 Jan-2009 0.03 267.9 93.0 491.5 2.4 b.d.l. 38.5 6.0 125.4 112.6 n.d. 6.2 

2621 Jan-2009 0.5 183.6 21.1 106.2 0.5 b.d.l. 11.3 6.8 56.5 71.4 n.d. 2.5 

              
2535 Feb-2009 0.07 241.1 26.7 102.1 0.5 b.d.l. 31.0 3.8 76.0 93.0 n.d. 20.2 

2537 Feb-2009 0.03 117.5 10.8 39.1 60.7 b.d.l. 12.5 2.1 44.0 56.0 n.d. 2.5 

2560 Feb-2009 0.06 202.6 32.4 97.4 6.3 0.1 35.0 4.2 55.0 80.0 n.d. 2.5 

2564 Feb-2009 0.03 202.6 57.6 144.0 26.5 b.d.l. 48.4 3.3 102.0 80.0 n.d. 2.5 

2579 Feb-2009 0.03 119.5 37.7 92.3 0.5 b.d.l. 24.0 5.0 34.0 69.0 n.d. 8.0 

2581 Feb-2009 0.03 250.0 22.2 114.4 23.8 b.d.l. 24.4 3.8 103.0 94.0 n.d. 2.5 
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Table C.3.4. (continued) 

Sample-ID 
Sampling 

Date 
NH4

+ HCO3
‾ Cl‾ SO4

2- NO3
‾ NO2

‾ Na+ K+ Ca2+ Mg2+ Fetot Mn2+ 

Zone 1 mg/L 

2581 Feb-2009 n.d. n.d. n.d. n.d. 55.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

2621 Feb-2009 0.26 192.5 19.2 66.5 1.6 b.d.l. 17.7 7.2 53.0 77.0 n.d. 12.9 

2536 Feb-2009 0.09 228.9 24.3 205.8 32.9 b.d.l. 37.1 6.0 96.0 101.0 n.d. 2.5 

              
2535 Mar-2009 0.03 83.1 63.9 307.3 0.5 b.d.l. 26.9 1.9 37.0 51.0 n.d. 184.6 

2537 Mar-2009 0.22 208.7 19.6 97.2 149.2 b.d.l. 12.1 1.2 61.0 79.0 n.d. 6.0 

2560 Mar-2009 0.031 222.9 64.8 232.0 16.0 0.2 32.3 2.7 73.0 80.0 n.d. 7.9 

2564 Mar-2009 0.03 156.3 122.3 326.4 57.2 b.d.l. 45.5 2.1 69.0 96.0 n.d. 2.5 

2581 Mar-2009 0.03 188.4 45.4 324.5 56.8 b.d.l. 18.8 1.9 77.0 84.0 n.d. 3.2 

2621 Mar-2009 0.14 218.8 42.4 201.5 0.8 b.d.l. 13.2 4.6 61.0 67.0 n.d. 82.4 

              
2535 Apr-2009 2.62 106.4 13.8 57.2 79.4 b.d.l. 20.6 2.9 45.2 95.0 n.d. 2.5 

2537 Apr-2009 0.03 104.4 39.7 114.9 31.6 b.d.l. 34.1 4.9 65.0 41.0 n.d. 2.5 

2560 Apr-2009 0.42 130.0 42.5 155.3 1.3 0.2 20.2 3.6 37.1 82.6 n.d. 12.0 

2564 Apr-2009 0.03 122.2 99.3 268.2 43.3 b.d.l. 48.7 3.1 56.0 100.0 n.d. 2.5 

2579 Apr-2009 0.03 143.8 55.3 144.8 1.0 b.d.l. 24.2 4.4 40.0 64.0 n.d. 5.0 

2581 Apr-2009 0.24 128.1 40.4 233.5 52.5 b.d.l. 25.8 3.7 58.1 91.1 n.d. 2.5 

2621 Apr-2009 0.09 137.9 42.6 204.1 6.7 b.d.l. 25.3 6.4 68.0 94.0 n.d. 3.6 

              
2535 May-2009 0.23 234.5 38.0 170.0 0.5 b.d.l. 28.2 3.8 61.0 92.0 n.d. 24.2 

2564 May-2009 0.03 116.3 83.5 202.3 38.4 b.d.l. 63.8 4.3 58.0 103.0 n.d. 2.5 

2579 May-2009 0.06 230.5 49.3 123.7 0.8 b.d.l. 27.0 5.4 63.0 69.0 n.d. 2.5 

2621 May-2009 n.d. n.d. 65.4 429.6 20.3 n.d. 25.7 6.5 n.d. n.d. n.d. 22.8 

2581 May-2009 0.09 149.8 36.7 235.8 54.0 b.d.l. 24.1 3.7 69.0 90.0 n.d. 2.5 

              
2579 Jun-2009 n.d. n.d. 58.8 155.3 0.5 b.d.l. 22.2 4.5 n.d. n.d. n.d. 8.7 

2579 Jun-2009 0.03 272.7 59.5 147.1 0.1 b.d.l. 24.0 4.8 84.0 89.0 n.d. 9.3 

              
2564 Feb-2010 n.d. 270.0 n.d. n.d. 66.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

2579 Feb-2010 n.d. 340.0 n.d. n.d. 0.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

2581 Feb-2010 n.d. 300.0 n.d. n.d. 69.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
              

2564 Apr-2010 0.17 221.7 99.94 281.5 54.2 b.d.l. 52.7 3.4 104.0 95.0 n.d. n.d. 

2579 Apr-2010 0.17 135.8 63.88 179.3 5.6 b.d.l. 21.5 4.4 69.0 57.0 n.d. n.d. 

2581 Apr-2010 0.15 177.3 45.41 296.6 68.0 b.d.l. 20.0 3.6 80.0 94.0 n.d. n.d. 
              

2564 Jul-2010 0.04 296.2 103.73 301.3 51.7 b.d.l. 47.5 3.4 125.0 95.0 n.d. 1.0 

2579 Jul-2010 b.d.l. 310.3 55.78 159.2 5.6 b.d.l. 19.2 3.8 101.0 64.0 n.d. n.d. 

2581 Jul-2010 b.d.l. 270.0 47.01 309.1 70.2 b.d.l. 21.6 3.8 116.0 88.0 n.d. n.d. 
              

2564 Oct-2010 0.08 299.0 111 310.6 54.9 b.d.l. 58.1 6.9 134.0 103.0 n.d. n.d. 

2581 Oct-2010 0.05 276.7 45.77 310.6 56.9 b.d.l. 21.8 0.0 127.0 96.0 n.d. 1.0 

              
2564 Nov-2010 0.08 303.0 115.97 323.3 57.3 b.d.l. 57.4 0.1 132.0 104.0 n.d. 1.0 
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Table C.3.5. Chemical data for Pétrola groundwater samples of  Zone 2. (n.d. not determined; b.d.l. below detection limit) 

Sample-ID 
Sampling 

Date 
NH4

+ HCO3- Cl‾ SO4
2- NO3

‾ NO2
‾ Na+ K+ Ca2+ Mg2+ Fetot Mn2+ 

Zone 2 mg/L 

2554 Apr-2008 0.04 305.8 127.39 687.78 9.6 b.d.l. 43.07 5.01 131.2 170.1 22.7 1.74 

2571 Apr-2008 0.05 572.5 153.92 367.26 66.1 0.3 40.99 12.56 116.8 156.3 44.9 1.66 

              
2554 May-2008 0.17 288.2 149.54 917.87 11.8 0.2 46.68 5.48 127 172.6 29.2 1.08 

2571 May-2008 0.1 376.9 204.48 492.86 64.5 0.2 40.84 24.89 111.1 150.5 19.3 0.66 

2602 May-2008 2.13 386.1 309.3 902.36 77.3 0.2 115.18 4.13 130.2 274.4 19.5 1 

              
2554 Jun-2008 0.05 206.9 100.3 557.45 5.6 b.d.l. 54.51 5.82 99.2 175 13.2 2.5 

2571 Jun-2008 0.08 314 124.38 348.15 36.5 b.d.l. 31.49 10.26 82.2 140.1 5.0 4.06 

2602 Jun-2008 0.04 326.7 522.27 2009.03 96.1 0.1 117.68 4.68 120.2 306.2 44.0 2.5 

              
2554 Jul-2008 0.03 212.1 93.21 601.6 21.0 0.2 40.22 4.62 106.8 155 135.0 3.41 

2571 Jul-2008 0.22 333 6.57 365.3 31.2 b.d.l. 44 11.28 71.7 150.8 1172.5 29.46 

2602 Jul-2008 0.33 293.9 277.36 803.51 64.6 0.3 111.37 5.00 106.8 255.3 243.8 9.1 

              
2554 Aug-2008 0.03 223.2 105.92 657.84 20.4 0.2 42.12 5.06 105.2 168.5 135.9 3.54 

              
2554 Sep-2008 0.03 177.2 216.99 1176.34 25.1 b.d.l. 39.24 5.19 94.1 192.8 17.8 2.5 

              
2554 Oct-2008 0.27 283.4 110.41 688.91 9.4 0.1 48.96 5.32 122.3 192.8 52.7 2.5 

              
2554 Nov-2008 n.d. n.d. 86.81 399.81 20.7 n.d. 51.11 5.56 n.d. n.d. 6.4 2.5 

2602 Nov-2008 0.03 377.3 354.18 966.37 74.3 b.d.l. 138.32 5.58 137.5 323.1 33.9 3.36 

              
2554 Dec-2008 0.03 241.8 99.09 631.77 33.8 b.d.l. 36.44 4.43 110.2 68.8 141.6 2.97 

2571 Dec-2008 0.03 236.4 142.5 354.24 65.6 b.d.l. 35.32 16.54 102.4 140.5 318.7 12.09 

2602 Dec-2008 0.24 285.5 405.68 1252.64 60.6 b.d.l. 150.71 0.54 129.1 341.7 147.3 2.76 

              
2554 Ene-2009 0.13 201 34.11 239.32 9.7 b.d.l. 56.23 6.32 112.9 164.5 n.d. 2.5 

2571 Ene-2009 0.11 280.2 80.95 205.63 44.4 b.d.l. 63.41 11.13 96.8 149.6 n.d. 2.5 

2602 Ene-2009 0.06 287.9 132.44 393.1 29.6 b.d.l. 218.61 6.04 100.0 308.7 n.d. 2.5 

              
2554 Feb-2009 0.06 170.1 69.82 366.46 18.1 b.d.l. 70 4.65 100 161.8 n.d. 2.5 

2571 Feb-2009 0.03 233 89.61 214.86 50.2 b.d.l. 66.47 14.03 61 146 n.d. 2.5 

2602 Feb-2009 0.03 301.9 141.35 349.24 32.8 b.d.l. 193.45 6.47 89 324 n.d. 3.26 

              
2554 Mar-2009 0.09 180.3 103.51 674.09 29.3 b.d.l. 43.31 4.71 108 156 n.d. 2.5 

2571 Mar-2009 0.03 226.9 153.02 386.58 73.5 0.1 41.13 13.23 116 117 n.d. 2.57 

2602 Mar-2009 0.26 231 363.79 1056.17 79.4 b.d.l. 157.7 4.72 104 262 n.d. 3.37 

              
2554 May-2009 0.03 179.3 57.6 325.1 20.6 b.d.l. 48.1 5.06 103 151 n.d. 2.5 

2571 May-2009 0.04 165.5 106.45 313.85 50.8 b.d.l. 2.12 15.89 89 139 n.d. 5.2 

2602 May-2009 0.31 216.7 341.96 921.44 86.8 b.d.l. 134.9 4.32 106.5 277.7 n.d. 1.21 

2554 May-2009 0.05 203 59.25 383.44 22.8 b.d.l. 158 0.1 94 158 n.d. 5.19 

              
2554 Feb-2010 n.d. 320 n.d. n.d. 34.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

2571 Feb-2010 n.d. 440 n.d. n.d. 57.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

2602 Feb-2010 n.d. 520 n.d. n.d. 44.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
              

2554 May-2010 0.18 118.9 85.45 533.24 43.1 b.d.l. 36.8 4.71 89 135 n.d. n.d. 
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Table C.3.5. (continued) 

Sample-ID 
Sampling 

Date 
NH4

+ HCO3- Cl‾ SO4
2- NO3

‾ NO2
‾ Na+ K+ Ca2+ Mg2+ Fetot Mn2+ 

Zone 2 mg/L 

2571 May-2010 0.13 124.9 137.53 399.58 61.0 b.d.l. 44.15 12.13 97 133 n.d. n.d. 
2602 May-2010 0.15 173.3 293.32 772.61 48.5 b.d.l. 123.07 5.33 115 165 n.d. n.d. 

2642 May-2010 0.85 395.3 187.9 1152.7 20.7 b.d.l. 122 12.3 212.4 243.2 n.d. 0.05 

              
2640 Jun-2010 n.d. n.d. n.d. n.d. 20.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

              
2554 Jul-2010 0.08 270 84.37 524.31 32.0 0.20 35.46 4.65 151 133 n.d. n.d. 

2571 Jul-2010 0.21 384.9 133.1 371.6 49.9 b.d.l. 43.72 11.4 135 150 n.d. n.d. 

2602 Jul-2010 0.29 409 252.9 650.17 46.8 0.20 92.01 4.4 144 256 n.d. n.d. 
              

2554 Oct-2010 0.17 272.7 94.83 595.65 29.2 0.12 43.85 10.3 131 164 n.d. n.d. 

2571 Oct-2010 0.30 333.3 115.04 313 65.5 b.d.l. 44.25 12.53 132 134 n.d. n.d. 

2602 Oct-2010 0.22 389.9 303.9 865.51 50.4 b.d.l. 139.63 23.1 165 287 n.d. n.d. 

2640 Oct-2010 0.45 296.9 142.06 746.38 55.3 b.d.l. 62.45 0.19 202 170 n.d. n.d. 

2641 Oct-2010 0.07 343.4 161.61 177.84 47.9 b.d.l. 99.94 0.05 95 95 n.d. n.d. 

2642 Oct-2010 0.14 337.3 169.28 1061.25 23.2 0.13 88.13 0.04 206 249 n.d. n.d. 
              

2554 Nov-2010 0.11 278.8 96.08 601.72 32.2 0.11 43.25 0.1 129 163 n.d. n.d. 

2571 Nov-2010 0.30 414.1 133.11 396.88 61.7 b.d.l. 46.54 16.33 145 149 n.d. n.d. 

2602 Nov-2010 b.d.l. 440.4 309.61 884.22 48.4 b.d.l. 129.26 6.14 183 278 n.d. n.d. 

2640 Nov-2010 0.61 321.2 131.44 699.61 53.4 b.d.l. 55.5 6.3 175 182 n.d. n.d. 

2641 Nov-2010 0.08 369.7 161.48 175.62 49.6 b.d.l. 91.45 6.58 85 99 n.d. n.d. 

2642 Nov-2010 0.25 377.7 176.93 1120.29 26.0 0.37 88.74 14.31 224 253 n.d. 1.5 
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Table C.3.6. Chemical data for Pétrola surface and groundwater of Zone 3. ( n.d.: not determined; b.d.l.: below detection limit) 

Sample - 
ID 

Depth 
(m) 

Sampling 
date 

NH4
+ HCO3

‾ Cl‾ SO4
2- NO3

‾ NO2
‾ Na+ K+ Ca2+ Mg2+ Fetot Fe2+ Mn2+ DOC 

Year 2008 mg/L 

2623 37 Sep. 0.04 278.2 254.6 1077 b.d.l. b.d.l. 108.3 11.5 157.4 239.8 212.7 n.d. 15 n.d. 

2623 37 Oct. 0.8 371.1 268.1 1161 b.d.l. b.d.l. 117.7 12.6 144.3 318.1 147.4 n.d. 19 
n.d. 

2623 37 Nov. 0.03 341.3 245.8 1181 2.11 b.d.l. 109.3 11.7 155.8 297.6 18.9 n.d. 7 
n.d. 

2623 37 Dec. 0.03 332.7 221.9 1200 b.d.l. b.d.l. 94.2 11.2 157.5 256.5 314.5 n.d. 8 
n.d. 

Year 2009               

2623 37 Jan. 0.03 316.1 82.2 510.2 b.d.l. b.d.l. 100.8 12.3 130.2 280.1 124.9 n.d. 12 n.d. 

2623 37 Feb. 0.09 255.1 264.6 1176 2.3 b.d.l. 144.6 16.8 129 181.1 n.d. 58 6 
n.d. 

2623 37 Mar. 0.08 305.9 217.2 1146 2.2 b.d.l. 97.2 11.1 140 259 n.d. 266 14 
n.d. 

2623 37 Apr. 0.33 232.5 193.0 959.9 2.6 b.d.l. 16.1 11.6 137.1 257.1 n.d. 109 5 
n.d. 

2626 6 May 0.71 2876 39885 36273 b.d.l. b.d.l. 1906 1079 790.5 12780 1529.0 2 0 
n.d. 

2624 21 May 0.86 1623 17061 11319 12 b.d.l. 7737 406.5 869.9 4018 761.7 n.d. 109 
n.d. 

2623 37 May 0.03 221.9 162.7 829.6 7.6 b.d.l. 124.2 11.2 134.9 229.8 67.5 n.d. 3 
n.d. 

2626 6 May 0.58 360.9 24440 26529 n.d. b.d.l. 11453 881.0 430 12505 n.d. 128 73 
n.d. 

2626 6 May 0.06 206.9 7812 4587 b.d.l. b.d.l. 3748 214.6 287 2444 n.d. 41 22 
n.d. 

2623 37 May 0.03 325.1 134.4 740.5 b.d.l. b.d.l. 76.2 9.6 144 263 n.d. 47 8 
n.d. 
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Table C.3.6. (continued)              

Sample - ID 
Depth 

(m) 
Sampling date NH4

+ HCO3
‾ Cl‾ SO4

2- NO3
‾ NO2

‾ Na+ K+ Ca2+ Mg2+ Fe2+ Mn2+ DOC 

Year 2010  mg/L 

2635 lake water Feb. 0.03 326.9 21768 43200 b.d.l. b.d.l. 11150 1336 497 11811 n.d. n.d. 140 

2626 6 Feb. 0.93 478.2 41834.5 38424 b.d.l. b.d.l. 16800 3060 481 14251.5 4.6 0.17 23.5 

2624 21 Feb. 0.82 439.2 23257.2 17867.2 b.d.l. b.d.l. 8720 980 761.5 7296 9.3 0.14 8 

2625 31 Feb. 0.96 488 6523.4 6090.2 b.d.l. b.d.l. 2710 292 304.6 2198.5 0.05 0.16 3.9 

2623 37 Feb. 0.45 449 219.8 1056.7 b.d.l. b.d.l. 97 10.1 160.3 284.5 0.05 0.05 2 

                
2635 lake water Apr. 0.43 473.2 25810 45696 b.d.l. b.d.l. 12599 1169 481 13182 n.d. n.d. 163 

2626 6 Apr. 1.16 473.4 42011.8 38616.1 b.d.l. b.d.l. 15800 2560 432.9 15107.6 4.2 0.19 22.3 

2624 21 Apr. 1.75 453.8 26731.6 21037.1 1.4 b.d.l. 10450 1145 581.2 8499.8 2.48 0.12 10.8 

2625 31 Apr. 1.68 449 1967.6 2439.9 b.d.l. b.d.l. 824 67.5 280.6 766.1 0.05 0.15 2.5 

2623 37 Apr. 1.22 449 216.3 1123.9 0.8 b.d.l. 120.5 12.1 156.3 287 0.05 0.05 4.1 

                
2635 lake water Jul. 0.04 926.9 45664 75840 b.d.l. b.d.l. 24999 3166 521 20503 n.d. n.d. 304 

2626 6 Jul. 0.75 468.5 39352.8 34581.6 b.d.l. b.d.l. 13800 2410 408.8 14198 0.05 0.05 22.5 

2624 21 Jul. 1.33 444.1 22548.1 23342.6 b.d.l. b.d.l. 11800 1310 601.2 6785.3 0.05 0.05 7.2 

2625 31 Jul. 0.96 499 1162.9 1940.4 b.d.l. b.d.l. 620 43.5 256.5 488.8 0.05 0.05 2 

2623 37 Jul. 1.15 453.8 219.8 1143.1 b.d.l. b.d.l. 131 13.8 168.3 282.1 0.05 0.05 2 

                
2635 lake water Oct. 0.06 2134.3 102814 122880 b.d.l. b.d.l. 115995 14239 20 165 n.d. n.d. 646 

2626 6 Oct. 1.06 473.4 37367.5 38808.2 b.d.l. b.d.l. 14800 2680 400.8 13959.7 0.05 0.05 22.2 

2624 21 Oct. 0.96 419.7 15953.9 17098.7 b.d.l. b.d.l. 9600 1075 641.3 4134.4 0.125 0.05 7.74 

2625 31 Oct. 1.44 434.3 1432.3 2190.2 b.d.l. b.d.l. 648 49.6 280.6 608 0.05 0.05 4.05 

2623 37 Oct. 1.54 458.7 390 1421.7 b.d.l. b.d.l. 231 24.7 184.4 345.3 0.05 0.05 7.8 

                
2635 lake water Nov. 0.04 2048.9 94837 108000 b.d.l. b.d.l. 37798 4009 701 38490 n.d. n.d. 500 

2626 6 Nov. 0.95 478.2 39423.7 38039.8 b.d.l. b.d.l. 15600 2680 464.9 14018 0.05 0.05 18.1 

2624 21 Nov. 1.48 409.9 14890.3 13448.4 b.d.l. b.d.l. 7640 828 621.2 3952 0.66 0.09 7.05 

2625 31 Nov. 1.65 453.8 4077.1 4380.3 b.d.l. b.d.l. 1760 164 320.6 1434.9 0.05 0.05 3.45 

2623 37 Nov. 1.36 414.8 212.7 999 b.d.l. b.d.l. 79.5 7.9 160.3 267.5 0.05 0.05 2.31 
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Table C.3. 7. Isotopic characterization of Pétrola basin. (n.d. not determined) 

Data Point Data of Sampling 
δ

15
NNO3 

(‰) 
δ

18
ONO3 

(‰) 
δ

13
CDIC 

(‰) 
δ

18
Owate r 

(‰) 

Year 2010      

2564 Apr. +7.1 +2.4 -11.1 -7.2 

2581 Apr. +7.3 +2.6 -12.3 -7 

      
2602 May +12.2 +7.9 -12.7 -5.9 

2554 May +6.6 +5.3 -11.6 -6.2 

2571 May +14.3 +7.5 -12.7 -6.4 

      
2602 Jul. +14.2 +9.2 n.d. -6.1 

2554 Jul. +8.3 +5.9 n.d. -6.8 

2571 Jul. +17.0 +10.0 n.d. -6 

2564 Jul. +7.0 +2.1 n.d. -7.6 

2581 Jul. +7.4 +2.3 n.d. -7 

      
2642 Oct. +18.5 +15.7 n.d. -5.7 

2602 Oct. +13.7 +14.4 -11.8 -6.1 

2554 Oct. +9.5 +9.8 -8.6 -5.4 

2571 Oct. +9.5 +10.0 -10 -5.9 

2641 Oct. +9.8 +8.8 n.d. -6 

2640 Oct. +9.2 +11.5 n.d. -6.2 

2564 Oct. +6.1 +3.6 -8.9 -6.7 

2581 Oct. +7.6 +4.7 -11.1 -7.1 

      
2642 Nov. +19.9 +16.2 n.d. -7 

2602 Nov. +12.0 +10.7 -10.1 -6.3 

2554 Nov. +9.0 +10.2 -8 -6.4 

2571 Nov. +10.5 +8.7 -11.9 -7.2 

2641 Nov. +12.2 +8.8 n.d. -7.1 

2640 Nov. +8.7 +8.5 n.d. -6.8 
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Table. C.3.8. SO4
2-

 Isotopic characterization of Pétrola basin 

Data point Sampling date 
δ

 34
SSO4  

(‰) 
δ

 18
OSO4 

 (‰) 

2554 Jun-2003 -21.2 +12.3 

    
2564 Sep-2008 -16.3 +2.3 

2581 Sep- 2008 -17.4 +4.8 

2554 Sep-2008 -22.5 +7.7 

2602 Sep-2008 -15.5 +7.9 

    
2564 Feb-2010 -13.2 +3.2 

2581 Feb-2010 -12.9 +4.5 

2554 Feb-2010 -19.4 +7.6 

2602 Feb-2010 -14.3 +5.2 

2571 Feb-2010 -17.2 +2.9 

    

 

 

 
Table C.3.9. Isotopic characterization of S-sediments 

from Utrillas Facies in Pétrola basin. 

Sample material 
δ

 34
Sso4 

 (‰) 

δ
 18

OSO4  

(‰) 

Gypsum -15.7 -1.8 

Gypsum -23.1 -2.8 

Gypsum -23.5 +5.1 

Gypsum -21.7 +1.1 

Gypsum -28.1 +9.0 

Gypsum -21.4 -1.1 

Gypsum -20.9 +2.3 

Gypsum -1.8 -3.2 

Gypsum -20.3 +11.5 

Gypsum -20.5 +6.7 

Gypsum -27.4 +5.5 

Gypsum +3.0 +14.0 

Gypsum -30.3 +5.1 

Gypsum -20.8 +12.1 

Sulphide -35.5 - 

Sulphide -38.1 - 

Sulphide -40.5 - 

Sulphide -35.0 - 

Sulphide -19.2 - 

Sulphide -34.2 - 

Sulphide -33.9 - 

Sulphide -34.6 - 

Sulphide -12.2 - 

Sulphide -11.7 - 

Sulphide -34.0 - 

Sulphide -35.8 - 
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Appendix C.4: 

 

 

 
Chemical and Isotopic data from  

flow-through experiment of  

Appendix A-4 
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Table C.4.1. Results of chemical characterization for column experiment. (b.d.l.: below detection limit. n.d.: not 
determined) 

Sample 
t 

(hours) 
Cl‾  

(mM) 
SO4

2-

(mM) 
NO3

‾ 
(mM) 

NO2
‾ 

(mM) 
NH4

+ 
(mM) 

C6H12O6 
(mM) 

Eh 
(mV) 

pH 

C/N 1.6          

RC-02-00 0 2.45 3.33 0.84 0.02 0.10 b.d.l. +180.0 8.5 

RC-02-01 12 4.03 3.35 0.81 0.08 0.11 b.d.l. +167.4 8.5 

RC-02-02 24 4.46 3.44 0.67 0.24 0.09 0.06 +183.9 8.5 

RC-02-03 36 4.11 3.50 0.08 0.64 0.07 0.17 +135.9 8.5 

RC-02-04 48 4.04 3.34 0.01 0.15 0.06 0.13 +54.4 8.6 

RC-02-05 60 3.97 3.45 0.01 b.d.l. 0.05 0.07 -68.8 8.5 

RC-02-06 72 4.67 3.58 0.04 0.26 0.05 0.01 -82.5 8.4 

RC-02-07 84 4.37 3.56 0.18 0.26 0.05 n.d. -7.0 8.5 

RC-02-08 96 4.55 3.48 0.28 0.23 0.04 n.d. +60.8 8.4 

RC-02-09 108 4.03 3.33 0.17 0.34 0.05 n.d. +79.2 8.5 

RC-02-10 120 4.03 3.48 0.02 0.29 0.05 n.d. +27.2 8.6 

RC-02-11 132 4.38 3.40 0.00 0.17 0.05 n.d. -17.1 8.7 

RC-02-12 144 4.58 3.54 0.05 0.35 0.05 n.d. -7.4 8.7 

RC-02-13 156 4.36 3.46 0.28 0.26 0.06 n.d. +71.0 8.6 

RC-02-14 168 4.40 3.41 0.32 0.17 0.06 n.d. +104.9 8.5 

RC-02-15 180 4.63 3.52 0.34 0.23 0.06 n.d. +112.1 8.5 

RC-02-16 192 4.34 3.41 0.06 0.29 0.06 n.d. +109.5 8.5 

RC-02-17 204 4.32 3.34 0.00 0.12 0.06 n.d. +62.1 8.7 

RC-02-18 216 4.38 3.42 0.07 0.20 0.06 n.d. +91.3 8.7 

RC-02-19 228 4.43 3.47 0.30 0.16 0.07 n.d. +123.2 8.7 

RC-02-20 240 4.07 3.40 0.18 0.23 0.06 n.d. +130.2 8.5 

RC-02-21 252 4.50 3.46 0.00 0.34 0.04 n.d. +54.0 8.7 

RC-02-22 264 4.69 3.54 b.d.l. b.d.l. 0.04 n.d. -84.9 8.5 

RC-02-23 276 4.84 3.40 b.d.l. b.d.l. 0.03 n.d. -136.2 8.4 

RC-02-24 288 4.46 3.42 b.d.l. 0.02 0.03 n.d. -134.7 8.4 

RC-02-25 300 4.61 3.37 0.05 0.17 0.03 n.d. -79.1 8.5 

RC-02-26 312 4.74 3.54 b.d.l. 0.24 0.02 n.d. +132.4 8.6 

RC-02-27 324 4.57 3.34 0.01 0.10 n.d. n.d. +20.5 8.7 

RC-02-28 336 4.62 3.62 b.d.l. 0.01 n.d. n.d. -64.0 8.6 

RC-02-29 348 4.24 3.38 0.01 0.00 n.d. n.d. -88.0 8.5 

RC-02-30 360 4.17 3.39 b.d.l. 0.01 n.d. n.d. -84.5 8.5 

RC-02-31 372 4.37 3.31 0.05 0.17 n.d. n.d. -36.6 8.5 

RC-02-32 384 4.46 3.30 0.03 0.24 0.02 n.d. +130.3 8.6 

RC-02-33 396 4.05 3.36 b.d.l. 0.09 n.d. n.d. -7.5 8.6 

RC-02-34 408 4.10 3.34 b.d.l. b.d.l. n.d. n.d. -92.8 8.5 

RC-02-35 432 4.27 3.42 b.d.l. b.d.l. n.d. n.d. -129.0 8.4 

RC-02-36 444 4.71 3.53 b.d.l. 0.01 n.d. 0.02 -128.0 8.4 

RC-02-37 456 4.22 3.38 b.d.l. 0.07 n.d. 0.09 +26.2 8.5 

RC-02-38 468 3.99 3.33 b.d.l. b.d.l. 0.02 0.05 -106.9 8.4 

RC-02-39 480 4.08 3.35 b.d.l. b.d.l. n.d. 0.14 -127.2 8.3 

RC-02-40 504 3.61 3.23 b.d.l. b.d.l. n.d. 0.07 -123.5 8.2 

RC-02-41 516 4.45 3.35 b.d.l. b.d.l. n.d. n.d. -140.4 8.3 

RC-02-42 540 4.02 3.31 b.d.l. b.d.l. n.d. n.d. -105.4 8.3 

RC-02-43 564 4.20 3.34 b.d.l. b.d.l. n.d. n.d. -132.2 8.2 
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Table C.4.1. (continued)        

Sample 
t 

(hours) 
Cl‾  

(mM) 
SO4

2-

(mM) 
NO3

‾ 
(mM) 

NO2
‾ 

(mM) 
NH4

+ 
(mM) 

C6H12O6 
(mM) 

Eh 
(mV) 

pH 

RC-02-45 588 4.33 3.51 b.d.l. 0.11 0.02 n.d. -98.5 8.3 

RC-02-46 600 4.23 3.48 b.d.l. 0.16 0.02 n.d. -39.0 8.5 

RC-02-47 612 4.24 3.54 b.d.l. 0.06 n.d. n.d. -23.1 8.5 

RC-02-48 624 4.02 3.56 b.d.l. b.d.l. 0.02 n.d. -103.3 8.3 

RC-02-49 648 4.21 3.27 b.d.l. b.d.l. n.d. 0.06 -131.4 8.1 

RC-02-50 660 4.10 3.33 b.d.l. b.d.l. n.d. 0.01 -159.4 8.2 

RC-02-51 672 4.24 3.33 b.d.l. b.d.l. n.d. 0.05 -173.4 8.2 

RC-02-52 684 4.50 3.48 b.d.l. b.d.l. n.d. 0.14 -174.1 8.1 

RC-02-53 696 3.95 3.28 b.d.l. b.d.l. n.d. 0.17 -184.6 8.0 

RC-02-54 720 4.31 3.33 b.d.l. b.d.l. n.d. 0.06 -204.9 8.0 

RC-02-55 732 4.28 3.28 b.d.l. b.d.l. n.d. n.d. -228.7 8.1 

RC-02-56 744 4.12 3.33 b.d.l. b.d.l. 0.02 n.d. -150.3 8.2 

RC-02-57 756 3.50 3.39 b.d.l. b.d.l. n.d. n.d. -221.7 8.1 

RC-02-58 768 4.42 3.41 b.d.l. b.d.l. 0.02 n.d. -267.5 8.0 

RC-02-59 792 3.92 3.46 b.d.l. b.d.l. 0.02 n.d. -272.2 8.1 

RC-02-60 804 4.52 3.30 0.01 0.01 n.d. n.d. -211.8 8.2 

RC-02-61 816 3.59 3.44 b.d.l. 0.04 n.d. n.d. -80.5 8.3 

RC-02-62 828 3.30 3.36 0.01 b.d.l. 0.02 n.d. -187.6 8.2 

RC-02-63 840 4.47 3.31 b.d.l. b.d.l. n.d. n.d. -249.1 8.0 

RC-02-64 864 4.14 3.39 b.d.l. 0.01 n.d. n.d. -258.7 8.0 

RC-02-65 876 3.67 3.41 0.01 b.d.l. 0.02 n.d. -250.3 8.2 

RC-02-66 888 4.10 3.24 b.d.l. 0.02 n.d. n.d. -140.4 8.4 

RC-02-67 912 0.00 0.00 b.d.l. b.d.l. n.d. n.d. -202.0 8.2 

RC-02-68 936 3.48 3.26 b.d.l. b.d.l. n.d. 0.08 -237.1 8.1 

C/N 1.25         

RC-02-69 948 3.95 3.33 b.d.l. b.d.l. 0.02 b.d.l. -239.9 8.2 

RC-02-70 960 3.51 3.27 b.d.l. b.d.l. n.d. 0.02 -165.1 8.3 

RC-02-71 984 0.00 3.26 b.d.l. b.d.l. n.d. 0.12 -217.9 8.2 

RC-02-72 1008 3.96 3.19 0.01 b.d.l. n.d. 0.06 -247.7 8.1 

RC-02-73 1023 4.52 3.19 b.d.l. b.d.l. n.d. n.d. -246.6 8.2 

RC-02-74 1045 4.05 3.15 0.01 b.d.l. n.d. n.d. -205.4 8.2 

RC-02-75 1080 3.65 3.22 b.d.l. b.d.l. n.d. n.d. -217.3 8.1 

RC-02-76 1118 4.35 3.31 0.01 b.d.l. 0.02 n.d. -141.1 8.2 

RC-02-77 1152 3.48 3.28 0.01 b.d.l. n.d. n.d. -206.6 8.0 

RC-02-78 1172 4.56 3.36 0.01 b.d.l. n.d. 0.00 -210.7 8.2 

RC-02-79 1196 4.29 3.50 0.02 b.d.l. n.d. 0.09 -117.3 8.3 

RC-02-80 1224 4.21 3.51 b.d.l. b.d.l. n.d. 0.08 -202.9 8.1 

RC-02-81 1341 3.97 3.55 0.01 b.d.l. n.d. n.d. -209.2 8.3 

RC-02-82 1368 3.79 3.39 0.01 b.d.l. n.d. 0.05 -248.2 n.d. 

RC-02-83 1392 4.05 3.35 b.d.l. b.d.l. n.d. 0.03 -238.6 n.d. 

RC-02-84 1440 3.61 3.28 0.01 b.d.l. 0.02 0.07 -213.9 n.d. 

RC-02-85 1459 3.46 3.22 b.d.l. b.d.l. n.d. n.d. -204.5 n.d. 

RC-02-86 1483 3.40 3.30 b.d.l. b.d.l. n.d. n.d. -194.3 n.d. 

RC-02-87 1512 3.88 3.25 b.d.l. b.d.l. n.d. n.d. -205.6 8.2 

RC-02-88 1533 3.93 3.25 0.01 b.d.l. n.d. n.d. -194.8 8.3 

RC-02-89 1557 3.80 3.39 b.d.l. b.d.l. n.d. n.d. -211.0 8.3 
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Table C.4.1. (continued)       

Sample 
t 

(hours) 
Cl‾  

(mM) 
SO4

2-

(mM) 
NO3

‾ 
(mM) 

NO2
‾ 

(mM) 
NH4

+ 
(mM) 

C6H12O6 
(mM) 

Eh 
(mV) 

pH 

RC-02-90 1582 3.58 3.58 b.d.l. b.d.l. 0.02 n.d. -222.3 8.2 

RC-02-91 1630 3.76 3.49 b.d.l. b.d.l. n.d. n.d. -238.4 8.2 

RC-02-92 1654 3.69 3.32 b.d.l. b.d.l. n.d. n.d. -238.5 8.1 

RC-02-93 1678 3.71 3.30 0.01 b.d.l. n.d. n.d. -237.5 8.1 

RC-02-94 1726 3.68 3.21 b.d.l. b.d.l. n.d. n.d. -242.4 8.1 

RC-02-95 1798 3.75 3.30 b.d.l. b.d.l. n.d. n.d. -184.9 8.0 

RC-02-96 1840 0.00 0.00 b.d.l. b.d.l. n.d. n.d. -192.0 8.1 

RC-02-97 1870 3.65 3.30 0.01 b.d.l. n.d. n.d. -204.5 8.2 

RC-02-98 1911 3.91 3.29 b.d.l. b.d.l. n.d. n.d. -251.6 8.1 

RC-02-99 1942 3.77 3.33 b.d.l. b.d.l. 0.02 n.d. -238.1 8.2 

RC-02-100 1986 3.73 3.32 0.01 b.d.l. n.d. n.d. -242.0 8.1 

RC-02-101 2015 4.21 3.41 b.d.l. b.d.l. n.d. n.d. -226.7 8.1 

RC-02-102 2033 3.71 3.44 b.d.l. b.d.l. n.d. n.d. -259.3 8.0 

RC-02-103 2061 3.87 3.43 0.01 b.d.l. n.d. n.d. -261.0 8.0 

RC-02-104 2087 4.18 3.38 b.d.l. b.d.l. 0.02 n.d. -262.5 8.1 

C/N 1.12          

RC-02-105 2104 3.81 3.51 b.d.l. b.d.l. n.d. n.d. -270.7 8.0 

RC-02-106 2129 3.72 3.42 b.d.l. b.d.l. n.d. n.d. -265.4 8.0 

RC-02-107 2159 3.26 3.42 0.01 b.d.l. n.d. n.d. -258.8 8.1 

RC-02-108 2183 3.65 3.39 0.01 0.01 n.d. n.d. -276.9 8.0 

RC-02-109 2207 4.34 3.28 b.d.l. b.d.l. n.d. 0.29 -264.5 8.1 

RC-02-110 2231 3.75 3.34 0.01 b.d.l. 0.02 0.29 -268.4 8.2 

RC-02-111 2272 3.72 3.37 b.d.l. b.d.l. n.d. 0.30 -224.0 8.1 

RC-02-112 2303 4.05 3.39 b.d.l. b.d.l. 0.02 0.29 -186.6 8.2 

RC-02-113 2327 3.71 3.53 b.d.l. b.d.l. n.d. n.d. -258.7 8.1 

RC-02-114 2351 4.04 3.38 b.d.l. b.d.l. n.d. n.d. -258.4 8.1 

RC-02-115 2377 4.45 3.43 0.01 b.d.l. n.d. n.d. -270.5 8.1 

RC-02-116 2396 3.56 3.37 b.d.l. b.d.l. n.d. n.d. -265.9 8.0 

RC-02-117 2419 2.85 3.38 b.d.l. b.d.l. n.d. n.d. n.d. 8.1 

RC-02-118 2449 3.13 3.31 b.d.l. 0.03 n.d. n.d. n.d. 8.0 

RC-02-119 2471 3.41 3.43 b.d.l. b.d.l. n.d. n.d. n.d. 8.1 

RC-02-120 2496 3.26 3.40 b.d.l. b.d.l. n.d. n.d. n.d. 8.2 

RC-02-121 2521 3.33 3.34 b.d.l. b.d.l. 0.02 n.d. -260.7 8.1 

RC-02-122 2563 3.27 3.25 b.d.l. b.d.l. n.d. n.d. -248.2 8.3 

RC-02-123 2593 3.16 3.28 b.d.l. b.d.l. n.d. n.d. -315.7 8.3 

RC-02-124 2633 3.24 3.29 b.d.l. b.d.l. n.d. n.d. -283.7 8.4 

RC-02-125 2664 3.17 3.34 b.d.l. b.d.l. n.d. n.d. -355.0 8.3 

RC-02-126 2736 3.49 3.47 b.d.l. b.d.l. n.d. n.d. -286.0 8.2 

RC-02-127 2760 3.30 3.41 b.d.l. b.d.l. n.d. n.d. -353.8 8.2 

RC-02-128 2800 3.49 3.27 b.d.l. b.d.l. n.d. n.d. -312.4 8.2 

RC-02-129 2825 3.54 3.42 b.d.l. b.d.l. n.d. n.d. -340.7 8.2 

RC-02-130 2849 3.62 3.34 0.01 b.d.l. n.d. n.d. -231.3 8.2 

RC-02-131 2873 3.09 3.41 b.d.l. b.d.l. 0.02 n.d. -337.3 8.2 

RC-02-132 2904 3.30 3.37 b.d.l. b.d.l. n.d. n.d. -345.4 8.3 

RC-02-133 2976 3.81 3.35 b.d.l. b.d.l. 0.02 n.d. n.d. 8.3 
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Table C.4.2. NO3
¯ isotopic characterization for induced experiment 

Sample 
δ15NNO3 

(‰) 
SD 15N 

δ18ONO3 

(‰) 
SD 18O 

RC-02-00 +9.6 0.2 +3.3 0.8 

RC-02-01 +12.6 0.4 +11.4 0.7 

RC-02-02 +17.5 0.4 +18.5 1.9 

RC-02-07 +34.3 1.0 +31.6 2.0 

RC-02-08 +25.1 1.0 +30.1 2.0 

RC-02-09 +32.3 0.1 +29.1 1.0 

RC-02-12 +39.3 0.4 +39.9 2.0 

RC-02-13 +22.0 0.3 +21.3 1.1 

RC-02-14 +19.6 1.0 +20.5 2.0 

RC-02-15 +22.7 0.2 +21.8 2.0 

RC-02-16 +34.2 1.2 +32.3 2.0 

RC-02-18 +33.8 0.2 +27.6 1.4 

RC-02-19 +21.0 0.2 +20.3 2.0 

RC-02-20 +29.5 0.5 +22.4 1.4 

RC-02-25 +39.5 0.6 +33.7 0.3 

RC-02-31 +35.6 1.0 +31.9 2.0 

 
 
 

Table C.4. 3. SO4
2- isotopic characterization for induced 

experiment 

Sample 
δ18OSO4  

(‰) 
δ34SSO4 

(‰) 

Input water +4.9 -17.0 

RC-02-40 +5.6 -17.2 

RC-02-49 +5.4 -17.2 

RC-02-68 +5.4 -17.2 

RC-02-74 +5.2 -17.2 

RC-02-75 +5.3 -17.1 

RC-02-87 +5.4 -17.2 

RC-02-94 +5.4 -17.2 

RC-02-113 +5.8 -17.1 

RC-02-126 +5.5 -17.1 
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