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ABSTRACT 

The worldwide persistence of nitrate (NO3
-) in groundwater is worrying since this compound 

has been related to human illnesses and to eutrophication of aquatic ecosystems. The main 

sources of pollution are linked to intensive use of fertilizers and septic system leakage. Since 

1991, European directives have been applied to mitigate NO3
- pollution by limiting N 

application in agricultural lands. However, due to the long residence time of N in the soil 

organic matter pool, the outcome of the implemented management practices can be delayed 

for decades. Consequently, remediation strategies must be developed and optimized. The 

NO3
- reduction to innocuous dinitrogen gas (N2), can occur intrinsically in many 

environments due to the ubiquity of denitrifying microorganisms. However, the electron 

donor presence is usually a limiting factor in the contaminated aquifers. Hence, one feasible 

treatment involves inducing the denitrification by application of an external electron donor.  

During the implementation of bioremediation strategies, the contaminant removal can be 

estimated by monitoring its concentrations before and after the treatment. However, this 

method does not reveal the specific processes involved in the attenuation, making it 

challenging to focus on the improvement of the remediation approach. Isotopic analyses 

have proved to be a powerful tool in identifying the sources and transformation processes 

of groundwater contaminants. During the enzymatic NO3
- reduction, the unreacted residual 

substrate becomes enriched in the heavy isotopes 15N and 18O, allowing to distinguish the 

biotic reduction from processes such as dilution with non-polluted water that could also lead 

to a concentration decrease without influencing the isotopic signature.  

The present thesis focusses on investigating the use of low-cost electron donors to promote 

the denitrification, and on using isotopic tools to evaluate the denitrification efficiency at field-

scale. The tested materials in batch and flow-through experiments were: whey, corn stubble, 

wheat hay, animal compost, magnetite, siderite and olivine. Different parameters that could 

affect the biotic NO3
- reduction efficiency were evaluated (e.g., temperature, ratio between 

electron donor and acceptor, harmful by-product accumulation, abiotic reactivity or 

coexistence of other contaminants) and the isotopic fractionation values (ε15N and ε18O) 

were determined for all tested conditions. At field-scale, three different polluted water bodies 

were studied, in which the determined ε15N and ε18O at the laboratory were applied to 

quantify the natural and/or induced denitrification. In a polluted aquifer in Spain, the NO3
- 

attenuation was evaluated during a long-term induced denitrification strategy by acetic acid 

injections. In a polluted aquifer in Argentina, the natural NO3
- attenuation was evaluated 



considering changes in the reactivity and isotopic fractionation due to the simultaneous 

presence of NO3
- and Cr6+. Finally, in a constructed wetland (CW) treating agricultural runoff 

water, the NO3
- attenuation was evaluated before and after application of an electron donor 

both in the autumn-winter and spring-summer seasons.  

The laboratory experiments demonstrated that magnetite nanoparticles, corn stubble, wheat 

hay, animal compost and whey could efficiently promote the denitrification in polluted water 

bodies. In these biotic experiments, the complete NO3
- reduction to N2 was demonstrated 

by transient or negligible accumulation of other nitrogen compounds such as nitrite (NO2
-), 

ammonium (NH4
+) or nitrous oxide (N2O). However, the N2O was found to be the end-

product of the abiotic NO2
- reduction, which can be mediated by ferrous iron, if present. The 

ε15NNO3/N2 and ε18ONO3/N2 values were calculated for all the batch experiments and for the 

periods of the flow-through experiment that allowed complete denitrification. For the non-

complete denitrification periods, the NO3
- isotopic characterization showed a mix of 

denitrified and non-denitrified water at the outflow. The isotopic characterization of NO2
- and 

N2O allowed to distinguish the biotic from the abiotic NO2
- reduction by ferrous iron at the 

laboratory-scale. A two-stage isotopic fractionation pattern was found for Cr6+, which can be 

reduced simultaneously to NO3
-. Also, the carbon compounds isotopic analysis allowed to 

assess the fate of the studied organic carbon materials to be used as electron donors.  

In the field-scale studies, the chemical and isotopic characterization allowed to trace the 

extent of the natural or induced denitrification and to evaluate the safety of the treatments. 

In a pilot plant to remediate groundwater NO3
- pollution (Spain), acetic acid was injected by 

pulses to an alluvial aquifer for 22 months. According to the isotopic results, the induced 

denitrification achieved at least 50 % NO3
- attenuation. The isotopic analyses also allowed 

to identify the reoxidation of NO2
- to NO3

- during the treatment and to recognize a mixture 

between the denitrified and partially or non-denitrified groundwater in one of the sampling 

points. In a polluted aquifer with both NO3
- and Cr6+ (Argentina), the calculated natural 

attenuation was 20 % for NO3
- and 60 % for Cr6+. For this calculation, the two stage trend 

observed for the ε53Cr was considered. The attenuation of Cr6+ in a few samples was found 

to be due by both reduction and dilution. In a CW treating agricultural runoff water, a slight 

natural NO3
- attenuation was only observed when the flow was below 5.5 L/s. According to 

the isotopic results, after the biostimulation by stubble application, at least 60 % NO3
- was 

removed at 16 L/s. The biostimulation treatment in autumn lasted in one month, while in 

spring the attenuation remained for three months.  



RESUM 

La persistència del nitrat (NO3
-) en aigües subterrànies és preocupant ja que aquest, pot 

provocar malalties en humans i eutrofització d’ecosistemes aquàtics. Els principals orígens 

de contaminació són l’ús intensiu de fertilitzants i les pèrdues dels sistemes sèptics. Tot i 

que els darrers anys s’ha limitat la quantitat de N aplicat en zones agrícoles, degut al llarg 

temps de residència del N en la matèria orgànica del sòl, el resultat de les pràctiques 

implementades, es pot ajornar fins dècades. Per tant, és necessari desenvolupar i optimitzar 

estratègies de remediació. La reducció del NO3
- a dinitrogen gas (N2), que és un gas innocu, 

es dona intrínsecament en molts ambients degut a la ubiqüitat dels microorganismes amb 

capacitat de desnitrificar. Malauradament, la presència de donadors d’electrons sol ser un 

factor limitant en aqüífers contaminats per NO3
-. Per això, un possible tractament consisteix 

en induir la desnitrificació gràcies a l’aplicació d’un donador d’electrons extern.  

Durant la implementació d’estratègies de bioremediació, l’eliminació del contaminant es pot 

determinar mitjançant la monitorització de les seves concentracions abans i després del 

tractament. Però aquest mètode no mostra el procés específic involucrat en l’atenuació i 

això dificulta l’optimització de l’estratègia de remediació. Els anàlisis isotòpics resulten útils 

per identificar fonts i processos de transformació de diversos contaminants en aigües 

subterrànies. Durant la reducció enzimàtica del NO3
-, el substrat residual es va enriquint en 

els isòtops pesats 15N i 18O. Això permet distingir la reducció biòtica d’altres processos com 

la dilució amb aigua no contaminada que també podria donar lloc a una disminució de la 

concentració del NO3
- però sense influenciar la seva signatura isotòpica.  

Aquesta tesi es centra en investigar l’ús de donadors d’electrons de baix cost (sèrum làctic, 

restes vegetals (blat i panís), compost animal, magnetita, siderita i olivina) per induir la 

desnitrificació i l’ús d’eines isotòpiques per avaluar l’eficiència de desnitrificació a escala de 

camp. Durant els experiments al laboratori s’han avaluat diferents paràmetres que poden 

afectar l’eficiència de la reducció biòtica del NO3
- (ex. temperatura, ràtio entre el donador i 

acceptor d’electrons, acumulació de productes intermedis tòxics, reactivitat abiòtica o 

coexistència d’altres contaminants) i s’han calculat els valors de fraccionament isotòpic 

(ε15N i ε18O) per totes les condicions investigades. A escala de camp, s’han estudiat tres 

masses d’aigua contaminades en les que s’han aplicat els valors de ε15N i ε18O determinats 

al laboratori per quantificar la desnitrificació natural o induïda. En un aqüífer contaminat a 

Espanya, l’atenuació del NO3
- s’ha avaluat durant una estratègia de desnitrificació induïda 

mitjançant la injecció d’àcid acètic. En un aqüífer contaminat a Argentina, l’atenuació natural 



del NO3
- s’ha avaluat considerant canvis en la reactivitat i el fraccionament isotòpic degut a 

la presencia simultània de NO3
- i Cr6+. En un aiguamoll construït en el qual es tracta aigua 

d’escorrentia agrícola, l’atenuació del NO3
- s’ha avaluat abans i després de l’aplicació d’un 

donador d’electrons tant a la tardor-hivern com a la primavera-estiu. 

Els experiments de laboratori han demostrat que les nanopartícules de magnetita, les restes 

vegetals (blat i panís), el compost animal i el sèrum làctic poden induir la desnitrificació en 

aigües contaminades. En aquests experiments biòtics, la reducció completa del NO3
- a N2 

ha estat demostrada per una acumulació transient o negligible d’altres compostos 

nitrogenats com el nitrit (NO2
-), l’amoni (NH4

+) o l’òxid nitrós (N2O). Tot i això, s’ha vist que 

el N2O és el producte final de la reducció abiòtica del NO2
- provocada per l’oxidació de Fe2+, 

si és present en l’aigua. Els valors de ε15NNO3/N2 i ε18ONO3/N2 s’han calculat pels experiments 

de tipus batch i pels períodes d’un experiment de tipus flux continu durant els que es va 

assolir una desnitrificació completa. La caracterització isotòpica del NO2
- i el N2O ha permès 

distingir la reducció del NO2
- biòtica de l’abiòtica per oxidació de Fe2+ al laboratori. Per al 

Cr6+, un contaminant que es pot reduir simultàniament al NO3
-, s’ha observat un 

fraccionament isotòpic en dos estadis. A més, l’anàlisi isotòpic dels compostos de carboni 

ha permès avaluar el consum dels donadors d’electrons de carboni orgànic estudiats.  

En els estudis a escala de camp, la caracterització química i isotòpica ha permès traçar 

l’eficiència de la desnitrificació natural i/o induïda i avaluar la seguretat dels tractaments. En 

una planta pilot per remeiar la contaminació de NO3
- d’aigües subterrànies (Espanya), s’ha 

injectat àcid acètic a l’aqüífer durant 22 mesos. D’acord amb els resultats isotòpics, la 

desnitrificació induïda ha assolit almenys un 50% d’atenuació del NO3
-. La caracterització 

isotòpica també ha permès identificar la reoxidació de NO2
- a NO3

- durant el tractament i 

reconèixer una barreja entre aigua desnitrificada i aigua parcialment o no desnitrifricada en 

un dels punts de mostreig. En un altre aqüífer contaminat amb NO3
- i Cr6+ (Argentina), 

l’atenuació natural calculada ha estat del 20% per al NO3
- i del 60 % per al Cr6+. Per a aquest 

càlcul s’ha tingut en compte el fraccionament isotòpic en dos estadis observat pel Cr6+ en 

els experiments de laboratori. L’atenuació del Cr6+ en algunes mostres ha estat deguda en 

part a dilució i en part a reducció. En l’aiguamoll construït, l’atenuació natural del NO3
- 

només es dona quan el flux és inferior a 5.5 L/s. D’acord amb els resultats isotòpics, després 

de la bioestimulació per aplicació de restes vegetals (panís), s’ha aconseguit una reducció 

del 60 % del NO3
-, a un flux de 16 L/s. El tractament de bioestimulació a l’octubre-hivern ha 

durat un mes, mentre que a la primavera-estiu s’ha mantingut durant tres mesos.  
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1. INTRODUCTION 
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1.1. Anthropogenic impact on nitrogen cycling 

 

The nitrogen biogeochemical cycle involves diverse complex and interconnected reactions 

such as:  

I) The N fixation, which is the reduction of dinitrogen gas (N2) to ammonium (NH4
+) by 

free-living or symbiotic bacteria and archaea that contain the nitrogenase enzyme 

(Gaby and Buckley, 2011; Hoppe et al., 2014; Sapountzis et al., 2016; Zahran, 

1999). The N fixation is essential for life since the N2 bioavailability is only limited to 

a few microorganisms. Nevertheless, although the biological N fixation is the main 

N2 sink, lightning can also mediate the oxidation of N2 to N oxides (Fowler et al., 

2013; Hill et al., 1980). 

II) The nitrification, during which NH4
+ is oxidized to hydroxylamine (NH2OH), nitrite 

(NO2
-) and finally, nitrate (NO3

-) by bacteria and archaea (Beeckman et al., 2018; 

Heil et al., 2016; Sharma and Ahlert, 1977).  

III) The denitrification, during which NO3
- is reduced to NO2

-, nitric oxide (NO), nitrous 

oxide (N2O) and finally, N2 (Knowles, 1982) by bacteria, archaea, fungi or 

foraminifera (Cabello et al., 2004; Glock et al., 2019; Moreno-vivián et al., 1999; 

Shoun et al., 1992). 

IV) The dissimilatory NO3
- reduction to NH4

+ (DNRA), during which NO3
- is reduced to 

NO2
- and finally, NH4

+ by bacteria, fungi and diatoms (Kamp et al., 2015; Rütting et 

al., 2011).  

V) The bacterial anaerobic NH4
+ oxidation to N2 (anammox) while using NO3

- and NO2
- 

as electron acceptors (Kuenen et al., 1995; Kuypers et al., 2003). 

VI) The N assimilation (or N immobilization). Inorganic N compounds such as NH4
+, 

NO2
- or NO3

- can be converted to organic matter N by bacteria (Lin and Stewart, 

1997), archaea (Cabello et al., 2004), fungi (Emmerton et al., 2001; Myrold and 

Posavatz, 2007), algae (Sanz-Luque et al., 2015; Waser et al., 1998), and plants 

(Emmerton et al., 2001; Masclaux-Daubresse et al., 2010).  

VII) The N mineralization. When organic N is degraded by bacteria and fungi, NH4
+ is 

released (Högberg et al., 2007). 

Apart from all these well-known processes (Figure 1.1), biotic reactions involving the 

hydrazine (N2H4) synthesis from NH4
+ and NO, which is then oxidized to N2, have been 
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identified (Kuypers et al., 2018 and references therein). Furthermore, abiotic reactions 

involving N compounds have recently gained attraction. For example, NO2
- can be easily 

reduced to N2O by oxidation of ferrous iron (Fe2+), or NH2OH can be oxidized to N2O by 

reduction of manganese dioxide (MnO2) (Heil et al., 2016; Melton et al., 2014). All the 

above-mentioned processes occur naturally in the environment. However, human activities 

such as fertilizer and explosive manufacturing, combustion of fossil fuel, and industrial 

activities, have triggered an increased transformation of innocuous N2 to reactive N 

compounds (e.g., NO3
-, NO2

-, NO, N2O, NH4
+) compared to the natural N fixation produced 

biotically or by lightning (Fowler et al., 2013; Howarth et al., 1997). The scope of this 

anthropogenic disturbance of the N cycle is conspicuous. Although N is essential for life, 

many compounds such as the oxidized forms NO3
-, NO2

- and N2O have been recognized 

to produce detrimental effects on human health and the environment (Badr and Probert, 

1993; Rivett et al., 2008; Vitousek et al., 1997; Ward et al., 2005). For this reason, the 

excessive accumulation of these reactive N compounds in the biosphere and the 

atmosphere raises concerns.  
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Figure 1.1. Simplified nitrogen cycle diagram. Adapted from: Kuypers et al., 2018 and Waser et al., 1998. 
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1.2. Nitrate pollution in aquifers 

 

The worldwide persistence of NO3
- in groundwater due to human activities is worrying 

since this compound has been related to illnesses such as cancer and 

methemoglobinemia (Fan and Steinberg, 1996; Volkmer et al., 2005; Ward et al., 2005) 

and to eutrophication of aquatic ecosystems (Camargo and Alonso, 2006; Justic et al., 

2009). The main sources of groundwater NO3
- pollution are linked to intensive use of 

synthetic and organic fertilizers (e.g., manure) and septic system leakage (Vitòria et al., 

2008; Wassenaar, 1995). These N inputs into soil or water bodies are mainly in the form of 

NO3
-, NH4

+ or urea (CO(NH2)2). After nitrification and urea hydrolysis, all excess NO3
- that 

cannot be uptaken by crops, can be leached to surface and groundwater bodies. For this 

reason, some of the European directives that have been applied since 1991 aiming to 

mitigate groundwater NO3
- pollution, have focused on reducing the N inputs into the soil 

(e.g., 91/676/EEC; 2000/60/EC; 2006/118/EC).  

As stated in the European directive 91/676/EEC, those areas of land which drain into 

polluted waters or waters at risk of NO3
- pollution are designated as NO3

- vulnerable zones 

(NVZ) (Figure 1.2). In these NVZ, action programs have to be implemented by farmers on 

a compulsory basis such as limitation of fertilizer application. Furthermore, a concentration 

of 50 mg/L NO3
- was the threshold established by the Groundwater Framework Directive 

(2006/118/EC) as a goal to achieve good groundwater quality status and also the 

threshold value for consumption set in the European Drinking Water Directive (98/83/EC) 

and the World Health Organization guidelines for drinking water (WHO, 2011). Although 

the implementation of these directives started in 1991, according to the last available 

report from the European Environmental Agency, the total area of NVZ increased from 

1,951,898 km2 in 2012 to about 2,175,861 km2 in 2015 (EC, 2018a). Also, for the period 

2004-2015, a diminution of the water bodies presenting NO3
- concentrations above 25 

mg/L was observed for surface water but not for groundwater (Figure 1.3). One of the 

reasons is that, due to the long residence time of N in the soil organic matter pool, the 

outcome of the agricultural management practices influencing the NO3
- loading to aquifers 

can be delayed for more than three decades (Sebilo et al., 2013). Consequently, 

developing remediation strategies and improving their effectiveness and economics is 

fundamental both to reach good groundwater quality standards according to the European 

directives and to obtain safe drinking water supplies.  
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Figure 1.2. Nitrate vulnerable zones in the European Union.  Designated nitrate vulnerable zones in the European Union 

countries until 2015 are marked in blue. Source: EC, 2018b.  

 

 

 

Figure 1.3. Groundwater and surface water nitrate concentration evolution in the European Union between 2004 and 

2015. The nitrate concentration (x axis) is given as mg/L. Source: EC, 2018c. 
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1.3. How can we treat water polluted with nitrate?  

 

Different strategies allow removing NO3
- from water by using different mechanisms:  

I) Physical treatments involving the separation of NO3
- from water such as ion 

exchange, reverse osmosis, electrodialysis or adsorption onto different materials 

(Jensen et al., 2012; Öztürk and Bektaş, 2004).  

II) Chemical treatments involving the conversion of NO3
- to N2 such as selective 

catalytic hydrogenation, abiotic NO3
- reduction by metals (e.g., zero valent iron 

(ZVI)) or electrochemical systems (Jensen et al., 2012; Li et al., 2010; Pintar and 

Batista, 1999).  

III) Biological treatments involving inducing the denitrification such as 

bioagumentation, biostimulation or microbial fuel cells (Dybas et al., 2002; Jensen 

et al., 2012; Virdis et al., 2010). 

IV) Accumulation of N in biomass after the NO3
- uptake by plants (Bachand and Horne, 

1999).  

The strategies consisting on the separation of NO3
- from water are disadvantageous since 

the polluted residues must be managed afterwards. Also, in the case of plant uptake, the N 

sequestered as biomass can get back to the soil after plant litter decomposition. Therefore, 

the strategies involving the conversion of NO3
- to N2 are preferred, since they represent a 

real N sink from water. Furthermore, focusing on groundwater treatments, the in-situ 

application is usually advantageous since it might decrease implementation costs 

compared to ex-situ treatments. The in-situ biostimulation, which consists on the 

application of a substrate (electron donor) to induce the denitrification, has already been 

recognized to provide excellent remediation efficiencies while requiring low operation and 

maintenance costs during long-term treatments (Critchley et al., 2014; Gierczak et al., 

2007; Khan and Spalding, 2004; Robertson et al., 2008).   

The denitrification has been shown to occur intrinsically throughout many environments, 

including aquifers, due to the ubiquity of the denitrifying microorganisms (Kraft et al., 2011; 

Philippot et al., 2007; Richardson and Watmough, 1999). The microorganisms can use 

NO3
- as the N source for growth and as the terminal electron acceptor for respiration. 

Three types of enzymes can catalyze the NO3
- reduction: the eukaryotic assimilatory NO3

- 

reductases and the prokaryotic assimilatory NO3
- reductase (NAS), the membrane-bound 

respiratory NO3
- reductase (NAR) and the periplasmic dissimilatory NO3

- reductase (NAP) 
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(Kraft et al., 2011; Moreno-vivián et al., 1999). To complete the denitrification, the activity 

of the NO2
- reductases (NIR), NO reductases (NOR) and N2O reductases (NOS) is also 

needed (Kuypers et al., 2018; Moreno-vivián et al., 1999; Philippot et al., 2007). In the 

case of bacteria and archaea, depending on whether the NO3
- respiration is coupled to the 

oxidation of an organic carbon (C), an inorganic compound (e.g., sulfur, hydrogen or iron) 

or both, it is distinguished between chemoorganotrophic (e.g., Equation 1.1), 

chemolithotrophic (e.g., Equation 1.2) or mixotrophic denitrification, respectively.  

 

Equation 1.1. 5CH2O + 4NO3
- + 4H+ → 2N2 + 5CO2 + 7H2O 

Equation 1.2. 5FeS2 + 15NO3
- + 5H2O → 10SO4

2- + 7.5N2 + 5FeOOH + 5H+ 

 

The mandatory conditions for denitrification, such as electron acceptor availability and low 

oxygen (O2) concentration, are commonly encountered in contaminated aquifers, but the 

electron donor presence is usually a limiting factor (Rivett et al., 2008). Hence, one of the 

feasible treatments for NO3
- removal involves inducing the denitrification by supplying an 

external electron donor (Figure 1.4). The specific electron donor employed, and its supply 

strategy play a critical role in the resulting execution efficiency. Among other parameters, it 

influences the NO3
- reduction rates and the by-product accumulation (Hallin and Pell, 

1998; Wilderer et al., 1987), which is undesirable, given that intermediates, such as NO2
- 

or N2O, could be even more harmful than NO3
- itself (Badr and Probert, 1993; De Beer et 

al., 1997; Rivett et al., 2008). In addition, biomass accumulation and the promotion of other 

biotic processes such as the bacterial SO4
2- reduction (BSR) or DNRA due to excess 

electron donor application could decrease the water quality (production of H2S and NH4
+, 

respectively) and should also be avoided (Rodríguez-Escales et al., 2016). Denitrification 

and BSR can occur simultaneously, especially at high C/N ratios (Laverman et al., 2012), 

and the DNRA is also favored at high C/N ratios, when NO3
- is limited instead of the 

electron donor (Giles et al., 2012; Jones et al., 2017; Kelso et al., 1997). Hence, before 

field-scale application, laboratory experiments must be performed to assess the viability of 

using a specific electron donor to promote denitrification while avoiding the occurrence of 

adverse effects. 

 



 
8 Optimization of induced denitrification strategies in polluted water bodies from agricultural sources 

NAR NIR NOR NOS

NO3
- NO2

- NO N2O N2

ELECTRON DONNOR

ENZYMES

ELECTRON ACCEPTOR

C6H12O6

C2H4O2

C2H6O

H2

Fe2+

S2-

 

Figure 1.4. Induced denitrification by the addition of an electron donor. Only a few examples of possible organic C and 

inorganic compounds that can be used by microorganisms as electron donors to reduce nitrate are given. 

 

1.3.1. Electron donors to promote denitrification 

 

To induce the chemoorganotrophic denitrification, pure organic C compounds, such as 

glucose, acetate, ethanol or methanol have been widely proved to be appropriate (Akunna 

et al., 1993; Carrey et al., 2014; Peng et al., 2007). However, since the use of pure 

compounds might become expensive in long-term treatments, there has been an 

increasing interest in using alternative organic C sources. The potential use of animal or 

vegetal waste has already been verified (Grau-Martínez et al., 2017; Trois et al., 2010). If 

liquid compounds are preferred, products such as wine industry residues can also be 

useful (Carrey et al., 2018). On the other hand, inorganic compounds such as hydrogen 

(H2), sulfur (S0), sulfide (S2-), Fe2+, ZVI or manganese (Mn2+), have been related to the 

chemolithotrophic denitrification (Di Capua et al., 2019). Few laboratory studies testing 

minerals such as pyrite, pyrrhotite or biotite have also shown potential to be used in low-

cost biostimulation strategies aiming to attenuate NO3
- pollution (Aquilina et al., 2018; 

Bosch et al., 2012; Torrentó et al., 2011; Yang et al., 2017). Furthermore, since the 

mineral nanoparticles (NP) are usually more reactive than macroparticles, their potential 

use to remediate polluted water bodies has recently gained attraction (Braunschweig et al., 

2013). Regarding NO3
-, NP of pyrite, Fe/Ni supported onto zeolite or mixed ZVI/Mag have 

been observed to attenuate the pollution (Bosch et al., 2012; Cho et al., 2015b, 2015a; He 

et al., 2018).  
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When applied at field-scale, all these electron donors could promote the reduction of other 

contaminants simultaneously to NO3
- reduction. For example, the organic C electron 

donors have been shown to promote the reduction of compounds such as hexavalent 

chromium (Cr6+), hexavalent uranium (U6+) or chlorinated hydrocarbons (Innemanová et 

al., 2015; Lovley and Phillips, 1992; Mclean et al., 2015; Nancharaiah et al., 2010; 

Němeček et al., 2015; Orozco et al., 2010). While at laboratory-scale, NP of ZVI, ferric iron 

(Fe3+) oxides, magnetite or mixed Mag/maghemite have been found to remove organic 

and inorganic contaminants such as uranium U6+, Cr6+, arsenic, ethylene glycol (C2H6O2) 

and phenol (C6H5OH) (Chowdhury and Yanful, 2010; Crane et al., 2011; Zelmanov and 

Semiat, 2008). The presence of other contaminants simultaneously to NO3
- has to be 

considered when assessing the induced denitrification strategies, since these compounds 

could also act as electron acceptors and therefore, compete with NO3
- for the applied 

electron donors.  

Regarding the accumulation of intermediate products during denitrification, in the 

aforementioned chemoorganotrophic and chemolithotrophic denitrification studies, a 

transient NO2
- accumulation was observed (Ge et al., 2012; Torrentó et al., 2011; Yang et 

al., 2017). This transient NO2
- accumulation occurs both at laboratory (Calderer et al., 

2010; Carrey et al., 2013; Her and Huang, 1995) and field-scale (Critchley et al., 2014; 

Gierczak et al., 2007; Vidal-Gavilan et al., 2013). The NO2
- usually accumulates until the 

bacterial communities adapt to the new redox conditions caused by the electron donor 

addition. One of the reasons is an earlier induction of the NO3
- reductases with respect to 

the NO2
- reductases (Zumft, 1997 and references therein). Thus, the NO2

- accumulation 

might depend on the relative rates of NO3
- and NO2

- reduction (Betlach and Tiedje, 1981), 

as well as on the type of C source and C/N ratios employed (Akunna et al., 1993; Ge et al., 

2012), among other parameters. Furthermore, although the gas emissions are not usually 

measured, the N2O accumulation can never be discarded since this greenhouse gas 

(GHG) has also been detected during the NO3
- reduction both at laboratory and field-scale 

(Jurado et al., 2017; Weymann et al., 2010), especially in the presence of dissolved O2 

(Morley et al., 2008). In induced denitrification strategies, parameters such as the water O2 

concentration, the C/N ratio and the temperature might play an important role in GHG 

emissions (Miettinen et al., 2015; Spoelstra et al., 2010; Teiter and Mander, 2005). 

Consequently, the remediation approach must avoid pollution swapping to ensure the 

safety of the treatment. 
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During the last years, numerous studies have pointed that abiotic reactions involving the N 

and Fe biogeochemical cycles occur simultaneously to the biotic denitrification (Carlson et 

al., 2013; Klueglein and Kappler, 2013; Matocha and Coyne, 2007; Melton et al., 2014). 

The NO2
- reduction by Fe2+ oxidation has been well documented (Buchwald et al., 2016; 

Dhakal et al., 2013; Grabb et al., 2017; Rakshit et al., 2016) and might be advantageous in 

denitrification treatments to avoid a water quality decrease due to NO2
- accumulation. 

However, N2O has been proposed as the final product of this abiotic NO2
- reduction by 

Fe2+ oxidation (Buchwald et al., 2016; Chen et al., 2018; Coby and Picardal, 2005; Wang 

et al., 2016). Hence, supplying NO3
- polluted water bodies with Fe2+-containing minerals to 

induce the denitrification might promote N2O generation from both the biotic and the abiotic 

NO2
- reduction. In fact, in laboratory experiments, Cooper et al. (2003) found a larger N2O 

production during denitrification in the presence of Fe compared to absence. Nevertheless, 

the accumulated N2O by both the biotic and abiotic pathways could be further reduced to 

N2 biotically in the presence of electron donors. In induced denitrification studies, the 

relative contribution of the two pathways on N2O production should be carefully assessed 

since this GHG is currently a focus of attention in climate change research (Reay et al., 

2012). 

 

1.3.2. Biostimulation strategies to promote denitrification  

 

To induce NO3
- attenuation in polluted water bodies from agricultural sources, the 

biostimulation strategies could be applied either directly to the polluted aquifers or to the 

agricultural runoff water before draining into larger water bodies. The advantages and 

disadvantages of each strategy must be carefully evaluated, and previous 

hydrogeochemical characterization at field is crucial to succeed in the operational design.  

To remediate NO3
- polluted aquifers, liquid electron donors can be easily injected through 

already installed or newly constructed wells. Systems involving an electron donor injection 

or cross-injection through wells placed across the path of the contaminant plume (Critchley 

et al., 2014; Gierczak et al., 2007; Tartakovsky et al., 2002), through a daisy-like wells 

system (Khan and Spalding, 2004) or through infiltration galleries (Salminen et al., 2014), 

have demonstrated to be effective. Also, the treatment can be performed by pumping 

groundwater outside the aquifer, mixing it with the electron donor in a tank and reinjecting 

it through wells (Vidal-Gavilan et al., 2013). On the other hand, solid electron donors can 
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be applied through passive systems, such as permeable reactive barriers (PRB) (Gibert et 

al., 2008; Huang et al., 2015; Robertson et al., 2008). The PRB consists of a porous 

material that is placed in the path of a groundwater plume to remove contaminants as the 

plume flows through it. This porous material can be filled with an electron donor to induce 

the denitrification. The PRB installation might involve important costs but the long-

treatments might become cost-effective due to low operating and maintenance costs 

(Robertson et al., 2005, 2000). The PRB can also be installed in ponds for artificial 

recharge of groundwater (Barba et al., 2019; Grau-Martínez et al., 2018). Surface 

infiltration through ponds is commonly used for managed aquifer recharge (Bouwer, 2002; 

Wade Miller, 2006). Although these ponds usually aim to introduce water to the aquifer to 

recover groundwater levels or to become water reservoirs, they can also be used to 

remove contaminants from the water that has to be infiltrated.  

Alternatively, the denitrification treatment can be applied to remediate NO3
- polluted 

agricultural runoff water. For example, directing streams through constructed wetlands 

(CWs) can be useful to minimize further surface and/or groundwater pollution. The CWs 

are other promising, low cost and easy operation systems for the remediation of diverse 

water pollutants (Wu et al., 2015). The surface flow CWs consist of free surface water 

flowing horizontally through an artificial pond containing floating and/or emergent rooted 

vegetation and a high diversity of microorganisms (Ilyas and Masih, 2017; Sirivedhin and 

Gray, 2006; Vymazal, 2007). In surface flow CWs, not only denitrification but also plant 

uptake might contribute to NO3
- pollution mitigation (Rogers et al., 1991). Parameters such 

as temperature, dissolved O2, NO3
- loading, the source and amount of organic C, microbial 

species, the type and density of macrophytes, wetland age, and hydraulic conditions play 

key roles in the NO3
- removal efficiency (Bachand and Horne, 1999; Beutel et al., 2009; 

Kong et al., 2009; Sirivedhin and Gray, 2006). Different approaches can be implemented 

to enhance water remediation, but strategies directed towards the induction of bacterial 

NO3
- respiration are preferred since denitrification is an authentic N sink in water, unlike 

biomass sequestration (Scott et al., 2008). N storage by plants is generally considered 

temporary, because organic N returns to the system after the death and decay of plants if 

they are not harvested (Cooper and Cooke, 1984; Gumbricht, 1993). In CWs, macrophytes 

are able not only to assimilate NO3
-, but also to promote denitrification efficiently. Plants 

exert an influence on the diversity of microbial species and their enzymatic activities by 

releasing exudates and O2 to the rhizosphere (Kong et al., 2009, and references therein), 

and decomposed plant material can be used by microbes as a source of organic C. For 
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this reason, increased NO3
- removal is usually found in vegetated CWs relative to that in 

non-vegetated systems (Jacobs and Harrison, 2014; Soana et al., 2017). If the CW cannot 

provide enough organic C to support complete denitrification (e.g., from inlet water, soil, 

plant root exudates, and decomposed vegetal material), the addition of an external 

electron donors both in liquid or solid forms could enhance the denitrification efficiency (Lu 

et al., 2009; Si et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
13 Optimization of induced denitrification strategies in polluted water bodies from agricultural sources 

1.4. Isotopic tools to identify sources and transformation processes of 

contaminants  

 

During the implementation of strategies to remediate water pollution, the contaminant 

removal can be estimated by monitoring its concentrations before and after the treatment. 

However, this method does not reveal the specific processes involved in the attenuation, 

making it challenging to focus on the improvement of the remediation approach. The 

isotopic characterization of the involved compounds can provide advantageous 

information. Isotope tracers have proven to be a powerful tool in identifying NO3
- sources 

in groundwater as well as the sources of diverse compounds such as SO4
2-, Cr6+ or 

organochlorides, among many others (Clark and Fritz, 1997; Ellis et al., 2002; Palau et al., 

2014; Wassenaar, 1995). Taking NO3
- as an example, different kinds of N synthetic 

fertilizers present different isotopic composition, which is also different from the isotopic 

composition of N from manure and septic systems discharges (Figure 1.5). Therefore, 

analyzing the isotopic composition of dissolved NO3
-, allows identifying the sources of 

pollution (Puig et al., 2017; Vitòria et al., 2008; Widory et al., 2005). In addition, due to the 

different reaction rates between the light and heavy isotopes, the isotopic characterization 

allows tracing the natural and induced transformation processes occurring to diverse water 

contaminants (Aravena and Robertson, 1998; Audí-Miró et al., 2015; Berna et al., 2010; 

Hunkeler et al., 1999; Otero et al., 2007; Vidal-Gavilan et al., 2013).  
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Figure 1.5. Nitrate sources and isotopic composition. The δ18O values might depend on the isotopic composition of the 

oxygen from the water in the studied region. Source: Vitoria et al., 2004. 
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1.4.1. Isotopes to trace nitrate transformation processes 

 

In the course of the enzymatic NO3
- reduction, the unreacted residual substrate becomes 

enriched in the heavy isotopes 15N and 18O, since the lighter isotopes (14N and 16O) react 

preferentially (Aravena and Robertson, 1998; Böttcher et al., 1990; Fukada et al., 2003; 

Mariotti et al., 1981). The same pattern might be observed throughout the biotic and 

abiotic reduction of the intermediate products such as NO2
- or N2O (Buchwald et al., 2016; 

Grabb et al., 2017; Jones et al., 2015; Martin and Casciotti, 2016). These intermediate 

products will be initially depleted in 15N and 18O with respect to the substrate until reaction 

is completed, then the ultimate product will reach the substrate initial isotopic composition. 

Therefore, the isotopic characterization allows to distinguish the NO3
- reduction from other 

processes, such as dilution due to non-polluted water inputs (e.g., from rainfall), that could 

also lead to a concentration decrease without influencing the isotopic signature. The 

isotopic fractionation determined during the reduction of NO3
- and/or its intermediate 

compounds (ε15N and ε18O) in laboratory experiments, performed under controlled 

conditions, can be later applied at field-scale to quantify the pollutant intrinsic or induced 

reduction by a specific electron donor (Böttcher et al., 1990; Mariotti et al., 1988).  

Although the NO3
- isotopic evolution through the chemoorganotrophic denitrification has 

been widely studied (Carrey et al., 2014; Granger et al., 2008; Grau-Martínez et al., 2017; 

Wunderlich et al., 2012), the characterization during the chemolithotrophic denitrification is 

scarce (Torrentó et al., 2011, 2010). Furthermore, the information on the dual isotope 

systematics of intermediates such as NO2
- and N2O throughout its biotic or abiotic 

reduction is also limited (Buchwald et al., 2016; Chen et al., 2018; Grabb et al., 2017; 

Jones et al., 2015). The range of ε15N and ε18O values reported in the literature up to date 

for the denitrification and the abiotic NO2
- reduction is presented in Table 1.1. Several 

factors affect the isotopic fractionation under closed system conditions (laboratory):  

I) The type of electron donor source might influence the ε15NNO3/N2 and ε18ONO3/N2 

results by changing the ratio between the NO3
- transport across the cell and the 

intracellular enzymatic reduction (Wunderlich et al., 2012).  

II) As previously mentioned, throughout the denitrification the NAR or NAP catalyze 

the NO3
- reduction to NO2

-. Then, the haem-containing cd1 nitrite reductase (Fe-

NIR) or the Cu-containing nitrite reductase (Cu-NIR) catalyze the NO2
- reduction to 

NO. The use of these different types of NO3
- and NO2

- reductases have shown to 
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produce different ε15N/ε18O values (Granger et al., 2008; Martin and Casciotti, 

2016). 

III) In the case of the NO2
- abiotic reduction, lower ε15NNO2/N2O and ε18ONO2/N2O values 

have been generally related to higher NO2
- reduction rates (Buchwald et al., 2016; 

Grabb et al., 2017).  

When using ε15N and ε18O values determined at laboratory to evaluate the efficiency of the 

natural or induced denitrification at field-scale, attention must be focused on biological and 

hydrogeochemical effects, which could hinder the results interpretation. For this reason, 

coupling isotopic analysis with all possible data obtained throughout the characterization 

process will provide a more accurate evaluation. Apart from denitrification, three important 

processes can affect the NO3
- isotopic composition at field-scale:  

I) The NO2
- reoxidation to NO3

- after equilibration of the δ18O-NO2
- with the δ18O-H2O 

might modify the ε18ONO3/N2 and consequently, the ε15N/ε18O (Wunderlich et al., 

2013). For this reason, ε15N/ε18O values close to 2 are common in field-scale 

freshwater denitrification studies where O2 inputs are usual (Critchley et al., 2014; 

Granger and Wankel, 2016; Otero et al., 2009), while values remain close to 1 in 

laboratory experiments (Carrey et al., 2013; Grau-Martínez et al., 2017). Apart from 

abiotically (due to O2 inputs), the NO2
- can be reoxidated to NO3

- by 

microorganisms performing the second step of the nitrification. In the first step, the 

ammonia monooxygenase (AMO) catalyzes the NH4
+ oxidation to NO2

- and then 

NO2
- is oxidized to NO3

- by the NO2
- oxidoreductase (NXR). During the nitrification, 

the δ15N of the residual NH4
+ and NO2

- increases (Högberg, 1997; Mariotti et al., 

1981), while the isotopic composition of the O-NO3
- is controlled by the O-H2O (2/3) 

and the O-O2 (1/3) (Andersson and Hooper, 1983). 

II) Mixing of denitrified water with non-polluted water (e.g., rainfall events), could 

decrease the NO3
- concentration without producing a further enrichment in the 

heavy isotopes 15N and 18O, while mixing of waters with NO3
- from different sources 

could modify both the NO3
- concentration and isotopic composition (Puig et al., 

2013).  

III) The NO3
- assimilation by plants or other organisms might also cause an isotopic 

fractionation. Significant enrichment in both 15N and 18O has been observed in the 

NO3
- extracted from leaves relative to the NO3

- from water after plant uptake, but 

the changes in the NO3
- isotopic composition in the water are ususally minor 
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(Estrada et al., 2017; Spoelstra et al., 2010). A higher 15N of the intracellular NO3
- 

compared to the NO3
- from water has been also observed during assimilation by 

marine diatoms (Needoba et al., 2004). In another study investigating the NO3
- 

isotope effects due to assimilation by different species of prokaryotes and 

eukaryotes, low ε15N and ε18O for the NO3
- in water (from -0.4 to -2 ‰) were found 

for a heterotrophic α-proteobacteria, while higher values (-2 to -9 ‰) were found for 

marine cyanobacteria, chlorophytes and diatoms (Granger et al., 2010). 

Nevertheless, in NO3
- remediation studies, the observed isotopic fractionation is 

usually attributed to denitrification since it is the process accounting for most of the 

NO3
- removal, at least after the initial period of biomass increase due to the 

biostimulation.  

 

1.4.2. Isotopic characterization of other compounds involved in the denitrification 

 

The isotopic characterization of the applied electron donor (e.g., δ13C or δ56Fe) and the 

produced dissolved inorganic carbon (and δ13C-DIC) during denitrification might provide 

knowledge on the fate of the added electron donor (Carrey et al., 2018; Nascimento and 

Krishnamurthy, 1997; Swanner et al., 2017). Furthermore, taking into consideration the 

intrinsic characteristics of the studied water bodies, the isotopic characterization of diverse 

compounds can be used to determine the existence of processes concurring with 

denitrification. For example, similarly to the case of NO3
-, the isotopic composition of S and 

O from dissolved SO4
2- allows to identify the occurrence of bacterial SO4

2- reduction 

(Laverman et al., 2012; Strebel et al., 1990), or the isotopic composition of Cr6+ allows to 

identify its biotic or abiotic reduction (Basu et al., 2014; Chen et al., 2018; Ellis et al., 

2002). Both the SO4
2- and Cr6+ can be reduced simultaneously to NO3

- in the presence of 

an electron donor.  
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1.5. Goals of the thesis 

 

Since in many of the local and regional aquifers in Europe, the NO3
- concentration still 

exceeds the threshold for human consumption of 50 mg/L (2006/118/EC), the optimization 

of the implementation and evaluation of remediation strategies is crucial. In this context, 

the main goal of this thesis is to improve the knowledge on the mechanisms based on 

biostimulation to remediate groundwater polluted with NO3
-. According to this general 

objective, several specific goals were determined: 

I) To evaluate the suitability of using Fe2+-containing minerals (magnetite, siderite, 

olivine) to promote the NO3
- attenuation in polluted water bodies; to quantify the 

changes in the NO3
- reduction rate when the Fe2+-containing minerals are nano-

sized compared to micro-sized; to evaluate the possible abiotic reactivity between 

the Fe2+-containing minerals or dissolved Fe2+ and NO3
- or NO2

-; and to quantify the 

ε values for all the tested conditions.  

II) To evaluate the suitability of using a dairy industry residue to promote denitrification 

when injected into NO3
- polluted aquifers; to find the best injection strategy to 

reduce NO3
- values below the threshold fixed by European Directives while 

achieving complete whey consumption; and to quantify the ε values for all the 

tested conditions.  

III) To evaluate the suitability of using rural waste products (animal compost, wheat 

hay, corn stubble) to promote denitrification if applied in a surface flow CW; to 

evaluate the influence of temperature on the induced denitrification efficiency; and 

to quantify the ε values for all the tested conditions.  

IV) To test the usefulness of the isotopic tools to trace the induced denitrification 

efficiency during a long-term in-situ attenuation strategy at a pilot-plant to produce 

safe drinking water from NO3
--polluted groundwater by acetic acid injections.  

V) To trace the natural NO3
- attenuation in a polluted aquifer with Cr6+ by using isotopic 

tools taking into account changes in the reactivity and isotopic fractionation due to 

the simultaneous presence of NO3
- and Cr6+. 

VI) To trace the NO3
- attenuation before and after the implementation of a 

biostimulation strategy in a CW both in the autumn-winter and spring-summer 

seasons by using isotopic tools.  
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1.6. Thesis outline  

 

In order to accomplish the goals, several tasks were developed including both laboratory 

and field-scale research. At laboratory-scale, batch and flow-through experiments were 

performed by using the following electron donors to promote the denitrification: acetic acid, 

ethanol, whey, wheat hay, corn stubble, animal compost, magnetite (Mag), siderite (Sd), 

olivine (Ol). At field-scale the natural and induced denitrification was evaluated in two 

polluted aquifers and in a CW. During the studies, samples were collected and 

characterized chemically and isotopically. If needed, some analytical techniques were 

implemented and/or optimized. In the laboratory experiments, the ε values were 

determined for all tested conditions. The ε values obtained for acetic acid, ethanol and 

corn stubble were applied to determine the efficiency of denitrification in the field-scale 

studies (two polluted aquifers and a CW). The other values can be used in future field-

scale studies if the tested electron donors are intrinsically present or applied to remediate 

polluted water bodies. Both at laboratory and field-scale, special attention was directed on 

the generation of harmful by-products throughout the induced denitrification from 

biostimulation strategies.  

A total number of six scientific articles have resulted from the tasks performed during this 

thesis. Four of them have been already published in international peer-reviewed science 

citation index (SCI) journals with high impact factors, one has been recently submitted for 

publication and another one is still in preparation. These articles are listed below, including 

the information on the SCI journals rank according to Web Of Science (WOS, Thomson 

Reuters). A scheme of the relationship between the different published papers derived 

from the present thesis is found in Figure 1.6. The full text of the publications can be found 

in the Annex of this document.  

I) Rosanna Margalef-Marti, Raúl Carrey, Albert Soler, Neus Otero. Induced nitrate 

attenuation by ferrous iron containing minerals. Submitted to Chemosphere. Q1 in 

Environmental Sciences, IF = 5.1 (2018). 

II) Francesco Offfedu, Robert Benaiges-Fernandez, Rosanna Margalef-Marti, Jordi 

Palau, Jordi Urmeneta, Raúl Carrey, Neus Otero, Albert Soler, Jordi Cama. 

Geochemical and isotopic study of abiotic nitrite reduction coupled to bio-produced 

Fe(II) oxidation in marine environments. In preparation. 
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III) Rosanna Margalef-Marti, Raúl Carrey, Albert Soler, Neus Otero. 2019. Evaluating 

the potential use of a dairy industry residue to induce denitrification in polluted 

water bodies: A flow-through experiment. Journal of Environmental Management, 

245, pp. 86-94. DOI: 10.1016/j.jenvman.2019.03.086. Q1 in Environmental 

Sciences, IF = 4.9 (2018). 

IV) Rosanna Margalef-Marti, Raúl Carrey, Daniel Merchán, Albert Soler, Jesús 

Causapé, Neus Otero. 2019. Feasibility of using rural waste products to increase 

the denitrification efficiency in a surface flow constructed wetland. Journal of 

Hydrology, 578, 124035. DOI: 10.1016/j.jhydrol.2019.124035. Q1 in Civil 

Engineering, Geosciences Multidisciplinary and Water resources, IF = 4.4 (2018). 

V) Rosanna Margalef-Marti, Raúl Carrey, Marta Viladés, Irene Jubany, Ester 

Vilanova, Roser Grau, Albert Soler, Neus Otero. 2019. Use of nitrogen and oxygen 

isotopes of dissolved nitrate to trace field-scale induced denitrification efficiency 

throughout an in-situ groundwater remediation strategy. Science of the Total 

Environment, 686, pp. 709-718. DOI: 10.1016/j.scitotenv.2019.06.003. Q1 in 

Environmental Sciences, IF = 5.6 (2018). 

VI) Elina Ceballos, Rosanna Margalef-Marti, Raul Carrey, Robert Frei, Neus Otero, 

Albert Soler, Carlos Ayora. 2020. Characterization of the natural attenuation of 

chromium contamination in the presence of nitrate using isotopic methods. A case 

study from the Matanza-Riachuelo river basin, Argentina. Science of the Total 

Environment, 699, 134331. DOI: 10.1016/j.scitotenv.2019.134331. Q1 in 

Environmental Sciences, IF = 5.6 (2018). 

While the tasks involving the articles I, III, IV and V where fully developed in the context of 

the present thesis, the tasks involving the articles II and VI where performed with the 

collaboration of researchers from the Institute of Environmental Assessment and Water 

Research (IDAEA) of the “Consejo Superior de Investigaciones Científicas (CSIC)” and the 

“Instituto de Hidrología de Llanuras Eduardo J. Usunof” of the “Consejo Nacional de 

Investigaciones Científicas (CONICET)”. The contribution of this thesis to paper II was: 

supporting the experimental design, isotope analysis, results interpretation of the isotopic 

data coupled to chemical data and writing of the isotope results and discussion section of 

the paper. The contribution to paper VI was: supporting the laboratory experiments design 

and set-up, isotope analysis, results interpretation of the isotopic data coupled to chemical 

data, writing of the isotope results and discussion section of the paper and general revision 

of the paper.  
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ARTICLE IV

RURAL WASTE PRODUCTS  TO 
PROMOTE DENITRIFICATION

ARTICLE III

WHEY TO PROMOTE 
DENITRIFICATION

ARTICLE I + II

Fe MINERALS TO PROMOTE 
DENITRIFICATION

LABORATORY-SCALE 
EXPERIMENTS

ARTICLE VI

POLLUTED AQUIFER
NATURAL DENITRIFICATION

ARTICLE IV

CONSTRUCTED WETLAND
NATURAL AND INDUCED 

DENITRIFICATION

ARTICLE V

POLLUTED AQUIFER 
INDUCED DENITRIFICATION

FIELD-SCALE 
STUDIES

INDUCED 
DENITRIFICATION

NATURAL 
DENITRIFICATION

ISOTOPE TOOLS TO TRACE NITRATE
TRANSFORMATION PROCESSES

 

Figure 1.6. Relationship between the articles derived from this thesis. The title of each article is specified in the 

introduction section 1.6 and the full texts can be found in the Annex of this document. The articles V and VI also included 

laboratory experiments but as the methodology needed to calculate the isotopic fractionation values to be later applied at 

field-scale.  

 

Apart from these articles, other contributions related with this thesis were presented in 

conferences: 

I) Margalef Marti, R.; Offedu, F.; Benaiges-Fernandez, R.; Palau, J.; Urmeneta, J.; 

Carrey, R.; Otero, N.; Soler, A.; Cama, J. Isotopic analysis of nitrite during abiotic 

reduction by bio-produced Fe(II). Potential insight into the fate of nitrite in marine 

environments. Goldschmidt (international), August 2019, Barcelona, Spain. Oral 

communication. 
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II) Margalef-Marti, R.; Carrey, R.; Soler, A.; Otero, N. Isotopic fractionation associated 

to nitrate attenuation by ferrous iron containing minerals. 6th International 

Symposium on Water-Rock Interaction, 13th International Symposium on Applied 

Isotope Geochemistry and 1st IAGC International Conference (international), July 

2019, Tomsk, Russia. Oral communication. 

III) Martí, V.; Benito, J.A.; Jubany, I.; Ribas, D.; Margalef-Marti, R.; Carrey, R.; Otero, 

N.; Soler, A. Study of the elimination of phosphate and nitrate in water by using iron 

oxides nanoparticles obtained by top to down approach. 7th European 

Bioremediation Conference and 11th International Society for Environmental 

Biotechnology conference (international), June 2018, Chania, Greece. Oral 

communication. 

IV) Margalef-Marti, R.; Carrey, R.; Merchán, D.; Otero, N.; Soler, A.; Causapé, J. Use 

of rural waste products to induce Denitrification in a constructed wetland: Batch 

experiments. Wetland Systems for Water Pollution Control (international), October 

2018, Valencia, Spain. Poster. 

V) Carrey, R.; Margalef-Marti, R.; Merchán, D.; Otero, N.; Soler, A.; Causapé, J. 

Feasibility of corn stubble to promote denitrification in a surface flow constructed 

wetland: Isotopic approach. Wetland Systems for Water Pollution Control 

(international), October 2018, Valencia, Spain. Oral communication. 

VI) Soler, A.; Margalef-Marti, R.; Carrey, R.; Otero, N.; Vilades, M., Jubany, J.; 

Vilanova, E.; Grau, R. Nitrogen and oxygen isotopes of dissolved nitrate to 

evaluate the efficiency of induced groundwater denitrification at field-scale. 

Flowpath, National Meeting on Hydrogeology (national), June 2017, Cagliari, Italy. 

Invited talk. 

VII) Margalef-Marti, R.; Carrey, R.; Otero, N.; Domenech, C.; Soler, A. Nitrate and 

nitrite attenuation by Fe(II) minerals: biotic and abiotic reactions. XXXVI Reunión 

Científica de la Sociedad Española de Mineralogía (national), June 2017, Oviedo, 

Spain. Oral communication. 

VIII) Carrey, R.; Margalef-Marti, R.; Viladés, M.; Jubany, I.; Vilanova, E.; Grau, R.; 

Soler, A.; Otero, N. Stable isotope characterization to evaluate the efficiency of 

induced denitrification at field-scale. Goldschmidt (international), August 2017, 

Paris, France. Oral communication. 

IX) Soler, A.; Margalef-Marti, R.; Carrey, R.; Otero, N.; Viladés, M.; Jubany, I.; 

Vilanova, E.; Grau, R. Nitrogen and oxygen isotopes of dissolved nitrate to 
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evaluate the efficiency of induced groundwater denitrification at field-scale. 

Isótopos Estables, Metodologías y Aplicaciones - Reunión de Usuarios IRMS 

(national), October 2017, Sevilla, Spain. Invited talk. 

X) Carrey, R.; Margalef-Marti, R.; Merchán, D.; Otero, N.; Soler, A.; Causapé, J. Use 

of stable isotopes (δ15N and δ18O) to evaluate nitrate reduction processes in a 

surface flow artificial wetland. IsoCycles (international), October 2017, Ascona, 

Switzerland. Oral communication. 

XI) Margalef-Marti, R.; Carrey, R.; Otero, N.; Domenech, C.; Soler, A. Induced 

biodenitrification by a dairy industry by-product as an electron donor source: flow-

through experiment. Joint European Stable Isotope Users group Meeting JESIUM 

(international), September 2016, Gent, Belgium. Poster. Awarded as the best 

student poster.  

Furthermore, two short research stays abroad were performed during the thesis. The first 

one in the Ecogeochemistry team of the “Institut d'Ecologie et des Sciences de 

l'Environnement de Paris” (Université Pierre et Marie Curie), with the objective of learning 

the analytical techniques needed for the N2O isotopic characterization. The second one in 

the Division of Geosciences and Environmental engineering of the Lulea University of 

Technology in collaboration with the company ALS Scandinavia, with the objective of 

learning the analytical techniques needed for the Fe isotopic characterization. The 

knowledge gained during these two stays is expected to be implemented in future projects 

related to the work developed in this thesis.  

In the following chapters, the employed methodologies and obtained results during the 

present thesis are summarized and briefly described. A global discussion of the results is 

also provided along with the results. 
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2.1. Nitrate polluted aquifer in Sant Andreu de Llavaneres (Spain) 

 

In Catalunya (north-east Spain), twelve areas have been designated as NVZ (DECRET 

136/2009; DECRET 283/1998) (Figure 2.1). During the last decade, more than 50 % of 

the wells monitored by the Catalan Water Agency in the Maresme area (NVZ number 2 in 

Figure 2.1) presented NO3
- concentrations above 50 mg/L (ACA, 2019), the threshold 

value for consumption set by the directive 98/83/EC. Despite the Maresme was designated 

a NVZ in 1998 and good agricultural practices were implemented, NO3
- is still exceeding 

200 mg/L in a number of wells (ACA, 2019).  

 

 

Figure 2.1. Designated nitrate vulnerable zones in Catalunya. Source: Generalitat de Catalunya, Departament 

d’Agricultura, Ramaderia, Pesca, 2015.  

 

In the framework of the Life+ InSiTrate project, a pilot-plant was set up in Sant Andreu de 

Llavaneres (Maresme) to produce safe drinking water from NO3
--polluted groundwater by 

inducing in-situ denitrification by acetic acid injections (2015-2017). The pilot-plant 
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consisted of two electron donor injection wells (I1 and I2), one treated water extraction well 

(EW) at an approximate distance of 30 m from the two injection wells, three monitoring 

piezometers (PZ1, PZ2 and PZ3) between the injection and the extraction wells, and one 

monitoring well (MW) downstream, located out of the area affected by the biostimulation 

(Figure 2.2).  

The project site is located 10 m nearby the San Andreu de Llavaneres Creek. The pilot 

plant is placed in an alluvial aquifer, formed by Quaternary (Holocene) coarse sand and silt 

sediments overlying an altered Paleozoic granite formation located at 40 m depth (IGC, 

2011). Before the biostimulation, the area was characterized by means of pumping and 

tracing assays. The obtained permeability was between 70 and 100 m/d, transmissivity 

was between 800 and 1000 m2/d and the average porosity was 0.5. The average aquifer 

temperature was 20.3 ºC (SD = 1.4). Prior to the treatment, the aquifer showed aerobic 

conditions and natural NO3
- attenuation was not observed, discarding the availability of 

electron donors in the aquifer that could promote denitrification intrinsically.  
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Figure 2.2. Pilot-plant scheme. Location, schematic map and cross-section of the pilot-plant. I1 and I2 are the injection 

wells; PZ1, PZ2 and PZ3 the monitoring piezometers; EW the extraction well and MW the monitoring well. I2 is projected on 

the cross-section. Arrows depict the flow direction when the EW is operating. Natural flow direction is from I1 to MW.  
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2.2. Nitrate polluted aquifer in the Matanza-Riachuelo basin (Argentina) 

 

The Matanza-Riachuelo River Basin (MRB), located to the NE of the Buenos Aires 

province (Figure 2.3.A) is the most populated (>4 million people), industrialized and 

polluted basin in Argentina (Zabala et al., 2016). Groundwater, in some areas within the 

MRB, is affected by both Cr6+ (up to 5 mg/L) and NO3
- (>100 mg/L) pollution (Sanci et al., 

2018). The main source of Cr6+ contamination is related to a chemical industry plant that 

operated from 1968 to 1990, producing bichromates, chromic acid, sulfuric acid and 

tannery products. During the operation period, the processing residues containing Cr6+ 

salts were disposed untreated into nearby unlined piles where the dissolution of these 

waste salts promoted the migration of Cr6+ through the vadose zone into groundwater. In 

the case of NO3
-, the pollution is likely due to septic system leakage, which could also be a 

source of organic carbon in the groundwater. The study area is located near this chemical 

industry, in the San Ignacio neighborhood (Jagüel town), at the lowest stretch of the 

Ortega Stream sub basin, a tributary of the Matanza-Riachuelo River (Figure 2.3.B). A few 

monitoring wells belonging to the basin authority ACUMAR (P13, P28 and P29) and 

private supply wells (P15, P16, P21, P22, P26, P27, P31, P33 and P34) are accessible for 

sampling within this area.  

The MRB contains two aquifer systems, the Upper aquifer of medium to low productivity 

and a variable water quality, and the Puelche Aquifer, of medium to high productivity and 

good water quality (Zabala et al., 2016). The Upper Aquifer holds the water table and 

receives natural recharge by infiltration of rainfall. Its thickness is approximately 40 m 

(Mancino et al., 2013), and consists of sandy-clayey-silts loess (Holocene), homogeneous 

fine-grained loess and sandy loess (Pleistocene), and interbedded carbonate (tosca). The 

Puelche Aquifer has a maximum thickness of 60 m and consist of quartz sands in the 

lower sandy section and silts and clay that are interbedded towards the top (Upper 

Pliocene to Pleistocene). These silty clay sediments behave as an aquitard of 

heterogeneous thickness but in some sectors of the lower basin this aquitard does not 

exist because the sediments of the Upper Aquifer are in direct contact with the sands of 

the Puelche Aquifer. Due to the Puelche Aquifer not outcropping in the MRB, its recharge 

occurs directly from the Upper Aquifer by vertical filtration (Vives et al., 2013). The regional 

groundwater flow in the two aquifers is SW to NE (Vives et al., 2013).  
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Figure 2.3. Scheme of the San Ignacio neighborhood study site. A) Location of the Matanza-Riachuelo River Basin 

(MRB), and Ortega stream sub basin. B) Site of study in the San Ignacio neighbourhood. 
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2.3. Nitrate polluted agricultural runoff water in the Lerma basin (Spain) 

 

In the 2000s, approximately 20,000 ha of rainfed croplands were transformed into irrigated 

agricultural land in the Arba River Basin (Zaragoza, Spain). The Lerma basin (Figure 2.4), 

a small watershed representative of the area, was monitored to assess the effects of this 

transformation on the water balance and the salt and NO3
--N exports (Merchán et al., 

2015, 2014, 2013). In general, the implementation of irrigation implied a three-fold 

increase in N export to the receiving water bodies, in this case the Arba River, which was 

the first surface water body in the Ebro River Basin to be declared affected by NO3
- 

pollution according to the BOA 91 (2014) in response to the Real Decreto 261/1996 (1996) 

established after the publication of the Nitrates Directive 91/676/EEC in 1991.  

 

 

Figure 2.4. Scheme of the Lerma basin.  Lerma basin situation and main characteristics. Source: (Merchán et al., 2013). 

 

In order to diminish the release of NO3
- from the Lerma Basin to the Arba River, a surface 

flow CW was constructed in October 2015, initially covering an area of ~1500 m2, and was 

enlarged in June 2017, covering a final area of ~2500 m2 with a depth of ~40 cm (Figure 

2.5). The surface water of the Lerma gully can be totally or partially diverted towards the 
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CW. Water flow in the Lerma gully varies between 15 and 60 L/s. The CW is fully 

automated, with high frequency monitoring (every 10 minutes) of the water flow rate and 

NO3
- concentration at both the inlet and the outlet. Emergent macrophytes (Typha and 

Phragmites) started growing since its construction. 
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H2

H3

H4

H5

H6

10 m

 

Figure 2.5. Constructed wetland design.  Photograph of the surface flow CW with emergent macrophytes. The sampling 

points are depicted by white squares (H1 to H6), and the water flow within the CW with striped arrows. Non-treated water 

flow discharging to the Lerma gully is depicted with black arrows, and that of treated water with a white arrow. 
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3.1. Laboratory batch and column experiments 

 

The laboratory experiments included several sets of batch and column tests aiming to 

evaluate the feasibility of using different low-cost materials as electron donors to induce 

the denitrification and to determine the resulting ε18O and ε15N values (Fe2+ containing 

minerals, vegetal and animal waste products and whey). Furthermore, two sets of batch 

experiments with acetic acid (CH3COOH) or ethanol (C2H6O) were set up aiming to 

determine the ε18O and ε15N needed to calculate the efficiency of the denitrification in two 

polluted aquifers, one in Spain and one in Argentina (see Section 2.1 and Section 2.2).   

The batch experiments methodology was shared for all tested materials. The microcosms 

were set in different volume flasks and incubated under an Ar atmosphere, in the darkness 

with constant agitation. Different series of experiments were performed according to the 

tested electron donors: the Fe2+ containing minerals magnetite (Mag), olivine (Ol) and 

siderite (Sd) (Table 3.1), the pure organic carbon compounds acetic acid (CH3COOH) and 

ethanol (C2H6O) (Table 3.2), and the complex organic carbon sources corn stubble, wheat 

hay and animal compost (Table 3.2). The biostimulated microcosms were sacrificed by 

turns at time intervals depending on the denitrification dynamics until a complete NO3
- and 

NO2
- removal was achieved. The control microcosms were sacrificed at the end of the 

experiments. These controls aimed to assess the intrinsic potential of the employed 

materials to attenuate the NO3
- or NO2

- or to act as a N supply. All series included 

replicates.  
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Table 3.1. Batch experiments with ferrous iron minerals. The different types of water sources used were: groundwater 

(GW) from Roda de Ter (Barcelona, Spain), deionized water (DIW) with NO3
- or NO2

-, MilliQ water (MilliQ) and synthetic sea 

water (SSW). In the Roda de Ter aquifer, lithotrophic denitrification occurrence have been previously reported (Hernández-

del Amo et al., 2018; Otero et al., 2009; Vitòria et al., 2008). The sediment used in these experiments was milled limestone. 

The incubation was performed at 22-23ºC.  

Reactor Type Code 
Water 

source 
Sediment 

Electron 

donor 

Electron 

acceptor 

Biostimulated BioSedGW-Mag GW Yes Mag NO3
- 

Biostimulated BioSedGW-Ol GW Yes Ol NO3
- 

Biostimulated BioSedGW-Sd GW Yes Sd NO3
- 

Biostimulated BioSedGW-Mag-NP GW Yes Mag-NP NO3
- 

Biotic control BioSedGW-C GW Yes - NO3
- 

Biotic control BioSedDIW-Mag DIW Yes Mag NO3
- 

Biotic control BioSedDIW-Ol DIW Yes Ol NO3
- 

Biotic control BioSedDIW-Sd DIW Yes Sd NO3
- 

Biotic control BioSedDIW-Mag-NP DIW Yes Mag-NP NO3
- 

Biotic control BioSedDIW-C DIW Yes - NO3
- 

Biotic control Blank MilliQ Yes - - 

Abiotic control AbFeNO3-Mag DIW No Mag+Fe2+ NO2
- 

Abiotic control AbFeNO3-Ol DIW No Ol+Fe2+ NO2
- 

Abiotic control AbFeNO3-Sd DIW No Sd+Fe2+ NO2
- 

Abiotic control AbFeNO2-Mag DIW No Mag+Fe2+ NO2
- 

Abiotic control AbFeNO2-Ol DIW No Ol+Fe2+ NO2
- 

Abiotic control AbFeNO2-Sd DIW No Sd+Fe2+ NO2
- 

Abiotic control AbFeNO2-C DIW No Fe2+ NO2
- 

Abiotic control AbNO2-Mag DIW No Mag NO2
- 

Abiotic control AbNO2-Ol DIW No Ol NO2
- 

Abiotic control AbNO2-Sd DIW No Sd NO2
- 

Abiotic control AbSeaNO2-StFeaq SSW No 
Synthetic Fe2+ 

(aqueous) 
NO2

- 

Abiotic control AbSeaNO2-StFes SSW No 
Synthetic Fe2+ 

(solid-bound) 
NO2

- 

Abiotic control AbSeaNO2-StFeaq+s SSW No 
Synthetic Fe2+ 

(aq+s) 
NO2

- 

Abiotic control AbSeaNO2-BioFeaq+s SSW No 
Biotic Fe2+ 

(aq+s) 
NO2

- 

Biotic control BioSeaNO2-Acetate SSW No Acetate NO2
- 

Biotic control BioSeaNO2-Lactate SSW No Lactate NO2
- 
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Table 3.2. Batch experiments with organic carbon sources. Content of the batch experiments either using pure organic 

carbon compounds or complex materials and temperature of incubation. All these experiments were performed using NO3
- 

as de electron acceptor and focused on three different study sites (see Section 2). Legend: GW = groundwater of the study 

site, ARF = agricultural runoff water of the study site, DIW = deionized water, Milli-Q = Milli-Q water.  

Study  

site  

Reactor 

type 
Code 

Water  

source 

Sediment 

addition 

Electron 

donor 
Temp. 

Sant 

Andreu de 

Llavaneres 

aquifer 

Stimulated B GW (NO3
-) Yes CH3COOH 

20ºC 
Control C1 GW (NO3

-) Yes No 

Control C2 Milli-Q Yes No 

Control C3 GW (NO3
-) No CH3COOH 

Matanza-

Riachuelo 

basin 

aquifer 

Stimulated BioN GW (NO3
-) Yes C2H6O 

24ºC 

Stimulated BioCr GW (Cr6+) Yes C2H6O 

Stimulated BioCrN GW (NO3
-+Cr6+) Yes C2H6O 

Control CtrlCrN GW (NO3
-+Cr6+) Yes No 

Control Blank DIW Yes No 

CW in the 

Lerma 

basin 

Stimulated C-24 ARF (NO3
-) No 

Animal 

compost 
24ºC 

Control C-24-blank DIW No 
Animal 

compost 
24ºC 

Stimulated H-24 ARF (NO3
-) No Wheat hay 24ºC 

Control H-24-blank DIW No Wheat hay 24ºC 

Stimulated S-24 ARF (NO3
-) No Corn stubble 24ºC 

Control S-24-blank DIW No Corn stubble 24ºC 

Stimulated S-16 ARF (NO3
-) No Corn stubble 16ºC 

Control S-16-blank DIW No Corn stubble 16ºC 

Stimulated S-8 ARF (NO3
-) No Corn stubble 8ºC 

Control S-8-blank DIW No Corn stubble 8ºC 

Stimulated DS-24 ARF (NO3
-) No 

Decomposed 

corn stubble 
24ºC 

Control DS-24-blank DIW No 
Decomposed 

corn stubble 
24ºC 
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In the flow-through experiment, synthetic water from the inflow reservoir flowed from the 

bottom to the top of a glass column (filled with silica balls) until discharging into the outflow 

reservoir at a flow rate of 0.2 mL/min (Figure 3.1). Eh and pH probes were installed 

between the column and the outflow container. Temperature was maintained at 14 °C. 

Eight sampling points were established: one at the inflow container, six along the glass 

column at 10 cm intervals (VP1 to VP6) and one at the outflow container. The 

biostimulation was performed through three injection points near the bottom of the column. 

An initial operation period with no electron donor injection was carried out to assess the 

system performance (Stage 0). After Stage 0, different biostimulation strategies were 

tested by injecting whey in varying C/N ratios and periodicities: I) injection every 4 days at 

a 3.0 C/N ratio from day 0 to 24; II) no injection from day 24 to 77; III) daily injection at a 

2.0 C/N ratio from day 77 to 99; IV) daily injection at a 1.25 C/N ratio from day 99 to 114; 

V) daily injection at a 1.5 C/N ratio from day 114 to 144; and VI) no injection from day 144 

to 170.  

 

12

3

4 5

6

7

8

9

 

Figure 3.1. Column design. Scheme of the system. 1) inflow water, 2) peristaltic pump, 3) refrigerating chamber, 4) Eh 

probe, 5) pH probe, 6) multiparametric analyzer, 7) outflow water, 8) sampling points and 9) injection points.   
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3.2. Field-scale surveys 

 

In the Sant Andreu de Llavaneres aquifer (see section 2.1), in-situ heterotrophic 

denitrification stimulation was induced by injecting CH3COOH by pulses intro the aquifer. 

The total biostimulation period was 22 months (2015-2017). A total of forty-four samples 

were collected from two wells and three piezometers in the pilot-plant (EW, PZ1, PZ2, PZ3 

and MW, Figure 2.2) to evaluate the induced NO3
- attenuation. Nine sampling campaigns 

were performed during the twenty-two months of the pilot-plant operation (months 1, 2, 7, 

10, 11, 12, 14, 17 and 19), and one was performed two months after the end of injections 

(month 24). Sediment for the batch experiments was obtained from the piezometer cores. 

To evaluate the natural NO3
- and Cr6+ attenuation in the Matanza-Riachuelo basin aquifer 

(see section 2.2), groundwater samples were collected on September 2017 from 12 wells 

(P13, P28 and P29, P15, P16, P21, P22, P26, P27, P31, P33 and P34, Figure 2.3). Soil 

samples for the batch experiments were collected from a drilling downstream of the 

chemical industry, near the P28 monitoring well (Figure 2.3).  

The field survey in the CW at the Lerma basin (see section 2.3) involved 13 sampling 

campaigns consisting on the collection of six water samples (H1 to H6) along the CW flow 

line (Figure 2.5). In the first period, three surveys were performed to test two different 

operating conditions before the biostimulation: a flow rate of ~5.5 L/s and a flow rate of 

~2.5 L/s. The second period involved the application of corn stubble on September 25, 

2017, and the evaluation of the treatment (autumn-winter) with two surveys performed 7 

and 14 days after the application. The third period involved a second application of corn 

stubble on May 11, 2018, and the evaluation of the treatment (spring-summer), with eight 

surveys performed from May 2018 to October 2018. Throughout the second and third 

periods, the CW was operated at a higher flow rate (~16 L/s).  

 

 

 

 

 



 
51 Optimization of induced denitrification strategies in polluted water bodies from agricultural sources 

3.3. Analytical techniques 

 

Depending on the purpose of each experiment, different chemical parameters were 

determined in the collected samples, considering the following ones: concentration of 

dissolved major anions (NO3
-, NO2

-, Cl- and SO4
2-), NH4

+, non-purgeable dissolved organic 

carbon (NPDOC), dissolved inorganic carbon (DIC), major cations and trace elements in 

water samples; concentration of N and C in solid materials; concentration of N2O gas. 

Also, different isotopic parameters were determined: δ15N-NO3
-, δ18O-NO3

-, δ15N-NO2
-, 

δ18O-NO2
-, δ13C-DIC, δ13C-DOC, δ34S-SO4

2-, δ18O-SO4
2- and δ53Cr in water samples, δ13C-

Cbulk and δ15N-Nbulk in solid samples and δ15N-N2O, δ18O-N2O in gas samples.  

The water samples collected from the field and laboratory batch experiments were 

immediately filtered through 0.2 µm Millipore® filters after being collected and were stored 

at 4 ºC until analysis. The aliquots for NH4
+, δ15N-NO3

-, δ18O-NO3
-, δ15N-NO2

- and δ18O-

NO2
- analysis were frozen. The aliquots for the DIC, δ13C-DIC and δ13C-DOC analyses 

were left with no headspace and stored at 4 ºC. The soil and sediment samples were 

preserved frozen. The dried vegetal and animal waste materials and the minerals were 

milled and stored at room temperature. The gas samples (headspace of batch 

experiments) were preserved at room temperature under an Ar atmosphere.  

The methods employed for the analyses are summarized in Table 3.3. Chemical and 

isotopic analyses were prepared at the laboratory of the MAiMA-UB research group and 

analyzed at the Centres Científics i Tecnològics of the Universitat de Barcelona (CCiT-

UB), except the δ53Cr that was determined at the University of Copenhagen.  

The stable isotopes are expressed using delta notation (δ = ((Rsample-Rstandard)/Rstandard), 

where R is the ratio between the heavy and the light isotopes). The considered 

international standards were: Atmospheric N2 (AIR) for δ15N, Vienna Standard Mean 

Oceanic Water (V-SMOW) for δ18O, Vienna Peedee Belemnite (V-PDB) for δ13C, Vienna 

Canyon Diablo Troillite (V-CDT) for δ34S and NIST SRM 979 for δ53Cr. Following Coplen 

(2011), several international and laboratory (CCiT) standards were interspersed among 

samples for the normalization of the isotopic results (Table 3.4).  
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Table 3.3. Analytical techniques. Methods and equipment employed for the samples analyses. 

Parameter Method Equipment 

Major anions 

(Cl-, NO2
-, NO3

- 

and SO4
2-) 

High-performance liquid 

chromatography (HPLC) 

WATERS 515 pump and WATERS IC-

PAK anions column with WATERS 432 

and UV/V KONTRON detectors 

NO2
- 

Spectrophotometry after Griess 

reaction (García-Robledo et al., 

2014) 

SP-830 PLUS (Metertech) and CARY 

1E UV-visible 

NH4
+ 

Spectrophotometry after indophenol 

blue reaction (Bolleter et al., 1961) 
CARY 1E UV-visible 

NH4
+ NH4

+ ion selective electrode ORION, Thermo Scientific 

DIC Titration METROHM 702 SM Titrino 

NPDOC Organic matter combustion TOC 500 SHIMADZU 

Major cations 

(including Cr6+ 

and Fe2+) and 

trace elements 

Inductively coupled plasma optical 

emission spectroscopy (ICP-OES) 

and Inductively coupled plasma mass 

spectroscopy (ICP-MS) 

Perkin Elmer Optima 8300, Perkin 

Elmer Optima 2300 and Perkin Elmer 

Elan 6000 

N2O Gas chromatography (GC) 
Thermo Scientific Trace 1300 with 

electron capture  detector (ECD) 

C and N % 

(solid samples) 
Elemental analyzer (EA) Carlo Erba1108 CHNS-O EA 

δ15N-NO3
- 

δ18O-NO3
- 

Isotope Ratio Mass Spectrometry 

(IRMS) after sample preparation 

following the cadmium and azide 

reduction methods (McIlvin and 

Altabet, 2005; Ryabenko et al., 2009) 

Pre-Con coupled to a Finnigan MAT 

253 IRMS (Thermo Scientific) 

δ15N-NO2
- 

δ18O-NO2
- 

IRMS after sample preparation 

following the azide reduction method 

(McIlvin and Altabet, 2005) 

Pre-Con coupled to a Finnigan MAT 

253 IRMS (Thermo Scientific) 

δ15N-N2O 

δ18O-N2O 
IRMS 

Pre-Con coupled to a Finnigan MAT 

253 IRMS (Thermo Scientific) 

δ53Cr 

Thermal ionization mass 

spectrometry (TIMS) after sample 

preparation following an adapted 

method from Frei et al. (2009). 

IsotopX “Phoenix” multicollector 

δ34S-SO4
2- 

δ18O-SO4
2- 

IRMS after dissolved SO4
2- was 

precipitated as BaSO4 by adding 

BaCl2·2H2O after acidifying the 

sample with HCl and boiling to 

prevent BaCO3 precipitation 

(Dogramaci et al., 2001) 

Carlo Erba EA coupled in a continuous 

flow to a Finnigan Delta XP Plus IRMS 

and ThermoQuest high-temperature 

conversion EA coupled in a continuous 

flow with a Finnigan Matt Delta XP 

Plus IRMS 

δ13C-DIC 
IRMS after carbonate conversion to 

CO2 gas by adding phosphoric acid 

Gas-Bench II coupled to a MAT-253 

IRMS (Thermo Scientific) 

δ13C-DOC HPLC-IRMS 
Delta V ADVANTAGE (Thermo-

Finnigan) 

δ13C-Cbulk  

δ15N-Nbulk 
EA-IRMS 

Carlo Erba EA coupled to a Finnigan 

Delta C IRMS 
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Table 3.4. Standards and reproducibility for isotopic analysis. International and laboratory (CCiT) standards used for 

normalization of the results. 

Analysis Standards Reproducibility  

(1σ) 

δ15N-NO3
- USGS-32, USGS-34, USGS-35 and CCiT-IWS (δ15N = +16.9 ‰) ±1.0 ‰ 

δ18O-NO3
- USGS-32, USGS-34, USGS-35 and CCiT-IWS (δ18O = +28.5 ‰) ±1.5 ‰ 

δ15N-Nbulk USGS-40, IAEA-N1, IAEA-NO3, IAEA-N2 ±0.2 ‰ 

δ13C-Cbulk USGS-40, IAEA-CH7, IAEA-CH6 ±0.2 ‰ 

δ13C-DIC CCiT-NaHCO3 (δ13C = -4.4 ‰), CCiT-NaKHCO3 (δ13C = -18.7 

‰) and CCiT-KHCO3 (δ13C = +29.2 ‰) 

±0.2 ‰ 

δ13C-DOC IAEA-CH6, CCiT-Gly (δ13C = -30.8 ‰) and CCiT-UCGEMA 

(δ13C = -24.8 ‰) 

±0.3 ‰ 

δ34S-SO4
2- NBS-127, SO5, SO6 and CCiT-YCEM (δ34S = +12.8 ‰) ±0.2 ‰ 

δ18O-SO4
2- NBS-127, SO6, USGS-34, CCiT-YCEM (δ18O = +17.6 ‰) and 

CCiT-ACID (δ18O = +13.2 ‰) 

±0.5 ‰ 

δ53Cr NIST SRM 979 and NIST 3112a ±0.08 ‰ 
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3.4. Calculations 

 

Under closed system conditions, the isotopic fractionation was calculated by means of the 

Rayleigh distillation Equation 3.1. Thus, the ε15NNO3/N2 and ε18ONO3/N2 were obtained from 

the slope of the linear correlation between the natural logarithm of the substrate remaining 

fraction (Ln(Cresidual/Cinitial), where C refers to the analyte concentration) and the determined 

isotope ratios (Ln(Rresidual/Rinitial), where R = δ+1).  

 

   (Equation 3.1) 

 

The percentage of NO3
- attenuation caused by denitrification at field-scale was estimated 

by using these ε15NNO3/N2 and ε18ONO3/N2 calculated under closed system conditions and 

Equation 3.2, which is derived from the Rayleigh fractionation model (Equation 3.1). 

 

  (Equation 3.2) 
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4.1. Evaluation of different low-cost materials to promote denitrification  

 

The batch and flow-through laboratory experiments demonstrated that Mag-NP, corn 

stubble, wheat hay, animal compost and whey could efficiently promote the denitrification 

in polluted water bodies. The most remarkable results found for each series of 

experiments regarding the electron donor and acceptor consumption and the by-product 

accumulation are summarized in sections 4.1.1 to 4.1.3. The best electron donor to 

implement a specific biostimulation strategy must be chosen in accordance to the 

characteristics of the polluted site. For example, whey could be appropriate for being 

injected into polluted aquifers through wells, while wheat hay or corn stubble could be 

appropriate for being deposited in CWs and the Mag-NP could be applied through PRBs 

both in aquifers or CWs.  

 

4.1.1. Potential use of ferrous iron minerals as electron donors 

 

During the first week of incubation of the microcosms containing Fe minerals (BioSedGW), 

a 30-60 % NO3
- concentration decrease was achieved due to heterotrophic bacteria that 

used the organic C from both sediment and groundwater as electron donor (Figure 4.1). 

After the first week, the NO3
- continued to decrease only in the microcosms containing 

Mag-NP. About 96 % NO3
- reduction was achieved in 91 days (Figure 4.1), showing 

transient NO2
- accumulation up to 0.2 mM. The NH4

+ concentration was below 0.04 mM, 

discarding a major contribution of DNRA. The low percentage of N2O-N detected (up to 0.8 

% from the initial N), suggested that the final product of the reduction was N2, either during 

the initial heterotrophic activity and as a result of the denitrification promoted by the Mag-

NP. According to these results, the Mag-NP allowed a higher Fe2+ availability with respect 

to the micro-sized minerals. Aquilina et al. (2018) and Yang et al. (2017) also related an 

increased autotrophic denitrification to a decreased grain size of Fe minerals. Smaller 

particles enhance the mineral solubility, which might accelerate microbial reduction rates 

(Aquilina et al., 2018; Braunschweig et al., 2013). The application of Fe2+ minerals could 

be advantageous due to the regeneration of Fe2+ from the reduction of precipitated Fe3+ 
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minerals if NO3
- is completely removed and if an electron donor is present (Straub et al., 

2004). However, excessive Fe3+ precipitation could produce clogging and therefore, a 

decreased NO3
- reduction efficiency (Chen et al., 2018; Coby and Picardal, 2005; Cooper 

et al., 2003; Wang et al., 2017).  
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Figure 4.1. Nitrate attenuation in the BioSedGW experiments. The microcosms contained sediment, groundwater and 

one of the tested minerals (Mag-NP, Mag, Ol or Sd). C refers to the control without mineral.  

 

No abiotic reactivity was observed between the Fe2+-containing minerals and NO3
- or NO2

- 

(AbFeNO3 and AbNO2 experiments, Figure 4.2A). However, a rapid NO2
- reduction was 

observed in the experiments with added aqueous Fe2+ (AbFeNO2 experiments, Figure 

4.2B). A faster reduction (~50 h) was observed in the experiments containing Sd 

compared to the experiments without mineral or with Mag or Ol (~175 h), possibly due to 

an increased dissolution rate of Sd, that increased the aqueous Fe2+ availability. The lack 

of differences on the NO2
- reduction rate in the experiments without mineral or with Mag or 

Ol, could be explained by the aqueous Fe2+/N ratio used, that was above the 

stoichiometric. Since the measured NH4
+ was below 0.05 mM, NO2

- was reduced to 

gaseous products. As previously observed by other authors, N2O accumulated at the 

headspace of the batches due to the NO2
- abiotic reduction by Fe2+ oxidation (Buchwald et 

al., 2016; Chen et al., 2018; Coby and Picardal, 2005; Wang et al., 2016). The sum of the 

remaining NO2
- and the produced N2O for each sample was close to the initial NO2

- 

amount, demonstrating that N2O was the end product of the reduction (Figure 4.2C). The 

aqueous Fe2+ decreased from 5 mM to approximately 2 mM in accordance to NO2
- 

reduction, showing no significant differences between the four tested conditions (Figure 
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4.2D). When applying Fe2+-containing minerals in polluted water bodies to promote 

denitrification, a decreased water quality due to NO2
- accumulation could be avoided as a 

result of its abiotic reduction if Fe2+ is found in the aqueous form. However, the NO2
- 

abiotic reduction would be beneficial only if the generated N2O is further reduced to N2 

biotically.  
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Figure 4.2. Abiotic reactivity between ferrous iron and nitrate or nitrite. The abiotic experiments contained deionized 

water with NO3
- or NO2

-, the tested Fe2+ minerals (Mag, Ol or Sd) and in some cases, aqueous Fe2+. C refers to the control 

without mineral. For the AbNO2 and AbFeNO3 experiments, A) shows the remaining NO2
- or NO3

-, respectively. For the 

AbFeNO2 experiments, B) shows the remaining NO2
-, C) the generated N2O-N and the sum of N2O-N and NO2

--N, in which 

the dotted line reflects the initial NO2
- content, and D) the remaining Fe2+. 

 

In additional abiotic experiments with synthetic seawater (AbSeaNO2), a higher reactivity 

was observed with a combination of synthetic Fe2+ aqueous and associated to minerals 

(AbSeaNO2-StFeaq+s) compared to when the synthetic Fe2+ was only found aqueous or 

associated to minerals (AbSeaNO2-StFeaq or AbSeaNO2-StFes) (Figure 4.3). This finding 

contrasted with the lack of differences in reactivity between the AbFeNO2 experiments with 

and without added minerals (Mag, Ol or C). Two explanations could be: I) the effect of 

salinity upon reactivity or II) the use of a higher aqueous Fe2+/NO2
- ratio in the AbFeNO2 
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experiments (approximately 3.3 compared to 1.5 in the AbSeaNO2 experiments), that did 

not allow to reveal such difference. Furthermore, the AbSeaNO2-BioFeaq+s experiments 

showed that the Fe2+ produced biotically is more reactive than when being from synthetic 

origin (AbSeaNO2-StFeaq+s) (Figure 4.3). This fact should be considered in future 

laboratory-scale studies aiming to evaluate the use of Fe2+ containing materials to promote 

the denitrification.  
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Figure 4.3. Abiotic nitrite reduction by ferrous iron produced biotically and synthetically. Comparison between 

biotically-produced and synthetic ferrous iron when found aqueous (aq), associated to minerals (s) or in a combination of 

both (aq+s). These experiments were performed with synthetic seawater. 

 

4.1.2. Potential use of rural waste products as electron donors 

 

Complete denitrification was reached in approximately 40 h in the microcosms containing 

corn stubble and wheat hay, and in approximately 95 h in those containing animal compost 

(Figure 4.4.A). Hence, these three carbon sources can promote the denitrification. NH4
+ 

was detected in some of the samples (up to 1 mM), suggesting the possible coexistence of 

denitrification and DNRA and/or the input of NH4
+-N supplied from the C sources tested 

(control microcosms with the C sources and DIW showed NO3
- + NO2

- + NH4
+ below 0.12 

mM). Transient NO2
- accumulation was observed with the three materials. Higher NO2

- 

accumulation was related to lower rates of NO3
- reduction. The NPDOC concentration 

provided an approximation of the amount of added C present in dissolved form. Although 

the quantity of compost in the microcosms was only one-quarter of the quantity of vegetal 

materials, the measured NPDOC concentrations in the three types of microcosms were 
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similar (13.2-27.3 mM for stubble, 11.8-16.8 mM for hay, and 5.3-14.3 mM for compost). 

The intrinsic C concentrations of the three sources were similar, but the C bioavailability 

could differ between each product, and even between replicates, due to heterogeneity in 

the materials (Breulmann et al., 2014; Sobczak and Findlay, 2002; Warneke et al., 2011).  

Additional experiments with stubble showed that denitrification reached completion from 8 

to 24 ºC, but with different lag periods and NO3
- reduction rates. Complete denitrification 

was achieved after 40 h at 24 ºC, 65 h at 16 ºC, and 140 h at 8 ºC (Figure 4.4.B). A 

decrease in NO3
- reduction rate associated with lower temperatures following the 

Arrhenius relationship has been well documented (Dawson and Murphy, 1972). One of the 

main issues associated with biostimulation strategies is their effectiveness during long-

term treatments. The denitrification induced by partially decomposed stubble (sampled 7.5 

months after being in contact with water) was completed in less than 25 h (Figure 4.4.B), 

showing that the intrinsic capacity of the stubble to promote denitrification was still 

important, at least at lab-scale. However, the NPDOC content in the microcosms 

containing partially decomposed stubble (1.7-8.8 mM) was lower than that in the 

microcosms with fresh stubble incubated at 24 ºC (13.2-27.3 mM), pointing to a decreased 

availability of the electron donor over time. The maximum N2O concentration detected in 

the headspace of the microcosms containing partially decomposed stubble incubated at 24 

ºC (as well as that in the microcosms containing fresh stubble incubated at 16 and 8 ºC) 

accounted only for 0.015 % of the initial NO3
--N content of the microcosms. Therefore, the 

GHG release at lab-scale was not significant. 
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Figure 4.4. Evolution of denitrification in the biostimulated microcosms. NO3
- (circles joined with a continuous line) and 

NO2
- (squares joined with a dashed line) measured in (A) the batch experiments employing different carbon sources and (B) 

the experiments testing the effects of temperature and lifespan of the stubble. 
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4.1.3. Potential use of whey as electron donor 

 

In the flow-through experiment, two days after the first whey injection in Stage I (injection 

every four days at a 3.0 C/N ratio), NO3
- attenuation began and NO2

- accumulated, 

reaching 1.5 mM (inflow NO3
- was 1.9 mM). After the peak, NO2

- started to decrease until 

both compounds were completely depleted in less than sixteen days from the beginning of 

the biostimulation strategy (Figure 4.5). After a period with no injection, where NO3
- 

concentration progressively increased to the initial values (Stage II), the injection strategy 

was switched to a daily injection with a 2.0 C/N ratio (Stage III). During Stage III, NO3
- was 

also rapidly and completely reduced but with no NO2
- accumulation because the latent 

denitrifying community during the recovery period quickly adapted when the injections 

were resumed compared to the beginning of the biostimulation. Using a daily injection with 

a 1.25 (Stage IV) or 1.5 (Stage V) C/N ratios, NO3
- in the outflow was maintained at 

approximately 0.5 and 0.4 mM, respectively. Therefore, whey injection at C/N ratios 

between 1.25 and 1.5 is enough to achieve NO3
- concentrations below the threshold for 

consumption. The NH4
+ was rarely detected during the test, with concentrations below 

0.19 mM, suggesting that DNRA did not contribute significantly to NO3
- attenuation. 
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Figure 4.5. Induced nitrate attenuation by whey injections. NO3
- (black) and NO2

- (grey) concentration evolution during 

the different tested stages in the flow-through experiment. The dashed line depicts the threshold for human consumption.  
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During the recovery Stage II and VI (no injection), forty and eleven days, respectively, 

were needed to equal the inflow water NO3
- concentration (Figure 4.5). The long time 

needed to recover the initial NO3
- values during Stage II reinforces the excessive whey 

injection during the Stage I, which is undesired to avoid a decrease in the water quality.  

At the outflow of the column, the NPDOC peaks derived from injections decreased 

progressively after the microbial acclimation period (Figure 4.6). For the bioremediation 

strategies design, it has to be considered that apart from the injected electron donor, the 

organic C compounds resulting from bacterial metabolism, biomass degradation and 

cellular lysis could also act as a secondary electron donor source, especially at low C/N 

ratios (Carrey et al., 2018). As expected from the denitrification by organic carbon 

oxidation, the product HCO3
- showed an inverse trend compared to the NO3

- 

concentration. The maximum HCO3
- concentration coincided with complete NO3

- depletion 

at Stages I and III and its production stopped during the recovery Stage II (Figure 4.6). 

The gap between C derived from injected whey and the sum of generated DIC and outflow 

NPDOC was attributed to biomass and CO2 production.  
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Figure 4.6. Organic carbon consumption and inorganic carbon production. Concentration (full circles) and isotopic 

composition (empty circles) evolution of dissolved organic (grey) and inorganic (black) carbon during the different tested 

stages in the flow-through experiment.  
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4.2. Isotope results from the laboratory experiments  

 

The isotopic characterization of the different N species and other compounds involved in 

the denitrification reactions, provided valuable information concerning the NO3
- attenuation 

mechanisms during the biostimulation treatments. The most relevant findings obtained 

from the laboratory experiments are summarized in sections 4.2.1 to 4.2.4. Not only the 

experiments focusing on the evaluation of different low-cost materials to promote 

denitrification but also the ones performed using the electron donors employed during the 

field-scale studies are discussed (see section 3.1).  

 

4.2.1. Nitrate isotopic characterization  

 

The ε15NNO3/N2 and ε18ONO3/N2 values calculated from the laboratory experiments (see 

section 3.1) are presented in Table 4.1 and can be compared to those reported in the 

literature up to date for similar experiments (Table 1.1). These ε values were determined 

for all the batch experiments performed and also for the stages of the flow-through 

experiment that allowed a complete NO3
- removal (Stages I and III). In the recovery and 

partial denitrification periods of the flow-through experiment, the NO3
- isotopic 

characterization suggested a mix of denitrified and non-denitrified water at the outflow. 

During the partial denitrification stages (Stages IV and V), no correlation was observed 

between the isotopic composition and the natural logarithm (Ln) of the NO3
- concentration 

or 1/[NO3
-]. The isotopic values during these stages were close to the inflow synthetic 

water isotopic composition. For the recovery stages (Stages II and VI), a correlation 

between the Ln of the remaining NO3
- concentration and the isotopic composition was 

observed. However, the resulting trend from plotting δ15N-NO3
- and δ18O-NO3

- versus 

1/[NO3
-] was better adjusted to a linear correlation than to a logarithmic trend, which is 

indicative of mixing processes. For this reason, it is not appropriate to use the Rayleigh 

model (Equation 3.1) if the NO3
- reduction is not complete in flow-through experiments.  

The ε15N/ε18O obtained for the induced NO3
- reduction by Mag-NP (3.1), stand out among 

the typical calculated values for denitrification laboratory experiments of approximately 1.0. 
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Likely due to δ18O-NO2
- equilibration with δ18O-H2O and subsequent NO2

- reoxidation to 

NO3
-, Knöller et al. (2011) also found a ε15N/ε18O of 3 (ε15NNO3 = -16.2 ‰ and ε18ONO3 = -

5.5 ‰), using succinate as electron donor. These results might be coherent with our 

results after such a long incubation (approximately 200 days) and considering that NO2
- 

accumulation was observed. After δ18O-NO2
- exchange with δ18O-H2O, which ranges 

between -4 and -7 ‰ in the groundwater employed for the experiments, if NO2
- reoxidates 

to NO3
-, a decreased δ18O-NO3

- enrichment might be expected compared to the δ15N-NO2
- 

enrichment. Therefore, the resulting ε15N/ε18O might be higher than those close to 1.0 

usually resulting from NO3
- reduction to NO2

- and subsequent reduction to gaseous 

products.    

 

Table 4.1. Range of ε15NNO3/N2, ε
18ONO3/N2 and ε15N/ε18O values determined in the laboratory experiments. The results 

include the batch and flow-through experiments. Legend: GW = groundwater, SGW = synthetic groundwater, ARW = 

agricultural runoff water, µ = microorganisms. 

Catalyst 
Electron 

acceptor 

Electron 

donor 
Medium ε15NNO3/N2 ε18ONO3/N2 ε15N/ε18O 

µ from sediment 

and GW 
NO3

- 
C (sediment) + 

Fe2+ minerals 
GW -12.0 -10.9 1.1 

µ from sediment 

and GW 
NO3

- Mag-NP GW -33.1 -10.7 3.1 

µ from sediment 

and GW 
NO3

- C2H4O2 GW -12.6 -13.3 0.9 

µ from sediment 

and GW 
NO3

- ± Cr6+ C2H6O GW -23.9 -25.7 0.9 

µ from corn stubble 

and ARW 
NO3

- Corn stubble ARW -15.7 to -28.3 -9.7 to -30.4 0.8 to 1.6 

µ from wheat hay 

and ARW 
NO3

- Wheat hay ARW -31.9 -18.0 1.8 

µ from  animal 

compost and ARW 
NO3

- 
Animal 

compost 
ARW -10.5 -12.6 0.8 

µ from whey NO3
- Whey SGW -8.6 to -10.9 -5.5 to -16.3 0.7 to 1.6 

 

By using ε values determined at laboratory to estimate the natural or induced NO3
- 

reduction at field-scale, interferences from processes other than denitrification that could 

also lead to a concentration decrease at field-scale (e.g., dilution due to water discharges 
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from rainfall) are avoided. Carrey et al. (2013), Torrentó et al. (2011) and Vidal-Gavilan et 

al. (2013) already applied the ε15NNO3/N2 and ε18ONO3/N2 values obtained from laboratory 

experiments under closed conditions, using either intrinsic or added electron donors, to 

quantify the extent of natural or induced denitrification in polluted groundwater. In a similar 

way, some of the values obtained in these laboratory experiments were later applied to 

calculate the denitrification efficiency in field-scale studies. 

 

4.2.2. Nitrite and nitrous oxide isotopic characterization 

 

In this section, only the experiments focusing on the evaluation of the use of Fe2+ minerals 

to promote the denitrification are discussed. It includes the results from the biotic 

experiments with NO3
- and Mag-NP, the abiotic experiments with NO2

- and Fe2+ (from 

minerals and/or aqueous), and a biotic experiment with NO2
- and acetate that was 

performed as a control. The discussion addresses the usefulness of the isotopic 

characterization of the denitrification intermediates NO2
- and N2O to distinguish different 

biotic and abiotic reactions that could take place simultaneously if Fe2+-containing minerals 

are applied to remediate NO3
- polluted water bodies.  

Focusing on the NO2
- isotopic characterization in the experiments with synthetic seawater, 

no differences in the determined ε18ONO2/N2O and ε15NNO2/N2O were observed between the 

NO2
- abiotic reduction by Fe2+ from biotic or synthetic origin and neither when using 

aqueous Fe2+ or aqueous plus mineral-associated Fe2+ (Table 4.2). In contrast, higher ε 

were found for the experiments with only mineral-associated Fe2+. Furthermore, in these 

abiotic experiments, the ε15N/ε18O ranged from 1.4 to 1.8, while for the NO2
- biotic 

reduction by acetate in a pure culture of Shewanella loihica, the obtained ε15N/ε18O (0.3) is 

one of the lowest values reported up to date (Table 1.1). Hence, in laboratory microcosms 

with S. loihica as the sole existing NO2
--reducing microorganism, the ε15N/ε18O calculated 

in the present experiment could be used to distinguish the biotic and abiotic NO2
- 

reduction. However, a field-scale application of the ε15N/ε18O ratio to distinguish the 

different mechanisms of NO2
- reduction should be discarded since the values reported in 

the literature for the NO2
- abiotic reduction by Fe2+ oxidation overlaps those of the NO2

- 

reduction by other heterotrophic bacteria (Table 1.1 and Table 4.2). On the other hand, 
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observing a correlation between the δ15NNO2 and the natural logarithm of the aqueous Fe2+ 

concentration could be useful to discard the occurrence of heterotrophic NO2
- reduction at 

field-scale. 

 

Table 4.2. Range of ε15NNO2/N2O, ε18ONO2/N2O and ε15N/ε18O values determined in the laboratory experiments. The results 

include biotic and abiotic batch experiments. Legend: DIW = deionized water with NO2
-, SSW = synthetic seawater with NO2

-, 

aq = aqueous, s = associated to minerals. 

Catalyst 
Electron 

acceptor 
Electron donor Medium ε15NNO2/N2O ε18ONO2/N2O ε15N/ε18O 

Shewanella 

loihica 
NO2

- Acetate SSW -1.6 -5.3 0.3 

Abiotic NO2
- Synthetic Fe

2+
 (aq) DIW -14.1 - - 

Abiotic NO2
- Synthetic Fe

2+
 (aq+s) DIW -14.1 to -17.8 - - 

Abiotic NO2
- Synthetic Fe

2+
 (aq) SSW -8.6 -6.3 1.4 

Abiotic NO2
- Synthetic Fe

2+
 (s) SSW -19.7 -11.4 1.7 

Abiotic NO2
- Synthetic Fe

2+
 (aq+s) SSW -8.7 -5.2 1.7 

Abiotic NO2
- Biotic Fe

2+
 (aq+s) SSW -8.1 -4.6 1.8 

 

Moving to the N2O isotopic characterization, a much higher δ15N-N2O variation was found 

for biotic experiments (NO3
- reduction to N2 by Mag-NP) compared to abiotic experiments 

(NO2
- reduction to N2O by aqueous Fe2+). Hence, observing important δ15N-N2O variations 

in denitrification studies could be indicative of biotic reactivity. Chen et al. (2018) also 

observed a higher increase of δ15N-N2O in biotic compared to abiotic NO2
- reduction 

experiments. Also, the measured δ15N can be compared with the modelled substrate and 

product δ15N composition by applying the calculated ε15NNO3/N2 and ε15NNO2/N2O in the batch 

experiments (Mariotti et al., 1981). Since the N2O is an intermediate of the NO3
- biotic 

reduction but the final product of the abiotic NO2
- reduction, the determined δ15N-N2O 

should fit the initial δ15N of the substrate at the end of the NO2
- abiotic reduction but should 

be higher than that for the NO3
- biotic reduction. In the Mag-NP biotic experiment, the 

δ15N-N2O determined in most of the samples was above the modelled line (Figure 4.7), 

indicating a further reduction of N2O to N2. Contrarily, in the abiotic experiments (Figure 

4.7), the δ15N-N2O of the samples was initially below the modelled line but increased until 

approaching the substrate initial δ15N at the end of the reaction, suggesting the generation 

of the intermediate NO and confirming that N2O was the end product. Similarly to our 
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results, Chen et al. (2018) also found initial δ15N-N2O more negative than the starting δ15N-

NO2
- due to NO generation, while Jones et al. (2015) also found a good correlation 

between the calculated ε15NNO2 and the measured δ15N-N2O.  
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Figure 4.7. δ15N evolution of substrate and nitrous oxide. Modelled and measured δ15N of the N2O and the substrate in 

the BioSedGW-Mag-NP (A) and AbFeNO2 (B) experiments. This model was first described by Mariotti et al. (1981).  

 

To assess the contributions of the biotic and abiotic NO2
- reduction by Fe2+ oxidation, 

performing new experiments to determine the ε15NNO2/N2 and the ε15NN2O/N2 in the biotic 

experiments could be advantageous. Liu et al. (2018) assessed the contribution of each 

reaction by modelling the kinetics of each reaction tested separately. They found a major 

contribution of the abiotic compared to the biotic reaction for the Fe2+ oxidation, but a 

major contribution of the biotic compared to the abiotic reaction for the NO2
- reduction. The 

use of models developed either by using isotope or chemical data might be limited at field-

scale due to the complexity of the reactions. For example, the production of exopolymeric 

substances (EPS) could increase the NO2
- abiotic reduction rate due to complexation with 

the Fe2+ (Jamieson et al., 2018), and as observed in our experiments with synthetic 

seawater, the biotically produced Fe2+ is more reactive than synthetic Fe2+.  
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4.2.3. Chromium isotopic characterization  

 

Since the Cr6+ could compete with NO3
- for the available electron donors, the implications 

on the isotopic fractionation of these compounds if simultaneously found in polluted water 

bodies must be addressed, especially, if the ε values are intended to be used to trace its 

natural or induced reduction. This hypothesis is also valid for the simultaneous presence of 

other electron acceptors in contaminated sites.  

Either in experiments with (BioCrN) or without (BioCr) NO3
-, two slopes were observed for 

the ε53Cr calculations during the Cr6+ reduction (Figure 4.8). The first stage was defined by 

the samples with a higher Cr6+ content (0.21 to 0.06 mM) and showed higher ε53Cr (-1.4 

and -1.8 ‰) compared to the second stage (-0.2 and -0.9 ‰), that corresponded to 

samples with lower Cr6+ concentration (0.002 to 0.05 mM). Chen et al. (2018) also found 

two-stage trends for the Cr6+ reduction under various conditions. They found ε53Cr ranging 

from -2.6 to -2.8 ‰, during the first stage and between -1.0 and -1.1 ‰ for the second 

stage. These authors suggested that the decreased Cr6+ bioavailability when the reduction 

progresses could mask the isotopic fractionation. However, in other biotic Cr6+ reduction 

experiments, such two-stage trends were not observed (Basu et al., 2014; Sikora et al., 

2008). This two-stage pattern could have implications when using ε53Cr values calculated 

from laboratory experiments to quantify the natural or induced Cr6+ reduction, since 

different ε53Cr values should be used depending on the Cr6+ concentration in order to not 

underestimate or overestimate the extent of the reaction. On the other hand, when Cr6+ 

was concomitantly reduced with NO3
-, a slightly higher ε53Cr (absolute value) was obtained 

compared to the absence of NO3
-, although the reduction rate was similar.  However, Han 

et al. (2012) found a much lower ε53Cr (–0.4 ‰) under denitrifying conditions compared to 

in the absence of NO3
- (-2 ‰), while Chen et al. (2018) obtained similar ε53Cr values in the 

presence (-2.4 ‰ and -0.9 ‰) and absence (-2.7 ‰ and -1.1 ‰) of NO3
-. Hence, the 

presence of NO3
- might influence the ε53Cr, and when calculating Cr6+ reduction efficiency 

from field-based data, the ε53Cr values employed should take into account the presence or 

absence of NO3
-. In addition, since the ε53Cr (single stage) calculated for the Cr6+ biotic 

reduction range from -1.8 to -4.5 ‰ (Basu et al., 2014; Sikora et al., 2008) and for the 

abiotic reduction from -2.9 ‰ to -4.9 ‰ have been reported (Døssing et al., 2011; Ellis et 
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al., 2002; Kitchen et al., 2012), it is not likely possible to distinguish and abiotic reactivity 

from the biotic one.  

In the case of NO3
-, its attenuation was slower in the presence of Cr(VI) compared to 

absence. Nevertheless, we obtained equal ε15NNO3/N2 and ε18ONO3/N2 values (-23.9 ‰ and -

25.7 ‰, respectively) for the experiments with or without Cr(VI) (Table 4.1). 
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Figure 4.8. Hexavalent chromium isotopic fractionation during the batch experiments. ε53Cr calculated for the Cr6+ 

reduction experiments without (A) and with (B) NO3
-. 

 

4.2.4. Carbon compounds isotopic characterization  

 

In this section, the usefulness of the δ13C analysis both from organic and inorganic C 

compounds to get insight into the fate of the applied electron donor during biostimulation 

treatments to induce the heterotrophic denitrification is discussed. The results of the flow-

through experiment testing whey and the batch experiments testing rural waste products 

as potential electron donors are presented as an example.  

In the flow-through experiment, as NPDOC in the outflow decreased due to electron donor 

consumption (whey), the remaining DOC became enriched in δ13C since bacteria 

preferentially consumed the lighter C molecules (Figure 4.6). The δ13C results only 

covered the first ten days of the biostimulation strategy; therefore, it could be assumed that 

no biomass degradation or cell lysis events occurred, and bacterial biomass organic C 

pool contribution was negligible in this period. On the other hand, while the product DIC 
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concentration increased, it became depleted in δ13C, while during the recovery period, the 

δ13C-DIC was progressively enriched and coupled to a concentration decrease until both 

concentration and isotopic composition reached the initial synthetic water values (Figure 

4.6). Both the δ13C-DIC and DIC concentration remained mainly constant at partial 

denitrification Stages IV and V. The measured δ13C-DIC at the outflow samples was found 

to depend on the δ13C of the inflow water DIC (-9 ‰), the δ13C of whey (-28 ‰), the 

isotopic fractionation produced during bacterial metabolism, and it might had been also 

influenced by the equilibrium between the CO2(aq), HCO3
- and CO3

2- species (Blaser and 

Conrad, 2016; Mariotti, 1991).  

The influence of the initial δ13C of the electron donor on the product δ13C-DIC was also 

observed in the rural waste products batch experiments. The initial δ13C-DIC in water of -

13.1 ‰ decreased to -15.5 ‰ and -20.0 ‰ in the microcosms containing hay and 

compost, respectively, but remained unchanged in the stubble experiment. The most 

significant change in the δ13C-DIC was observed for the experiment involving hay, which 

presented a lower δ13C-Cbulk (-27.8 ‰) compared to that of compost (-25.4‰); stubble did 

not produce any change because its δ13C-Cbulk (-13.6 ‰) is close to the δ13C-DIC of water 

(-13.1 ‰). Hay and stubble presented a different intrinsic δ13C-Cbulk as they are classified 

as C4 and C3 plants, respectively (Leary, 1988). An isotopic fractionation effect derived 

from the bacterial C metabolism did not seem to be significant under the tested conditions. 

These results showed that the δ13C-DIC analysis can be applied to assess the efficiency of 

biostimulation strategies at field-scale only when using C sources with an intrinsic δ13C-

Cbulk differing from the δ13C-DIC of water (such as C4 plant materials).  
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4.3. Evaluation of the natural or induced denitrification at field-scale  

 

During the field-scale studies (see sections 3 and 3.2), the ε values determined for NO3
- 

from the laboratory experiments were applied by using the Equation 3.2, which is derived 

from the Rayleigh model, to evaluate the natural or induced denitrification in three different 

polluted sites.  

 

4.3.1. Tracing induced denitrification in a polluted aquifer 

 

As explained in sections 2.1 and 3.2, a pilot-plant was set up in Sant Andreu de 

Llavaneres to induce in-situ heterotrophic denitrification by injecting CH3COOH by pulses 

for 22 months into an alluvial aquifer. Prior to the treatment, natural NO3
- attenuation was 

not observed. The sampling campaigns in the pilot-plant began one month after the 

CH3COOH injections started and continued for two years, with the last survey being 

performed two months after stopping the injections. The unaffected MW (n = 6) presented 

average values of 0.9 mM (SD = 0.04) for NO3
- concentration, +6.3 ‰ (SD = 1.3) for δ15N-

NO3
- and +4.2 ‰ (SD = 0.9) for δ18O-NO3

-, which were considered to be the groundwater 

NO3
- background composition. These isotopic values suggested that NO3

- pollution in the 

studied aquifer was derived from N inorganic fertilizer that had been volatilized and nitrified 

(Figure 4.9). Following the electron donor addition, the three monitoring piezometers 

showed a marked NO3
- decrease. Contrarily, a flat trend in the NO3

- evolution was 

observed at the EW (Figure 4.10), showing concentrations between 13 % and 33 % lower 

than the MW. In all the samples NO2
- was below 0.02 mM and NH4

+ was below 0.01 mM. 

Therefore, pollution swapping due to accumulation of these compounds was discarded. 

During the initial operation (1st month), the NO3
- isotopic composition did not show a 

relevant δ15N or δ18O enrichment, indicating that the denitrification was not significant 

(Figure 4.11A). After seven operation months, and until the end of the monitoring period, a 

clear δ15N-NO3
- and δ18O-NO3

- enrichment evidenced the biological NO3
- reduction at the 

pilot-plant. The degree of reduction depended on the specific point and sampling 

campaign. According to the concentration measured, more than 95 % NO3
- was reduced at 

PZ1 in the 14th, 17th and 19th months, and at PZ2 in the 17th month. However, those 
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samples could not be isotopically analyzed, since the NO3
- concentration was below the 

detection limit. The isotopic composition of the remnant samples determined that the 

denitrification at the pilot-plant piezometers reached a significance of approximately 50 %. 

Even two months after stopping the biostimulation (month 24th), more than a 50 % of the 

groundwater NO3
- was still denitrified at PZ1.  
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Figure 4.9. δ15N vs δ18O diagram from field samples. Results from the piezometers and the EW samples and mean value 

of the unaffected MW, including standard deviation. The regression line is presented as a continuous black line (slope = 0.7 

(r2 = 0.95)). The boxes (grey continuous and dashed lines) represent NO3
- sources from Vitòria et al., (2004) and references 

therein. 
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Figure 4.10. Nitrate evolution in the pilot-plant. The dashed grey line corresponds to the MW mean concentration. Empty 

symbols for PZ1 and PZ2 correspond to bottom samples (two-depth sampling). The vertical line corresponds to the last 

injection date. 
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Figure 4.11. Representative sampling campaigns from the pilot-plant. A) 1st month, 1.2 slope (r2 = 0.45); B) 7th month, 

0.5 slope (r2 = 0.8); C) 12th month, 0.6 slope (r2 = 0.9); D) 19th month, 0.8 slope (r2 = 1.0); E) 24th month, 0.6 slope (r2 = 1.0). 

Regression line for each campaign is presented as a dashed line. The DEN % line (continuous line) was calculated using the 

isotopic fractionation values obtained in laboratory experiments and the average concentration and isotopic composition of 

the MW as initial values. 

 

In the 7th month campaign, a slight isotopic enrichment and NO3
- concentration decrease 

was observed at the EW with respect to the MW, being indicative of the denitrification 

occurrence (Figure 4.11B). However, from the 7th month onward, despite the lower NO3
- 

concentration at the EW with respect to the MW, the isotopic data did not show significant 

differences (e.g., 12th or 19th month) (Figure 4.11C-D). The reason is that the groundwater 

extracted at the EW was a mix of denitrified groundwater from PZ1 and PZ2 located 

upstream and untreated water from the MW located downstream, due to a depression 

cone at EW forced by the water extraction (Figure 2.2). Furthermore, several samples 

from the field site showed lower δ18O-NO3
- values than expected, considering the 

denitrification slope calculated using the microcosm experiments (e.g., 7th, 12th and 19th 

month) (Figure 4.11B-C-D). This finding can be explained as the result of the NO2
- 

reoxidation to NO3
- throughout the remediation treatment (Wunderlich et al., 2013). The 
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shift in the slope throughout the induced denitrification treatment can provide information 

regarding the relevance of the NO2
- reoxidation process at the field-scale. The δ15N-NO3

- 

and δ18O-NO3
- values close to the theoretical DEN % line might point to a direct NO2

- 

reduction to gaseous N products, while lower δ18O-NO3
- values might point to the NO2

- 

reoxidation. Slopes near 0.5 were generally observed during the initial biostimulation (e.g., 

7th month) (Figure 4.11B), which became closer to 1.0 throughout the pilot-plant operation 

(e.g., 19th month) (Figure 4.11D). At the last sampling campaign, corresponding to the 

recovery period after stopping the CH3COOH injections, the slope was again closer to 0.5 

(24th month) (Figure 4.11E). An unsolved question is the effect of the biotic and abiotic 

NO2
- oxidation to NO3

- upon δ15N-NO3
- throughout denitrification in groundwater. It is 

expected that the possible effect upon δ15N-NO3
- would be lower than the observed for 

δ18O-NO3
- during the abiotic NO2

- oxidation, enabling the δ18O-NO3
- versus δ15N-NO3

- 

slope to decrease.  

The isotopic results for dissolved SO4
2- from a subset of the pilot-plant samples showed a 

0.4 (r2 = 0.93) slope from the regression line between δ34S-SO4
2- and δ18O-SO4

2-, which is 

in the range of the slopes from 0.25 to 1.4 reported in the literature for BSR (Aharon and 

Fu, 2000; Antler et al., 2013). However, the samples with the lowest SO4
2- concentration 

were not the most enriched in δ18O-SO4
2- and δ34S-SO4

2- and vice versa. Since there was 

surplus NO3
- in the groundwater and due to the lack of correlation between the SO4

2- 

chemical and isotopic data, BSR did not likely play a significant role at the pilot-plant. In 

the same context of water quality, the presence of remaining CH3COOH at a harmful level 

for consumption was also discarded due to the excess of electron acceptors such as NO3
- 

or SO4
2- in groundwater since denitrification was not complete at the EW.  

 

4.3.2. Tracing the natural denitrification in a nitrate and chromium polluted aquifer  

 

Groundwater in some areas within the MRB (Argentina) is affected by both Cr6+ and NO3
- 

pollution (see sections 2.2 and 3.2). In groundwater samples collected in the San Ignacio 

neighbourhood, next and downstream of the chemical industry plant that leaded the Cr6+ 

contamination, Cr6+ concentrations ranged from below detection limit to 0.041 mM, NO3
- 

from 0.5 to 3.9 mM and NPDOC from 0.08 to 0.2 mM. Near the industry, the δ53Cr was 
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+1.2 ‰ but the values increased to +3.4 ‰ downstream, suggesting Cr6+ biotic reduction. 

The concomitant NO3
-
 reduction was evidenced by an enrichment in the heavy isotopes 

from +10.6 to +22.8 ‰ for the δ15N and from +6.1 to +12.7 ‰ for the δ18O. The samples 

with higher δ53Cr also presented higher δ15NNO3 and δ18ONO3. In accordance to the NO3
- 

isotope composition, the source of contamination was related to septic systems leakage 

(Figure 4.12), which could also be the source of NPDOC that allowed both the 

denitrification and Cr6+ reduction at the study site. 

 

 

Figure 4.12.  Estimated percentage of denitrification in the study site. The boxes of the NO3
- sources have been 

obtained from Vitòria et al (2004) and references therein. The solid line represents the Rayleigh model used to calculate the 

denitrification percentage, while the dotted line is the linear regression of the field samples. 

 

To calculate the percentage of Cr6+ attenuation, we used the sample P34 as initial value of 

Cr6+ concentration and isotope composition, because the well is located close to the 

source of contamination and it presented the highest Cr6+ content. Also, we used the ε53Cr 

values calculated for the two isotopic fractionation stages observed in the laboratory 

experiments containing both NO3
- and Cr6+ to perform the Rayleigh model (see section 

4.2.3). By using the ε53Cr from stage I, the attenuation was 60-70 %, while with the ε53Cr 

from stage II, the attenuation increased to 80-90 % (Figure 4.13). The sample with higher 

Cr6+ concentration (P28), fell in the theoretical line from applying the stage I ε53Cr, the 

sample with medium Cr6+ concentration (P31), fell in the theoretical line from applying the 

stage II ε53Cr, while samples with lowest Cr6+ concentrations (P33, P21, P22 and P29), fell 

in a theoretical line of dilution (Figure 4.13). The decrease in Cr6+ concentration in these 

samples would be partially linked to a process of mixing with uncontaminated groundwater 

and not only to reduction of Cr6+ to Cr3+. With regards to NO3
- attenuation, the sample with 



 

78 Optimization of induced denitrification strategies in polluted water bodies from agricultural sources 

the highest NO3
- content was assumed as initial value (P13) and ε values calculated from 

the laboratory experiments were employed for the Rayleigh model. The samples collected 

in the field presented a NO3
- attenuation between 20 and 30 % and showed a lower slope 

between δ18O-NO3
- and δ15N-NO3

- (0.5) with respect to the batch experiments (1.0) 

(Figure 4.12), which agrees with reported slopes of nearly 0.5 for field scale studies and 

nearly 1.0 for laboratory studies (Carrey et al., 2013; Critchley et al., 2014; Otero et al., 

2009; Wunderlich et al., 2012). The main reason is the oxidation of the intermediates NO2
- 

and/or NH4
+ to NO3

- at field-scale (Granger and Wankel, 2016; Wunderlich et al., 2013). 

Overall, according to the ε values calculated in laboratory experiments, for the studied 

groundwater samples, the natural attenuation of Cr6+ is considerably larger than the 

natural attenuation of NO3
-. These high percentages of attenuation could explain the low 

concentrations of NPDOC detected in the groundwater samples at the study site.  

 

 

Figure 4.13. Isotopic characterization of the field samples. The red line represents the Rayleigh model calculated with 

the ε53Cr obtained from stage I, while the blue line represents the Rayleigh model calculated with the ε53Cr obtained from 

stage II, determined during the laboratory experiments. The purple line represents dilution with unpolluted groundwater. 

 

4.3.3. Tracing nitrate natural and induced attenuation in a CW  

 

As explained in sections 2.3 and 3.2, a surface flow CW was constructed in the Lerma 

Basin in order to diminish the release of NO3
- to the Arba River. Previous to the application 

of an external electron donor, three field surveys were performed to test two different flow 
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rate operating conditions (~5.5 and ~2.5 L/s) to evaluate the natural NO3
- attenuation. At 

the CW, NO3
- was not reduced at ~5.5 L/s, but a slight attenuation (from 1.3 to 0.8 mM) 

occurred at ~2.5 L/s (Figure 4.14). In all samples, NO2
- was below the detection limit and 

NH4
+ below 0.01 mM. The decrease in NO3

- was coupled to increases in δ15N-NO3
- and 

δ18O-NO3
- from the inlet to the outlet of the CW. The slope of the relation between δ18O-

NO3
- and δ15N-NO3

- for these samples was 0.8 (r2 = 0.91), which is indicative of 

denitrification activity (Aravena et al., 1998). The intrinsic denitrification activity in the CW 

did not support complete denitrification, likely due to the low NPDOC content of the water 

(0.4 – 0.6 mM).  
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Figure 4.14. Nitrate evolution in the CW before biostimulation. Black or grey circles depict the sampling campaigns at 

~5.5 L/s (full symbols for June 14, 2017 and empty symbols for September 5, 2017), or ~2.5 L/s (September 12, 2017), 

respectively. Dashed lines represent the range of NO3
- concentrations measured at the inlet of the CW throughout the study 

period.  

 

For this reason, the second and third periods of the study involved the application of corn 

stubble on September 25, 2017, and May 11, 2018, respectively. Throughout these two 

periods, the CW was operated at a higher flow rate (~16 L/s), and samples were collected 

to evaluate the induced denitrification. After 14 days following the application of stubble in 

autumn (September 25, 2017), denitrification was almost complete at the outlet (H6) 

(Figure 4.15A). The NO2
- accumulation reached 0.2 mM at the outlet 7 days after the 

treatment, but decreased to 0.1 mM after 14 days. The maximum NH4
+ concentration (0.01 

mM) was measured at the outlet 7 days after treatment, pointing to a non-significant 

contribution of DNRA. The lifetime of the treatment in autumn was estimated to be 

between 2 and 4 weeks. Application of stubble in spring (May 5, 2018) also induced 
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denitrification, showing complete NO3
- removal at the outlet 14 days after the stubble 

application. A decrease in NO2
- and NH4

+ accumulation with time was observed as during 

the previous treatment period. The NO3
- concentration in the outlet then began to increase 

progressively until reaching a level similar to that at the inlet by approximately 100 days 

after treatment (Figure 4.15B). Thus, the treatment in spring-summer had a lifetime of 

approximately 12 weeks, which is approximately three times longer than that of the 

treatment in autumn. This is in accordance with laboratory results and with previous 

wetland studies reporting increased denitrification rates at higher temperatures (Bachand 

and Horne, 1999; Christensen and Srensen, 1986; Si et al., 2018). Therefore, stubble was 

considered effective in removing N compounds from agricultural runoff water. On the other 

hand, the NPDOC concentration at the outlet increased with respect to the background 

values for 14 days after stubble application, indicating a release of organic C to the gully 

(up to 1.1 mM compared to background NPDOC of 0.5 to 0.8 mM). Because the gully 

contained NO3
--polluted water, it was considered that the surplus organic C could lead to 

NO3
- attenuation downstream. Furthermore, occurrence of BSR was discarded since no 

correlation between SO4
2- concentration and isotopic composition was observed.  
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Figure 4.15. Nitrate attenuation in the CW after biostimulation. NO3
- concentration along the CW, where dashed lines 

represent the range of NO3
- concentrations measured at the inlet of the CW throughout the study period. In the legend the 

numbers correspond to days since the stubble application. The sampling campaigns are represented by shades of grey 

(from darker to lighter as time progressed). Application of stubble in autumn (A) and spring (B). 

 

The ε15NNO3/N2 and ε18ONO3/N2 values obtained from lab-scale experiments in which fresh 

stubble was incubated at 24 and 16 ºC, and partially decomposed stubble was incubated 

at 24 ºC, were used to calculate three denitrification % lines that were plotted on a δ15N-

NO3
- versus δ18O-NO3

- graph along with the isotopic results for the CW samples (Figure 
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4.16). These three laboratory conditions encompass the average temperatures recorded 

during the biostimulation periods tested at the CW. The slope of δ15N-NO3
- versus δ18O-

NO3
- for the field samples collected after the biostimulation was 1.0 (r2 = 0.98) (Figure 

4.16). The similarity between the field-scale and lab-scale slopes, suggested that plant 

uptake did not likely contribute significantly to NO3
- removal. The results showed that at 

least 60% of NO3
- attenuation was achieved in the CW due to the induced denitrification. 

The largest contribution of denitrification was observed in the outlet samples (H6). By 14 

days after the second stubble application, NO3
- concentration in some samples was below 

the level required for the isotopic analysis. Therefore, the biostimulation achieved a NO3
- 

attenuation percentage close to 100 %. The added stubble could have enhanced 

denitrification by increasing the organic C content of the water and by inhibiting O2 

production through photosynthesis, as previously hypothesized Jacobs and Harrison 

(2014) for floating vegetation in CWs. However, the denitrification efficiency was limited. 

The most likely explanations involve the high O2 content of the inlet water and the vast 

surface available for O2 diffusion, the high water flow rate tested in the CW (~16 L/s), and 

the possible generation of preferential flows within the CW (e.g., due to stubble 

accumulation in some points) that could have led to a lower degree of interaction between 

water and stubble.  
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Figure 4.16. Denitrification efficiency in the CW determined from the laboratory-obtained ε values. Isotopic 

composition of the samples collected at the CW, including the regression line (black). The three denitrification % lines (grey) 

correspond to the three conditions tested in the laboratory that were closest to the CW conditions throughout the field-scale 

test.  
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The results obtained from the present thesis allowed: I) to demonstrate the feasibility of 

using different low-cost electron donors to promote denitrification in polluted water bodies, 

II) to improve the knowledge on the parameters affecting the denitrification efficiency, III) to 

evaluate the occurrence of different reactions simultaneously to the biotic NO3
- reduction 

during biostimulation treatments and IV) to trace the magnitude of natural and/or induced 

NO3
- attenuation by using isotope tools in two aquifers and in a CW.  

The laboratory experiments demonstrated that Mag-NP, corn stubble, wheat hay, animal 

compost and whey could promote denitrification in polluted water bodies. In these biotic 

experiments, complete NO3
- reduction to N2 was proved by transient NO2

- accumulation, 

negligible N2O release and insignificant contribution of DNRA on the NO3
- attenuation. In the 

case of biostimulation strategies with Fe2+ compounds, it was found that NO2
- could also be 

abiotically reduced giving N2O as end-product, which can be further reduced to N2 biotically. 

Furthermore, to avoid clogging issues during field-scale treatments due to electron donor or 

biomass release, the used ratio between electron donor and acceptor should be evaluated.  

The ε15NNO3/N2 and ε18ONO3/N2 were calculated for all the batch experiments and for the stages 

of the flow-through experiment that allowed complete denitrification. For the recovery and 

partial denitrification stages, the NO3
- isotopic characterization showed a mix of denitrified 

and non-denitrified water at the outflow. Other remarkable findings concerning the isotopic 

characterization of other compounds involved in denitrification in selected experiments are:  

 For NO2
-, the ε15NNO2/N2O and ε18ONO2/N2O allowed to distinguish the biotic from the 

abiotic NO2
- reduction by Fe2+ at laboratory. However, application at field-scale might 

not be conclusive due to the wide range of values reported in the literature. Also, a 

correlation between the δ15NNO2 and the natural logarithm of the Fe2+ concentration 

might allow to discard the heterotrophic NO2
- reduction at laboratory and field-scale.  

 For N2O, a comparison between the measured and modelled δ15N-N2O using the ε 

value determined for the substrate, allowed distinguishing the biotic from the abiotic 

NO2
- reduction. Large δ15N-N2O variations due to further reduction to N2, might also 

denote biotic rather than abiotic NO2
- reduction. These results are highly valuable 

since few isotopic data for N2O has been reported in the literature up to date.  

 The Cr6+, a contaminant that can be reduced simultaneously to NO3
- in the presence 

of an electron donor, presented a two-stage isotopic fractionation.   

 The δ13C-DIC analysis might provide information on the fate of the applied electron 

donor only if using C sources with a δ13C-Cbulk differing from the δ13C-DIC of water. 
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In the field-scale studies, the chemical and isotopic characterization allowed to evaluate the 

efficiency of the natural and/or induced denitrification. Using ε values determined at 

laboratory to estimate the extent of natural or induced NO3
- reduction at field, allowed 

avoiding interferences from other processes that could also lead to a concentration decrease 

(e.g., dilution due to water discharges from rainfall). However, hydrogeological and 

biochemical effects could influence the results. Due to these effects, the percentages 

obtained from isotope data must be considered an estimation, not a precise calculation. 

 During the in-situ groundwater remediation strategy by means of CH3COOH 

injections in the Sant Andreu de Llavaneres aquifer, more than 50 % NO3
- 

attenuation was achieved in the studied piezometers. However, since in a few 

samples NO3
- was below the limit for isotopic analysis, the contribution could have 

been higher. The isotopic characterization of NO3
-
 also evidenced a mixture between 

denitrified and non-denitrified groundwater at the extraction well.  

 In groundwater samples collected from the Matanza-Riachuelo Basin, the isotopic 

characterization of NO3
-
 and Cr6+ evidenced their concomitant natural biotic reduction 

due to NPDOC from septic system leakage (between 20 and 30 % for NO3
- and 

between 60 and 90 % for Cr6+). The attenuation of Cr6+ in a few samples was also 

due to dilution with uncontaminated groundwater.  

 At the CW, a slight natural NO3
- attenuation was only observed when the flow was 

decreased from 5.5 to 2.5 L/s. The subsequent biostimulation with corn stubble 

allowed at least a 60 % of NO3
- removal (16 L/s). However, since in a few samples 

NO3
- was below the limit for isotopic analysis, the contribution could have been 

higher. The treatment in autumn lasted in one month, while in spring the attenuation 

remained for three months. The effectivity of the treatment was limited due to high 

O2 content of the inlet water, high water flow, and possible generation of preferential 

flows within the CW.  

The results also allowed to evaluate the safety of the biostimulation treatments. The studied 

strategies were considered safe because the NO2
- and NH4

+ concentrations were low or 

decreased over time, the remaining NPDOC could maintain NO3
- attenuation downstream, 

and the occurrence of BSR was discarded. Also in the case of the polluted aquifers, a lower 

slope between δ18O-NO3
- and δ15N-NO3

- observed in the field (0.5-0.7) compared to 

laboratory experiments (1.0-1.1) suggested the NO2
- reoxidation to NO3

- which is positive 

from a groundwater quality perspective. 
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6. FUTURE WORK 
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In the present thesis, different low-cost electron donors (vegetal waste products, organic C 

rich residue from dairy industry and Fe2+ containing minerals) demonstrated to be useful to 

promote denitrification at laboratory-scale. Given this finding, the use of other waste 

materials should be investigated, considering its availability in different regions facing 

groundwater NO3
- pollution. Apart from the research performed at laboratory-scale, the 

efficacy of a biostimulation strategy by applying corn stubble in a CW treating agricultural 

runoff water to promote the denitrification was tested at field-scale. However, a field-scale 

application of the other low-cost electron donors that were found feasible to induce the 

NO3
- reduction (wheat hay, whey and Mag-NPs) is still pending. Different remediation 

strategies using these compounds should be designed and implemented to evaluate its 

efficacy to remediate different NO3
- polluted water bodies. Furthermore, in the case of 

surface flow CWs, methods to decrease the O2 diffusion into water must be investigated to 

increase the efficacy and longevity of the biostimulation strategies based on the addition of 

external electron donors. 

Concerning the possibility of pollution swapping during the implementation of remediation 

treatments, it is crucial to keep focusing on gaining knowledge on the mechanisms of 

generation, accumulation and reduction of the NO3
- reduction intermediate products: NH4

+, 

NO2
-, NO and N2O. Most of the studies reported in the literature up to date do not include 

an exhaustive characterization of the concentration variations of all of these compounds 

during the natural or induced denitrification. Future studies at laboratory and field-scale 

must include both chemical and isotopic characterization involving all the possible N 

compounds, either in the dissolved or gaseous forms or even solid-bound (if sediment is 

present), that could suffer transformation processes along with the NO3
- reduction. In a 

study to assess N2O emissions, a lower accumulation was found during the heterotrophic 

denitrification in laboratory incubations compared to the field (Weymann et al., 2010), 

pointing to a limited transferability of the laboratory results to field. Nevertheless, 

determining the GHG production in future laboratory studies aiming to find biostimulation 

with minimal GHG emissions should be considered. Furthermore, in field-scale 

denitrification tests, monitoring these GHG is essential to check the contribution to global 

climate change. 

With regards to the use of ε values determined at laboratory-scale to evaluate the extent of 

denitrification at field-scale, exhaustive studies must be performed to disentangle all the 

possible causes of NO2
- reoxidation at field-scale and which is the effect of NO2

- 
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reoxidation on the δ15N-NO3
-, to address the reliability of using this method. Also, the 

possible causes of the large variation in the ε15N/ε18O ratio found for the NO2
- biotic 

reduction must be investigated, especially, to address its influence on the isotopic 

composition of the produced and reduced N2O during denitrification experiments.  

Following on from the use of the isotopic characterization to evaluate the fate of different 

contaminants at field-scale, the possible isotopic fractionation occurring in two stages of 

other electron acceptors (apart from Cr6+) that can be reduced simultaneously to NO3
- in 

the presence of abundant electron donor, must be considered in future studies. The 

experiments to determine these ε values must be designed in order to achieve a wide 

range of samples with very low concentrations of the studied contaminant to ensure a 

correct interpretation of the results. The influence of the presence of other electron 

acceptors simultaneously to NO3
- on the electron donor consumption and the NO3

- 

reduction rates should also be considered.   

Furthermore, reliable methods to detect at field-scale possible abiotic reactions between 

the electron donors and the intermediate N compounds of the denitrification must be 

investigated (e.g., NO2
- reduction). Apart from the NO3

-, NO2
- and N2O isotopic 

characterization, measuring the site preference (SP) of the generated N2O (i.e. the 

intramolecular distribution of N isotopes, since the N2O molecule has an asymmetric linear 

structure (N-N-O)) (Buchwald et al., 2016; Heil et al., 2014; Jones et al., 2015) could be 

helpful in assessing the contribution of each of the biotic and abiotic reactions. Also, 

determining the isotopic composition of the different possible electron donors found at the 

study site (e.g., Fe2+) and characterizing the generated products, including the precipitation 

of secondary minerals could provide valuable information on the reaction mechanisms 

(Chen et al., 2018; Liu et al., 2018). In this context, the knowledge gained during the two 

stays abroad performed during the development of the present thesis that aimed to learn 

the analytical techniques for the isotopic characterization of the SP of the N2O and of Fe2+, 

could be applied to gain insight into the NO3
- reduction mechanisms under different 

conditions.  

Finally, the data obtained from the laboratory studies performed in the context of this 

thesis can be used in the future to develop numerical models. These models could help to 

predict the biogeochemical reactions involving the electron donor and acceptor of interest 

in different polluted areas to optimize the design of the bioremediation strategies before 

implementation.  
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ABSTRACT 

Since nitrate (NO3
-) has been related to human health and environmental problems, 

safe and sustainable strategies to remediate polluted water bodies must be 

investigated. This work aims to assess the feasibility of using ferrous iron (Fe2+)-

containing minerals to promote denitrification while avoiding pollution swapping (e.g. 

accumulation of the by-products nitrite (NO2
-) or nitrous oxide (N2O)). Magnetite, 

siderite and olivine were tested micro-sized and magnetite was also tested nano-sized. 

To accomplish the objective, samples obtained from several biotic and abiotic batch 

experiments were characterized chemically and isotopically. The biotic NO3
- reduction 

was only completed in microcosms containing magnetite nanoparticles, suggesting an 

increased Fe2+ availability from nano-sized minerals. No abiotic reactivity was observed 

between the Fe2+-containing minerals and NO3
- or NO2

-. However, NO2
- was abiotically 

reduced by dissolved Fe2+, when added. Since the biotic NO3
- reduction produces 

innocuous nitrogen gas (N2) while the abiotic NO2
- reduction produces the greenhouse 

gas N2O, the latter one would be advantageous only if the N2O is further reduced 

biotically. For the induced denitrification by magnetite nanoparticles, the calculated 
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ε15NNO3 was -33.1 ‰, ε18ONO3 was -10.7 ‰ and ε15NNO3/ε18ONO3 was 3.1. These values 

might be applied in future field studies to quantify the efficiency of bioremediation 

treatments. For the abiotic NO2
- reduction, the ε15NNO2 ranged from -14.1 to -17.8 ‰. 

The NO2
- isotopic characterization did not seem to be a useful tool to distinguish the 

abiotic from the biotic NO2
- reduction at field-scale. Nevertheless, δ15N-N2O analysis 

could provide valuable information on the occurrence of these processes.  

 

Keywords: abiotic nitrite reduction, denitrification, isotopic fractionation, magnetite 

nanoparticles, nitrous oxide 

 

1. INTRODUCTION 

Nitrate (NO3
-) has been related to human health disorders such as cancer and blue 

baby syndrome and to environmental problems such as eutrophication of water bodies 

(Rivett et al., 2008; Vitousek et al., 1997; Ward et al., 2005). Due to decades of 

excessive crop fertilization and septic system leakage, NO3
- is widely found in 

groundwater. Consequently, since 1991, European directives (2006/118/EC, 2006; 

91/676/EEC, 1991; 98/83/EC, 1998) have arisen to face the NO3
- pollution persistence. 

One of the measures that can be implemented to attenuate the NO3
- concentration in 

water bodies is the addition of external electron donors to promote the denitrification, 

since these compounds are usually deficient at field-scale (Rivett et al., 2008). The 

NO3
- is reduced to innocuous nitrogen gas (N2) simultaneously to the oxidation of an 

electron donor by the denitrifying microorganisms (Borden et al., 2012; Böttcher et al., 

1990; Otero et al., 2009; Smith et al., 2001). However, intermediate N compounds can 

be generated and accumulated since the denitrification occurs through a series of 

enzymatic reactions involving the conversion of NO3
- to nitrite (NO2

-), nitric oxide (NO), 

nitrous oxide (N2O) and finally N2 (Betlach and Tiedje, 1981; Knowles, 1982; Vidal-
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Gavilan et al., 2013; Weymann et al., 2010). Not only NO3
- but also these intermediate 

N compounds have been recognized to produce detrimental effects for the environment 

and human health (Badr and Probert, 1993; Vitousek et al., 1997; Ward et al., 2005). 

Therefore, pollution swapping should be avoided when inducing the denitrification at 

field-scale.  

In the search of economical and sustainable electron donors, diverse industrial and 

agricultural waste products rich in organic carbon (C) have already proved to induce 

the heterotrophic denitrification at laboratory scale (Carrey et al., 2018; Gibert et al., 

2008; Margalef-Marti et al., 2019b; Trois et al., 2010). Also, few laboratory studies 

testing minerals such as pyrite, pyrrhotite or biotite showed potential to promote the 

lithoautotrophic denitrification (Aquilina et al., 2018; Bosch et al., 2012; Torrentó et al., 

2011; Yang et al., 2017). Furthermore, since the mineral nanoparticles (NP) (e.g. Fe 

oxides) are usually more reactive than macroparticles, their potential use to remediate 

polluted water bodies has gained attraction during the last years (Braunschweig et al., 

2013). At laboratory-scale, materials such as Fe(0)-NP, magnetite-NP, Fe3+oxide-NP or 

magnetite/maghemite-NP have been found to remove organic and inorganic 

contaminants such as uranium, chromium, arsenic, ethylene glycol and phenol 

(Chowdhury and Yanful, 2010; Crane et al., 2011; Zelmanov and Semiat, 2008). 

Regarding NO3
-, pyrite-NP, zeolite supported Fe/Ni-NP and Fe(0)/magnetite-NP have 

been observed to attenuate the pollution (Bosch et al., 2012; Cho et al., 2015b, 2015a; 

He et al., 2018).  

In the aforementioned denitrification studies, a transient NO2
- accumulation was 

observed (Ge et al., 2012; Torrentó et al., 2011; Yang et al., 2017) and although the 

gas emissions were not measured, the N2O accumulation cannot be discarded since 

this greenhouse gas (GHG) is usually detected during the NO3
- reduction both at 

laboratory and field-scale (Jurado et al., 2017; Margalef-Marti et al., 2019a; Morley et 

al., 2008; Weymann et al., 2010). During the last years, numerous studies have pointed 
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that abiotic reactions involving the N and Fe biogeochemical cycles occur 

simultaneously to the biotic denitrification (Carlson et al., 2013; Klueglein and Kappler, 

2013; Matocha and Coyne, 2007; Melton et al., 2014). The NO2
- reduction by ferrous 

iron (Fe2+) oxidation have been well documented (Buchwald et al., 2016; Dhakal et al., 

2013; Grabb et al., 2017; Rakshit et al., 2016) and might be advantageous to avoid a 

water quality decrease due to NO2
- accumulation. However, the N2O has been 

proposed as the final product of this abiotic NO2
- reduction by Fe2+ oxidation (Buchwald 

et al., 2016; Chen et al., 2018; Coby and Picardal, 2005; Wang et al., 2016). Hence, 

supplying NO3
- polluted water bodies with Fe2+-containing minerals to induce the 

lithoautotrophic denitrification might promote N2O generation from both the biotic and 

the abiotic NO2
- reduction. In fact, in laboratory experiments, Cooper et al. (2003) found 

a larger N2O production during the denitrification in the presence of Fe compared to 

absence. Nevertheless, the accumulated N2O by both the biotic and abiotic pathways 

could be further reduced biotically in the presence of electron donors. The relative 

contribution of the two pathways of N2O production should be assessed since the GHG 

is currently a focus of attention in climate change research (Reay et al., 2012). 

The analysis of stable isotopes coupled to hydrochemical investigations is a widely 

accepted approach to understand biogeochemical processes in water bodies. The 

enzymatic NO3
- reduction provokes an enrichment in the heavy isotopes 15N and 18O of 

the unreacted substrate, unlike processes such as dilution that leads to a concentration 

decrease without influencing the isotopic signature (Böttcher et al., 1990; Fukada et al., 

2003; Mariotti et al., 1981; Aravena and Robertson, 1998). The same pattern is 

expected throughout the enzymatic reduction of all N intermediate products (e.g. NO2
- 

or N2O), which will be initially depleted in 15N and 18O with respect to the substrate until 

the ultimate product will reach the substrate initial isotopic composition. Although the 

NO3
- isotopic evolution through the heterotrophic denitrification has been widely studied 

(Carrey et al., 2014; Granger et al., 2008; Grau-Martínez et al., 2017; Wunderlich et al., 
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2012), the characterization during the lithoautotrophic denitrification is scarce (Torrentó 

et al., 2011, 2010). Furthermore, the information on the dual isotope systematics of 

NO2
- and N2O throughout its abiotic reduction by Fe2+ is also limited (Buchwald et al., 

2016; Chen et al., 2018; Grabb et al., 2017; Jones et al., 2015). Therefore, it is not 

clear in which extent the isotopic characterization of NO3
-, NO2

- and N2O might help in 

distinguishing biotic and abiotic reactions involving the N and Fe biogeochemical 

cycles.   

In this context, the aim of this work is to assess at laboratory-scale the suitability of 

using Fe2+-containing minerals to promote the NO3
- attenuation in polluted 

groundwater. The selected minerals were magnetite (Mag), siderite (Sd) and olivine 

(Ol), and were tested micro-sized and nano-sized (only Mag-NP) to quantify the 

changes in reactivity. Special attention was directed on the generation of the by-

products NO2
- and N2O throughout the biotic process. The possible abiotic reactivity 

between the dissolved Fe2+ or the Fe2+-containing minerals and NO3
- or NO2

- was also 

evaluated. To accomplish the objective, the samples obtained from several batch 

experiments were characterized chemically and isotopically.  

 

2. METHODS 

2.1. Batch experiments  

Five series of batch experiments (described below) were set inside a glove box, using 

20 mL serum bottles, crimp sealed with butyl rubber stoppers under an Ar atmosphere. 

Incubations were performed at 23 ºC and constant shaking in the darkness to avoid 

photodegradation processes. The bottles were sacrificed by turns at time intervals 

depending on the NO3
- and NO2

- reduction dynamics. The detailed composition of each 

batch experiment is shown in Table 1. The characterization of the different types of 

water employed is shown in the Supplementary Information Table S1. The micro-sized 
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minerals (Mag, Sd and Ol) preparation and Mag size reduction is detailed in 

Supplementary Information Section S1. 

In the biotic experiments, the laboratory microcosms simulated aquifer conditions. 

Groundwater (1 mM NO3
-) was obtained from well SMC-002 located in Roda de Ter 

(Barcelona, Spain). In this area, lithoautotrophic denitrification occurrence have been 

previously reported (Hernández-del Amo et al., 2018; Otero et al., 2009; Vitòria et al., 

2008). Furthermore, in water collected from the SMC-002 well, genes encoding the 

NO2
- and N2O reductases (nirS, nirK, and nosZ1) have been detected and certain 

genus of denitrifying and Fe2+ oxidizing bacteria have been identified (Hernández-del 

Amo et al., 2018). In this biotic batch experiments, milled limestone was used as 

sediment to increase microbial diversity. Micro-sized Mag, Ol and Sd and Mag-NP 

were tested to assess its potential use to promote NO3
- attenuation. The series of 

experiments BioSedGW contained sediment, groundwater (1 mM NO3
-) and one of the 

selected minerals  while the series BioSedDIW contained also sediment, deionized 

water with NaNO3 (1 mM) and one of the selected minerals, to assess the contribution 

of the sediment on the induced denitrification. Both series included a control without 

mineral. Furthermore, three bottles containing sediment and MilliQ water were 

incubated to determine the possible leakage of organic C from the milled limestone that 

was used as sediment.  

The micro-sized Mag, Ol and Sd were also tested to assess its potential abiotic 

reactivity with NO3
- and NO2

-. Three series of parallel anoxic incubations were 

performed. The series AbFeNO3 contained NO3
- rich synthetic water (1 mM), one of the 

three selected minerals and dissolved Fe2+. The series AbFeNO2 contained NO2
- rich 

synthetic water (1 mM), one of the three selected minerals and dissolved Fe2+. In both 

series dissolved Fe2+ was added to maximize Fe2+ availability from a filtered 

FeCl2·4H2O aqueous solution (5 mM). Finally, the series AbNO2 contained NO2
- rich 

synthetic water (1 mM) and one of the three selected minerals.  
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2.2. Analytical techniques 

All samples were filtered through 0.2 µm Millipore® filter immediately when obtained 

and stored at 4 ºC until analysis except aliquots for ammonium (NH4
+) concentration 

and isotopic characterization of N and O from dissolved NO3
- and NO2

- that were 

preserved frozen at -20 ºC. Samples from the experiments AbFeNO3 and AbFeNO2 

were analyzed immediately when obtained.  

Concerning the chemical analyses, the concentrations of NO3
- and NO2

- were analyzed 

by high performance liquid chromatography (HPLC, WATERS 515 pump and WATERS 

IC-PAK ANIONS column with WATERS 432 and UV/V KONTRON detectors). 

Exceptionally, in the AbFeNO2 experiments, the NO2
- concentration was calculated 

from the isotope ratio mass spectrometer (IRMS) peak areas results. The NH4
+ 

concentration was determined by spectrophotometry (CARY 1E UV-visible) using the 

indophenol blue method (AbFeNO2 experiments) (Bolleter et al., 1961) or by ionic 

chromatography (BioSedGW and BIoSedDIW experiments). The N2O accumulated at 

the head-space of the vials was measured by gas chromatography (GC) with an 

electron capture detector (ECD) (Thermo Scientific, Trace 1300). The NPDOC was 

analyzed by organic matter combustion (TOC 500 SHIMADZU). The dissolved Fe and 

trace elements were determined by inductively coupled plasma optical emission 

spectrometry (ICP-OES, Perkin Elmer Optima 8300 and Perkin Elmer Optima 3200 

RL).  

The δ15N-NO3
-, δ18O-NO3

- and δ15N-NO2
- compositions were determined following the 

cadmium and azide reduction method (McIlvin and Altabet, 2005; Ryabenko et al., 

2009). N2O was analyzed using a Pre-Con (Thermo Scientific) coupled to an IRMS 

(Finnigan MAT 253, Thermo Scientific). Notation is expressed in terms of δ (‰) relative 

to the international standards: Atmospheric N2 (AIR) for δ15N and Vienna Standard 

Mean Oceanic Water (V-SMOW) for δ18O. Hence, δ = (Rsample-Rstandard)/Rstandard, where 
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R is the ratio between the heavy and the light isotopes. According to Coplen (2011), 

several international and laboratory (CCiT) standards were interspersed among 

samples for the normalization of the results: USGS-51, USGS-32, USGS-34, USGS-

35, CCiT-NaNO3 (δ15N = +16.9 ‰, δ18O = +28.5 ‰) and CCiT-KNO2 (δ15N = +28.5 ‰). 

The reproducibility (1σ) of the samples, calculated from the standards systematically 

interspersed in the analytical batches, was ±1.0 ‰ for δ15N-NO3
-, ±1.5 ‰ for δ18O-NO3

-, 

±0.5 for δ15N-NO2
- and ±0.1 for δ15N-NO2

-. Chemical and isotopic analyses were 

prepared at the laboratory of the MAiMA-UB research group and analyzed at the 

Centres Científics i Tecnològics of the Universitat de Barcelona (CCiT-UB). 

2.3. Isotopic fractionation calculation 

Under closed system conditions, the isotopic fractionation (ε18O and ε15N) can be 

calculated by means of a Rayleigh distillation equation (Equation 1) (Böttcher et al., 

1990; Mariotti et al., 1988). Thus, the ε can be obtained from the slope of the linear 

correlation between the natural logarithm of the substrate remaining fraction 

(Ln(Cresidual/Cinitial), where C refers to analyte concentration) and the determined isotope 

ratios (Ln(Rresidual/Rinitial), where R = (δ+1)).   

 

 

 

3. RESULTS AND DISCUSSION 

The mineral characterization is detailed in the Supplementary Information Section S2. 

All data obtained from the laboratory experiments is reported in the Supplementary 

Information Table S2.  
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3.1. Induced denitrification by Fe2+-containing minerals 

During the first week of incubation, in all BioSedGW-Min and BioSedDIW-Min 

microcosms, the NO3
- concentration decreased between 30 % and 60 % (Figures 1A 

and 1B). The NO3
- attenuation was also observed in the BioSedGW-C microcosms that 

lacked mineral (up to 40 % NO3
- reduction). Therefore, the beginning of denitrification 

was likely caused by heterotrophic bacteria that used the organic C from both sediment 

and groundwater as electron donor. In the blank experiments containing only MilliQ 

water and sediment, 0.4 ± 0.03 mM NPDOC leaked from the used limestone, which 

has to be added to the 0.2 mM NPDOC already present in groundwater in the 

BioSedGW experiments. These results are consistent with the lower NO2
- accumulation 

found in BioSedGW-Min microcosms (up to 0.2 mM) compared to the BioSedDIW-Min 

microcosms (up to 0.6 mM) (Figures 1C and 1D) and suggested that both 

groundwater and sediment were sources of denitrifying microorganisms.  

After the first week, the NO3
- or NO2

- concentrations did not change significantly in the 

BioSedDIW experiments (Figures 1B and 1D). In the BioSedGW-Mag/Ol/Sd/C 

microcosms, significant differences in the NO3
- concentration were not observed 

(Figure 1A), but from day 118 on, NO2
- was no longer detected (Figure 1C). These 

results suggested that the organic C from sediment and groundwater and the Fe2+ 

available from the micro-sized minerals were insufficient to complete denitrification. 

Nevertheless, in the BioSedGW-Mag-NP microcosms, about 96 % NO3
- reduction was 

achieved in 91 days (Figure 1A), showing transient NO2
- accumulation (up to 0.2 mM) 

until day 91 (Figure 1C). In the BioSedGW microcosms, NH4
+ concentration was below 

0.04 mM, discarding a major contribution of the dissimilatory NO3
- reduction to 

ammonium (DNRA) and suggesting that the end products of NO3
- reduction were 

gaseous N compounds. The measured N2O at the head-space of the BioSedGW vials 

was below 0.1 % of the initial N in the control, below 0.4 % in the micro-sized minerals 

microcosms, and below 0.8 % in the Mag-NP microcosms. The highest concentration 



106 
 

being detected in the BioSedGW-Mag-NP microcosms is consistent with the highest 

reduction being observed in these batches. The low percentage of N in the form of N2O 

found in the BioSedGW experiments suggested that the final gaseous product of the 

biotic NO3
- reduction was N2, either during the initial heterotrophic activity and as a 

result of the denitrification promoted by the Mag-NP. Therefore, if during the 

denitrification promoted by the Mag-NP, an abiotic reactivity between NO2
- and Fe2+ 

occurred, the produced N2O seemed to be further reduced to N2 biotically. Similarly, in 

a NO3
- polluted aquifer in the presence of Fe2+ and low organic C, the results obtained 

by Smith et al. (2017) suggested that NO3
- was reduced both heterotrophically and 

lithoautotrophically while NO2
- was also reduced abiotically and the generated N2O was 

biotically reduced to N2 down-gradient.  
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Figure 1. NO3
- attenuation in the biotic experiments. NO3

- (A, C) and NO2
- (B, D) 

concentrations measured in the BioSedGW (A, B) and BioSedDIW (C, D) experiments.  

 

Our results suggest that the Mag-NP allowed a higher Fe2+ availability with respect to 

micro-sized Mag. Possibly, in the micro-sized minerals experiments the available 
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Fe2+/N molar ratio was too low to complete NO3
- reduction, especially in the case of Sd 

and Ol (initial Fe2+/N of 13 and 7, respectively compared to 24 calculated for Mag and 

Mag-NP). In a study with Microbacterium, 90 % NO3
- removal was achieved when 

using a Fe2+/N ratio of nearly 30, which is far above from the stoichiometric ratio of 5 

(Zhou et al., 2016). Furthermore, the Mag Fe2+/Fe3+ stoichiometry could influence the 

reactivity (Gorski et al., 2010). Similar to our results, Aquilina et al. (2018) and Yang et 

al. (2017) related an increased denitrification rate to a decreased grain size of minerals 

(granite-biotite and pyrrothithe, respectively). Smaller particles enhance the mineral 

solubility, which might  accelerate microbial reduction rates. Braunschweig et al. (2013) 

even suggested that in case of nanoparticles precipitation, the solubility might be 

independent of the aggregate size. Therefore, the higher reactivity of Mag-NP 

compared to micro-sized Mag seem consistent with an increased dissolution leading an 

increased Fe2+ availability.  

Dissolved Fe concentration was below detection limit in almost all samples of our biotic 

experiments. Possibly, bacteria oxidized the structural Fe2+ of the minerals or the Fe2+ 

adsorbed on the mineral surface. Alternatively, as Fe2+ was released from the mineral 

through dissolution, bacteria immediately oxidized it to Fe3+, which precipitated and 

became unavailable for detection. The produced Fe3+ can precipitate on the microbial 

cells surface, which might decrease the denitrification activity due to blocking of NO3
- 

transport into the cells (Chen et al., 2018; Coby and Picardal, 2005; Cooper et al., 

2003; Wang et al., 2017). Therefore, the application of Fe2+ minerals could be 

advantageous due to the regeneration of Fe2+ from the reduction of precipitated Fe3+ 

minerals if NO3
- is completely reduced and if an electron donor is present (Straub et al., 

2004) but, excessive Fe3+ precipitation could produce clogging issues and a decreased 

NO3
- reduction efficiency.  

The NO3
- dependent Fe2+ oxidation (NDFO) process, is still not well constrained (Bryce 

et al., 2018; Price et al., 2018; Straub et al., 1996). Among the microorganisms that 
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have been related to the NDFO, lithoautotrophs have been identified but most of them 

are mixotrophic, requiring an organic C co-substrate for growth, or even the NDFO 

could result from a synergistic activity between different NO3
- reducing and Fe2+ 

oxidizing microorganisms (Bryce et al., 2018; Melton et al., 2014; Price et al., 2018; 

Weber et al., 2006). Both denitrifying and Fe2+ oxidizing bacteria were previously 

identified in the groundwater employed in the BioSedGW experiments (Hernández-del 

Amo et al., 2018). Some authors propose that the NDFO mixotrophic communities 

might need a lower organic C supply to reduce NO3
- compared to the heterotrophic 

communities (Devlin et al., 2000; He et al., 2016).  

3.2. NO3
- and NO2

- abiotic reactivity with Fe2+ 

The experiments AbFeNO3 and AbNO2 showed a lack of abiotic reactivity between the 

Fe2+-containing minerals and NO3
- or NO2

- (Figure 2A), which is opposed to the 

observed abiotic reduction promoted by Mag (10 % for NO3
- and 20 % for NO2

-, from 

initial 0.5 mM) in similar experiments performed by Dhakal et al. (2013). Hence, it was 

confirmed that in our BioSedGW and BioSedDIW experiments the observed NO3
- 

reduction was caused by biological activity.  

However, a rapid NO2
- reduction was observed in the AbFeNO2 experiments (Figure 

2B). The beginning of the reaction seemed to be immediate and the NO2
- removal was 

completed in both the AbFeNO2-Min and AbFeNO2-C experiments, which is consistent 

with previous studies showing a significant NO2
- reduction (approximately 60 % in 4 

days) even at an equimolar dissolved Fe2+/ NO2
- molar ratio (Jones et al., 2015). A 

faster reduction (~ 50 hours) was observed in the AbFeNO2-Sd experiments compared 

to the AbFeNO2-Mag/Ol/C (~ 175 hours), possibly due to an increased dissolution rate 

of Sd that increased the dissolved Fe2+ availability, either by releasing it or by modifying 

the surface in which to be adsorbed. The lack of differences on the NO2
- reduction rate 

in the AbFeNO2-Mag/Ol/C experiments, could be explained by the employed dissolved 
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Fe2+/N ratio above the stoichiometric (see Supplementary Information Section S2). 

Since the measured NH4
+ was below 0.05 mM, it was considered that NO2

- was 

reduced to gaseous products.  
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Figure 2. Abiotic reactivity between Fe2+ and N compounds. For the AbNO2 and 

AbFeNO3 experiments, A) shows the remaining NO2
- (circles) or NO3

- (squares), 

respectively. For the AbFeNO2 experiments, B) show the remaining NO2
-, C) the 

generated N-N2O (triangles) including the sum of N-N2O and N-NO2
- (squares), in 

which the dotted line refers to the NO2
- initial content, and D) the remaining Fe2+. 

 

As previously observed by other authors, N2O accumulated at the headspace of the 

batches as a result of the NO2
- abiotic reduction by Fe2+ oxidation (Buchwald et al., 

2016; Chen et al., 2018; Coby and Picardal, 2005; Wang et al., 2016). Our results 

show that N2O was the end product because a mass balance between the remaining 

NO2
- in the solution and the accumulated N2O in the headspace for each vial was close 

to the NO2
- initial value (Figure 2C). Kampschreur et al. (2011) observed a complete 
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recovery of NO2
- as NO and N2O, suggesting that the missing mass balance 

complement to the N2O is likely to be found as NO.  

A Fe2+ decrease was observed in accordance to NO2
- reduction from the initial 5 mM to 

approximately 2 mM, showing no significant differences between the four tested 

conditions (Figure 2D). Total dissolved Fe measured by ICP-OES was considered to 

be solely Fe2+ since Fe3+ was quickly precipitated and because the ICP-OES method 

have previously shown equal results compared with ferrozine analysis (Smith et al., 

2017). In most of the publications focusing on the abiotic NO2
- reduction coupled to 

Fe2+ oxidation, an homogeneous reaction produced by the oxidation of aqueous Fe2+ is 

distinguished from an heterogeneous reaction, in which the Fe2+ is associated to 

mineral or bacterial surfaces or found as structural Fe2+ within minerals. Some studies 

suggest that a faster NO2
- reduction is produced through the heterogeneous reaction 

(Buchwald et al., 2016; Dhakal et al., 2013) but, NO2
- reduction inhibition has been 

found for low or null dissolved Fe2+ concentrations even in the presence of mineral-

associated Fe2+ (Tai and Dempsey, 2009). This is consistent with the lack of reactivity 

in the AbNO2 experiments compared to the AbFeNO2 batches. According to these 

results, if Fe2+-containing minerals are applied in polluted water bodies to promote the 

denitrification, NO2
- accumulation could be avoided after its abiotic reduction in the 

presence of dissolved Fe2+. However, this NO2
- abiotic reduction would be beneficial 

only if the generated N2O is further reduced biotically.  

3.3. Isotopic characterization 

3.3.1. Isotopic fractionation of NO3
- during the biotic reduction 

The initial isotopic values measured in groundwater of +11.3 ‰ for δ15N-NO3
- and 

+10.1 ‰ for δ18O-NO3
- increased to +158.1 ‰ and +47.5 ‰, respectively, throughout 

the NO3
- attenuation promoted by the Mag-NP. The calculated ε15NNO3 was -33.1 ‰ (R2 

= 0.86) and ε18ONO3 was -10.7 ‰ (R2 = 0.74) (Figure 3A), giving a ε15NNO3/ε18ONO3 of 
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3.1. While this ε18ONO3 is within the range of values reported for biotic denitrification 

experiments at laboratory-scale, the ε15NNO3 and the ε15NNO3/ε18ONO3 are found in the 

highest extreme (absolute values) (see Table 2). Similar ε15NNO3 were reported by 

Torrentó et al. (2011) in batch experiments using aquifer material and pyrite (-27.6 ‰) 

and by Tsushima et al. (2006) in column experiments using riparian aquifer sediments 

(-34.1 ‰). However, Torrentó et al. (2011) obtained a ε15NNO3/ε18ONO3 close to 1 and 

Tsushima et al. (2006) did not report values for ε18ONO3. Likely due to δ18O-NO2
- 

equilibration with δ18O-H2O and subsequent NO2
- reoxidation to NO3

-, Knöller et al. 

(2011) found a ε15NNO3/ε18ONO3 of 3 (ε15NNO3 = -16.2 ‰ and ε18ONO3 = -5.5 ‰), using 

succinate as electron donor and Pseudomonas pseudoalcaligenes. These results 

might be coherent with our results after such a long incubation and important NO2
- 

accumulation. After δ18O-NO2
- exchange with δ18O-H2O, which ranges between -4 and 

-7 ‰ in the area where the SMC-002 well is placed, if NO2
- reoxidates to NO3

-, a 

decreased δ18O-NO3
- enrichment might be expected compared to the δ15N-NO2

- 

enrichment. Therefore, the resulting ε15NNO3/ε18ONO3 might be higher than those close to 

1.0 usually resulting from NO3
- reduction to NO2

- and subsequent reduction to gaseous 

products. If a bioremediation strategy by using Mag-NP to promote denitrification is 

implemented, the calculated ε values in the present study could be applied to evaluate 

the efficiency of the treatment (Margalef-Marti et al., 2019c; Meckenstock et al., 2004; 

Vidal-Gavilan et al., 2013). 

In the case of the BioSedGW-Mag/Ol/Sd experiments, an isotopic fractionation was 

also observed. These isotopic results are presented as a whole since a similar trend 

was found for the different tested conditions, which is explained by the use of the 

NPDOC released from sediment and groundwater as electron donor in all cases. 

Calculated ε15NNO3 was -12.0 ‰ (R2 = 0.56) and ε18ONO3 was -10.9 ‰ (R2 = 0.63) 

(Figure 3B), giving a ε15NNO3/ε18ONO3 of 1.1. These values are within the range reported 
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for biotic denitrification in laboratory-scale experiments (see Table 2) and point to a 

lack of NO2
- reoxidation in contrast to the Mag-NP experiments.  
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Figure 3. NO3
- and NO2

- ε calculation. For the biotic experiments, the plots A and B 

(BioSedGW-Mag-NP and BioSedGW-Mag/Ol/Sd/C, respectively), show the δ15N-NO3
- 

(black continuous line) and δ18O-NO3
- (black dotted line) fractionation. For the abiotic 

experiment AbFeNO2, the plot C show the δ15N-NO2
- fractionation. The isotopic data is 

expressed in terms of δ (‰).  

 

3.3.2. Isotopic fractionation of N-NO2
- during the abiotic reduction 

In the AbFeNO2 experiments, the initial δ15N-NO2
- of -28.5 ‰ increased to -16.8 ‰, -

14.9 ‰, -14.5 ‰ and +7.1 ‰ in the C, Mag, Sd and Ol batches, respectively. No 
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significant differences were observed in the calculated ε15NNO2 for these experiments 

(Figure 3C), suggesting that the observed NO2
- abiotic reduction was mainly caused by 

the dissolved Fe2+ oxidation. The ε15NNO2 values were -14.1 ‰ (R2 = 0.92) for the 

AbFeNO2-C, -14.1 ‰ (R2 = 0.99) for Sd, -14.6 ‰ (R2 = 0.89) for Mag and -17.8 ‰ (R2 

= 0.95) for Ol. In these experiments, the ε18ONO2 was not calculated because no clear 

δ18O-NO2
- enrichment coupled to the NO2

- reduction was observed, pointing to δ18O-

NO2
- equilibration with δ18O-H2O. In similar studies, a possible contribution from δ18O-

NO2
- equilibration with δ18O-H2O could  not be discarded (Buchwald et al., 2016; Grabb 

et al., 2017), and Jones et al. (2015) also found a weaker δ18O-NO2
- enrichment 

compared to the δ15N-NO2
- enrichment (ε18ONO2 = 10 ‰ vs ε15NNO2 = 13 ‰, 

respectively). These authors proposed an exchange between δ18O-NO2
- and δ18O-H2O 

since de δ18O-NO2
- continued to variate after the abiotic NO2

- reduction was stopped.  

Testing the NO2
- abiotic reduction with different incubation conditions, other authors 

have reported ε15NNO2 values ranging from -2.3 ‰ to -44.8 ‰, ε18ONO2 from -4.1 ‰ to -

33.0 ‰, and ε15NNO2/ε18ONO2 between 0.5 and 1.6 (see Table 2). Our ε15NNO2 results fall 

within this wide range. Although different isotopic trends were found between NO2
- 

reduction caused by structural Fe2+ or Fe2+ adsorbed onto mineral surfaces or 

dissolved Fe2+ in the laboratory studies performed by Buchwald et al. (2016) and Grabb 

et al. (2017), we did not observe such difference. Considering the wide range of 

reported ε values, it is not likely that the NO2
- isotopic characterization could be useful 

at field-scale to distinguish the homogeneous and heterogeneous reactions. 

Furthermore, ε15NNO2 and ε18ONO2 within this range have also been reported for the 

biotic NO2
- reduction, which resulted in ε15NNO2/ε18ONO2 between 0.7 and 22.0 (see 

Table 2). Therefore, the NO2
- isotopic characterization may neither be useful at field-

scale to distinguish the abiotic from the biotic NO2
- reduction. 
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3.3.3. Isotopic evolution of N2O during the biotic and abiotic experiments 

The isotopic composition of the accumulated N2O in the biotic NO3
- reduction 

experiments showed variations. Neither N2O nor NO3
- concentrations presented a clear 

relationship with the determined δ15N-N2O or δ18O-N2O due to the simultaneous 

production and reduction of this intermediate product of the denitrification. However, a 

correlation was observed between δ18O-N2O and δ15N-N2O, giving slopes ranging from 

-2.4 to +2.3 for the BioSedGW-Min experiments (Figures 4A and 4B). The δ15N-N2O 

ranged from -11.1 ‰ to +63.4 ‰ and the δ18O-N2O from -3.5 ‰ to +62.6 ‰ in the 

BioSedGw-Mag-NP experiments, while in the BioSedGW experiments containing 

micro-sized minerals, the δ15N-N2O ranged from -31.3 ‰ to +5.1 ‰ and the δ18O-N2O 

from -12.0 ‰ to +52.4 ‰. The increased variation of the δ15N-N2O in the BioSedGw-

Mag-NP compared to the BioSedGW-Mag/Ol/Sd and the similar δ18O-N2O enrichment 

between the BioSedGw-Mag-NP and the BioSedGW-Mag/Ol/Sd, is consistent with the 

obtained ε values for the substrates. Moving to the abiotic experiments, a lower 

variation in the δ15N-N2O was observed compared to the biotic experiments (Figure 

4C). It is likely that during the beginning of N2O production the δ15N-N2O decreases 

and afterwards increases (e.g. initial N2O produced in the AbFeNO2-Mag experiments 

presents a δ15N-N2O of -48.4 ‰ that decreases to -53.8 ‰ and then increases to -43.4 

‰). Because the δ18O-NO2
- in these experiments presented equilibration with δ18O-

H2O, the δ18O-N2O results did not provide valuable information.  

Since a much higher δ15N-N2O variation was observed for the biotic experiments 

compared to the abiotic experiments, observing important δ15N-N2O variations in 

denitrification studies could be indicative of biotic reactivity. Chen et al. (2018) also 

observed a higher increase of δ15N-N2O in biotic compared to abiotic NO2
- reduction 

experiments. 



116 
 

C

Mag
Ol

-75

-65

-55

-45

-35

-25

0 2 4 6 8 10 12

δ1
5
N

-N
2
O

 (‰
)

produced N2O (μmol)

C
AbFeNO2

y = 0.77
R² = 0.76

-50

-30

-10

10

30

-20 0 20 40 60 80

δ1
8
O

-N
2
O

 (
‰

)

δ15N-N2O (‰)

A

BioSedGW-Mag-NP

Ol
y = 2.18
R² = 0.99

Sd
y = 2.26
R² = 0.85

Mag
y = -2.36
R² = 0.62

-60

-40

-20

0

20

40

-40 -30 -20 -10 0 10

δ
1
8
O

-N
2
O

 (
‰

)

δ15N-N2O (‰)

BBB BioSedGW-Mag/Ol/Sd

 

Figure 4. N2O isotopic composition. δ15N-N2O versus δ18O-N2O plots for the 

experiments BioSedGW-Mag-NP (A) and BioSedGW-Mag/Ol/Sd (B), in which the 

substrate was NO3
-; and δ15N-N2O versus N2O plots for the AbFeNO2 experiments (C), 

in which the substrate was NO2
-. 

 

An alternative way to use the δ15N-N2O data to distinguish biotic and abiotic reactions 

could be modelling the substrate (NO3
- or NO2

-) and product (N2O) δ15N composition by 

applying the calculated ε15NNO3 and ε15NNO2 in the batch experiments and to compare it 

with the determined δ15N in the samples (Mariotti et al., 1981). Since the N2O is an 

intermediate product of the NO3
- biotic reduction but the end product of the abiotic NO2

- 

reduction, at the end of the reaction, the determined δ15N-N2O of the samples should fit 

the initial δ15N of the substrate in the case of the NO2
- abiotic reduction but should be 
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higher than that in the case of the NO3
- biotic reduction. In the BioSedGW-Mag-NP 

experiment plot (Figure 5A), the δ15N-N2O determined in most of the samples are 

above the modelled line, indicating a further reduction of the N2O to N2. Contrarily, in 

the AbFeNO2 experiments (Figure 5B), the δ15N-N2O of the samples was initially below 

the modelled line but increased until reaching the substrate initial δ15N at the end of the 

reaction, suggesting the generation of the intermediate product NO and confirming that 

N2O was the end product of the NO2
- abiotic reduction. Similar to our results, Chen et 

al. (2018) found initial δ15N-N2O more negative than the starting δ15N-NO3
-
 and δ15N-

NO2
- due to NO generation. Also in another study, a good correlation was found 

between the calculated ε15NNO2 and the obtained δ15N-N2O values for the abiotic NO2
- 

reduction by Fe2+ oxidation (Jones et al., 2015).  

According to these results, the δ15N-N2O analysis could be useful to determine the 

occurrence of biotic and abiotic reactions involving N compounds and Fe. To quantify 

the contributions of the biotic and abiotic NO2
- reduction by Fe2+ oxidation, performing 

new experiments to determine the ε15NNO2 and the ε15NN2O in the biotic experiments 

could be advantageous after coupling this data to the already determined ε15NNO2 in the 

abiotic experiments and ε15NNO3 in the biotic experiments.  Liu et al. (2018) assessed 

the contribution of each reaction by modelling the kinetics of each reaction tested 

separately. Concerning the Fe2+ oxidation, they found a major contribution of the abiotic 

compared to the biotic reaction while for the NO2
- reduction, they found a major 

contribution of the biotic compared to the abiotic reaction. However, the use of models 

developed either by using isotopes or isotopic data could be limited at field-scale due to 

the complexity of the reactions. For example, Jamieson et al. (2018) suggest that the 

bacterial production of exopolymeric substances (EPS) could increase the NO2
- abiotic 

reduction rate since Fe2+ can be complexed to the organic C from EPS. Other data that 

could be helpful in assessing the contribution of the biotic and abiotic reaction could be 

the analysis of the generated secondary minerals (Chen et al., 2018; Liu et al., 2018), 
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the site preference (SP) of the generated N2O (i.e. the intramolecular distribution of N 

isotopes since the N2O molecule has an asymmetric linear structure (N-N-O)) 

(Buchwald et al., 2016; Heil et al., 2014; Jones et al., 2015) and the Fe2+ isotopic 

composition. 
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Figure 5. Relationship between the δ15N of substrate and N2O. Modelled and 

measured δ15N of the N2O and its initial substrates in the BioSedGW-Mag-NP and 

AbFeNO2 experiments. Note that the substrate was NO3
- for the BioSedGW-Mag-NP 

microcosms and NO2
- for the AbFeNO2 tests. This model was first described by Mariotti 

et al. (1981).  

 

CONCLUSIONS 

In the biotic experiments, the beginning of denitrification was caused by heterotrophic 

bacteria that used the organic C from sediment and groundwater. Afterwards, complete 

NO3
- reduction was only achieved in the BioSedGW-Mag-NP microcosms, suggesting 

an increased Fe2+ availability for the Mag-NP compared to micro-sized Mag, Ol and Sd. 

Transient NO2
- accumulation was observed but the final product of this biotic NO3

- 

reduction was N2. The lack of reactivity between the Fe2+-containing minerals and NO3
- 

or NO2
-, confirmed that the NO3

- reduction in the BioSedGW experiments was biotic. 

However, the abiotic NO2
- reduction to N2O by dissolved Fe2+ was demonstrated in the 
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AbFeNO2 experiments. Therefore, if during the denitrification promoted by the Mag-NP, 

NO2
- reacted abiotically with Fe2+, the produced N2O was further reduced to N2.  This 

abiotic reaction would be advantageous to avoid a water quality decrease due to NO2
- 

accumulation only if the generated N2O is further reduced biotically. 

For the BioSedGW-Mag-NP, the calculated ε15NNO3 was -33.1 ‰, ε18ONO3 was -10.7 ‰ 

and ε15NNO3/ε18ONO3 was 3.1, suggesting δ18O-NO2
- equilibration with δ18O-H2O and 

subsequent NO2
- reoxidation to NO3

-. These ε values might be applied in future field 

studies to quantify the efficiency of bioremediation treatments. The isotopic results for 

the BioSedGW-Mag/Ol/Sd showed a similar trend since in all conditions the NPDOC 

released from sediment and groundwater was used as electron donor. Calculated 

ε15NNO3 was -12.0 ‰, ε18ONO3 was -10.9 ‰ and ε15NNO3/ε18ONO3 was 1.1, pointing to a 

lack of NO2
- reoxidation. In the AbFeNO2 experiments, the ε15NNO2 ranged from -14.1 ‰ 

to -17.8 ‰. Considering the wide range of reported ε15NNO2, it is not likely that the NO2
- 

isotopic characterization could be useful at field-scale to distinguish the homogeneous 

from the heterogeneous abiotic reaction or the abiotic from the biotic NO2
- reduction. 

Nevertheless, a high δ15N-N2O variation during the N compounds reduction could be 

indicative of biotic reactivity. Modelling the substrate (NO3
- or NO2

-) and product (N2O) 

δ15N composition by applying the calculated ε15NNO3 and ε15NNO2 in the batch 

experiments and comparing it with the determined δ15N in the samples can be also 

useful to determine the occurrence of biotic and abiotic reactions. 
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Section S1. Micro-sized minerals preparation and magnetite size reduction  

Magnetite (Mag) was obtained from “Mina Cala” (Huelva, Spain), siderite (Sd) from “El 

guarnón” (Güéjar Sierra, Granada, Spain) and olivine (Ol) from Canet d’Adri (Girona, 

Spain). The minerals were milled in a vibratory disc mill (RETSCH, RS 100) using a 

tungsten carbide bowl (WC 94%, Co 6%) and sieved to obtain the fraction with a particle 

size below 30 µm. An aliquot of Mag microparticles was then milled in a planetary ball 

mill (FRITSCH, PULVERISETTE P5) at 200 rpm during 15 h, using a stainless steel 

bowl, deionized water and 0.4 mm steel balls (S110) as grinding media to obtain 

nanoparticles.  
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Section S2. Mineral characterization  

The main composition of the minerals was estimated by X-Ray Diffraction (XRD, 

PANalytical X’Pert PRO), the particle size of the Mag micro and nanoparticles was 

determined by Laser Diffraction Particle Size Analysis (LDPSA, LS13320, 

BeckmanCoulter) and morphology by Field Emission Scanning Electron Microscopy 

(FESEM, JSM-7610F, JEOL). 

XRD analysis showed a purity of around 90% for Mag (Fe2+Fe3+
2O4), 30% for Sd 

(Fe2CO3) and 80% for Ol (Forsterite ferroan, Fe2+
0.2Mg1.8SiO4). Therefore, the given 

Fe2+/N molar ratio of the minerals in the biotic experiments was approximately 24 for 

Mag, 13 for Sd and 7 for Ol. In the abiotic experiments (AbFeNO3 and AbFeNO2), the 

ratio was reduced by half, but dissolved Fe2+ was added at a Fe2+/N of 5. Therefore, 

although using the same quantity of mineral, in the experiments containing Mag, the Fe2+ 

availability could be higher compared to Sd, and the Ol experiments could present the 

lowest electron donor availability. The stoichiometric Fe2+/N reported for the NO3
- and 

NO2
- reductions are 5 and 2, respectively (Equation 2 and 3) (Melton et al., 2014; Tai 

and Dempsey, 2009).  

10Fe2+ + 2NO3
- + 24H2O → 10Fe(OH)3 + N2 + 18H+  Equation 2 

4Fe2+ + 2NO2
- + 5H2O → 4FeOOH + N2O + 6H+    Equation 3 

According to the LDPSA analysis, the first milling and sieving step gave solid particles 

with an average Mag particle diameter of 8.12 μm (between 0.07 and 36.24 μm) and the 

second milling step gave aggregates with an average of 1.16 μm (between 0.04 and 2.00 

μm) (Supplementary information, Figure S1A). The % volume mode was used for 

calculations. Although the particle diameter range was wide, a 10 fold decrease in the 

mineral size was observed in the Mag-NP compared to the micro-sized Mag. Such 

decrease was confirmed by the FESEM images, in which was also observed that the 
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Mag-NP aggregates are formed by smaller nanoparticles with an average particle 

diameter around 100 nm (Supplementary information, Figure S1B). 
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Figure S1. Mag particles characterization. A. Particle diameter before (dashed line) 

and after (continuous line) the second milling step. B. Particle morphology before (left) 

and after (right) the second milling step.  
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ANNEX 2 

 

Geochemical and isotopic study of abiotic nitrite 

reduction coupled to bio-produced Fe(II) oxidation 

in marine environments.  
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ABSTRACT 

Estuarine sediments are often rich in iron oxides, organic matter and anthropogenic 

nitrogen compounds (e.g. nitrite) transported by continental waters. In these anoxic 

environments, dissimilatory iron reducing bacteria (e.g. Shewanella loihica) can catalyze 

the Fe(III)-oxide minerals reduction releasing Fe(II), which may interact with nitrite leading 

to its removal via formation of nitrous oxide and Fe(III). Since nitrous oxide is a potent 

greenhouse gas, the characteristics of this reaction must be investigated.  

In this work, nitrite reduction coupled to oxidation of Fe(II), either bio-produced (aqueous 

and solid-bound) or synthetic (only aqueous, only solid-bound or both), was studied by 
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means of different sets of batch experiments simulating an anoxic marine medium. In 

addition, the biotic nitrite reduction by S. loihica with lactate or acetate were studied to 

assess its possible contribution in the abiotic experiments.  

To obtain bio-produced Fe(II), ferrihydrite was reduced by S. loihica in the presence of 

lactate (pH ≈ 8.2). The released Fe(II) was found aqueous, adsorbed on the ferrihydrite 

surface and partially transformed to nanocrystalline magnetite, producing solid Fe(II). The 

results of the nitrite reduction experiments indicated that the bio-produced Fe(II) presents 

a higher reactivity than synthetic Fe(II). Also in the case of synthetic Fe(II), it was observed 

that the abiotic nitrite reduction is faster and more efficient in the presence of both 

aqueous and solid-bound Fe(II) compared to when only aqueous or solid-bound Fe(II) are 

found in the media. The possible contribution of the biotic nitrite reduction on the abiotic 

ones was found insignificant.  

The isotopic characterization of the nitrite reduction at laboratory showed similar ε15N/ε18O 

ratios for all abiotic experiments (1.4 to 1.8). In contrast, a lower ε15N/ε18O ratio (0.3) was 

obtained for the heterotrophic nitrite reduction by S. loihica. Since these ε15N/ε18O values 

are close to or within the wide range of reported values in the literature for the abiotic and 

biotic nitrite reduction, the use of the ε15N/ε18O ratio to distinguish different mechanisms of 

nitrite reduction at field-scale might be limited. As an alternative, the correlation between 

δ15NNO2 and the natural logarithm of the Fe(II) concentration could be useful to identify or 

discard the occurrence of heterotrophic NO2
- reduction in field scenarios. 

 

Keywords: iron reducing bacteria, ferrihydrite, abiotic nitrite reduction, ferrous iron 

oxidation, nitrite isotope fractionation  
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GRAPHICAL ABSTRACT 

Ferrihydrite

Magnetite

 

 

1 INTRODUCTION 

The intensive use of organic and inorganic fertilizers and domestic or industrial wastewater 

are mainly responsible for nitrogen input and contamination of water resources (Guerbois 

et al., 2014). Marine sediments in estuarine and coastal areas often contain terrigenous 

organic matter and other constituents such as iron and anthropogenic nitrogen compounds 

(e.g., NOx) due to riverine and submarine groundwater inputs (Jani and Toor, 2018). In 

such environments, marine dissimilatory iron reducing bacteria (e.g., Shewanella loihica) 

are able to reduce Fe(III)-oxide minerals under anoxic conditions producing aqueous and 

mineral-associated Fe(II) (Equation 1) (Melton et al., 2014; Lovley, 1991). This bio-

produced Fe(II) can abiotically reduce nitrite (NO2
-) via formation of nitrous oxide (N2O) 

(Equation 2) (Kampschreur et al. 2011; Tai and Dempsey, 2009), which is a potent 

greenhouse gas and the single greatest ozone-depleting substance (Ravishankara et al. 
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2009). Consequently, in recent years, the NO2
- reduction by Fe(II) oxidation, (i.e., 

chemodenitrification), has become a subject of investigation (Grabb et al. 2017; Lu et al. 

2017; Buchwald et al., 2016; Tai and Dempsey, 2009). 

 

CH3CHOHCOO- + 4Fe(OH)3 + 7H+  CH3COO- + HCO3
- + 4Fe(II) + 10H2O   (Equation 1) 

4Fe(II) + 2NO2
- + 5H2O  4FeOOH + N2O + 6H+      (Equation 2) 

 

The NO2
- abiotic reduction can occur in the presence of aqueous Fe(II), Fe(II) associated 

to mineral surfaces or minerals containing Fe(II) (Rakshit et al. 2016; Wu et al., 2015; 

Dhakal et al., 2013; Tai and Dempsey, 2009), three forms of iron that might coexist in 

environments where the Fe(II) originates from the bio-reduction of Fe(III)-(hydr)oxides, 

such as ferrihydrite (Fh). Also, even in laboratory experiments with aqueous Fe(II), 

precipitation of Fe(III)-(hydr)oxides or mixed valence (Fe(II), Fe(III)) iron minerals will occur 

after the oxidation of aqueous Fe(II) coupled to the NO2
- reduction (Chen et al., 2018; Lu et 

al., 2017). Therefore, the NO2
- abiotic reduction by oxidation of Fe(II) usually takes place 

under heterogenous systems (i.e. presence of aqueous Fe(II) and Fe(II) associated to 

minerals), while if the Fe(II) was only found in the aqueous form it would be considered an 

homogeneous system. 

Some studies have concluded that the abiotic NO2
- reduction is faster through the 

heterogeneous reaction (Buchwald et al., 2016; Dhakal et al., 2013). Tai and Dempsey 

(2009) observed higher NO2
- reduction rates when the ratio aqueous-Fe(II)/Fe(III)-

(hydr)oxides was 0.3 compared to > 0.3, but the reduction stopped when the aqueous 

Fe(II) concentrations became low or null, even in the presence of mineral-associated 
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Fe(II). These authors also found that the NO2
- reduction is negligible in the absence of 

Fe(III)-(hydr)oxides. Lu et al. (2017) also observed that magnetite was not able to reduce 

NO2
- in the absence of aqueous Fe(II). In contrast, Dhakal et al. (2013) found that 

magnetite was able to abiotically reduce NO2
- in the absence of aqueous Fe(II), although 

the reduction rate increased when aqueous Fe(II) was added.  

To date, the evaluation of the NO2
- abiotic reduction coupled to oxidation of Fe(II) in 

heterogenous systems at the laboratory scale has been performed through the addition of 

synthetic Fe(II) (e.g., FeCl2) to aqueous solutions without or with different minerals (Lu et 

al., 2017; Robertson and Thamdrup, 2017; Rakshit et al. 2016; Robertson et al., 2016). 

However, in natural settings Fe(II) can originate from microbial reduction of Fe(III)-minerals 

and therefore, might present different properties compared to the synthetic one. The 

dissimilatory Fe(III) reduction might also alter the properties of the iron minerals surfaces 

or result in formation of secondary iron mineral phases such as magnetite or siderite (Roh 

et al., 2006), which might affect the Fe(II) reactivity. Therefore, evaluation of abiotic NO2
- 

reduction by Fe(II) oxidation in systems closer to natural conditions is required.  

Isotopic analysis is a powerful tool to trace NOx transformation processes. The enzymatic 

NO3
- reduction provokes an enrichment in the heavy isotopes 15N and 18O of the remaining 

substrate (Fukada et al., 2003; Aravena and Robertson, 1998; Böttcher et al., 1990; 

Mariotti et al., 1981), unlike processes such as dilution that could lead to a concentration 

decrease without influencing the isotopic signature. The same pattern is expected for the 

biotic reduction of other N species (e.g. NO2
- or N2O). Data on the dual N-O isotope 

systematics during the biotic NO2
- reduction remain scarce (Martin and Casciotti, 2016; 

Bryan et al., 1983). For the abiotic NO2
- reduction by Fe(II) oxidation, two recent isotopic 

studies found results similar to what is expected for the biotic reaction (Buchwald et al., 

2016; Grabb et al., 2017). According to the isotopic data reported up to date for the NO2
- 
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reduction, it is unclear to which degree the isotopic characterization might help in 

distinguishing biotic and abiotic NO2
- reduction. Therefore, further studies on the potential 

of isotope data to elucidate the process controlling the fate of NO2
- in the field are needed. 

Ferrihydrite is ubiquitous in the environment and abundant in marine sediment (Canfield, 

1989). Given its thermodynamic instability and large surface area, ferrihydrite presents a 

high reactivity in the presence of aqueous Fe(II), which may lead to mineral transformation 

to more crystalline phases containing Fe(II) such as magnetite (Tomaszevsky et al., 2016; 

Boland et al., 2014; Yang et al., 2010; Yee et al. 2006; Hansel et al., 2003). In this study, 

ferrihydrite was the Fe(III) mineral chosen to biotically produce Fe(II). S. loihica strain PV-4 

was employed to induce the reductive dissolution of ferrihydrite after Benaiges-Fernandez 

et al. (2019). The reactivity of the bio-produced Fe(II) was compared to that of synthetic 

Fe(II) in batch experiments with synthetic seawater and  NO2
- under anoxic conditions. 

Furthermore, the abiotic NO2
- reduction rate by oxidation of Fe(II) was compared to that of 

the biotic NO2
- reduction by oxidation of organic carbon compounds (lactate and acetate). 

The aims of the study were: I) to elucidate the fate of bio-produced Fe(II) by the reductive 

dissolution of ferrihydrite mediated by S. loihica, II) to investigate the kinetics of NO2
- 

reduction by Fe(II) oxidation in marine environments, III) to distinguish abiotic from biotic 

NO2
- reduction by means of isotopic analysis. 

 

2 METHODS 

2.1 Bacterial culture and solutions preparation 

S. loihica strain PV-4 was purchased from the German Collection of Microorganisms and 

Cell Cultures (DSMZ 17748). Bacteria was recovered and cultivated in M1 medium (Gao 
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et al., 2006) with 10 mM of lactate as electron donor and carbon source and 10 mM of 

Fe(III) citrate as electron acceptor.  

Synthetic seawater (SSW) was prepared to simulate the marine sediment conditions 

following the standard protocol D1141-98 (ATSM International). To biotically produce Fe(II) 

from the reductive dissolution of ferrihydrite, 10 mM of sodium lactate and 10 mM of TRIS-

HCl (Tris) as a buffer (pH ≈ 8.2) were added to SSW. Hereafter, this medium will be 

referred as M-SSW. 

Stock solutions of synthetic Fe(II) and NO2
- (12.8 and 2.8 g L-1 respectively) were freshly 

prepared inside an anoxic glove box by dissolving the convenient amounts of FeSO4 and 

KNO2, respectively, in ultrapure Milli-Q water (Merck Millipore) previously degassed with 

N2. The Fe(II) solution was acidified to reach pH 1. Both solutions were subsequently 

filtered (0.22 µm) and stored.  

All solutions and materials employed during the experiments were sterilized by autoclave 

(121 ºC, 20 min) unless otherwise stated.  

2.2 Ferrihydrite synthesis   

2L-ferrihydrite was synthesized according to a modified protocol of Schwertmann and 

Cornell (2007) (see Section S1 in SI for more details). The specific surface area was 

measured by the Brunauer-Emmett-Teller (BET) method (Brunauer et al., 1938) using a 

Gemini 2370 surface area analyzer using 5-point N2 adsorption isotherms. Sample 

degassing with nitrogen lasted for 2 h at 137 °C. The determined BET specific surface 

area was between 140 and 180 m2 g-1. 
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2.3 Experimental setup and sampling procedure 

Three sets of batch experiments were performed to investigate: I) the abiotic NO2
- 

reduction by bio-produced Fe(II) (AbSeaNO2-BioFe), II), the abiotic NO2
- reduction by 

synthetic Fe(II) (AbSeaNO2-StFe), III) the biotic NO2
- reduction by S. loihica with acetate or 

lactate (BioSeaNO2). The tested conditions are listed in Table 1. All batch experiments 

were run at least in duplicates. The experiments were performed in bottles capped with a 

screw cap, silicone o-ring and blue butyl rubber stopper and wrapped in aluminum foil to 

avoid light exposition. The experiments were performed inside a glove box purged with N2 

and equipped with UV germicidal light for periodical sterilization. Dissolved oxygen was 

checked by luminescent dissolved oxygen (LDO) probe (detection limit 0.01 mg L-1). 

Incubations were performed at 22 ± 2 ºC.  

For the abiotic NO2
- reduction by bio-produced Fe(II), the batch experiments consisted of 

two stages. In the first stage (Ferr), the anaerobic reductive dissolution of ferrihydrite 

mediated by S. loihica strain PV-4 was performed with ferrihydrite powder in M-SSW 

medium (w/v ratio = 1:100). S. loihica was inoculated to reach a final concentration of 

1·107 colony-forming units (cfu) mL-1. To obtain the bacterial suspension, the cells were 

cultivated for 24 h, then harvested by centrifugation (5000 rpm for 10 min) and the pellet 

was re-suspended in SSW. This step was repeated three times as a washing protocol.  

When the ferrihydrite reduction stopped, NO2
- was added to reach a concentration of 0.8 

mM. In the second stage (AbSeaNO2-BioFeaq+s), NO2
- abiotic reduction was promoted by 

the bio-produced Fe(II) that was found both aqueous and associated to the ferrihydrite.  

For the abiotic NO2
- reduction by synthetic Fe(II), three types of batch experiments were 

performed to investigate the role of solid-bound and aqueous Fe(II) on NO2
- reduction. In 

these experiments, 10 mM of acetate and 10 mM of Tris-HCl buffer solution were added to 

the SSW to achieve similar initial conditions to the AbSeaNO2-BioFeaq+s experiments after 
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the completion of the ferrihydrite reduction (Ferr). Experiment AbSeaNO2-StFeaq contained 

NO2
- and aqueous Fe(II) (1.2 mM) but no ferrihydrite, whereas the experiment AbSeaNO2-

StFes contained NO2
-, ferrihydrite and Fe(II) associated to the ferrihydrite but no aqueous 

Fe(II). This was achieved by adding the NO2
- once all de added aqueous Fe(II) (1.2 mM) 

was depleted from the media due to ferrihydrite uptake. Finally, experiment AbSeaNO2-

StFeaq+s contained NO2
-, ferrihydrite and both aqueous Fe(II) and Fe(II) associated to 

ferrihydrite. As in the previous experiment, an initial amount of 1.2 mM Fe(II) was added to 

the media and it was depleted due to ferrihydrite uptake, but an extra amount of 1.2 mM 

aqueous Fe(II) was added to find it also in the aqueous form.  

 

Table 1. Batch experiments content. In the codes of the experiments, “aq” refers to 

aqueous Fe(II) and “s” refers to solid-bound Fe(II). The Fe(II) concentration refers to the 

Fe(II) content in the batch experiments previous to the NO2
- addition (for the AbSeaNO2-

BioFeaq+s experiments, it does not take into account the amount of solid-bound Fe(II)).   

Code 
Fh 

(g) 

Vol. 

(mL) 

Fe(II) 

(mM) 

NO2
- 

(mM) 

Acetate 

(mM) 

Lactate 

(mM) 
S. loihica 

Ferr 5 500 - - - 10 yes 

AbSeaNO2-BioFeaq+s 3.8 380 1.2 (biotic) 0.65 8 - - 

AbSeaNO2-StFeaq - 250 1.2 (synthetic) 0.65 10 - - 

AbSeaNO2-StFes 2.5 250 1.2 (synthetic) 0.65 10 - - 

AbSeaNO2-StFeaq+s 2.5 250 2.4 (synthetic) 0.65 10 - - 

BioSeaNO2-Lactate - 250 - 0.65 - 10 yes 

BioSeaNO2-Acetate - 250 - 0.65 10 - yes 
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For the biotic NO2
- reduction, two sets of batch experiments were performed using SSW 

inoculated with S. loihica and containing NO2
-, 10 mM of buffer Tris-HCl and 10 mM of 

lactate (BioSeaNO2-Lactate) or acetate (BioSeaNO2-Acetate), in absence of ferrihydrite. 

These experiments were performed to investigate the possible interference of the NO2
- 

biotic reduction during the abiotic NO2
- reduction by bio-produced Fe(II).  

During the batch experiments, samples were obtained periodically according to the Fe(II) 

reduction/oxidation and NO2
- reduction dynamics. Samples were obtained after shaking 

the bottles for liquid-solid homogenization and immediately filtered (0.22 μm). The 

concentration of NO2
- was immediately determined (1 mL aliquots). Aliquots of 1 mL were 

acidified with 6 M HCl solution for immediate Fe analysis. Aliquots of 4 mL were acidified 

with 6 M HCl solution and stored in the dark at 4 ºC for further lactate/acetate analysis. For 

the isotopic analysis (δ15N-NO2
- and δ18O-NO2

-), aliquots of 5 mL were immediately frozen 

and defrosted just before measurements. 

Furthermore, control experiments were performed to examine the potential interferences 

between the compounds of the batch experiments: SSW, buffer, acetate, Fe(II) and NO2
-  

(see Section S2 in SI for details). Also, adsorption experiments were carried out to 

quantify the uptake of aqueous Fe(II) by ferrihydrite and a Fe(II) adsorption isotherm was 

performed to determine the mechanisms responsible for Fe(II) adsorption on ferrihydrite 

surface (see Section S3 in SI for details). 

2.4 Analytical techniques 

Mineralogical inspections of reacted and unreacted samples were carried out by: I) 

scanning electron microscopy (SEM) using a Hitachi H-4100FE instrument under a 15–20 

kV potential in a high vacuum and utilizing the backscattered electron detector (BSD) in 

field emission (FE) and coating the samples with carbon, II) X-ray diffraction (XRD) using a 
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PANalytical X’Pert PRO MPD / Bragg-Brentano powder diffractometer of 240 mm in 

radius and Cu K radiation ( = 1.5418 Å), and III) Fourier transform infrared spectrometry 

(FTIR) utilizing a Perkin Elmer frontier / ATR diamond / detector DTGS, accumulation at 16 

scans, spectral resolution 4 cm-1, spectral range 4000 - 225 cm-1. 

Concentrations of iron and nitrite were both measured by spectrophotometry (SP-830 

PLUS, Metertech Inc.) at wavelengths of 510 nm and 540 nm, respectively. Ferrous iron 

and total iron concentrations were measured immediately after sampling by the 

phenanthroline method (Stucki, 1981). Nitrite concentration was measured after adding 

sulphanilamide and the N-(1-naphthyl)-ethylenediamine dihydrochloride (NED) reagents 

and an incubation time of 20 min, following Garcia-Robledo et al. (2004). Total dissolved 

iron was also measured by Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES, Perkin- Elmer 3000) to confirm that all dissolved iron was in the form of Fe(II). 

Uncertainty in Fe concentration measured between phenanthroline method and ICP-OES 

was better than 5 %. Concentrations of lactate and acetate were measured by High 

Performance Liquid Chromatography (Waters 600 HPLC pump controller equipped with an 

Aminex HPX-87H column (300 x 7.8 mm), BioRad, and a Waters 717plus autoinjector). 

Associated uncertainty was better than 3 %. The pH (± 0.02 pH units) of the initial medium 

was measured into the glove box using Thermo Orion pH electrodes and periodically 

calibrated with standard solutions of pH 2, 4 and 7. 

δ15N-NO2
- and δ18O-NO2

- were determined following the azide reduction method (McIlvin 

and Altabet, 2005; Ryabenko et al., 2009). N2O was analyzed using a Pre-Con (Thermo 

Scientific) coupled to a Finnigan MAT 253 Isotope Ratio Mass Spectrometer (IRMS, 

Thermo Scientific). Notation is expressed in terms of δ ‰ (δ = (Rsample-Rstandard)/Rstandard, 

where R is the ratio between the heavy and the light isotopes) (Coplen, 2011). Used 

international standards were atmospheric N2 (AIR) for δ15N and Vienna Standard Mean 
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Oceanic Water (V-SMOW) for δ18O. According to Coplen (2011), several international and 

laboratory (in-house) standards were interspersed among samples for normalization of 

analyses. Two international standards (USGS 34 and 35) and two internal laboratory 

standards (CCiT-NaNO3 (δ15N = +16.9 ‰ and δ18O = +28.5 ‰) and CCiT-KNO2 (δ15N = -

28.5 ‰)) were employed to correct the δ15N-NO2
- and δ18O-NO2

- values. The 

reproducibility (1σ) of the samples, calculated from the standards systematically 

interspersed in the analytical batches, was ±1.0 ‰ for δ15N-NO2
- and ±1.5 ‰ for δ18O-NO2. 

The isotopic analyses were prepared at the MAiMA-UB research group laboratory and 

analyzed at the Scientific and technical services of Barcelona University (CCiT-UB). 

Under closed system conditions, the isotopic fractionation values (i.e., ε15NNO2 and ε18ONO2) 

are calculated according to the Rayleigh distillation equation: from which ε values can be 

obtained from the slope of the linear correlation between the natural logarithm of the 

substrate remaining fraction (ln(Cresidual/Cinitial), where C refers to the analyte concentration), 

and the determined isotope ratios (ln(Rresidual/Rinitial), where R = (δ+1)).  

 

   (Equation 3) 

 

3 RESULTS AND DISCUSSION 

3.1 Bio-reduction of ferrihydrite  

Three different stages were distinguished during the reductive dissolution of ferrihydrite 

mediated by S. loihica (Ferr experiments, Figure 1). In the first stage, a dramatic drop of 

the initial concentration of lactate was accompanied by a sharp increase in acetate 

concentration while aqueous Fe(II) was not detected. Afterwards, a gradual decrease in 
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lactate and increase in acetate were observed together with a significant increase in 

aqueous Fe(II). In the final stage, lactate was totally depleted after about 60 days from the 

beginning of the experiment, and acetate and Fe(II) leveled off with respective 

concentrations of about 8 and 1.1 mM. Total consumption of lactate led to an unavailability 

of the electron donor, ceasing therefore bio-reduction and leaving the acetate and 

aqueous Fe(II) concentrations constant. 
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Figure 1. Reductive dissolution of ferrihydrite (Ferr experiments). Lactate 

consumption and acetate and Fe(II) production by S. loihica showed three stages 

(biomass production, maximum microbial activity and halt of microbial metabolism). 

 

According to Equation 1, for the Fe(III) oxide minerals reduction, the stoichiometric molar 

ratio between the consumed lactate and produced acetate is 1. Nonetheless, a 20 % 

deficit of acetate (carbon loss) was observed throughout the experiments (Figure 1). This 
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non-stoichiometric behavior was mainly attributed to the use of lactate as a carbon source 

for biomass formation during microbial growth (Lanthier et al., 2008). On the other hand, 

since the stoichiometric Fe(II)/acetate molar ratio is 4 and the highest measured 

concentrations of aqueous Fe(II) and acetate were 1.1 and 8 mM, respectively, only 3.5 % 

of all the possible Fe(II) produced was detected in the media (aqueous). A plausible 

explanation for the observed aqueous Fe(II) deficit could be Fe(II) adsorption on the 

ferrihydrite surface. It is known that the high surface area combined with the poor 

crystalline organization of ferrihydrite at high pH (i.e. pH ≈ 8.2) can cause an exceptionally 

large sorption capacity of cations (Dzomback and Morel, 1990). The Fe(II)-adsorption and 

Fe(II)-isotherm assays allowed to confirm the occurrence of the Fe(II) adsorption process,. 

The results determined the maximum concentration of adsorbed Fe(II) on the ferrihydrite 

was ≈ 1.2 mM and revealed that the decrease of aqueous Fe(II) was not only due to Fe(II) 

adsorption but also to an additional process, such as formation of a Fe(II)-bearing phase 

(e.g. magnetite) (Section S3 (SI)). 

Earlier studies indicated that adsorption of Fe(II) on ferrihydrite can result in ferrihydrite 

transformation to goethite, magnetite or lepidocrocite (Xiao et al., 2018; Xiao et al. 2017; 

Dippon et al., 2015; Piepenbrock  et al. 2011; Yang et al., 2010; Hansel et al., 2003). 

Factors as diverse as the thermodynamic properties of the mineral phases involved, the 

aqueous Fe(II) concentration and formation rates, biological and physical settings or the 

design of the experimental setup can influence the ferrihydrite transformation (Dippon et 

al. 2015). SEM, XRD and FTIR analyses of the solid samples before and after the Fe(III) 

bioreduction process showed that ferrihydrite was indeed transformed into magnetite 

(Fe(II)Fe(III)2O4) (Figure 2). Yang et al. (2010) pointed out that this transformation is 

caused by inclusion of the bio-produced Fe(II) into the mineral lattice. Figure 2b compares 

two XRD patterns of pristine and bio-reduced samples. In addition to initial ferrihydrite (75 
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wt% purity), two new phases (nanocrystalline magnetite and microcrystalline hematite) 

were present in the reacted sample (Ferr experiment) with estimated amounts of 23.5 wt% 

(magnetite) and 1.5 wt% (hematite). The minor content of the latter was likely formed 

during ferrihydrite autoclave process (Das et al., 2010). 
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Figure 2. Characterization of ferrihydrite before and after reduction. a) SEM images 

show an unreacted (left) and a reacted ferrihydrite particle attached to a cell of S.loihica 

(right); b) XRD patterns of the unreacted (blue line) and reacted (red line) ferrihydrite 

samples; black and green vertical lines show the 2θ positions of peaks of magnetite and 

hematite, respectively; c) FTIR spectra of unreacted ferrihydrite (blue line), reacted 

ferrihydrite (purple line) and pure magnetite (red line). 
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3.2 Abiotic NO2
- reduction coupled to Fe(II) oxidation 

In the AbSeaNO2-BioFeaq+s experiments, a fast removal of both nitrite and aqueous Fe(II) 

was observed and achieved about 50% and 30% reduction, respectively, in 2 h (Figure 

3a). After 10 h, almost total removal of NO2
- (87%) and up to 38% removal of the initial 

aqueous Fe(II) were observed. The calculated NO2
- reduction rate was 6.47 mM-1 d-1 (t1/2 = 

0.07 d) (Section S4 (SI)). The dynamics of this abiotic NO2
- reduction mediated by bio-

produced Fe(II) was then compared to that of synthetic Fe(II). 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 2 4 6 8 10 12

N
O

2
-
a
n

d
 F

e
2

+
 (

m
M

)

Time (hours)

AbSeaNO2-BioFeaq+s

NO2
-

Fe(II)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 2 4 6 8 10 12 14 16

N
O

2
-
a
n

d
 F

e
2

+
 (

m
M

)

Time (days)

AbSeaNO2-StFeaq+s

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 5 10 15 20 25 30

N
O

2
-
a
n

d
 F

e
2

+
 (

m
M

) 

Time (days)

AbSeaNO2-StFeaq

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 2 4 6 8 10

N
O

2
-
a
n

d
 F

e
2

+
 (

m
M

) 

Time (days)

AbSeaNO2-StFes

a) b)

c) d)

 

Figure 3. Variation of concentration of Fe(II) and NO2
- throughout experiments: a) 

bio-produced Fe(II) in the presence of ferrihydrite (AbSeaNO2-BioFeaq+s); b) aqueous and 

solid-bound synthetic Fe(II) (AbSeaNO2-StFeaq+s); c) aqueous synthetic Fe(II) (AbSeaNO2-

StFeaq); and d) solid-bond synthetic Fe(II) (AbSeaNO2-StFes). 
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In the experiments AbSeaNO2-StFeaq+s, the NO2
- and aqueous Fe(II) concentrations 

declined up to 87 % and 38 %, respectively, within about 2 days (Figure 3b). The 

estimated NO2
- reduction rate was 0.75 mM-1 d-1 (t1/2 = 0.47 d) (Section S4 (SI)). 

Therefore, in the experiments with bio-produced Fe(II), the reduction of NO2
- was faster 

compared to when using synthetic Fe(II) even though the Fe(II) was found both aqueous 

and associated to the ferrihydrite in the two types experiments. It has to be considered that 

although the initial aqueous Fe(II) concentration was similar in the two types of 

experiments, in the experiments with bio-produced Fe(II) the estimated concentration of 

Fe(II) associated to mineral was much higher (i.e., around 30 mM) compared to that of the 

experiments with synthetic Fe(II) (1.2 mM). These results suggest that in the AbSeaNO2-

BioFeaq+s experiments, the Fe(II) that is reincorporated in the ferrihydrite and involved in 

magnetite transformation (during the Ferr experiments), is available to reduce NO2
- (Tai 

and Dempsey, 2009; Rakshit et al., 2008). Similarly, Byrne et al. (2011) found that an 

enhanced Fe(II)-rich surface (e.g. magnetite) of bio-reduced Fe(III)-amorphous 

oxyhydroxides is able to reduce toxic hexavalent chromium to the less harmful trivalent 

form. 

The abiotic NO2
- reduction was also tested with synthetic Fe(II) when found only in the 

aqueous or solid-bound forms. In the AbSeaNO2-StFeaq experiments, after a week, Fe(II) 

depletion was approximately 50 % of the initial concentration and 35 % of NO2
- was 

reduced (Figure 3c). After a month, 70 % Fe(II) had been reduced and 65% NO2
-. The 

NO2
- reduction rate (kobs) was estimated to be 0.081 mM-1 d-1 with a half-life value (t1/2) of 

12.7 d (Section S4 (SI)). In the AbSeaNO2-StFes experiments, about 27% of NO2
- 

reduction occurred within 2 days (Figure 3d), indicating that in the absence of aqueous 

Fe(II), the Fe(II) adsorbed on the ferrihydrite surface was able to reduce NO2
-. After these 

2 days, the reaction stopped, and NO2
- concentration remained constant. A nitrite reduction 
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rate of 0.21 mM-1 d-1 was calculated (Section S4 (SI)). Therefore, the fastest abiotic NO2
- 

reduction was achieved when the Fe(II) was bound both in the aqueous form and 

associated to the ferrihydrite while the lowest rate was found for aqueous Fe(II) in the 

absence of ferrihydrite. When Fe(II) was only solid-bound, an intermediate rate and extent 

was obtained. 

3.3 Biotic (heterotrophic) NO2
- reduction by S. loihica 

Biotic experiments showed a lag of microbial activity before NO2
- reduction commenced. In 

the cultures amended with either lactate or acetate, the lag period lasted about 24 h and 

10 d respectively (Figure 4). Yoon et al. (2013) reported a similar behavior for Shewanella 

spp. In the AbSeaNO2 experiments, the NO2
- reduction was completed in approximately 30 

hours and 60 days when using lactate or acetate as electron donors, respectively (Figure 

4). In contrast, NO2
- was consumed in 10 h due to the abiotic reduction by oxidation of the 

bio-produced Fe(II) (Figure 3a).  
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Figure 4. Heterotrophic nitrite reduction mediated by S.loihica in absence of Fe(II) 

and ferrihydrite. Two sets of batch experiments were performed by using lactate (a) or 

acetate (b) as electron donors.  
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These results allowed to discard a significant contribution of microbial NO2
- reduction in the 

abiotic experiments with bio-produced Fe(II), that contained acetate as a result of the 

ferrihydrite reduction by S. loihica coupled to the oxidation of lactate. 

3.4 Isotopic fractionation during abiotic NO2
- reduction  

In the abiotic NO2
- reduction experiments, as the NO2

- concentration decreased, the 

unreacted substrate became enriched in the heavy isotopes (15N and 18O), as it is 

commonly observed for denitrification. The plots showing the ε15NNO2 and ε18ONO2 

calculations are presented in Section S6 (SI) and the obtained values along with the 

ε15N/ε18O are summarized in Table 2. The ε15NNO2 ranged from -8.1 ‰ to -19.7 ‰, the 

ε18ONO2 from -4.6 ‰ to -11.4 ‰ and the ε15N/ε18O from 1.4 to 1.8. These values are in the 

range of reported values in the literature for both, the biotic (heterotrophic) and abiotic 

NO2
- reduction (Table 3). 

 

Table 2. NO2
- reduction rate, ε15NNO2, ε18ONO2 and ε15N/ε18O results. The calculations of 

the isotopic fractionation values are shown in Section S5 (SI). n.c. = non calculated. 

Code NO2
- reduction rate (mM-1 d-1) ε15NNO2 (‰) ε18ONO2 (‰) ε15N/ε18O 

AbSeaNO2-StFeaq 

 
0.081 -8.6 -6.3 1.4 

AbSeaNO2-StFes 0.21 -19.7 -11.4 1.7 

AbSeaNO2-StFeaq+s 0.75 -8.7 -5.2 1.7 

AbSeaNO2-BioFeaq+s 6.47 -8.1 -4.6 1.8 

BioSeaNO2-Acetate n.c. -1.6 -5.3 0.3 
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Table 3. ε15N, ε18O and ε15N/ε18O reported in the literature for the NO2
- reduction. For 

NO2
- biotic reduction, ε is calculated for conversion to N2, whereas for NO2

- abiotic 

reduction, the final product is assumed to be N2O. * References: (1) Martin and Casciotti 

(2016); (2) Bryan et al., 1983; (3) Brunner et al., 2013; (4) (Jacob et al., 2016); (5) (Grabb 

et al., 2017); (6) (Buchwald et al., 2016). 

bacteria Electron donor ε15N (‰) ε18O (‰) ε15N/ε18O Reference 

Pseudomonas aeruginosa 

(Fe-NIR) 
Corg (medium) -9.5 -4.2 2.3 (1) * 

Pseudomonas chlororaphis 

(Fe-NIR) 
Corg (medium) -8.25 -9.75 0.8 (1) * 

Pseudomonas stutzeri       

(Fe-NIR) 
Corg (medium) -7.0 -5.0 1.4 (1) * 

Pseudomonas aureofaciens 

(Cu-NIR) 
Corg (medium) -20.5 -3.5 5.9 (1) * 

Achromobacter xylosoxidans 

(Cu-NIR) 
Corg (medium) -21.0 -1.0 21.0 (1) * 

Ochrobactrum sp. (Cu-NIR) Corg (medium) -23.5 -2.5 9.4 (1) * 

Pseudomonas stutzeri       

(Fe-NIR) 
Corg (medium) -1.0 n.a. n.a. (2) * 

Kuenenia stuttgartiensis     

(Fe-NIR) 
Corg (medium) -16.0 n.a. n.a. (3) * 

Environmental community -  -10 n.a. n.a. (4) * 

Abiotic Nontronite -11.1 -10.4 1.1 (5) * 

Abiotic 
Nontronite + 

Fe(II) synth 
-2.3 -4.5 0.5 (5) * 

Abiotic Green rust -4.2 to -9.4 -4.1 to -9.4 0.8 to 1.1 (5) * 

Abiotic Fe(II) synth -6.1 to -33.9 -5.7 to -24.8 0.8 to 1.6 (6) * 

Abiotic 
Goethite +  

Fe(II) synth 
-5.9 to 44.8 -5.2 to 33.0 1.0 to 1.4 (6) * 
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In the experiments testing the NO2
- abiotic reduction by synthetic Fe(II),  no differences in 

the NO2
- isotopic fractionation were observed in experiments with aqueous plus solid-

bound Fe(II) when comparing biotic (AbSeaNO2-BioFeaq+s) or synthetic (AbSeaNO2-

StFeaq+s) origin of Fe(II) (Table 2). Similarly no significant differences were found between 

experiments with aqueous plus solid-bound Fe(II) (AbSeaNO2-StFeaq+s), and only aqueous 

Fe(II) (AbSeaNO2-StFeaq) (Table 2). In contrast, higher ε15NNO2 and ε18ONO2 (absolute 

values) were observed in experiments with only solid-bound Fe(II) (AbSeaNO2-StFes) 

(Table 2).  

In Figure 5, the isotopic composition expected at a hypothetical 25 % NO2
- reduction for 

each tested condition was modelled by means of the Rayleigh equation (Eq.1) (note that 

the final percentage of NO2
- reduction in each experiment was different). The ε values 

obtained for the AbSeaNO2-BioFeaq+s and AbSeaNO2-StFeaq+s experiments were similar to 

those obtained for the AbSeaNO2-StFeaq experiments. Therefore, it was assumed that the 

aqueous Fe(II) played an important role on the NO2
- isotopic fractionation during its abiotic 

reduction in the presence of ferrihydrite. However, the AbSeaNO2-StFeaq+s and especially 

the AbSeaNO2-BioFeaq+s experiments showed a higher reduction rate than AbSeaNO2-

StFeaq. 

Since biotic factors can be excluded in these NO2
- abiotic reduction experiments, the 

observed ε15NNO2 and ε18ONO2 variability between the AbSeaNO2-StFes and the rest of 

experiments, could have been caused by the different NO2
- reduction rates presented by 

each condition or by possible differences in the reduction mechanism: oxidation of 

aqueous or solid-bound Fe(II). In previous studies, lower ε values have been associated to 

higher NO2
- reduction rates both during biotic and abiotic reactions (Bryan et al., 1983; 

Buchwald et al., 2016). Concerning the NO2
- abiotic reduction, the reaction kinetics might 

be influenced by the initial concentration and proportion of the reactants (NO2
- and Fe(II)), 
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the solution pH, and the presence of minerals either added externally or precipitated 

during the reaction (Buchwald et al., 2016; Grabb et al., 2017). In the case of minerals, 

parameters such as quantity, composition (including the Fe oxidation state) and mineral 

specific surface could influence the reaction. Therefore, it is difficult to unravel if the 

observed ε variability is uniquely due to the different reduction rates or if it is also 

influenced by a possible different reaction mechanism (oxidation of aqueous or solid-

bound Fe(II) coupled to NO2
- reduction). Differences on the ε and the NO2

- removal rate 

have been observed when using aqueous Fe(II) as electron donor compared to Fe(II) 

associated to mineral surfaces (Buchwald et al., 2016). From our results, an effect of the 

NO2
- reduction rate on the isotopic fractionation is not likely relevant since similar ε15NNO2 

and ε18ONO2 were obtained for the AbSeaNO2-StFeaq+s and AbSeaNO2-BioFeaq+s 

experiments that presented different NO2
- reduction rates (hours compared to days). In this 

kind of experiments, even when studying the reaction mediated by aqueous Fe(II), the 

production of different Fe-bearing oxides and hydroxides throughout the Fe(II) oxidation 

might hinder a comparison between the conditions tested in the present study and other 

studies reported in the literature.  

In NO2
- reduction experiments it is important to consider a possible effect on the ε15N/ε18O 

due to a δ18O-NO2
- equilibration with δ18O-H2O that might depend on the tested salinity, 

temperature and/or pH conditions (Buchwald and Casciotti, 2013). Moreover, if the 

intermediate NO accumulates and the reaction is reversible, it could reoxidate to NO2
- by 

incorporating an O atom from water, which might also influence the ε15N/ε18O (Buchwald et 

al., 2016). In a study conducted at room temperature and pH 7.6, over the 2 hours 

between sampling and the azide reaction, an isotopic effect due to O equilibration was 

considered negligible (0.0035‰) (Martin and Casciotti, 2016). Since our samples (pH 

between 7.8 and 8.2) were immediately freezed when obtained and immediately analyzed 
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after unfreezing, we did not expect an O equilibration effect. The similar slopes observed 

in the abiotic NO2
- reduction tests for the short (AbSeaNO2-BioFeaq+s) and long 

(AbSeaNO2-StFeaq+s) incubation periods (Table 2, Figure 4) reinforced the lack of δ18O-

NO2
- equilibration with δ18O-H2O. 
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Figure 5. NO2
- isotopic fractionation when nitrite reduction achieves a 25%. The lines 

were drawn by using the Rayleigh model and the ε values reported in Table 2, for each 

tested condition.  

 

3.5 Use of isotopic tools to distinguish abiotic from biotic NO2
- reduction at field-scale 

As in the abiotic reduction, in the biotic NO2
- reduction, a concentration decrease yielded 

an enrichment in the heavy isotopes (15N and 18O) of the unreacted substrate. The isotopic 

fractionation calculations are shown in Section S5 (SI) and summarized in Table 2. The 

NO2
- reduction by S. loihica using acetate as electron donor yielded a ε15NNO2 of -1.6 ‰, 

ε18ONO2 of -5.3 ‰, and ε15N/ε18O of 0.3. The ε15NNO2 and ε18ONO2 obtained are within the 

range of reported values in literature for both, the biotic (heterotrophic) and abiotic NO2
- 
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reduction (Table 3). Nevertheless, they are slightly lower (absolute values) than those 

from our abiotic experiments. Moreover, the obtained ε15N/ε18O in these biotic experiments 

(0.3) highly differs from the values obtained for the abiotic experiments and is one of the 

lowest ε15N/ε18O values reported in the literature.  

During the biotic NO2
- reduction experiments, the ε15NNO2 and ε18ONO2 might depend on the 

enzymes involved in the NO2
- reduction, the NO2

- transport across the cell and the NO2
- 

reduction rate, while factors such as the pH or salinity might not provoke significant effects, 

as it has been observed for the NO3
- biotic reduction (Granger et al., 2008; Wunderlich et 

al., 2012). The bacterial NO2
- reduction can be catalyzed by two enzymes located in the 

periplasm (Cu containing NO2
- reductase encoded by nirK (Cu-NIR) and Fe-containing 

NO2
- reductase encoded by nirS (Fe-NIR) (Kuypers et al. (2018) and references therein). 

The obtained ε15N/ε18O ratio of 0.3 for the biotic NO2
- reduction by S. loihica lacks 

resemblance with those reported in a study on NO2
- reduction with different bacterial 

species (Martin and Casciotti, 2016). Martin and Casciotti (2016) attributed the variations 

in the ε15N/ε18O ratio to the use of different enzymes since the species containing Fe-NIR 

yielded lower ε15N/ε18O ratios (from 0.7 to 3.3) than the species containing Cu-NIR (from 

3.1 to 22.0). These authors suggested that Fe-NIR could produce a higher NO2
--O isotopic 

fractionation because it allows cleavage of both N-O bounds, since the Fe-NIR catalytic 

site might bind NO2
--N (Fülöp et al., 1995; Maia and Moura, 2014). In contrast, the Cu-NIR 

catalytic site might bind both the NO2
--O atoms and the N-O bond closest to the Asp98 

residue is cleaved (Li et al., 2015; Murphy et al., 1997), independently of the isotopic 

composition. However, since the reported NO2
- reductase for S. loihica is the Cu-NIR  

(Simpson et al., 2010), our results do not fit this hypothesis. We observed a by far higher 

ε18ONO2 compared to the ε15NNO2 in contrast to the low ε18O reported by Martin and 

Casciotti (2016), for microorganisms containing the Cu-NIR. 
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The ε15N/ε18O of 0.3 obtained for the NO2
- reduction by S. loihica significantly differs from 

the range of ε15N/ε18O obtained for the NO2
- abiotic reduction from 1.4 to 1.8 (Table 2). 

Hence, considering that S. loihica is the only NO2
- reducing microorganism in controlled 

laboratory experiments, the ε15N/ε18O values calculated in the present study could allow to 

distinguish the contribution of the biotic (heterotrophic) and abiotic NO2
- reductions. 

However, taking into account the large variability of the ε15N/ε18O values (0.3 to 22.0) 

found in this study and in the literature for the biotic NO2
- reduction (Table 2 and Table 3), 

it might be difficult to distinguish between biotic and abiotic reactions in real marine 

environments by using isotope tools. One reason is the existence of complex bacterial 

communities with various NO2
- reducing enzymes. A second one is the overlap of these 

ε15N/ε18O values obtained for the biotic reduction with those related to the abiotic reduction 

(0.5 to 1.8; Table 2 and Table 3).  

Alternatively, the correlation between the δ15NNO2 and the natural logarithm of the Fe(II) 

concentration could be useful to identify or discard the occurrence of heterotrophic NO2
- 

reduction at field-scale. In our abiotic tests, the Fe(II) concentration decrease coupled to 

the δ15NNO2 and the δ18ONO2 increase (Figure 6). Both for the δ15NNO2 and the δ18ONO2, the 

AbSeaNO2-StFeaq experiment showed a lower slope (-5.8 and -4.1, respectively) than the 

AbSeaNO2-StFeaq+s (-33.8 and -23.3, respectively) and AbSeaNO2-BioFeaq+s (-33.2 and -

20.0, respectively) experiments, likely due to the lower reduction rate. Since at field scale 

the possible equilibration between the δ18O-NO2
- and the δ18O-H2O and the occurrence of 

N cycling processes such as NO2
- oxidation to NO3

-, NO2
- reduction to NH4

+ or NH4
+ 

oxidation to NO2
- could have an influence on the δ18O-NO2

-, the use of the δ15NNO2 versus 

the natural logarithm of the Fe(II) concentration plot is preferred. Therefore, when 

assessing the fate of NO2
- and Fe at field-scale, if a good correlation is observed between 

the δ15NNO2 and Fe(II) concentration, that could be used as an indicative of NO2
- reduction 
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by Fe(II) oxidation either abiotically or biotically (autotrophic), while no correlation could be 

indicative of heterotrophic NO2
- reduction. 
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Figure 6. Correlation between the nitrite isotopic composition and Ln Fe(II) 

concentration. For the abiotic experiments containing aqueous Fe(II), the evolution of the 

δ15N-NO2
- and the δ18O-NO2

- is presented against the natural logarithm of the Fe(II) 

concentration.  

 

4 CONCLUSIONS 

Batch experiments simulating an anoxic marine medium were carried out to study nitrite 

reduction coupled to (bio-produced and synthetic) Fe(II) oxidation. Fe(II) bio-production 

was driven by ferrihydrite reduction mediated by S. loihica using lactate as electron donor. 

The released Fe(II) was found aqueous, adsorbed on the ferrihydrite surface and partially 

transformed to nanocrystalline magnetite, producing solid Fe(II).  

Efficiency in nitrite reduction was strictly related to the availability of Fe(II). Experiments 

with bio-produced Fe(II) (aqueous and solid-bound) and with synthetic Fe(II) (aqueous and 

solid-bound) indicated that the bio-produced Fe(II) presents a higher reactivity than 
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synthetic Fe(II). In further experiments with synthetic Fe(II) (only aqueous, only solid-

bound or both) it was found that the abiotic nitrite reduction is faster and more efficient in 

the presence of both aqueous and solid-bound Fe(II) compared to when only aqueous or 

solid-bound Fe(II) are found.  

No differences in the NO2
- isotopic fractionation were observed for the abiotic NO2

- 

reduction regarding the biotic or synthetic source of Fe(II). In addition, no significant 

differences in ε15NNO2 and ε18ONO2 were observed for the abiotic NO2
- reduction by aqueous 

Fe(II) or aqueous and solid-bound Fe(II). In contrast, the isotopic fractionation was larger 

in the experiments with only solid-bound Fe(II). For the biotic (heterotrophic) experiments, 

a higher ε18ONO2 was observed compared to ε15NNO2. The obtained ε15N/ε18O ratio (0.3) is 

one of the lowest values reported in the literature. Hence, in laboratory microcosms 

mimicking marine environments with S. loihica as the only existing NO2
- reducing 

microorganism, the ε15N/ε18O ratio calculated could be used to distinguish between biotic 

and abiotic NO2
- reduction. However, as the obtained ε15N/ε18O values were close to or 

within the wide range of reported values in the literature for the abiotic NO2
- reduction by 

Fe(II) oxidation and the NO2
- reduction by other heterotrophic bacteria, the use of the 

ε15N/ε18O ratio to distinguish different mechanisms of NO2
- reduction in field cases should 

be prevented. As an alternative, the correlation between δ15NNO2 and the natural logarithm 

of the Fe(II) concentration could be useful to identify or discard the occurrence of 

heterotrophic NO2
- reduction in field scenarios. 
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S1. Ferrihydrite (Fh) synthesis description 

For preparation of approximately 10 g of 2L-ferrihydrite a modified procedure based on 

Schwertmann and Cornell (2007) was followed. 40 g of Fe(NO3)·9H2O were dissolved in 

MiliQ water. 1 M KOH solution was used to bring pH of the previous solution to 7.5. 

Afterwards solution was centrifuged at 4500 rpm for 10 min. After removing the clean 

water in excess, dialysis cellulose tubular membranes were filled with the denser portion, 

hermetically closed and submerged in 5 liters of Milli-Q water. Electric conductivity was 

periodically checked, and water was renewed every 12 hours approximately until 

conductivity reached the value of ~ 5 μS cm-1. The tubular membrane was then settled 

in falcon vials and centrifuged at 4500 rpm during 10 min to eliminate excessive water. 

In a final step, solid was congealed with liquid nitrogen, and immediately freeze-dried for 

48 h. Solid was retrieved and grinded in a mortar (final fraction size < 5µm in diameter). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



187 
 

S2. Control experiments description 

Control experiments (Table S1) were performed to test possible interferences of SSW, 

acetate, lactate and ferrihydrite on Fe(II) or nitrite. The evolution of nitrite concentration 

was checked in the presence of ferrihydrite and acetate (C1), only acetate (C2) and only 

SSW (C3). The evolution of synthetic Fe(II) concentration was checked in the presence 

of acetate (C4) and with SSW (C5). Nitrite and Fe(II) concentrations were periodically 

measured during a month, and no changes were observed.  

 

Table S1. Control experiments content. All the experiments were performed with SSW 

and Tris-HCl buffer solution. Fe(II) concentration refers to aqueous Fe(II).  

Code Fh 
(g) 

Volume 
(mL) 

Aqueous synthetic 
Fe(II) (mM) 

NO2
- 

(mM) 
Acetate 
(mM) 

C1 2.5 250 - 0.65 10 

C2 - 250 - 0.65 10 

C3 - 250 - 0.65 - 

C4 - 250 0.75 - 10 

C5 - 250 1.00 - - 
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S3. Adsorption experiments description 

Non-stirred adsorption experiments were carried out by means of sequential injections 

of 0.2 mM Fe(II) in anoxic SSW with acetate and TRIS buffer, to quantify the amount of 

aqueous Fe(II) adsorbed on de ferrihydrite surface. Figure S1 shows the results of this 

experiment. The injected aqueous Fe(II) decreased to very low concentrations (0.09 mM) 

after 100 min, reaching 90-95 % removal in approximately 2 h. Therefore, a rapid 

adsorption of the injected Fe(II) (1.2 mM) on the ferrihydrite surface was demonstrated.   

 

 

Figure S1. Fe(II) adsorption onto ferrihydrite. The initial concentrations were: Fe(II) = 

1.2 mM; acetate = 10 mM; Tris-HCl = 10 mM and pH = 8.2. Volume of synthetic seawater 

(SSW) = 250 mL and initial mass of ferrihydrite = 2.5 g.  

 

A Fe(II) adsorption isotherm was carried out by means of stirred batch experiments with 

anoxic SSW, acetate, buffer and ferrihydrite as absorbent and aqueous Fe(II) as 

adsorptive. The concentration of the latter was increased from 0.4 to 40 mM. In all 

batches, equilibrium was reached within 4 h, and Fe(II) was measured. The difference 

between the initial and equilibrium Fe(II) concentrations corresponded to adsorbed Fe(II) 

(Figure S2). Considering that the mean number of available sites for sorption in 

ferrihydrite is 2.2 - 2.5 sites nm-2 (Hiemstra and Van Riemsdijk, 2009; Dzombak and 

Morel, 1990), the measured specific surface area (160 m2g-1) and the amount of 
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ferrihydrite added in the experiments (2.5 g in 250 mL), the calculated available sites 

were 5.8 x 10-3 mol sites L-1. The typical shape of site-limited adsorption isotherm in 

which Fe(II) adsorption rapidly occurs before reaching a maximum adsorption was not 

observed. This behavior indicated that the decrease of aqueous Fe(II) was not only due 

to Fe(II) adsorption but also to an additional process, such as formation of a Fe(II)-

bearing phase (e.g. magnetite). 

 

 

Figure S2. Isotherm adsorption of Fe(II) onto ferrihydrite. Each point represents a 

50 mL batch reactor filled with SSW, 10 mM of acetate and buffer, 0.5 g of ferrihydrite 

and Fe(II). All reactors were shaken overnight. Values on the right column are the Fe(II) 

initial concentrations. The horizontal dashed line represents a theoretical maximum for 

absorbable iron; the left inset shows the initial stage of adsorbed Fe(II) concentration as 

a function of Fe(II) at equilibrium (from 0 to 5 mM).   
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S4. Nitrite reduction calculations 

Rates of nitrite reduction were obtained using a second-order rate expression: 

 

𝑑[𝑁𝑂2
−]

𝑑𝑡
= −𝑘𝑜𝑏𝑠 [𝐹𝑒(𝐼𝐼)] [𝑁𝑂2

−]    (Equation S1) 

 

where kobs is the nitrite reduction rate constant. The values for kobs were determined for 

each experiment using the integrated form: 

 

1

[𝐹𝑒(𝐼𝐼)]0−𝛼[𝑁𝑂2
−]0

∙ 𝑙𝑛
[𝑁𝑂2

−]0([𝐹𝑒(𝐼𝐼)]0−𝛼𝑋)

[𝐹𝑒(𝐼𝐼)]0([𝑁𝑂2
−]0−𝑋)

=  𝑘𝑜𝑏𝑠 ∙ 𝑡  (Equation S2) 

 

where [𝑁𝑂2
−]0 and [𝐹𝑒(𝐼𝐼)]0 are the initial concentrations of nitrite and total ferrous iron, 

respectively, X denotes the disappearance of nitrite and α corresponds to the mols of 

Fe(II) reacted per mol of nitrite reduced.  

For each experiment, the rate constant (kobs) was derived from the slope of the right-

hand side of equation S2 versus time (t). The calculations are presented in the Figure 

S3 and results obtained are summarized in Table S2. The second-order fitting of nitrite 

concentration data derived from equations S1 and S2 is presented in Figure S4. 
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Figure S3. Linear regressions based on equation S2. 𝐴 = 1/[𝐹𝑒(𝐼𝐼)]0 − 𝛼[𝑁𝑂2
−]0 

and 𝐵 = [𝑁𝑂2
−]0([𝐹𝑒(𝐼𝐼)]0 − 𝛼𝑋)/[𝐹𝑒(𝐼𝐼)]0([𝑁𝑂2

−]0 − 𝑋). Each plot correspond to a 

different experiment: A) AbSeaNO2-StFeaq; B) AbSeaNO2-StFes; C) AbSeaNO2-

StFeaq+s; D) AbSeaNO2-BioFeaq+s. 

 

 

Table S2. Parameter values used in equation S2 and calculated half-life values of 

NO2
-. α was a fitting parameter. Concentrations of initial NO2

-, dissolved Fe(II) and total 

Fe(II) are also indicated. <dl = below detection limit, * = fitted value. 

Experiment α 
Initial NO2

- 
(mM) 

Initial aqueous 
Fe(II) (mM) 

Initial total 
Fe(II) (mM) 

kobs 

(mM-1 d-1) 
R2 

Half-life 
NO2

- (d) 

AbSeaNO2-StFeaq  2.7 0.65 1.25 1.25 0.081 0.982 12.7 

AbSeaNO2-StFes 2.7 0.76 < dl 1.26 0.21 0.997 * 

AbSeaNO2-StFeaq+s 2.7 0.74 1.15 2.60 0.75 0.996 0.47 

AbSeaNO2-BioFeaq+s 2.7 0.77 1.18 2.10 6.47 0.995 0.07 
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Figure S4. Abiotic NO2
- reduction by oxidation of Fe(II). Evolution of Fe(II) and NO2

- 

over time in the abiotic NO2
- reduction experiments (left), corresponding to Figure 3 in 

the manuscript, including the second-order fitting of nitrite concentration data derived 

from equations S1 and S2 (right). a) AbSeaNO2-StFeaq, b) AbSeaNO2-StFes, c) 

AbSeaNO2-StFeaq+s, d) AbSeaNO2-BioFeaq+s. 

 

 

a)

b)

d)

c)
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S5. Nitrite isotopic fractionation calculations 

The ε15NNO2 and ε18ONO2 are calculated by means of a Rayleigh distillation model 

(equation 3 in the manuscript). Linear correlations between the natural logarithm of the 

substrate remaining fraction and the determined isotope ratios for all the replicates of the 

batch experiments performed to investigate the abiotic NO2
- reduction by oxidation of 

synthetic Fe(II) are shown in Figure S5.  

 

 

Figure S5. ε15NNO2 and ε18ONO2 calculations for the AbSeaNO2-StFe experiments. 

The ε15NNO2 are presented in the left and ε18ONO in the right. A+B) AbSeaNO2-StFeaq, 

C+D) AbSeaNO2-StFes, E+F) AbSeaNO2-StFeaq+s. 
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Linear correlations between the natural logarithm of the substrate remaining fraction and 

the determined isotope ratios for all the replicates of the batch experiments performed to 

investigate the abiotic NO2
- reduction by oxidation of bio-produced Fe(II) are presented 

in the Figure S6.   

 

 

Figure S6. ε15NNO2 and ε18ONO2 calculations for the AbSeaNO2-StFeaq+s experiments. 

The ε15NNO2 are presented in the left and ε18ONO in the right. 

 

Linear correlations between the natural logarithm of the substrate remaining fraction and 

the determined isotope ratios for all the replicates of the batch experiments performed to 

investigate the biotic NO2
- reduction are presented in the Figure S7.   

 

 

Figure S7. ε15NNO2 and ε18ONO2 calculations for the BioSeaNO2-Acetate 

experiments. The ε15NNO2 are presented in the left and ε18ONO in the right.  
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A B S T R A C T

Improving the effectiveness and economics of strategies to remediate groundwater nitrate pollution is a matter of
concern. In this context, the addition of whey into aquifers could provide a feasible solution to attenuate nitrate
contamination by inducing heterotrophic denitrification, while recycling an industry residue. Before its appli-
cation, the efficacy of the treatment must be studied at laboratory-scale to optimize the application strategy in
order to avoid the generation of harmful intermediate compounds. To do this, a flow-through denitrification
experiment using whey as organic C source was performed, and different C/N ratios and injection periodicities
were tested. The collected samples were analyzed to determine the chemical and isotopic composition of N and C
compounds. The results proved that whey could promote denitrification. Nitrate was completely removed when
using either a 3.0 or 2.0 C/N ratio. However, daily injection with C/N ratios from 1.25 to 1.5 seemed ad-
vantageous, since this strategy decreased nitrate concentration to values below the threshold for water con-
sumption while avoiding nitrite accumulation and whey release with the outflow. The isotopic results confirmed
that nitrate attenuation was due to denitrification and that the production of DIC was related to bacterial whey
oxidation. Furthermore, the isotopic data suggested that when denitrification was not complete, the outflow
could present a mix of denitrified and nondenitrified water. The calculated isotopic fractionation values
(ε15NNO3/N2 and ε18ONO3/N2) might be applied in the future to quantify the efficiency of the bioremediation
treatments by whey application at field-scale.

1. Introduction

Nitrogen is essential for life, but many compounds such as the
oxidized forms nitrate (NO3

−), nitrite (NO2
−) and nitrogen oxide (N2O)

have been recognized to produce detrimental effects on human health
and the environment (Rivett et al., 2008; Vitousek et al., 1997; Ward
et al., 2005). A concentration of 0.8 mM NO3

− is the threshold value for
consumption set in the World Health Organization guidelines for
drinking water (WHO, 2011) and the European Drinking Water Direc-
tive (98/83/EC, 1998) and the threshold established by the Ground-
water Framework Directive (2006/118/EC, 2006) as a goal to achieve
good groundwater quality status. At the European level, measures
aiming to reduce and prevent NO3

− pollution from agricultural sources
have been applied since 1991, following the Nitrates Directive (91/
676/EEC, 1991). However, the last available report from the European
Environmental Agency shows, for the period 1992–2012, an overall
diminution in NO3

− content in surface water but a flat trend in

groundwater (European Environment Agency (EEA), 2015). Sebilo
et al. (2013) performed a long-term lysimeter study and found that N is
retained in soils for up to 30 years and that due to past fertilizer ap-
plications, NO3

− can continue leaching into groundwater for an addi-
tional five decades. Consequently, developing remediation strategies
and improving their effectiveness and economics is fundamental.

One of the most studied remediation treatments for removing NO3
−

from water is based on the enhancement of denitrification (Khan and
Spalding, 2004; Vidal-Gavilan et al., 2013). Denitrification is the oxi-
dation of an electron donor and subsequent reduction of NO3

− to
harmless gaseous N2 through a series of enzymatic reactions involving
diverse N compounds: NO3

− → NO2
− → NO → N2O → N2 (Knowles,

1982). It occurs naturally in the environment if an electron donor is
available, if intrinsic denitrifying bacteria are present and if dissolved
oxygen concentration is low (Korom, 1992). However, NO3

− usually
persists in groundwater due to electron donor deficiency (Rivett et al.,
2008). To overcome this natural limitation, promotion of heterotrophic
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denitrification based on the addition of external carbon (C) sources
within the aquifers has already been implemented and demonstrated to
be effective (Borden et al., 2012; Critchley et al., 2014; Leverenz et al.,
2010; Smith et al., 2001). The specific electron donor compound em-
ployed, as well as the feeding strategy, play a critical role in the re-
sulting efficiency (Vidal-Gavilan et al., 2014).

Pure organic C compounds, such as glucose, acetate, ethanol or
methanol, effectively promote heterotrophic denitrification (Akunna
et al., 1993; Carrey et al., 2014a; Peng et al., 2007). However, since the
use of pure compounds might become expensive in long-term treat-
ments, there has been an increasing interest in using alternative organic
C sources. The potential use of animal or vegetal waste has already been
verified (Grau-Martínez et al., 2017; Trois et al., 2010). However, to
promote groundwater remediation within the aquifer, liquid com-
pounds are preferable as they could be easily applied by injection
through already constructed wells. In this context, a wine industry re-
sidue was recently tested to promote heterotrophic denitrification
(Carrey et al., 2018). The use of whey may also be an economically
feasible solution to attenuate NO3

− pollution, while providing waste
recycling. To the authors’ knowledge, although a few previous studies
focused on N removal by lactic acid derived products (Fernández-Nava
et al., 2010; Safonov et al., 2018; Sage et al., 2006; Tang et al., 2018),
an assessment of whey recycling to promote denitrification by means of
isotopic tools has not yet been reported. The dairy industry byproduct
has already been demonstrated to be a feasible electron donor to re-
move other water contaminants, such as Cr6+, trichloroethylene (TCE)
or 2,4,6-trinitrotoluene (TNT) (Innemanová et al., 2015; Mclean et al.,
2015; Němeček et al., 2015; Orozco et al., 2010). Furthermore, as whey
is considered one of the most important pollutants in dairy industry
wastewaters, its reuse would decrease the treatment cost (Carvalho
et al., 2013). Before field-scale application, laboratory experiments
must be performed to assess the viability of using whey to promote
denitrification and to assess the occurrence of adverse effects, such as
the accumulation of undesirable intermediates or clogging due to a
biomass increase (Rodríguez-Escales et al., 2016; Vidal-Gavilan et al.,
2014).

Chemical and isotopic characterization has been widely applied to
trace natural and induced NO3

− transformation processes (Aravena and
Robertson, 1998; Vidal-Gavilan et al., 2013). In the course of deni-
trification, unreacted residual NO3

− becomes enriched in the heavy
isotopes 15N and 18O, permitting the differentiation of biological at-
tenuation from other processes, such as dilution, that have no influence
on the isotopic signature (Böttcher et al., 1990). The observed isotopic
fractionation (ε) of N and O from dissolved NO3

− can be used to esti-
mate the efficacy of induced denitrification (Mariotti et al., 1988).
Furthermore, the isotopic characterization (δ13C) of dissolved organic
and inorganic carbon (DOC and DIC) during denitrification might
provide knowledge on the fate of the added organic C source (Carrey
et al., 2018; Nascimento and Krishnamurthy, 1997).

This work aims to evaluate the suitability of whey to promote het-
erotrophic denitrification if injected into NO3

− polluted aquifers. The
present study investigates the best strategy to reduce NO3

− values
below the threshold fixed by European Directives, as well as the best
strategy to achieve complete whey consumption while preventing the
generation of adverse compounds, such as NO2

−, or excessive biomass.
To reach the goal, the response to modifications to the C/N ratio or
injection periodicity were assessed by means of a laboratory flow-
through experiment. The isotopic composition of N and O from dis-
solved NO3

− and C from DOC and DIC were determined throughout the
experiment and were discussed along with the chemical characteriza-
tion.

2. Materials and methods

2.1. Experimental setup

The flow-through experiment was performed simulating aquifer
conditions. Synthetic water was prepared with an approximate NO3

−

concentration of 1.9mM, which was maintained throughout the ex-
periment. The specific chemical composition of the inflow water is
shown as supporting information (Table S1).

Synthetic water from the inflow reservoir (2000mL) flowed from
the bottom to the top of a glass column (70 cm long, 8 cm diameter) and
was discharged into the outflow reservoir (500mL). Flow rate was
maintained at a constant rate of 0.2 mL/min by using a peristaltic pump
(Micropump Reglo digital, 4 channels, ISMATEC). The glass column
was filled with silica balls (5 mm diameter) to provide a homogenous
porous medium; the total volume was 3.5 L and the water volume was
1.2 L. To monitor the Eh and pH evolution, probes were installed be-
tween the column and the outflow container, and values were recorded
hourly. All components of the experimental system were connected by
Tygon tubes and were installed inside a temperature-regulated chamber
set at 14 °C, except the inflow container. Eight sampling points were
established: one at the inflow container, six along the glass column at
10 cm intervals (VP1 to VP6) and one at the outflow container. The
injection was performed through three injection points located at the
same height as the sampling point VP2, near the bottom of the column
(Fig. 1).

Before biostimulation (described in section 2.2), an initial operation
period with no electron donor injection was carried out in order to
assess the system performance (Stage 0). During this initial operation
period, a bromide tracer test was conducted to determine the hydraulic
parameters of the column. The average water residence time in the
column was estimated to be approximately 4 days.

2.2. Electron donor supply

Whey (from ecological stockbreeding) was used as the unique
electron donor source to promote heterotrophic denitrifying bacterial
growth. The determined nonpurgeable dissolved organic C (NPDOC)
and total organic C (TOC) in whey were 2.15M and 2.48M, respec-
tively. As whey is known to usually contain a certain amount of NO3

−

(Oliveira et al., 1995), it was assumed that it would also serve as the
denitrifying bacteria inoculum. The used whey had NO3

− and NO2
−

concentrations (determined by high-performance liquid chromato-
graphy (HPLC)) of 0.03mM and 0.14mM, respectively. Its contribution
was considered insignificant in the experiment compared to the syn-
thetic water's initial NO3

− concentration (1.9 mM) and considering the
low volume injected (between 0.25 and 3mL).

After Stage 0, different feeding strategies (Stages I to VI) were tested
by injecting whey in varying C/N ratios and periodicities. The molar C/
N ratio was calculated according to the total NPDOC measured in whey.
The initial parameters were set according to the literature data and then
optimized based on the obtained results. Throughout Stage I, the in-
jection was carried out every 4 days at a 3.0 C/N ratio. Throughout
Stages III, IV and V, a daily injection was tested with 2.0, 1.5 and
1.25 C/N ratios, respectively. Stages II and VI, which had no injection,
were used to assess the running period of the treatment. The experiment
ran for almost 5 months, and samples were periodically obtained ac-
cording to each stage's purpose. All stages are summarized in Table 1.

2.3. Analytical methods

All samples were immediately filtered when obtained through a
0.2 μm Millipore® filter and stored at 4 °C until analysis, except aliquots
for isotopic characterization of N and O of dissolved NO3

− that were
preserved frozen at −20 °C. Aliquots with no headspace were stored for
organic and inorganic C concentration and isotopic composition
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determination.
Major anions (Cl−, NO2

−, NO3
− and SO4

2−) were analyzed by
HPLC (WATERS 515 pump and WATERS IC-PAK ANIONS column with
WATERS 432 and UV/V KONTRON detectors); NH4

+ was determined
by spectrophotometry using the indophenol blue method (CARY 1E
UV–visible); DIC was measured by titration (METROHM 702 SM
Titrino); NPDOC was analyzed by the organic matter combustion
method (TOC 500 SHIMADZU); major cations were determined by ICP-
OES (PerkinElmer Optima 8300) and trace elements by ICP-MS
(PerkinElmer Elan 6000).

The δ15N-NO3
- and δ18O-NO3

- were determined following the cad-
mium reduction method (McIlvin and Altabet, 2005; Ryabenko et al.,

2009). The N2O was analyzed using a Pre-Con (Thermo Scientific)
coupled to a Finnigan MAT 253 Isotope Ratio Mass Spectrometer
(IRMS, Thermo Scientific). The δ13C-DIC was analyzed by carbonate
conversion to CO2 gas by adding a phosphoric acid solution and mea-
surement using a Gas-Bench II coupled to a MAT-253 IRMS (Thermo
Scientific). The δ13C-DOC was determined by HPLC-IRMS (Delta V
ADVANTAGE, Thermo-Finnigan). Notation is expressed in terms of δ‰
(δ = ((Rsample-Rstandard)/Rstandard), where R is the ratio between the
heavy and the light isotopes). The international standards used in this
study were: AIR (Atmospheric N2) for δ15N, V-SMOW (Vienna Standard
Mean Oceanic Water) for δ18O and V-PDB (Vienna Peedee Belemnite)
for δ13C. According to (Coplen, 2011), several international and la-
boratory standards were interspersed among samples for normalization
of analyses. Three international standards (USGS 32, 34 and 35) and
one internal laboratory standard (CCIT-IWS (δ15N = +16.9‰ and
δ18O = +28.5‰)) were employed to correct δ15N-NO3

- and δ18O-NO3
-

values; three internal laboratory standards (CCIT-NaHCO3
(δ13C=−4.4‰), CCIT-NaKHCO3 (δ13C=−18.7‰) and CCIT-
KHCO3 (δ13C = +29.2‰)) to correct δ13C-DIC analyses; and one in-
ternational standard (IAEA-CH6) and two internal laboratory standards
(CCIT-Gly (δ13C=−30.8‰) and CCIT-UCGEMA (δ13C=−24.8‰))
to correct δ13C-DOC results. The reproducibility (1σ) of the samples,
calculated from the standards systematically interspersed in the ana-
lytical batches, was± 1.0‰ for δ15N-NO3

-,± 1.5‰ for δ18O-NO3
-

,± 0.2‰ for δ13C-DIC and±0.3‰ for δ13C-DOC.
Chemical and isotopic analyses were prepared at the laboratory of

the MAiMA-UB research group and analyzed at the Centres Científics i
Tecnològics of the Universitat de Barcelona (CCiT-UB).

3. Results and discussion

3.1. NO3
− attenuation promoted by whey injections

The chemical and isotopic composition of N and C compounds from
the samples collected throughout the experiment are reported in sup-
porting information, Table S2. The pH and Eh recorded hourly from
Stage I to V are presented in supporting information, Fig. S1. While the
pH values averaged 7.4 and did not show significant variations along
the experiment, the Eh fluctuated from +515 to −345 mV, demon-
strating that the whey injections promoted the reducing conditions
needed for denitrification. Two days after the first injection in Stage I
(injection every four days at a 3.0 C/N ratio), NO3

− attenuation began
and NO2

− accumulated, reaching 1.5 mM (NO3
− in the inflow along

the experiment was 1.9 ± 0.2mM). After the peak, NO2
− started to

decrease until both compounds were completely depleted in less than
sixteen days from the beginning of the biostimulation strategy (Fig. 2).
The lag-phase was short, possibly because significant denitrifying bac-
terial species were intrinsically present in whey, as it usually contains
traces of N compounds (Oliveira et al., 1995). Tang et al. (2018) after
inducing denitrification by addition of lactate observed a high micro-
bial diversity encompassed by a diversification on metabolic pathways
which even increased when using a complex C source rich in lactic acid.
The stimulated bacterial community in the present experiment was not
determined since it was not a main goal in the paper, on future field-
scale applications, the bacterial community might vary from site to site.
In addition to denitrification, the observed NO3

− reduction could have
been promoted by the dissimilatory NO3

− reduction to ammonium
(DNRA). However, during the experiment, NH4

+ was rarely detected
during Stages I, II and III, with concentrations below 0.19mM. This
suggests that denitrification was the main NO3

− removal process and
that DNRA did not contribute significantly to NO3

− attenuation. After a
period with no injection, where NO3

− concentration progressively in-
creased to the initial values (Stage II), the injection strategy was swit-
ched to a daily injection with a 2.0 C/N ratio (Stage III). During Stage
III, NO3

− was also rapidly and completely reduced but with no NO2
−

accumulation. In a similar study, no NO2
− accumulated during a daily

12

3

4 5

6

7

8

9

Fig. 1. Scheme of the flow-through experimental design. Components: 1)
inflow water, 2) peristaltic pump, 3) refrigerating chamber, 4) Eh probe, 5) pH
probe, 6) multiparametric analyzer, 7) outflow water, 8) sampling points (VP1
to VP6) and 9) injection points.

Table 1
Experimental stages during the flow-through experiment. Tested C/N ratios
and injection periodicities (IP).

STAGE DAYS C/N IP

0 previous 0.0 NONE
I 0 to 24 3.0 4 days
II 24 to 77 0.0 NONE
III 77 to 99 2.0 1 day
IV 99 to 114 1.25 1 day
V 114 to 144 1.5 1 day
VI 144 to 170 0.0 NONE
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injection strategy using a 2.5 C/N ratio tested after a weekly injection
strategy that presented NO2

− values up to 0.7 mM (initial NO3
− was

1.6 mM) (Vidal-Gavilan et al., 2014). The lack of NO2
− accumulation

during the daily injection strategy was likely due to the latent deni-
trifying community during the recovery period that quickly adapted
when the injections were resumed compared to the beginning of the
biostimulation.

During Stages I and III, complete NO3
− reduction was achieved

since the electron donor was in excess. In the following injection per-
iods, lower C/N ratios were tested with a daily injection strategy. With
a 1.25 C/N ratio (Stage IV), NO3

− in the outflow was maintained at
approximately 0.5 mM, and with a 1.5 C/N ratio (Stage V), NO3

− de-
creased to approximately 0.4mM. The slight NO3

− concentration
fluctuations observed during Stages IV and V were due to system in-
stability caused by clogging derived from biomass accumulation inside
the tubes. Biomass accumulation began at the end of Stage I but in-
creased significantly during the following stages. In a wastewater
treatment study, lowering the C/N ratio from 20 to 4 favored a poor
flocculation and settleability, which resulted in a higher effluent tur-
bidity and suspended solids (Ye et al., 2011). These results are in ac-
cordance with the observed biomass migration across the column and
tubes in our experiment and in a similar laboratory biostimulation
study performed by (Carrey et al., 2018). The long persistence of de-
nitrification during the recovery Stage II was a demonstration of the
excessive organic C supplied during Stage I and suggested the possible
use of biomass as a secondary organic C pool, since biomass was ob-
served to be the main electron donor source at low C/N ratios in a
similar flow-through experiment (Carrey et al., 2018). After the last
whey injection in Stage I, five days were needed to reach NO3

− levels
above the detection limit, and forty days were needed to equal the in-
flow water NO3

− concentration. In contrast, the recovery period in
Stage VI lasted just eleven days due to the higher initial NO3

− con-
centration (approximately 0.5 mM) and the lower C/N ratio. The lower
C/N ratio could have also decreased the availability of biomass as a
secondary C source during Stage VI compared to Stage II due to the
aforementioned promotion of biomass migration and loss with the
outflow.

Vertical profile samples were useful in assessing the denitrification
process along the column. After biostimulation, both in the case of
complete (Stage I) and partial (Stage V) denitrification, a sharp NO3

−

decrease was observed at the bottom of the column, near and below the
injection point (16 cm) (Fig. 3A and C). Following the redox sequence,
dissolved oxygen from the inflow water should be consumed before
NO3

− is used as an electron acceptor. Therefore, NO3
− attenuation was

expected to be observed above the injection points rather than below.
Possibly because whey is denser than water, part of the whey might

have accumulated at the bottom of the column, thereby increasing the
C/N ratio in the first centimeters of the column, which may have led to
strong reducing conditions and, consequently, made the NO3

− at-
tenuation start below the injection points. This fact should be taken into
account in future field-scale applications since whey could flow down to
the bottom part of the aquifer due to these density differences. Con-
trarily, during the recovery period (Stage II), NO3

− was progressively
reduced along the column (Fig. 3B). Conclusions concerning the NO2

−

distribution within the column could not be made since no NO2
− ac-

cumulation was detected when the vertical profile samples were ob-
tained.

3.2. NO3
− isotopic characterization

Under closed system conditions, the ε can be modeled using a
Rayleigh distillation Equation (1). In this way, the ε is obtained from
the slope of the linear correlation between the natural logarithm of the
substrate remaining fraction (Ln(Cresidual/Cinitial), where C refers to
analyte concentration) and the determined isotope ratios (Ln(Rresidual/
Rinitial), where R = (δ+1)). Despite the column being an open system,
as the electron donor and acceptor were replenished, it was assumed
that during the injection periods with excess C/N ratios (Stages I and
III), the isotopic composition of outflow NO3

− was solely influenced by
the NO3

− bacterial reduction. The treatment homogeneity was de-
monstrated by the vertical profile results, showing complete deni-
trification at the bottom of the column that allowed to discard a mix of
treated and nontreated synthetic water at the outflow container.
Therefore, we considered it appropriate to use the Rayleigh model to
calculate the ε during the biostimulation Stages I and III. Previous
studies have demonstrated equal isotopic fractionation between batches
and similar flow-through induced denitrification experiments (Carrey
et al., 2014b; Grau-Martínez et al., 2017). However, for the recovery (II,
VI) and partial denitrification stages (IV, V), a possible mix between
denitrified and nondenitrified water could not be discarded and for this
reason, the Rayleigh equation was not applied.

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

= × ⎛
⎝

⎞
⎠

Ln R
R

ε Ln C
C

residual

initial

residual

initial (1)

As expected for the NO3
− biological reduction, a linear correlation

between the δ15N-NO3
- and δ18O-NO3

- and the Ln of the remaining
NO3

− concentration was observed in the stages that achieved complete
NO3

− removal (Stages I and III). During both stages, the isotopic
composition increased from values of the synthetic water (δ15N-NO3

-

= +16.7‰ and δ18O-NO3
- = +28.4‰) to values up to δ15N-NO3

-

= +45.8‰ and δ18O-NO3
- = +77.3‰ during Stage I and up to δ15N-

0.0

0.5

1.0

1.5

2.0

N
 (m

M
)

Days

STAGE                 I                                 II                                   III              IV             V                          VI

C/N                  3.0                             0.0                                2.0           1.25              1.5 0.0

Fig. 2. NO3
− and NO2

− evolution. NO3
− (black

dots) and NO2
− (gray dots) concentration evolution

throughout the biostimulation and recovery periods
of the flow-through experiment (Stages I to VI). The
black vertical lines depict the beginning and the end
of each stage, while the gray dashed horizontal line
depicts the NO3

− threshold for water consumption.
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NO3
- = +31.7‰ and δ18O-NO3

- = +39.6‰ during Stage III. The
calculated ε15NNO3/N2 and ε18O NO3/N2 were −10.9‰ and −16.3‰,
respectively, for Stage I and −8.6‰ and −5.5‰, respectively, for
Stage III (Fig. 4A and B). The resulting ε15N/ε18O was 0.7 for Stage I
and 1.6 for Stage III. Nevertheless, during the partial denitrification
stages (Stages IV and V), no correlation was observed between the
isotopic composition and the Ln of the NO3

− concentration (Fig. 4C and
D) or 1/[NO3

−] (supporting information, Fig. S2). The isotopic values
during these stages were close to the synthetic water isotopic compo-
sition. For the recovery stages (Stages II and VI), a correlation between

the Ln of the remaining NO3
− concentration and the isotopic compo-

sition was again observed (Fig. 4C and D). However, the resulting trend
from plotting δ15N-NO3

- and δ18O-NO3
- versus 1/[NO3

−] was better
adjusted to a linear correlation than to a logarithmic trend (supporting
information, Fig. S2), which is indicative of mixing processes. These
results suggested a mix of denitrified and nondenitrified water at the
outflow during the recovery and partial denitrification periods.

During the experiment, the NO3
− isotopic fractionation could have

been influenced by several factors. The ε15NNO3/N2 and ε18ONO3/N2

might depend on the enzymes involved in the NO3
− reduction, the

Fig. 3. NO3
− and NO2

− vertical profile.
NO3

− (black dots) and NO2
− (gray dots)

concentration along the column. A) Stage I
(C/N=3.0, day 16), B) Stage II (recovery,
day 36) and C) Stage V (C/N=1.5, day
136). The Y axis depicts the height of each
sampling point with respect to the bottom of
the column (Fig. 1). The gray dashed line
depicts the NO3

− threshold for water con-
sumption.

Fig. 4. NO3
− isotopic results. δ15N-NO3

- and δ18O-NO3
- composition versus concentration plots, including the regression line for complete denitrification stages (A

and B) and partial denitrification and recovery stages (C and D). For plots A and B, the Rayleigh equation is used (Equation (1)). No regression line is presented for the
partial denitrification periods.
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NO3
− transport across the cell and the NO3

− reduction rate, while
factors such as the pH or salinity do not seem to provoke significant
effects (Granger et al., 2008; Wunderlich et al., 2012). Due to the use of
different initial electron donor and acceptor concentrations among the
tested stages, the ratio of cellular NO3

− uptake and efflux before the
enzymatic reaction and the NO3

− reduction rate was expected to play a
role in the variability in the ε15NNO3/N2 and ε18ONO3/N2 results. Fur-
thermore, a shift in the ε15N/ε18O ratio with respect to 1, the typical
recognized value for denitrification, can be attributed to (I) NO2

− re-
oxidation to NO3

− (Buchwald and Casciotti, 2010; Granger and
Wankel, 2016; Wunderlich et al., 2013); (II) NH4

+ oxidation to NO3
−

(Bourbonnais et al., 2013; Dähnke and Thamdrup, 2016; Granger and
Wankel, 2016) and (III) major activity of bacteria containing the peri-
plasmic NO3

− reductase (NAP) instead of the membrane-bound NO3
−

reductase (NAR) (Granger et al., 2008). For this reason, ε15N/ε18O
values close to 2 are usually found in field-scale freshwater deni-
trification studies (Critchley et al., 2014; Otero et al., 2009), while
values remain close to 1 in laboratory experiments performed under
controlled closed conditions (Carrey et al., 2013; Grau-Martínez et al.,
2017). NAP is not expected to be of great significance, since it is not a
respiratory enzyme and it is not associated with energy production
(Granger et al., 2008 and references therein), and NH4

+ was rarely
detected throughout all the experimental stages. Hence, the most likely
explanation for the higher calculated ε15N/ε18O value for Stage III (1.6,
r2= 0.87) compared to Stage I (0.7, r2= 0.96) is the occurrence of
NO2

− reoxidation, since a higher O2 diffusion into the system was ex-
pected during Stage III due to daily injections compared to the de-
creased periodicity in Stage I. However, other explanations cannot be
completely ruled out. The influence of the important N assimilation that
took place in Stage I because of the initial biostimulation also needs to
be considered and the mix between denitrified and nondenitrified
groundwater that occurred during the recovery and partial deni-
trification stages.

3.3. Whey consumption

NPDOC results showed organic C consumption coupled with NO3
−

reduction. The highest NPDOC concentration at the outflow was ob-
served at the beginning of Stage I but was also significant at the be-
ginning of Stage III (4.9 and 1.6mMC, respectively, while injected
whey was 5.1 and 3.4mMC, respectively). The initial lack of organic C
decrease at the outflow with respect to the injected whey can be ex-
plained by the time needed for the establishment of the bacterial
community. After the acclimation period of 2 days, NPDOC peaks in the
outflow of the column derived from injections decreased progressively
(Fig. 5). Apart from the injected electron donor, the organic C resulting
from bacterial metabolism, biomass degradation and cellular lysis could

also act as a secondary electron donor source, especially at low C/N
ratios (Carrey et al., 2018).

The HCO3
− showed an inverse trend compared to the NO3

− con-
centration as expected from heterotrophic denitrification (Equation
(2)). The DIC concentration started to increase 5 days after the begin-
ning of injections, with maximum values coinciding with complete
NO3

− depletion at Stages I and III (4.0 and 4.1mMC, respectively,
compared to the background C of 1.8 mM), and its production stopping
during the recovery Stage II (Fig. 5). The gap between C derived from
injected whey and the sum of the outflow DIC and NPDOC was at-
tributed to biomass and CO2 production.

− + + → + − +4NO 5C 2H O 2N 4HCO CO3 org 2 2 3 2 (2)

Denitrification studies that include C isotopic characterization are
still scarce, likely because it is difficult to separate all the intricate
pathways involved in the process. At the beginning of this study (be-
tween the second and third injections), as NPDOC in the outflow de-
creased due to electron donor consumption, the remaining DOC became
enriched in δ13C (Fig. 5). The isotopic fractionation was likely caused
because bacteria preferentially consumed the lighter C molecules,
leading to an isotopic increase from δ13C-DOC values close to the iso-
topic composition of whey (−28‰) to δ13C-DOC values in the outflow
up to −15‰ (Fig. 5). It must be considered that not only whey and its
enzymatic oxidation influence the δ13C-DOC results, since the organic C
resulting from bacterial metabolism, biomass degradation or cell lysis
events introduces variations in the global δ13C-DOC (Carrey et al.,
2018). The δ13C results only covered the first ten days of Stage I;
therefore, it could be assumed that no biomass degradation or cell lysis
events occurred, and bacterial biomass organic C pool contribution was
negligible in this period. Thus, the observed C isotopic fractionation
was related to the enzymatic oxidation of whey. The slope of the re-
gression line between δ13C-DOC and Ln[NPDOC] was−7‰ (r2= 0.66)
(Fig. 6A).

Regarding HCO3
− production during Stage I, as DIC concentration

increased, it became depleted in δ13C (−17‰), while during Stage II
(recovery period), the δ13C-DIC was progressively enriched and coupled
to a concentration decrease until both concentration and isotopic
composition reached the initial synthetic water values (−8‰) (Fig. 5).
Both the δ13C-DIC and DIC concentration remained mainly constant at
partial denitrification Stages IV and V. The measured δ13C-DIC at the
outflow samples is a mix between the δ13C of the inflow water DIC
(−9‰) and the DIC produced from whey oxidation. For this reason,
δ13C-DIC is influenced by the δ13C of whey (−28‰), the isotopic
fractionation produced during bacterial metabolism, and could be af-
fected by the equilibrium between the CO2(aq), HCO3

− and CO3
2−

species (Blaser and Conrad, 2016; Mariotti, 1991). Observing the iso-
topic results obtained at each period, a nearly linear correlation

Fig. 5. DIC and NPDOC concentration and isotopic com-
position evolution. Concentration (full circles) and δ13C
(empty circles) evolution of NPDOC (gray) and DIC (black)
throughout the biostimulation and recovery periods of the
flow-through experiment (Stages I to V). The black vertical
lines depict the beginning and the end of each stage.
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between δ13C-DIC and Ln[DIC] was observed during Stages II (re-
covery) and III (complete denitrification period), giving a slope of
−8‰ (r2= 0.94) (Fig. 6B). However, a nonlinear trend was found for
Stage I. The reason could be a higher isotopic fractionation produced
during the beginning of Stage I that accounted for most of the biomass
generation throughout the study compared to the following stages. In
fact, from the middle to the end of Stage I, a line with a parallel trend to
the linear correlation obtained for Stages II and III was observed. The
results obtained for the few samples collected throughout the partial
denitrification Stages IV and V fell at the lower extreme of the regres-
sion line plotted for Stages II and III. This can be explained by a higher
influence of the inflow water δ13C-DIC on the outflow δ13C-DIC, since
during the partial denitrification stages, a lower amount of DIC was
produced compared to Stages I and III.

3.4. Suitability for field-scale application

Thinking about this experiment in terms of achieving safe drinking
water, semiquantitative ICP analysis in selected outflow water samples
was performed to discard possible trace elements released from whey
injections (supporting information, Table S3). As no toxic elements
were observed to be released and given the results discussed above,
whey was considered to be a safe electron donor to promote

denitrification in polluted aquifers. For field-scale application, it is re-
commended to use whey from ecological stockbreeding to avoid the
release of antibiotic and hormone residues to the aquifer. Promotion of
bacterial metabolic pathways such as DNRA (discussed in section 3.1)
or bacterial SO4

2− reduction (BSR), that could also decrease the water
quality by generating hydrogen sulphide, were also discarded. Deni-
trification and BSR can occur simultaneously, especially at high C/N
ratios (Laverman et al., 2012), and whey has already been reported to
promote BSR (Christensen et al., 1996). Throughout the present ex-
periment, the SO4

2− concentration did not show significant variations,
suggesting that the excess of organic C did not lead to BSR. Therefore,
the C/N ratios and injection strategies tested in the present study are
considered appropriate in terms of being applied in future field-scale
projects aiming to remediate NO3

− polluted groundwater. Further-
more, the release of the greenhouse gases (GHG) CO2, CH4 and N2O
during N and C cycling processes has become a matter of concern. In
denitrification strategies, parameters such as the water O2 concentra-
tion, the C/N ratio and the temperature might play an important role in
GHG emissions (Miettinen et al., 2015; Spoelstra et al., 2010; Teiter and
Mander, 2005). In a study to assess N2O emissions during the hetero-
trophic denitrification, a lower accumulation was found in laboratory
incubations compared to field (Weymann et al., 2010). These authors
attributed the discrepancy to sampling and storage procedures and to
differences in the dissolved O2 concentration and the spatial scale. Al-
though the transferability of the laboratory results to field seems to be
limited, determining the GHG production in future laboratory studies
should be considered aiming to find biostimulation strategies that
lowers GHG emissions. Furthermore, in future field-scale induced de-
nitrification tests, monitoring these GHG is needed to check the con-
tribution to global climate change.

Whey could be easily injected through already constructed wells to
promote in situ groundwater denitrification in contaminated aquifers,
in contrast to solid compounds that might require application through
passive systems, such as permeable reactive barriers (Gibert et al.,
2008; Huang et al., 2015; Robertson et al., 2008). The following studies
of in situ biostimulation by different electron donor supply strategies
could be taken as references and could be improved upon: injection
through wells placed across the path of the contaminant plume
(Tartakovsky et al., 2002); injection through a daisy-like well system
(Khan and Spalding, 2004); cross-injection through wells perpendicular
to the flow direction (Critchley et al., 2014; Gierczak et al., 2007); in-
jection through infiltration galleries (Salminen et al., 2014); or even
pumping groundwater, mixing it with an electron donor in a tank and
reinjecting it through wells (Vidal-Gavilan et al., 2013). Another option
could be the supply of electron donor at the inlet of a constructed
wetland to enhance denitrification (Lin et al., 2002). The advantages
and disadvantages of each strategy must be carefully evaluated, and
previous hydrogeochemical characterization at the field-scale is crucial
to succeed in the operational design. Once a strategy is implemented,
the calculated ε15NNO3/N2 and ε18ONO3/N2 in the present experiment
could be applied to evaluate the efficiency of the bioremediation
treatment, as has been done in previous studies (Vidal-Gavilan et al.,
2013). However, attention must be focused on hydrogeochemical ef-
fects, such as mixing, dilution or rainfall events, which could influence
the results and, thus, hinder the evaluation of the remediation strategy
performance. For this reason, coupling isotopic approximation with all
possible data obtained throughout the characterization process will
provide a more accurate evaluation.

4. Conclusions

Whey can be used as a sustainable electron donor source for
groundwater remediation, as it has been demonstrated to effectively
promote denitrification. Thus, manufacturing waste could be trans-
formed into profit. A daily injection strategy seems to avoid NO2

− ac-
cumulation, and C/N ratios of approximately 1.25 or 1.5 are enough to
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Fig. 6. NPDOC and DIC isotopic composition versus concentration. A) For
NPDOC, only results for Stage I were available. B) For DIC, samples from Stages
I to V were analyzed.
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reach NO3
− concentrations below the threshold for water consumption,

while avoiding excess organic C in the effluent, which is advantageous
from the perspective of achieving complete whey consumption.
However, biomass presence in the water flow due to a decreased set-
tleability at low C/N ratios must be controlled if applied at the field-
scale to avoid clogging issues. The NO3

− isotopic characterization
confirmed that complete NO3

− removal achieved at Stages I and III was
due to denitrification and suggested that at partial denitrification stages
(IV and V) and at recovery stages (II and VI), the outflow could contain
a mix of denitrified and nondenitrified water. The calculated ε15NNO3/

N2 and ε18ONO3/N2 of NO3
− might be applied in future field studies to

quantify the efficiency of bioremediation treatments. Using δ13C ana-
lyses might help in assessing the fate of electron donor consumption, as
C isotopic composition of products, such as DIC or biomass, is clearly
influenced by substrate δ13C and the isotopic fractionation produced
throughout the enzymatic activity. From our results, we observed the
bacterial preferential consumption of lighter C molecules, as observed
for NO3

−, and a trend of the produced δ13C-DIC towards the δ13C-DOC
of the injected whey. However, the complexity of the bacterial meta-
bolism that can involve diverse pathways of catabolic and anabolic
processes and the lack of continuity of the δ13C-DOC analysis hindered
the interpretation of the δ13C results.
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Figure S1. Eh and pH evolution. Eh (black dots) and pH (gray dots) values from the 

beginning of biostimulation at Stage I until the middle of Stage V. The black vertical lines 

depict the beginning and the end of each stage. 

 

 

 

Figure S2. NO3
- isotopic composition versus 1/[NO3

-] plots. δ15N-NO3
- (A) and δ18O-

NO3
- (B) for each stage against 1/[NO3

-]. Stage I and III correspond to complete 

denitrification periods, Stage IV and V to partial denitrification periods and Stage II and 

VI to recovery periods. The correlation for the logarithmic trend obtained for Stage I and 

III is presented as dashed lines, while the linear trend for Stage II and VI is presented as 

continuous lines.  
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Table S1. Inflow water composition. Concentration of the reagents employed in the 

preparation of the synthetic water.  

Chemical mM 

CHNaO3 1.80 

KH2PO4 0.03 

MgCl2·6H2O 1.25 

KCl 1.45 

CaCl2·2H2O 0.85 

Na2SO4 1.45 

NaNO3 1.90 
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A B S T R A C T

A surface flow constructed wetland (CW) was set in the Lerma gully to decrease nitrate (NO3
−) pollution from

agricultural runoff water. The water flow rate and NO3
− concentration were monitored at the inlet and the

outlet, and sampling campaigns were performed which consisted of collecting six water samples along the CW
flow line. After two years of operation, the NO3

− attenuation was limited at a flow rate of ~2.5 L/s and became
negligible at ~5.5 L/s. The present work aimed to assess the feasibility of using rural waste products (wheat hay,
corn stubble, and animal compost) to induce denitrification in the CW, to assess the effect of temperature on this
process, and to trace the efficiency of the treatment by using isotopic tools. In the first stage, microcosm ex-
periments were performed. Afterwards, the selected waste material was applied in the CW, and the treatment
efficiency was evaluated by means of a chemical and isotopic characterization and using the isotopic fractio-
nation (ε) values calculated from laboratory experiments to avoid field-scale interference. The microcosms re-
sults showed that the stubble was the most appropriate material for application in the CW, but the denitrification
rate was found to decrease with temperature. In the CW, biostimulation in autumn-winter promoted NO3

−

attenuation between two weeks and one month (a reduction in NO3
− between 1.2 and 1.5 mM was achieved).

After the biostimulation in spring-summer, the attenuation was maintained for approximately three months
(NO3

− reduction between 0.1 and 1.5 mM). The ε15NNO3/N2 and ε18ONO3/N2 values obtained from the laboratory
experiments allowed to estimate the induced denitrification percentage. At an approximate average flow rate of
16 L/s, at least 60% of NO3

− attenuation was achieved in the CW. The field samples exhibited a slope of 1.0 for
δ18O-NO3

− versus δ15N-NO3
−, similar to those of the laboratory experiments (0.9–1.2). Plant uptake seemed to

play a minor role in NO3
− attenuation in the CW. Hence, the application of stubble in the CW allowed the

removal of large amounts of NO3
− from the Lerma gully, especially when applied during the warm months, but

its efficacy was limited to a short time period (up to three months).

1. Introduction

Since nitrate (NO3
–) is known to cause ecological and human health

problems (Vitousek et al., 1997; Ward et al., 2005), the presence of this
nutrient in water bodies worldwide is a matter of concern. The ex-
tensive application of synthetic and organic fertilizers is a major source
of NO3

– pollution. Therefore, agricultural runoff water should be
treated before it is drained into larger water bodies such as aquifers,
rivers, and/or lakes. Constructed wetlands (CWs) are considered

promising, low cost systems for the remediation of diverse water pol-
lutants, are simple to operate, and have low energy requirements (Wu
et al., 2015). Hence, directing agricultural runoff water through a CW
could be useful for removing NO3

– to minimize pollution.
The surface flow CWs consists of free surface water flowing hor-

izontally through an artificial pond containing floating and/or emer-
gent rooted vegetation and a high diversity of microorganisms (Ilyas
and Masih, 2017; Sirivedhin and Gray, 2006; Vymazal, 2007). The main
processes that might contribute to NO3

– pollution mitigation in surface
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flow CWs are plant uptake, assimilation by microorganisms, and deni-
trification (Rogers et al., 1991). The latter refers to the reduction of
NO3

– by microorganisms through a series of enzymatic reactions in-
volving the intermediates NO2

–, NO, and N2O, before finally being re-
duced to N2 (Knowles, 1982). Parameters such as temperature, dis-
solved oxygen (O2), NO3

– loading, the source and amount of organic
carbon (C), microbial species, the type and density of macrophytes,
wetland age, and hydraulic conditions play key roles in the NO3

– re-
moval efficiency (Bachand and Horne, 1999; Beutel et al., 2009; Kong
et al., 2009; Sirivedhin and Gray, 2006). Different approaches can be
implemented to enhance water remediation, but strategies directed
toward the induction of bacterial NO3

– respiration are preferred since
denitrification is an authentic N sink in water, unlike biomass seques-
tration (Scott et al., 2008). N storage by plants is generally considered
temporary, because organic N returns to the system after the death and
decay of plants if they are not harvested (Cooper and Cooke, 1984;
Gumbricht, 1993).

In CWs, macrophytes are able not only to assimilate NO3
–, but also

to promote denitrification efficiency. Plants exert an influence on the
diversity of microbial species and their enzymatic activities by releasing
exudates and oxygen to the rhizosphere (Kong et al., 2009, and refer-
ences therein), and decomposed plant material can be used by microbes
as a source of organic C. For this reason, increased NO3

– removal is
usually found in vegetated CWs relative to that in non-vegetated sys-
tems (Jacobs and Harrison, 2014; Soana et al., 2017). If the CW cannot
provide enough organic C to support complete denitrification (e.g.,
from inlet water, soil, plant root exudates, and decomposed vegetal
material), the addition of an external organic C source as an electron
donor could enhance the heterotrophic denitrification efficiency (Lu
et al., 2009; Si et al., 2018). Since the use of pure reagents such as
glucose, acetate, or ethanol may be expensive in long-term treatments,
the use of industrial or agricultural residues that are rich in organic C
could represent a more sustainable solution. Solid products such as
animal or vegetal waste (Grau-Martínez et al., 2017; Si et al., 2018;
Trois et al., 2010), as well as industrial liquid by-products (Carrey et al.,
2018; Margalef-Marti et al., 2019), have already been reported as being
useful for promoting denitrification.

The pollutant removal efficiency in CWs can be estimated by
monitoring the inlet and outlet concentrations of the pollutant (Kovacic
et al., 2000; Tanner et al., 2005; Uusheimo et al., 2018). However, this
method does not reveal the specific processes involved in the attenua-
tion, making it challenging to focus on the improvement of the wetland
design and operation. Stable isotope analyses can provide information
on the NO3

– transformation pathways. In the course of denitrification,
the unreacted residual NO3

– becomes enriched in the heavy isotopes
15N and 18O, permitting the distinction between biological attenuation
and other processes such as dilution which could also lead to decreases
in concentration without influencing the isotopic signature (Böttcher
et al., 1990; Fukada et al., 2003; Mariotti et al., 1981; Aravena and
Robertson, 1998). In plants, significant enrichment in both 15N and 18O

is observed in the NO3
– extracted from leaves after uptake relative to

the NO3
– from water, but the changes in the NO3

– isotopic composition
in the water are minor (Estrada et al., 2017; Spoelstra et al., 2010).
Therefore, the NO3

– isotopic characterization of water samples col-
lected at the CW might improve the understanding and support the
evaluation of the performance of the remediation strategy.

In this context, the present work was developed to assess the fea-
sibility of using rural waste products (wheat hay, corn stubble, and
animal compost) to induce denitrification in a surface flow CW, and to
trace the treatment efficiency in the autumn–winter and spring-summer
seasons. In the first stage, lab-scale experiments were performed to
identify the most appropriate electron donor to be applied in the CW,
and to evaluate the effect of temperature on NO3

– reduction. The iso-
topic fractionations (ε) of N and O of dissolved NO3

– under each con-
dition were also determined. In the second stage, the selected material
was applied in the CW and the treatment efficiency was evaluated by
means of a chemical and isotopic characterization using the ε values
calculated from the laboratory experiments.

2. Methods

2.1. Laboratory experiments

Six types of batch experiments were performed in 150mL crystal
Pyrex® bottles crimp-sealed with butyl rubber stoppers under an argon
(Ar) headspace. Each microcosm contained 100mL of water (2 mM
NO3

–) collected from the inlet of the studied CW (see Section 2.2) and a
specific C source: corn stubble (1 g); wheat hay (1 g); or animal compost
(0.25 g). The six series of parallel experiments were determined ac-
cording to the waste product employed and the incubation temperature.
Series I (C-24) and II (H-24) contained animal compost and wheat hay,
respectively, and were incubated at 24 °C; series III (S-24), IV (S-16),
and V (S-8) contained corn stubble and were incubated at 24 °C, 16 °C,
and 8 °C, respectively; series VI (DS-24) contained partially decomposed
corn stubble and was incubated at 24 °C. The partially decomposed
stubble was obtained from the CW 7.5months after its application on
September 25, 2017 (see Section 2.2). All series included at least eight
replicates of the biostimulated microcosms. Control microcosms for
each tested material were prepared using deionized water (DIW) to
discard the potential supply of N from the waste products. The detailed
content of each microcosm is described in Table 1. During incubation,
all microcosms were maintained in darkness and under constant vi-
bratory shaking. The biostimulated microcosms were sacrificed at time
intervals depending on the denitrification dynamics until complete
NO3

– and NO2
– removals were achieved. The control microcosms were

sacrificed at the end of the biostimulation experiments. Water samples
from batch experiments were analyzed for major anions (NO3

–, NO2
–,

Cl-, and SO4
2-), ammonium (NH4

+), non-purgeable dissolved organic C
(NPDOC), dissolved inorganic C (DIC), major cations, trace elements,
δ15N-NO3

–, δ18O-NO3
–, and δ13C-DIC. Samples from control microcosms

Table 1
Series of experiments. Tested conditions and composition of microcosms. DIW=deionized water.

Series Condition Code C source Material (g) C (g/L) Water source (100mL) Temperature (°C)

I Biostimulated C-24 Animal compost 0.25 0.8 Wetland 24
Control C-24-blank Animal compost 0.25 0.8 DIW 24

II Biostimulated H-24 Wheat hay 1 4.2 Wetland 24
Control H-24-blank Wheat hay 1 4.2 DIW 24

III Biostimulated S-24 Corn stubble 1 3.6 Wetland 24
Control S-24-blank Corn stubble 1 3.6 DIW 24

IV Biostimulated S-16 Corn stubble 1 3.6 Wetland 16
Control S-16-blank Corn stubble 1 3.6 DIW 16

V Biostimulated S-8 Corn stubble 1 3.6 Wetland 8
Control S-8-blank Corn stubble 1 3.6 DIW 8

VI Biostimulated DS-24 Decomposed stubble 1 3.6 Wetland 24
Control DS-24-blank Decomposed stubble 1 3.6 DIW 24
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were analyzed for major anions and NPDOC. The gas accumulated in
the headspace of the vials was collected and analyzed for nitrous oxide
(N2O) concentration. The three organic C sources were analyzed for C
and N concentrations and δ13C-Cbulk and δ15N-Nbulk.

2.2. CW test

In the 2000s, approximately 20,000 ha of rainfed croplands were
transformed into irrigated agricultural land in the Arba River Basin
(Zaragoza, Spain). A small watershed representative of the area (Lerma
basin, 733 ha) was monitored to assess the effects of this transformation
on the water balance and the salt and NO3

–-N exports (Merchán et al.,
2015, 2014, 2013). In general, the implementation of irrigation implied
a three-fold increase in N export to the receiving water bodies, in this
case the Arba River, which was the first surface water body in the Ebro
River Basin to be declared affected by NO3

– pollution according to the
Nitrates Directive 91/676/EEC. In order to diminish the release of NO3

–

from the Lerma Basin to the Arba River, a surface flow CW was con-
structed in October 2015, initially covering an area of ~1500m2, and
was enlarged in June 2017, covering a final area of ~2500m2 with a
depth of ~40 cm. The surface water of the Lerma gully can be partially
diverted towards the CW. Water flow in the Lerma gully varies between
15 and 60 L/s. Temperature and precipitation data collected monthly in
the area are reported in Supporting information (Table S1).

The CW is fully automated, with high-frequency monitoring (every
10min) of the water flow rate and NO3

– concentration at both the inlet
and the outlet. Emergent macrophytes (Typha and Phragmites) started
growing since its construction, and occupied approximately 75% of the
CW surface at the time the present study began, since the enlarged part
was still unvegetated. The field survey was performed in three periods
and involved 13 sampling campaigns, each consisting of the collection
of six water samples (H1 to H6) from along the wetland flow line
(Fig. 1). In the first period (June to September 2017), two different
operating conditions were tested before the biostimulation by mod-
ifying the inlet opening; three sampling campaigns were performed at
two different flow rates (~5.5 L/s and~2.5 L/s). The second period
involved the application of corn stubble obtained from the surrounding
crops (~8000 kg) on September 25, 2017, and the evaluation of treat-
ment efficiency by performing two sampling campaigns 7 and 14 d after
the application. The third period involved a second application of corn
stubble (~6000 kg) on May 11, 2018, and the evaluation of treatment
efficiency by performing eight sampling campaigns from May 2018 to
October 2018. In the two biostimulation periods, the corn stubble was
applied over all the CW surface between H1 and H3. Throughout these
second and third periods, the CW was operated at a higher flow rate
(~16 L/s). The given flow rate for the CW test periods is that measured
at the outlet. The calculated residence time of NO3

– in the CW was 21,

51 and 112 h for the tested flow rates of 16, 5.5 and 2.5 L/s, respec-
tively. Detailed information about the sampling campaigns is shown in
Table 2. Water samples collected at the CW were analyzed for major
anions (NO3

–, NO2
–, Cl-, and SO4

2-), NH4
+, NPDOC, DIC, major cations,

trace elements, δ15N-NO3
–, δ18O-NO3

–, δ34S-SO4
2-, δ18O-SO4

2-, and
δ13C-DIC.

2.3. Analytical methods

Water samples for the field and laboratory batch experiments were
immediately filtered through 0.2 µm Millipore® filters after being col-
lected, and were stored at 4 °C until analysis. The aliquots for NH4

+,
δ15N-NO3

-, and δ18O-NO3
- analysis were frozen, and the aliquots for the

DIC and δ13C-DIC analyses were left with no headspace and stored at
4 °C.

Anions (Cl-, NO2
–, NO3

–, and SO4
2-) were analyzed by high-perfor-

mance liquid chromatography (HPLC) (Waters 515 pump and Waters
IC-Pak anion column with Waters 432 and KONTRON UV/Vis detec-
tors). NH4

+ was analyzed by three techniques due to equipment
availability issues: I) spectrophotometry using the indophenol blue
method (CARY 1E UV–visible), II) ion chromatography or III) ammonia
ion selective electrode (ORION, Thermo Scientific). DIC was analyzed
by titration (METROHM 702 SM Titrino), NPDOC by organic matter
combustion (TOC 500 SHIMADZU), and major cations and trace ele-
ments by ICP-OES (Perkin Elmer Optima 8300). The concentration of
N2O accumulated at the headspace of the vials was analyzed by gas
chromatography (GC) (Thermo Scientific Trace 1300 with ECD de-
tector), and C and N concentrations in the waste materials employed as
C sources were analyzed with an elemental analyzer (EA) (Carlo
Erba1108 CHNS-O EA). The δ15N-NO3

– and δ18O-NO3
– were de-

termined following the cadmium and azide reduction method (McIlvin
and Altabet, 2005; Ryabenko et al., 2009). The isotopic composition of
the N2O obtained from the NO3

– reduction was analyzed using a Pre-
Con coupled to a Finnigan MAT 253 isotope ratio mass spectrometer
(IRMS) (Thermo Scientific). For the SO4

2- isotopic analysis, the dis-
solved SO4

2- was precipitated as BaSO4 by adding BaCl2·2H2O after
acidifying the sample with HCl and boiling it in order to prevent pre-
cipitation of BaCO3 (Dogramaci et al., 2001). The δ34S-SO4

2- was ana-
lyzed with a Carlo Erba EA coupled in continuous flow to a Finnigan
Delta XP Plus IRMS, whereas the δ18O-SO4

2- was analyzed with a
ThermoQuest high-temperature conversion analyzer (TC/EA) coupled
in continuous flow to a Finnigan Matt Delta XP Plus IRMS. The δ13C-DIC
was analyzed via carbonate conversion to CO2 gas by adding a phos-
phoric acid solution and measuring the gas evolved with a Gas-Bench II
coupled to a MAT-253 IRMS (Thermo Scientific). The δ13C-Cbulk and
δ15N-Nbulk of the waste materials employed as C sources were de-
termined with a Carlo Erba EA coupled to a Finnigan Delta C IRMS.

H1

H2

H3

H4

H5

H6

10 m
Fig. 1. CW design. Photograph of the surface
flow CW with emergent macrophytes. The sam-
pling points are depicted with white squares (H1
to H6), and the water flow within the CW with
striped arrows. Non-treated water flow dischar-
ging to the Lerma gully is depicted with black
arrows, and that of treated water with a white
arrow.
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The isotopic notation is expressed in terms of δ (‰) relative to the
international standards: atmospheric N2 (AIR) for δ15N, Vienna
Standard Mean Oceanic Water (V-SMOW) for δ18O, Vienna Pee Dee
Belemnite (V-PDB) for δ13C, and Vienna Canyon Diablo Troillite (V-
CDT) for δ34S. Hence, δ = ((Rsample-Rstandard)/Rstandard), where R is the
ratio between the heavy and the light isotopes. Following Coplen
(2011), several international and laboratory (CCiT) standards were
interspersed among the samples for normalization of the results
(Supporting Information Table S2). The reproducibilities (1 σ) of the
samples, calculated from the standards systematically interspersed in
the analytical batches, were ± 1.0‰ for δ15N-NO3

-,± 1.5‰ for δ18O-
NO3

-,± 0.2‰ for δ15N-Nbulk, ± 0.2‰ for δ13C-Cbulk,± 0.2‰ for δ13C-
DIC,± 0.2‰ for δ34S-SO4

2-, and ±0.5‰ for δ18O-SO4
2-. Samples for

chemical and isotopic analyses were prepared at the laboratory of the
MAiMA-UB research group, and analyzed at the Centres Científics i
Tecnològics of the Universitat de Barcelona (CCiT-UB).

3. Results and discussion

3.1. Lab-scale evaluation of the nitrate removal capacities of compost, hay,
and stubble at 24 °C

The chemical and isotopic characterization of the samples obtained
from the laboratory experiments are presented in the Supporting
Information (Table S3). Although the intrinsic N content measured in
the three waste products (stubble, hay, and compost) were low
(Table 3), it was not possible to disregard a certain supply of N from
these materials throughout the incubations. The control microcosms
containing the three C sources and DIW showed NO3

–, NO2
–, and NH4

+

concentrations below 0.09mM, 0.02mM, and 0.12mM, respectively.
The biostimulation experiments showed that the three tested C

sources were able to promote NO3
– removal. Complete denitrification

(total NO3
– and NO2

– removal) was reached in approximately 40 h in
the microcosms containing stubble and hay, and in approximately 95 h
in that containing compost (Fig. 2A). NH4

+ was detected in some of the
samples (in concentrations of up to 1mM), but with no clear pattern,
suggesting the possible coexistence of denitrification and dissimilatory
NO3

– reduction to NH4
+ (DNRA) and/or the input of NH4

+-N supplied
from the C sources tested. Transient NO2

– accumulation of up to 1.5mM

(stubble and hay) and 0.7 mM (compost) were observed. The highest
concentration of NO2

– in the stubble and hay microcosms were detected
after complete NO3

– reduction, and subsequently decreased to below
the detectable limit in less than 40 h from the beginning of the ex-
periment. Contrarily, in the microcosms containing compost, the
highest NO2

– concentration was observed after 40 h, and thereafter
decreased along with NO3

– concentration until both compounds were
below the detectable limits, after 96 h. The differences in NO2

– accu-
mulation between the compost, stubble, and hay experiments were
likely related to the rate of NO3

– reduction. NO2
– accumulation has

been reported to depend on the relative rates of NO3
– and NO2

– re-
duction (Betlach and Tiedje, 1981), as well as on the type of C source
and C/N ratios employed (Akunna et al., 1993; Ge et al., 2012). The
slower reduction observed with compost could be due to the lower
amount of material used in the experiments (0.25 g instead of the 1 g
used for stubble and hay). Although the intrinsic C concentrations of the
three sources were similar (Table 3), the C bioavailability could differ
between each product, and even between replicates, due to hetero-
geneity in the materials (Breulmann et al., 2014; Sobczak and Findlay,
2002; Warneke et al., 2011). Consequently, the NPDOC concentration
did not show a clear correlation with NO3

– reduction, but provided an
approximation of the amount of added C present in dissolved form.
Although the quantity of compost in the microcosms was only one-
quarter of the quantity of vegetal materials used, the measured NPDOC
concentrations in the three types of microcosms were similar
(13.2–27.3 mM for stubble, 11.8–16.8 mM for hay, and 5.3–14.3 mM
for compost). The δ13C-DIC provided information about the transfor-
mation of organic C from the waste materials to inorganic C; a brief
discussion is presented in the Supporting Information (Section S1).

Concerning the safety of the materials, the ICP-OES analyses showed
that there was no release of toxic trace elements from any of the tested
compounds (Supporting Information Table S4). Hay and stubble
seemed to be more feasible than compost for application in the CW.
Compost resulted in a lower denitrification rate, the NO2

– accumulation
lasted longer, and it was highly soluble and could be rapidly removed
from the CW via the water flow. In this study, stubble was selected for
application in the studied CW due to a higher availability in the area.
Therefore, further experiments were only performed with stubble.

3.2. Lab-scale evaluation of the effect of temperature on denitrification
induction by stubble

The denitrification activity of microorganisms is usually increased
with higher temperatures, and therefore higher NO3

– attenuation from
water can be observed during warm periods (Rivett et al., 2008; Spieles
and Mitsch, 1999). To assess the effect of temperature on the induced
denitrification strategy, additional experiments were performed. A
comparison between different incubation temperatures in corn stubble
experiments showed that denitrification reached completion across the

Table 2
Sampling campaigns. Sampling dates and operation mode of the CW for all sampling campaigns (six samples each).

Test period Date Days since stubble addition Operation mode Observations

I 14/06/2017 – 5.5 L/s No external organic C addition
05/09/2017 – 5.5 L/s
12/09/2017 – 2.5 L/s

II 02/10/2017 7 16 L/s First organic C source addition on 25/09/2017
10/10/2017 14

III 11/05/2018 0 16 L/s Second organic C source addition on 11/05/2018
18/05/2018 7
25/05/2018 14
12/06/2018 32
13/07/2018 63
19/08/2018 100
13/09/2018 125
19/10/2018 161

Table 3
Waste products composition. C and N concentrations and isotopic composition
of the corn stubble, wheat hay, and animal compost employed to promote de-
nitrification.

Source C (%) N (%) δ13C (‰) δ15N (‰)

Animal compost 32.1 3.1 −25.4 10.8
Wheat hay 40.9 0.4 −27.8 3.0
Corn stubble 36.1 1.0 −13.6 6.7
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whole temperature range studied (from 8 to 24 °C), but with different
lag periods and NO3

– reduction rates. Complete denitrification was
achieved after 40 h at 24 °C, 65 h at 16 °C, and 140 h at 8 °C (Fig. 2B).
The decrease in NO3

– began after 10 h at 24 °C, whereas at 16 °C and
8 °C lag periods of 45 h and 79 h, respectively, were observed. A de-
crease in NO3

– reduction rate associated with lower temperatures fol-
lowing the Arrhenius relationship has been well documented (Dawson
and Murphy, 1972). Therefore, the denitrification efficiency might
decrease during the winter months or low-temperature periods in
comparison to that during the summer months, and thus application of
the carbon source throughout the spring months might be advanta-
geous. Significant transient NO2

– accumulation (up to 1.5 mM at 24 °C,
1.8 mM at 16 °C, and 1.0mM at 8 °C) was observed in all the experi-
ments. As discussed in the previous section, NO2

– accumulation was less
significant in the experiment with a lower denitrification rate (8 °C).

3.3. Lab-scale assessment of the lifespan of the denitrification induced by
stubble

One of the main issues associated with biostimulation strategies is
their effectiveness during long-term treatments. It is thus important to
consider the lifespan of the material to be employed in the CW. In
another laboratory experiment with vegetable materials (palm leaves
and compost), induced NO3

– degradation was shown to be maintained
for more than 220 d (Grau-Martínez et al., 2017). In this context, mi-
crocosms containing partially decomposed stubble (sampled in the CW
7.5months after its application) were incubated and compared to mi-
crocosms containing fresh stubble. The denitrification induced by the
partially decomposed stubble proceeded at a higher rate than that in-
duced by the fresh stubble; complete NO3

– reduction was achieved in
less than 25 h with the former, instead of 40 h with the latter (Fig. 2B).
In the partially decomposed stubble microcosms, transient NO2

– accu-
mulation was below 0.8 mM. Due to the increased heterogeneity of the
material after being in the field and in contact with water for months,
high variabilities in both NO3

– and NO2
– concentrations were observed

between replicates. Therefore, the reduction rates obtained from these
experiments must be considered approximations. These results showed
that the intrinsic capacity of the stubble to promote denitrification after
7.5 months being in contact with water was still important, at least at
lab-scale. However, the NPDOC content in the microcosms containing
partially decomposed stubble (1.7–8.8 mM) were lower than those in
the microcosms with fresh stubble incubated at 24 °C (13.2–27.3 mM),
pointing to a decreased availability of the electron donor over time. In
the CW, the specific lifespan of the treatment might be shorter, since the
organic C also typically consumes O2 before using NO3

– as an electron
donor. The N2O accumulated in the headspace of the microcosms
containing partially decomposed stubble incubated at 24 °C (as well as

that in the microcosms containing fresh stubble incubated at 16 and
8 °C) was also measured since the release of greenhouse gases during N
transformation processes is a matter of concern. The maximum N2O
concentration detected accounted for 0.015% of the initial N-NO3

–

content of the microcosms (Supporting Information (Table S3)).

3.4. Lab-scale: NO3
– isotopic fractionation calculation.

Under closed-system conditions, the isotopic fractionation (ε) for a
determined element (e.g., N and O from dissolved NO3

–) can be cal-
culated by means of a Rayleigh distillation equation (Equation (1)).
Thus, ε can be obtained from the slope of the linear correlation between
the natural logarithm of the remaining substrate fraction (Ln(Cresidual/
Cinitial), where C refers to analyte concentration) and the determined
isotope ratios (Ln(Rresidual/Rinitial), where R= δ+1). These ε15NNO3/N2

and ε18ONO3/N2 values, determined at lab-scale under controlled con-
ditions, can be later applied at field-scale to estimate the contribution of
denitrification to the NO3

– attenuation, while avoiding field-scale in-
terference such as dilution due to rainfall (Böttcher et al., 1990;
Mariotti et al., 1988). We calculated ε15NNO3/N2 and ε18ONO3/N2 under
all tested conditions at lab-scale (Fig. 3) to appropriately evaluate the
efficacy of the induced denitrification strategy tested at the CW. A
summary of the calculated ε15NNO3/N2, ε18ONO3/N2, and ε15N/ε18O va-
lues is shown in (Table 4); ε15NNO3/N2 ranged from −31.9 to −10.5‰,
ε18ONO3/N2 from −30.4 to −9.7‰, and ε15N/ε18O from 0.8 to 1.8.
These values fall within the reported range for heterotrophic deni-
trification (see Table 4;Grau-Martínez et al., (2017)). The lowest
ε15NNO3/N2 and ε18ONO3/N2 values were found for the microcosms
containing compost incubated at 24 °C and stubble incubated at 8 °C,
which were the two experiments that presented lower NO3

– reduction
rates. Apart from the microcosms containing stubble incubated at 8 °C,
the other microcosms containing stubble (both fresh and partially de-
composed and incubated at 16 or 24 °C) presented narrower ranges of
ε15NNO3/N2 (from −28.3 to –22.5‰), ε18ONO3/N2 (from −30.4 to
−21.2‰) and ε15N/ε18O (from 0.8 to 1.1). These values were em-
ployed to assess the efficiency of the biostimulation strategy at the
studied CW.

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

= × ⎛
⎝

⎞
⎠

ε C
C

Ln R
R

Lnresidual

initial

residual

initial (1)

3.5. Performance of the CW before application of stubble

The chemical and isotopic characterization of the samples obtained
from the CW both before and after application of the electron donor are
presented in Supporting Information (Table S5). Three sampling cam-
paigns were performed at the CW before stubble application. While

Fig. 2. Evolution of denitrification in the biostimulated microcosms. NO3
– (circles joined by a continuous line) and NO2

– (squares joined by a dashed line) measured
in (A) the batch experiments employing different C sources and (B) the experiments testing the effects of temperature and lifespan of the stubble.
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NO3
– was not significantly reduced during the two sampling campaigns

performed at a ~5.5 L/s flow rate (June and September 2017), a slight
attenuation (from 1.3 to 0.8 mM) occurred under operation at ~ 2.5 L/s
(September 2017) (Fig. 4A). In all samples, NO2

– was below the de-
tection limit and NH4

+ was below 0.01mM, suggesting that NO3
– had

been either transformed to gaseous N products through denitrification
or assimilated by plants or microorganisms (Supporting information
(Table S5)). Whereas no increase in δ15N-NO3

– nor δ18O-NO3
– was

observed in the samples collected during the first campaign at ~ 5.5 L/s
(June 14, 2017), an increase was observed at the middle section of the
CW (H3) during the second survey at ~5.5 L/s (September 5, 2017). In
this latter campaign, the inlet (H1) presented δ15N-NO3

– and δ18O-NO3
–

values of+11.6‰ and+8.7‰, respectively, which increased at the
middle point (H3) up to+19.2‰ and+18.2‰, respectively, and de-
creased at the outlet (H6) to+9.6‰ and+7.1‰, respectively
(Fig. 4B). A proposed explanation is that the occurrence of preferential
flows within the wetland (e.g., heterogeneous flow rate between surface
and bottom water or between lateral and central water) could have led
to an increased hydraulic retention time and/or stagnant water at the

H3 sampling site. In the campaign performed at a ~ 2.5 L/s flow rate
(September 12, 2017), the decrease in NO3

– concentration was coupled
to increases in δ15N-NO3

– and δ18O-NO3
– from the inlet (+7.0‰

and+ 4.7‰, respectively, at H1) to the outlet (+17.1‰
and+ 13.0‰, respectively, at H6) of the CW (Fig. 4B). The slope of the
relation between δ18O-NO3

– and δ15N-NO3
– for the samples collected in

these three campaigns was 0.8 (r2= 0.91) (Fig. 4B), which is indicative
of denitrification activity (Aravena and Robertson, 1998). These results
are in agreement with previous results reporting the occurrence of
denitrification in CWs even in the presence of dissolved O2 (Sirivedhin
and Gray, 2006). The intrinsic denitrification activity in the CW did not
support complete denitrification, likely due to the low NPDOC content
of the water (0.4–0.6mM). Therefore, it was decided to evaluate the
feasibility of adding an external electron donor source to promote NO3

–

attenuation when operating at a ~16 L/s flow rate.

3.6. Performance of the CW after application of stubble

Application of stubble in autumn (September 25, 2017) induced
denitrification in the CW approximately 2 d after the application
(Fig. 5B). Denitrification was almost complete at the outlet (H6) by 14 d
following the application (0.2 mM NO3

– remaining of the initial
1.4–1.7mM) (Fig. 5A). In the two sampling campaigns, NO2

– accumu-
lated beginning at H2 and reached a concentration of 0.2mM by the
outlet (H6) by 7 d after treatment, but decreased to 0.1mM by 14 d.
Such a decrease in NO2

– accumulation over time has been previously
observed in laboratory experiments and other denitrification studies
(Carrey et al., 2014; Margalef-Marti et al., 2019; Vidal-Gavilan et al.,
2013). The maximum NH4

+ concentration of 0.02mM was measured at
H3 after 7 d, while it decreased by the outlet (H6) to 0.01mM in both
campaigns, pointing to a non-significant contribution of DNRA. Due to

Fig. 3. NO3
–-O and NO3

–-N isotopic fractionation throughout denitrification in the biostimulated microcosms. Results from the batch experiments testing (A, B)
different C sources and (C, D) the effects of temperature and lifespan of the stubble.

Table 4
Calculated ε values from the laboratory microcosms. ε18ONO3/N2, ε15NNO3/N2,
and ε15NNO3/N2/ε18ONO3/N2 for each condition tested at laboratory-scale.

Experiment ε18ONO3/N2 ε15NNO3/N2 ε15N/ε18O

Compost 24 °C −12.6 −10.5 0.8
Hay 24 °C −18.0 −31.9 1.8
Stubble 24 °C −28.3 –23.3 0.8
Stubble 16 °C −30.4 −28.3 0.9
Stubble 8 °C −9.7 −15.7 1.6
Decomposed stubble 24 °C −21.2 –22.5 1.1
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the application of stubble, the outlet flow rate decreased until the
system became partially blocked, leaving the monitoring probes ex-
posed to the air. When the problem was solved (October 17, 2017) and
the outlet flow was stabilized at approximately 16 L/s, the NO3

– con-
centration monitored at the outlet showed fluctuations, pointing to a
slight denitrification activity until October 24, 2017 (Fig. 5C). Thus, the
lifetime of the treatment in autumn (recorded temperatures in October
2017 ranged from 10.3 °C to 20.4 °C, averaging 16.0 °C) was estimated
to be between 2weeks and 1month.

Application of stubble in spring (May 5, 2018) also induced deni-
trification and underwent a shorter acclimation time (1 d) with respect
to the first application, likely due to faster acclimation by the pre-
viously stimulated bacterial community (Fig. 6A). By 7 d after the
stubble application, the NO3

– concentration at the outlet (H6) was
0.2 mM, and denitrification was complete after 14 d. The NO3

– con-
centration in the outlet then began to increase progressively until
reaching a level similar to that at the inlet by approximately 100 d after
treatment (Fig. 6B). A lower NO3

– concentration measured in H3 during
the last sampling campaign (+161 d) was attributed to stagnant water
near the sampling point due to the accumulation of partially decom-
posed stubble. Thus, the treatment in spring-summer (temperatures
recorded from May to October 2018 presented monthly minimums from
9.6 to 19.9 °C, monthly maximums from 20.0 to 28.4 °C, and monthly
averages from 15.8 to 24.6 °C) induced significant denitrification for
approximately three months, which is three times longer than that in-
duced by the treatment in autumn. The NO3

– concentration decrease at
the outlet compared to inlet during these three months ranged from 0.1
to 1.5 mM (highest attenuation corresponded to the first month after
stubble application). All the monitored NO3

– concentrations at the inlet
and outlet of the CW during this study period are presented in the
Supporting Information Figure S1. The increased efficiency of the
treatment in spring-summer compared to that of the treatment in au-
tumn is in accordance with laboratory results (incubation at 8, 16, and
24 °C) and with previous wetland studies reporting increased deni-
trification rates at higher temperatures (Bachand and Horne, 1999;
Christensen and Srensen, 1986; Si et al., 2018). The faster acclimation
by the previously stimulated bacterial community could have been also
responsible for this increased attenuation activity.

After the second stubble application, 0.1 mM of NO2
– was detected

at the outlet (H6) for 63 d. Afterwards, it was no longer detected (ex-
cept at the aforementioned point H3 where water stagnated), con-
firming a decreased NO2

– accumulation with time as observed during
the previous treatment period. The maximum NH4

+ concentration

detected, 0.3mM, was recorded at H4 7 d after application, while at the
outlet (H6), the concentration was 0.05mM. At 14 d and one month
after application, NH4

+ at the outlet decreased to 0.02mM and
0.01mM, respectively. These results suggest that transient DNRA ac-
tivity could have arisen between H2 and H4 following the stubble ap-
plication. NO3

− is reduced to NH4
+ through DNRA, depending on

parameters such as microbial growth rate, NO2
– accumulation, and the

C:N ratio (Kraft et al., 2014). It is generally accepted that DNRA is fa-
vored at high C:N ratios, when NO3

– is limited (rather than the electron
donor being limited), or when high NO3

– levels inhibit NO2
– reductase

(Giles et al., 2012; Kelso et al., 1997). This hypothesis is consistent with
the higher degree of NH4

+ accumulation observed in laboratory ex-
periments compared to that observed in the field, since higher C:N ra-
tios with a more homogeneous distribution were found in the batch
experiments. It is also necessary to account for the possible input of N
from the applied stubble. NO2

– and NH4
+ have a lower threshold for

human consumption (0.01 and 0.03mM, respectively) with respect to
that of NO3

– (0.8 mM) (98/83/EC, 1998). However, since NH4
+ accu-

mulation decreased before the outlet and fell to insignificant levels by
14 d after treatment, and the NO2

– accumulation also decreased over
time, stubble was considered effective in removing N compounds from
agricultural runoff water.

A few authors have previously attempted to calculate the deni-
trification efficiency in CWs by means of isotopic assessment, but using
ε values available in the literature and only for N-NO3

– (Lund et al.,
1999; Søvik and Mørkved, 2008). The ε15NNO3/N2 and ε18ONO3/N2 va-
lues obtained from our lab-scale experiments in which fresh stubble was
incubated at 24 and 16 °C, and partially decomposed stubble was in-
cubated at 24 °C, were used to calculate three denitrification % lines
(Eq. (2), derived from Eq. (1)) that were plotted on a graph of δ18O-
NO3

– versus δ15N-NO3
– along with the isotopic results for the CW

samples (Fig. 7). These three laboratory conditions encompass the
average temperatures recorded during the biostimulation periods tested
at the CW. The slope of δ18O-NO3

– versus δ15N-NO3
– for the field

samples collected after the biostimulation treatment was 1.0
(r2= 0.98) (Fig. 7), which is slightly higher than that obtained for the
intrinsic denitrification before the stubble addition (0.8 (r2= 0.91)),
which is likely due to the use of a different C source and the promotion
of a different bacterial community. Also, the slope obtained after the
biostimulation (1.0) was similar to the slopes obtained in the lab-scale
experiments using partially decomposed stubble incubated at 24 °C
(0.9) and those using fresh stubble incubated at 24 and 16 °C (1.25 and
1.1, respectively). This is consistent with the temperatures registered in

Fig. 4. NO3
– attenuation in the CW before the application of stubble. Black circles depict the sampling campaigns performed at a ~5.5 L/s flow rate (full symbols for

the campaign of June 14, 2017 and empty symbols for that of September 5, 2017), and grey circles depict the sampling campaigns performed at a ~2.5 L/s flow rate
(September 12, 2017). (A) NO3

– concentration along the CW flow direction, where dashed lines represent the range of NO3
– concentrations measured at the inlet of

the CW throughout the study period. (B) Isotopic characterization including the regression line, where the dashed square represents the range of isotopic compo-
sitions measured at the inlet of the CW throughout the study period.
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the area throughout the test period, and with the stubble being in
contact with water. This similarity between the field-scale and lab-scale
slopes, together with the observed isotopic fractionation in the CW
suggested that plant uptake did not likely contribute significantly to the
NO3

– removal.
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The results showed that at least 60% of NO3
– attenuation was

Fig. 5. NO3
– attenuation in the CW after the first application of stubble in

autumn. (A) NO3
– concentration along the CW, where dashed lines represent

the range of NO3
– concentrations measured at the inlet of the CW throughout

the study period. Full symbols depict the sampling campaign conducted on
October 2, 2017, and empty symbols depict that conducted on October 10,
2017 (seven and fourteen days after the application of the stubble, respec-
tively). (B, C) NO3

– concentrations monitored at the inlet (black) and outlet
(grey) in the days before and after the sampling campaigns, respectively.

Fig. 6. NO3
– attenuation in the CW after the second application of stubble in

spring. (A) NO3
– concentrations monitored at the inlet (black) and outlet (grey)

of the CW throughout the first days of treatment. (B) NO3
– concentrations along

the CW flow direction, for each sampling campaign. Dashed lines represent the
range of NO3

– concentrations measured at the inlet of the CW throughout the
study period. The 7 sampling campaigns performed throughout the 100 days
after stubble application are represented by shades of grey (from darker to
lighter as time progressed), with the last represented by the empty symbols. The
campaign performed before application is represented by asterisks.
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Fig. 7. Denitrification efficiency in the CW determined from the laboratory-
obtained ε values. Isotopic values obtained from the samples collected at the
CW, including the regression line (black). The three denitrification % lines
(grey) presented correspond to the three conditions tested in the laboratory that
were closest to the CW conditions throughout the field-scale test.

R. Margalef-Marti, et al. Journal of Hydrology 578 (2019) 124035

8



achieved in the CW due to the induced denitrification, although this
value was obtained from the less-favorable situation (where the deni-
trification % was calculated from the experiments using stubble in-
cubated at 24 °C). If the denitrification % is instead calculated based on
the experiment using partially decomposed stubble incubated at 24 °C,
which presents the slope most similar to that of the field samples (0.9
compared to 1.0), then denitrification accounted for a 70% NO3

– re-
moval. The largest contribution of denitrification, as determined by
isotopic data, was observed in the outlet samples (H6) taken 7 and 14 d
after the first stubble application, and 7 d after the second stubble
application. By 14 d after the second stubble application, NO3

– con-
centration in some samples was below the level required for the isotopic
analysis. Therefore, the induced denitrification allowed a NO3

– at-
tenuation close to 100%. After two weeks of treatment, the contribution
of the induced denitrification at the outlet (H6) began to decrease, from
30% in June 2018 to 5% in September 2018, and slightly increased to
20% by the last survey in October 2018. Considering an average flow
rate of 16 L/s (the application of stubble led to fluctuations in the flow
rate due to partial blockages at some points caused by stubble accu-
mulation) and these results, in the studied CW, at least 80 kg of NO3

–

were removed per day over the first two weeks after the stubble ap-
plication in May 2018 and 30 kg/d were removed from 14 to 63 d after
the supply, after which time the removal decreased. A comparison be-
tween the denitrification percentages calculated using chemical and
isotopic data revealed that using concentration values always resulted
in a higher value. Since the contribution calculated from the isotopic
data was considered to be linked to NO3

– attenuation due to deni-
trification, the difference could be due to a decrease in NO3

– con-
centration provoked by dilution due to precipitation, or the contribu-
tion of plant uptake to NO3

– attenuation.

3.7. Effect and evolution of NPDOC in the CW

Since the amount of organic C released from the CW to the Lerma
gully, and from there to the Arba River was a matter of concern, the
NPDOC concentration in the field samples were measured. Only the
results obtained from the second stubble application are discussed (the
first application gave similar results). The NPDOC concentration at the
outlet increased with respect to the background values by 7 d after
application, and the increased level was maintained for 14 d in total
(Fig. 8). The increase began at H3, reached a maximum between H4 and
H5 (1.6–1.7 mM), and decreased to approximately 1.0–1.1mM by the
outlet (H6), indicating a release of organic C to the gully (background
NPDOC concentrations ranged from 0.5 to 0.8 mM). Because the gully
contained NO3

–-polluted water, it was considered that the surplus or-
ganic C could lead to NO3

– attenuation downstream. The high NPDOC
concentration detected between H3 and H5 could have provoked a

decrease in water quality within the CW due to the promotion of pro-
cesses such as DNRA (previously discussed) and bacterial SO4

2- reduc-
tion (BSR), through which NH4

+ and H2S are produced, respectively.
Although BSR is usually induced when NO3

– is completely removed
from the environment, the coexistence of denitrification and BSR in the
presence of an abundance of an electron donor has also been demon-
strated (Laverman et al., 2012). The isotopic characterization of SO4

2-

can provide information to assess its transformation processes because
the decrease in SO4

2- concentration is coupled to increases in δ34S-SO4
2-

and δ18O-SO4
2- through the BSR (Strebel et al., 1990). Correlation be-

tween SO4
2- concentration and isotopic composition was not identified

in the samples collected at the CW, suggesting that BSR was not oc-
curring in the CW. Therefore, the possibility of a decrease in water
quality in the CW due to H2S production as a result of excess organic C
was discarded.

3.8. Suitability of the strategy and future improvements

The remediation strategy tested in the CW allowed the induction of
the removal of NO3

– from agricultural runoff water. The NO3
– at-

tenuation was primarily related to denitrification. Previous studies also
found that denitrification was an important N sink in CWs in compar-
ison to plant uptake (Lin et al., 2002; Soana et al., 2017). It has to be
considered that denitrification can only be considered a N sink if in-
termediate products such as NO2

– or N2O are not accumulated during
the NO3

– reduction. The added stubble could have enhanced deni-
trification not only by increasing the organic C content of the water but
also by inhibiting O2 production through photosynthesis by shading the
water column, as previously hypothesized by Jacobs and Harrison
(2014) for floating vegetation in CWs. However, the denitrification
efficiency was limited. The most likely explanation involves the high O2

content of the inlet water (near saturation, approximately 0.28 and
0.34mM in summer and winter, respectively) (Merchán et al., 2014)
and the vast surface available for O2 diffusion. Other parameters that
could have also contributed to the limited denitrification efficiency
include the high water flow rate tested in the CW (~16 L/s), and the
possible generation of preferential flows within the CW (e.g., due to
stubble accumulation in some points) that could led to a low degree of
interaction between water and stubble.

Although application of solid residues such as maize stubble in
surface flow CWs might have advantages over the application of liquid
organic C sources, which face the problems of greater loss by bacterial
oxidation (Lin et al., 2002) and greater release with the water flow, new
strategies for increasing the lifespan and efficacy of the induced deni-
trification must be investigated. In addition, increased intrinsic deni-
trification capacity of the CW is expected after plant growth covers the
entire surface. Previous studies have reported increased denitrification
activity in vegetated CWs relative to the levels in non-vegetated systems
(Lin et al., 2002; Soana et al., 2017), with efficacy varying among plants
of different species or age (Lin et al., 2002; Lund et al., 1999). The
organic C pool released after plant senescence has also been demon-
strated to increase the bacterial activity, as this C can also be used as
electron donor (Peralta et al., 2012; Soana et al., 2017). In this direc-
tion, Kang et al. (2018) proposed the use of plants whose growth season
is winter. Therefore, the organic C supply from senescence would occur
throughout the summer months, when temperatures are higher and
more appropriate conditions are established for the promotion of sig-
nificant denitrification activity.

N2O production was not assessed in our field-scale tests. At lab-
scale, limited N2O production was observed. However, at field-scale,
higher N2O emissions could occur as a result of denitrification induced
by the stubble addition because the high O2 content of the inlet water
and the free surface water flow might allow more extensive O2 diffusion
in water. Since N2O emissions are detrimental for air quality, the pro-
duction of this greenhouse gas should also be monitored in treatments
aiming to induce denitrification. Isotopic characterization of the N2O

Fig. 8. Dissolved organic C in the CW before and after application of stubble.
NPDOC concentration along the CW flow. The 5 sampling campaigns conducted
within the 63 days after stubble application are presented in shades of grey,
from darkest to lightest as time progressed. The campaign performed before
application is represented by asterisks.
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emitted from a given CW could also provide further information about
the N transformation processes that led to the decrease in NO3

– con-
centration.

4. Conclusions

At laboratory-scale, maize stubble, wheat hay, and animal compost
were able to induce complete denitrification. Stubble was selected for
field-scale application due to its better local availability. In the fol-
lowing incubations, stubble sampled from the CW 7.5months after its
application was still able to support complete NO3

– attenuation.
Complete NO3

– attenuation was achieved over the temperature range of
8 to 24 °C, although lower temperatures resulted in lower reduction
rates. The ε15NNO3/N2 and ε18ONO3/N2 values obtained from the la-
boratory experiments allowed evaluation of the performance of the
remediation strategy at the CW.

Before the application of the stubble, NO3
– attenuation at the CW

(from 1.3 to 0.8 mM) was only observed when the flow was decreased
from approximately 5.5 to 2.5 L/s. The biostimulation in au-
tumn–winter promoted NO3

– attenuation lasting between 2weeks and
one month, while in spring-summer the attenuation capacity remained
for approximately three months (~16 L/s flow rate). The isotopic
characterization of the CW samples indicated that at least 60% of the
initial NO3

– was removed in the CW due to the induced denitrification.
However, since in a few samples NO3

– was below the limit necessary for
isotopic analysis, the contribution could have been higher. The slope of
δ18O-NO3

– versus δ15N-NO3
– obtained in the CW after the stubble ap-

plication (1.0) was close to that obtained in the experiments involving
partially decomposed stubble incubated at 24 °C (1.1). Plant uptake
seemed to play only a minor role in NO3

– attenuation in the CW. The
treatment was considered safe because NO2

– and NH4
+ accumulation

(below 0.2 and 0.1mM, respectively) decreased over time, surplus
NPDOC (below 2.3mM) released from the CW could maintain NO3

–

attenuation downstream, and because the occurrence of BSR was dis-
carded. However, the longevity and effectivity of the treatment were
limited due to the high O2 content of the inlet water, high water flow,
and the possible generation of preferential flows within the CW.
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Supporting Information, section S1: δ13C-DIC results 

The δ13C-DIC results provided information about the transformation of organic C from the waste 

materials to inorganic C (Equation S1). These results are presented in Supporting Information Table 

S2. As DIC concentration increased, the initial δ13C-DIC in water of -13.1 ‰ decreased to -15.5 ‰ 

and -20.0 ‰ in the microcosms containing hay and compost, respectively, but remained unchanged 

in the stubble experiment (Figure S2). The flat trend observed in the experiments with stubble, in 

contrast to the correlations obtained with the experiments employing hay and compost, was attributed 

to the intrinsic δ13C-Cbulk of each material (Table 3). The most significant change in the δ13C-DIC was 

observed for the experiment involving hay, which presented a lower δ13C-Cbulk (-27.8 ‰) compared 

to that of compost (-25.4‰); stubble did not produce any change because its δ13C-Cbulk (-13.6 ‰) is 

close to the δ13C-DIC of water (-13.1 ‰). Hay and stubble presented a different intrinsic δ13C-Cbulk as 

they are classified as C4 and C3 plants, respectively (Leary, 1988). An isotopic fractionation effect 

derived from the bacterial C metabolism did not seem to be significant under the tested 

conditions. These results show that the δ13C-DIC analysis can be applied to assess the 

efficiency of biostimulation strategies at field-scale when C sources with an intrinsic δ13C-

Cbulk differing from the δ13C-DIC of water (such as C4 plant materials) are used.  

 

5 CH2O + 4 NO3
- + 4 H+  2 N2 + 5 CO2 + 7 H2O                                                     

Equation S1 

 

 

References: 

Leary, M.H.O., 1988. Carbon Isotopes in Photosynthesis. Bioscience 38, 328–336. 
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Table S1. Precipitation and temperature records. Data collected from a meteorological station 

near the CW (coordinates X = 649168.18 and Y = 4662201.55). 

Month 
Precipitation  

(mm) 
Average 

temperature (ºC) 
Minimum 

temperature (ºC) 
Maximum 

temperature (ºC) 

June-17 80.2 23.2 13.2 30.2 
July-17 46.6 23.6 15.1 28.3 

August-17 79.4 23.2 16.5 29.1 
September-17 47.2 17.6 12.5 23.3 

October-17 11.1 16.0 10.3 20.4 
November-17 13.1 8.6 2.5 15.3 
December-17 17.3 5.1 0.3 9.4 
January-18 64.5 6.8 2.0 12.7 
February-18 37.6 4.9 0.9 10.0 

March-18 82.8 8.5 3.8 12.3 
April-18 173.9 12.8 5.8 16.8 
May-18 54.7 15.8 9.6 20.0 
June-18 17.3 20.9 15.8 26.2 
July-18 44.2 24.6 19.9 28.4 

August-18 4.4 23.8 19.1 28.2 
September-18 19.7 21.2 15.9 23.9 

October-18 0.0 16.3 13.1 18.8 

 

 

 

Table S2. Standards for isotopic analysis. International and laboratory (CCiT) standards used 

for normalization of the results. 

Analysis Standards 

δ15N-NO3
- USGS-32, USGS-34, USGS-35 and CCiT-IWS (δ15N = +16.9 ‰) 

δ18O-NO3
- USGS-32, USGS-34, USGS-35 and CCiT-IWS (δ18O = +28.5 ‰) 

δ15N-Nbulk USGS-40, IAEA-N1, IAEA-NO3, IAEA-N2 

δ13C-Cbulk USGS-40, IAEA-CH7, IAEA-CH6 

δ13C-DIC CCiT-NaHCO3 (δ13C = -4.4 ‰), CCiT-NaKHCO3 (δ13C = -18.7 ‰) and CCiT-
KHCO3 (δ13C = +29.2 ‰) 

δ34S-SO4
2- NBS-127, SO5, SO6 and CCiT-YCEM (δ34S = +12.8 ‰) 

δ18O-SO4
2- NBS-127, SO6, USGS-34, CCiT-YCEM (δ18O = +17.6 ‰) and CCiT-ACID 

(δ18O = +13.2 ‰) 
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Table S3. Batch experiments results. N and C compounds concentration and isotopic 

composition. NH4
+ in the DS-24 experiment was analyzed by ion selective electrode while in the 

others by spectrophotometry. * % of initial NO3
-–N found as N2O-N, n.d. = non determined. 

Code Hour 
NO3

- 

(mM) 
NO2

- 

(mM) 
NH4

+ 

(mM) 
N2O 

(nmol) 
N2O 
(%)* 

NPDOC 
(mM) 

DIC 
(mM) 

δ15N-NO3
- 

(‰) 
δ18O-NO3

- 

(‰) 
δ13C-DIC 

(‰) 

CW water 0.0 2.1 0.0 0.0 n.d. n.d. 0.5 6.9 6.4 4.9 -13.1 

C-24-1 14.0 2.0 0.0 0.1 n.d. n.d. 10.2 7.1 4.6 5.7 -13.5 

C-24-2 14.5 1.9 0.1 0.1 n.d. n.d. n.d. n.d. 6.7 8.5 n.d. 

C-24-3 20.0 1.8 0.3 0.1 n.d. n.d. 9.0 7.1 9.3 10.6 -14.0 

C-24-4 21.5 1.6 0.3 0.1 n.d. n.d. n.d. n.d. 11.6 13.8 n.d. 

C-24-5 24.5 1.5 0.4 0.1 n.d. n.d. 10.6 7.5 13.1 15.2 -14.1 

C-24-6 38.0 0.9 0.7 0.1 n.d. n.d. 8.8 7.6 17.0 22.6 -14.7 

C-24-7 62.0 0.5 0.3 0.1 n.d. n.d. n.d. n.d. 21.2 28.9 n.d. 

C-24-8 89.0 0.3 0.1 n.d. n.d. n.d. 5.3 8.8 24.5 30.0 -15.5 

C-24-9 94.0 0.2 0.1 n.d. n.d. n.d. n.d. n.d. 36.4 41.0 n.d. 

C-24-10 96.0 0.0 0.0 n.d. n.d. n.d. 7.8 n.d. n.d. n.d. n.d. 

C-24-blank 188.0 0.0 0.0 n.d. n.d. n.d. 14.3 n.d. n.d. n.d. n.d. 

H-24-1 13.8 2.1 0.1 0.1 n.d. n.d. 14.7 n.d. 10.3 9.5 -18.3 

H-24-2 15.0 1.8 0.3 0.1 n.d. n.d. 13.4 9.1 15.2 12.7 -18.3 

H-24-3 15.5 1.7 0.6 n.d. n.d. n.d. n.d. n.d. 12.3 5.8 n.d. 

H-24-4 15.8 1.9 0.5 n.d. n.d. n.d. n.d. n.d. 12.4 6.3 n.d. 

H-24-5 17.8 1.2 0.8 0.0 n.d. n.d. 11.8 n.d. 34.5 25.1 -17.7 

H-24-6 18.0 1.5 1.0 n.d. n.d. n.d. n.d. n.d. 23.3 15.9 n.d. 

H-24-7 20.0 0.8 1.5 n.d. n.d. n.d. n.d. n.d. 37.0 20.7 n.d. 

H-24-8 22.5 0.0 1.2 0.0 n.d. n.d. 12.5 8.6 n.d. n.d. -19.2 

H-24-9 38.5 0.0 0.0 0.2 n.d. n.d. 14.7 9.9 n.d. n.d. -20.0 

H-24-blank-1 4.0 0.1 0.0 0.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

H-24-blank-2 38.5 0.0 0.0 n.d. n.d. n.d. 16.9 1.8 n.d. n.d. n.d. 

S-24-1 13.0 2.2 0.0 0.2 n.d. n.d. 14.7 9.9 7.8 8.0 -13.0 

S-24-2 13.3 2.1 0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. -11.4 

S-24-3 14.0 1.8 0.3 n.d. n.d. n.d. 15.7 7.3 11.9 10.3 -11.6 

S-24-4 14.8 1.7 0.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

S-24-5 15.5 1.8 0.3 0.3 n.d. n.d. 18.2 7.4 17.2 17.5 -12.0 

S-24-6 17.5 0.3 1.3 n.d. n.d. n.d. 13.2 n.d. 59.4 60.8 n.d. 

S-24-7 18.5 0.3 1.3 0.1 n.d. n.d. n.d. n.d. 61.1 73.8 n.d. 

S-24-8 19.5 0.2 1.4 n.d. n.d. n.d. n.d. n.d. 62.0 76.1 n.d. 

S-24-9 21.0 0.0 1.4 0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

S-24-10 22.3 0.0 1.5 n.d. n.d. n.d. 15.9 8.0 n.d. n.d. -11.2 

S-24-11 23.8 0.0 1.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

S-24-12 38.5 0.0 0.0 1.0 n.d. n.d. 18.5 8.7 n.d. n.d. -10.5 

S-24-blank-1 38.5 0.1 0.0 0.0 n.d. n.d. 27.3 n.d. n.d. n.d. n.d. 

CW water 0.0 1.9 0.0 n.d. n.d. n.d. n.d. n.d. 5.9 8.0 n.d. 

S-16-1 25.0 1.8 0.2 n.d. 0.8 0.001 n.d. n.d. 17.4 14.3 n.d. 

S-16-2 27.0 1.3 0.1 n.d. 0.6 0.001 n.d. n.d. 20.5 20.5 n.d. 

S-16-3 30.0 1.0 0.5 n.d. n.d. n.d. n.d. n.d. 28.7 29.8 n.d. 
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Table S3. Continued. 

Code Hour 
NO3

- 

(mM) 
NO2

- 

(mM) 
NH4

+ 

(mM) 
N2O 

(nmol) 
N2O 
(%)* 

NPDOC 
(mM) 

DIC 
(mM) 

δ15N-NO3
- 

(‰) 
δ18O-NO3

- 

(‰) 
δ13C-DIC 

(‰) 

CW water 0.0 2.1 0.0 0.0 n.d. n.d. 0.5 6.9 6.4 4.9 -13.1 

S-16-4 32.0 0.6 0.8 n.d. 2.5 0.002 n.d. n.d. 46.2 39.7 n.d. 

S-16-5 34.0 0.3 1.2 n.d. n.d. n.d. n.d. n.d. 62.1 68.6 n.d. 

S-16-6 39.0 0.0 1.7 n.d. 8.7 0.009 n.d. n.d. n.d. n.d. n.d. 

S-16-7 42.0 0.0 1.8 n.d. 1.9 0.002 n.d. n.d. n.d. n.d. n.d. 

S-16-8 46.0 0.0 0.7 n.d. 0.4 0.000 n.d. n.d. n.d. n.d. n.d. 

S-16-9 50.0 0.0 0.8 n.d. 1.1 0.001 n.d. n.d. n.d. n.d. n.d. 

S-16-10 64.0 0.0 0.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

S-8'-1 66.0 1.6 0.0 n.d. n.d. n.d. n.d. n.d. 9.0 10.1 n.d. 

S-8'-2 99.0 1.3 0.3 n.d. n.d. n.d. n.d. n.d. 13.6 13.0 n.d. 

S-8'-3 114.0 0.9 0.3 n.d. n.d. n.d. n.d. n.d. 16.4 15.7 n.d. 

S-8-1 66.0 1.7 0.1 n.d. 1.5 0.001 n.d. n.d. 15.0 17.4 n.d. 

S-8-2 75.0 1.2 0.2 n.d. 1.8 0.002 n.d. n.d. 22.9 n.d. n.d. 

S-8-3 90.0 0.7 0.6 n.d. 2.0 0.002 n.d. n.d. 24.3 20.6 n.d. 

S-8-4 99.0 0.0 1.2 n.d. 5.1 0.005 n.d. n.d. n.d. n.d. n.d. 

S-8-5 114.0 0.0 0.9 n.d. 2.8 0.003 n.d. n.d. n.d. n.d. n.d. 

S-8-6 123.0 0.0 0.7 n.d. 0.0 0.000 n.d. n.d. n.d. n.d. n.d. 

S-8-7 138.0 0.0 0.7 n.d. 3.4 0.003 n.d. n.d. n.d. n.d. n.d. 

S-8-8 147.0 0.0 0.0 n.d. 0.6 0.001 n.d. n.d. n.d. n.d. n.d. 

CW water 0.0 1.4 0.0 n.d. n.d. n.d. 0.5 n.d. 14.5 13.4 n.d. 

DS-24-1 3.5 1.4 0.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

DS-24-2 5.5 1.3 0.1 0.1 n.d. n.d. 2.2 n.d. 13.5 12.8 n.d. 

DS-24-3 6.0 0.6 0.1 0.0 2.9 0.003 1.7 n.d. 25.2 23.9 n.d. 

DS-24-4 7.5 0.8 0.3 n.d. n.d. n.d. n.d. n.d. 21.5 19.3 n.d. 

DS-24-5 9.0 0.2 0.5 n.d. 1.6 0.002 1.9 n.d. 53.1 55.0 n.d. 

DS-24-6 9.5 0.0 0.7 1.3 n.d. n.d. 2.5 n.d. n.d. n.d. n.d. 

DS-24-7 10.5 0.6 0.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

DS-24-8 11.0 0.9 0.8 n.d. 5.4 0.005 n.d. n.d. 26.7 28.6 n.d. 

DS-24-9 12.5 0.0 0.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

DS-24-10 13.3 0.6 0.5 1.0 n.d. n.d. n.d. n.d. 28.1 27.6 n.d. 

DS-24-11 14.0 0.0 0.5 n.d. n.d. n.d. 1.7 n.d. n.d. n.d. n.d. 

DS-24-12 15.0 0.0 0.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

DS-24-13 17.0 0.6 0.5 n.d. 15.1 0.015 n.d. n.d. 33.3 24.2 n.d. 

DS-24-14 17.0 0.4 0.6 0.9 11.7 0.012 n.d. n.d. 44.3 43.6 n.d. 

DS-24-15 20.0 0.0 0.4 0.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

DS-24-16 20.3 0.1 0.5 n.d. 12.7 0.013 n.d. n.d. 78.5 70.7 n.d. 

DS-24-17 22.0 0.0 0.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

DS-24-18 23.0 0.0 0.0 0.5 n.d. n.d. 8.8 n.d. n.d. n.d. n.d. 

DS-24-19 24.0 0.0 0.2 n.d. n.d. n.d. 1.7 n.d. n.d. n.d. n.d. 
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• Laboratory calculated ε15N and ε18O
allowed estimating field-scale denitrifi-
cation.

• The induced nitrate reduction at the
pilot-plant was higher than 50%.

• Lower δ18O-NO3
− values at field com-

pared to laboratory suggested NO2
− re-

oxidation.
• Denitrified and non-denitrified water
mixing at the EW was proven
isotopically.
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In the framework of the Life+ InSiTrate project, a pilot-plant was established to demonstrate the viability of in-
ducing in-situ heterotrophic denitrification to remediate nitrate (NO3

−)-polluted groundwater. Two injection
wells supplied acetic acid by pulses to an alluvial aquifer for 22 months. The monitoring was performed by reg-
ular sampling at three piezometers and twowells located downstream. In the presentwork, the pilot-plantmon-
itoring samples were used to test the usefulness of the isotopic tools to evaluate the efficiency of the treatment.
The laboratory microcosm experiments determined an isotopic fractionation (ε) for N-NO3

− of−12.6‰ and for
O-NO3

− of−13.3‰. These ε15NNO3/N2 and ε18ONO3/N2 values weremodelled by using a Rayleigh distillation equa-
tion to estimate the percentage of the induced denitrification at the pilot-plantwhile avoiding a possible interfer-
ence from dilution due to non-polluted water inputs. In some of the field samples, the induced NO3

− reduction
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was higher than 50% with respect to the background concentration. The field samples showed a reduced slope
between δ18O-NO3

− and δ15N-NO3
− (0.7) compared to the laboratory experiments (1.1). This finding was attrib-

uted to the reoxidation of NO2
− to NO3

− during the treatment. The NO3
− isotopic characterization also permitted

the recognition of a mixture between the denitrified and partially or non-denitrified groundwater in one of the
sampling points. Therefore, the isotopic tools demonstrated usefulness in assessing the implementation of the
field-scale induced denitrification strategy.

© 2019 Elsevier B.V. All rights reserved.
Electron donor
Groundwater
Isotopic fractionation
Pilot-plant
Remediation
1. Introduction

The scope of the anthropogenic disturbance of the nitrogen (N) cycle
is conspicuous. Nitrate (NO3

−) pollution is a current concern, as it has
been related to ecological and human health disorders (Vitousek et al.,
1997; Ward et al., 2005), and its presence in the groundwater is still in-
creasingly large in many countries. The main sources of groundwater
NO3

− are linked to intensive use of synthetic and organic fertilizers and
septic system leakage (Vitòria et al., 2008; Wassenaar, 1995). Some of
the European directives that have arisen to mitigate the NO3

− pollution
(e.g., (2000/60/EC, 2000; 2006/118/EC, 2006; 91/676/EEC, 1991))
have focused on reducing the N inputs into the soil. However, due to
the long residence time of N in the soil organicmatter pool, the outcome
of the agricultural management practices influencing the NO3

− loading
to the hydrosphere may be delayed for more than three decades
(Sebilo et al., 2013). Therefore, water treatment is required to avoid
the NO3

− contamination impacts.
Denitrification has been shown to occur intrinsically throughout

many environments, including aquifers, due to the ubiquity of the
denitrifying microorganisms (Kraft et al., 2011; Philippot et al., 2007;
Richardson and Watmough, 1999). While oxidizing an electron donor,
these microorganisms are able to reduce NO3

− (electron acceptor) to
gaseous N2 through a series of enzyme-mediated reactions: NO3

−

→NO2
−→NO→N2O→N2 (Knowles, 1982). Themandatory conditions,

such as electron acceptor availability and low oxygen concentration, are
commonly encountered in the contaminated aquifers, but the electron
donor presence is usually a limiting factor (Rivett et al., 2008). Hence,
one of the feasible treatments for NO3

− removal involves inducing in-
situ heterotrophic denitrification by supplying an organic carbon
(C) source as an external electron donor. The specific organic C com-
pound employed and its supply strategy plays a critical role in the
resulting execution efficiency. Among other parameters, this compound
influences the NO3

− reduction rates and the by-product accumulation
(Hallin and Pell, 1998; Wilderer et al., 1987), which is undesirable,
given that intermediates, such as nitrite (NO2

−) or nitrous oxide (N2O),
could be even more harmful than NO3

− itself (Badr and Probert, 1993;
De Beer et al., 1997; Rivett et al., 2008). Therefore, the remediation ap-
proach must avoid pollution swapping to ensure the safety of the treat-
ment. Several strategies to induce the heterotrophic denitrification have
already been implemented at the field-scale (e.g., by ethanol or formate
injection (Borden et al., 2012; Smith et al., 2001)). Over the treatment
period, it is crucial to control the induced NO3

− reduction efficiency.
Chemical and isotopic characterization has been applied to calculate

the efficiency of thefield-scale bioremediation strategies (Vidal-Gavilan
et al., 2013), as well as to trace the natural NO3

− transformation pro-
cesses (Aravena and Robertson, 1998; Otero et al., 2009). In the course
of denitrification, the unreacted residual NO3

− becomes enriched in the
heavy isotopes 15N and 18O (Aravena and Robertson, 1998; Böttcher
et al., 1990; Mariotti et al., 1981), distinguishing the biological attenua-
tion from other processes, such as dilution due to non-polluted water
inputs (e.g., from rainfall), that could also lead to a concentration de-
crease without influencing the isotopic signature. The isotopic fraction-
ation of N and O from dissolved NO3

− (ε15NNO3/N2 and ε18ONO3/N2)
determined at laboratory-scale, in denitrification experiments per-
formed under controlled conditions, can be later applied at field-scale
to estimate the NO3

− attenuation significance during the intrinsic or
induced denitrification (Böttcher et al., 1990; Mariotti et al., 1988).
The isotopic characterization can also be used to determine the exis-
tence of undesired concurring processes, such as sulfate (SO4

2−) reduc-
tion. Similarly to the case of NO3

−, the isotopic composition of S and O
from dissolved SO4

2− allows to identify the occurrence of bacterial
SO4

2− reduction (BSR) by oxidation of an organic C electron donor,
that could occur simultaneously to denitrification (Laverman et al.,
2012; Strebel et al., 1990).

During the last decade, N50% of the wells monitored by the Catalan
Water Agency in the Maresme area (north-east Spain) presented NO3

−

concentrations above 50 mg/L (ACA, 2018), the threshold value set by
the directive (98/83/EC, 1998). Despite the Maresme was designated a
nitrogen vulnerable zone in 1998 and good agricultural practices were
implemented, NO3

− is still exceeding 200 mg/L in a number of wells
(DECRET 136/2009; DECRET 283/1998). In the framework of the Life+
InSiTrate project, a pilot-plant was set up in Sant Andreu de Llavaneres
(Maresme) to produce safe drinkingwater from NO3

−-polluted ground-
water by inducing in-situ denitrification. The present study aims to test
the usefulness of the isotopic tools to determine the denitrification effi-
ciency during a long-term induced attenuation strategy at the pilot-
plant. An intrinsic prior goal is to determine the ε15NNO3/N2 and
ε18ONO3/N2 values at laboratory-scale by using the selected electron
donor, as well as the sediment and groundwater from the polluted allu-
vial aquifer. Afterwards, the suitability of using ε values calculated from
the laboratory-scale assays to evaluate the field-scale denitrification
treatment efficiency will be discussed.

2. Pilot-plant description

The project site is located 10mnearby the San Andreu de Llavaneres
Creek. The pilot plant is placed in an alluvial aquifer, formed by Quater-
nary (Holocene) coarse sand and silt sediments overlying an altered Pa-
leozoic granite formation located at 40 m depth (IGC, 2011). Before the
biostimulation, the area was characterized by means of pumping and
tracing assays. The obtained permeability was between 70 and
100m/d, transmissivity was between 800 and 1000 m2/d and the aver-
age porosity was 0.5. The average aquifer temperature was 20.3 °C (SD
= 1.4). Prior to the treatment, the aquifer showed aerobic conditions
andnaturalNO3

− attenuationwas not observed, discarding the availabil-
ity of electron donors in the aquifer that could promote denitrification
intrinsically. The pilot-plant consisted of two electron donor injection
wells (I1 and I2), one treated water extraction well (EW) at an approx-
imate distance of 30 m from the two injection wells, three monitoring
piezometers (PZ1, PZ2 and PZ3) between the injection and the extrac-
tion wells, and one monitoring well (MW) downstream, located out of
the area affected by the biostimulation (Fig. 1).

The in-situ heterotrophic denitrification stimulation was performed
by adding acetic acid (CH3COOH) as an external electron donor. A vari-
ety of organic C compounds have been tested at the laboratory-scale to
identify suitable electron donor sources (Carrey et al., 2018; Grau-
Martínez et al., 2017; Peng et al., 2007). The CH3COOH was selected
by considering the technical (previous column experiments), environ-
mental (life cycle assessment) and economic criteria (cost assessment)
in the InSiTrate project. The addition of this compound through the in-
jection wells was performed by pulses to avoid a high biomass accumu-
lation that could lead to clogging issues, rather than a continuous supply
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Fig. 1. Pilot-plant scheme. Location, schematicmap and cross-section of the pilot-plant. I1 and I2 are the injection wells; PZ1, PZ2 and PZ3 themonitoring piezometers; EW the extraction
well and MW the monitoring well. I2 is projected on the cross-section. Arrows depict the flow direction when the EW is operating. Natural flow direction is from I1 to MW.
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(Khan and Spalding, 2004). The total biostimulation period was
22 months.
34
70

HCO3
‐

Table 1
Batch experiments set-up. Composition for each microcosm.

Reactor Code Water
source

Water
volume
(mL)

Flask
volume
(mL)

Sediment
(g)

CH3COOH
85% (μL)
3. Methods

3.1. Laboratory experiments

The laboratory batch experiments simulated the aquifer conditions
by using sediment and groundwater from the pilot-plant site. The
groundwater was obtained from the MW and stored at 4 °C, whereas
the sedimentwas obtained from thepiezometer cores and stored frozen
until use.

A total of 13 microcosms were settled by using 250 mL sealed glass
flasks. The biostimulated microcosms (B1 to B10) were performed by
adding CH3COOH to the groundwater and sediment. Three types of con-
trol experiments were also performed. An untreated control (C1), to
discard the intrinsic denitrification activity of the aquifer, contained
groundwater and sediment from the study site with no CH3COOH addi-
tion. Control C2, designed to discard the NO3

− lixiviation from the sedi-
ment, contained MilliQ water and sediment with no CH3COOH
addition. Control C3 contained groundwater andCH3COOHwith no sed-
iment, and was used to assess by comparison the contribution of the
sediment on denitrification with respect to the groundwater. To attain
the microbial stimulation, the CH3COOH was injected at a 6.3C/N ratio
(w/w) according to previous laboratory experiments (data not
shown) and results reported by other authors (Elefsiniotis and Li,
2006; Her andHuang, 1995). Also because this amount is representative
of the CH3COOH expected at the pilot-plant. However, the C/N ratio
might not be totally homogeneous at field-scale due to dilution within
the aquifer. Both at laboratory and field-scale, the total C employed for
the overall NO3

− removal process might be higher than expected from
the stoichiometric C/N ratio (e.g., Eq. (1) proposed by Elefsiniotis and
Li, 2006), as the CH3COOH is also required for the water deoxygenation
by heterotrophic bacteria before using NO3

− as the electron acceptor. A
detailed composition of the microcosms is shown in Table 1.

33
140

NO3
‐ þ 1

4
CH3COO

‐ þ 23
140

H2CO3→
1
28

C5H7O2Nþ 1
10

N2 þ 6
35

H2Oþ
ð1Þ

The head-space was purged with Ar after filling and sealing the
flasks with GL45 caps holding silicone rubber PTFE-protected septa.
All of the microcosms were maintained at 20 °C in the darkness and
with constant vibratory shaking throughout the experiment. The
biostimulatedmicrocosmswere sacrificed by turns at time intervals de-
pending on the denitrification dynamics until a complete NO3

− and NO2
−

removal was achieved. The samples from C3 were regularly obtained
using a 1 mL syringe with a 25 G needle (BD). The control microcosms
were sacrificed at the end of the experiment.

3.2. Field survey

A total of forty-four samples were collected from five points in the
pilot-plant (EW, PZ1, PZ2, PZ3 and MW) in ten sampling campaigns, 9
performed during the twenty-two months of the pilot-plant operation,
and one performed two months after the end of injections. The sam-
pling intervals were established according to the pilot-plant operation
dynamics. In two of the sampling campaigns, two different depths
(top and bottom) were sampled for PZ1 and PZ2 to check differences
in the treatment along the water column. The monitoring wells and pi-
ezometers were purged prior to the sample collection by removing
three well volumes.
Stimulated B1-B10 MW 150 250 20 33
Control 1 C1 MW 150 250 20 0
Control 2 C2 Milli-Q 150 250 20 0
Control 3 C3 MW 300 500 0 66
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3.3. Analyses

Both the field survey and laboratory assays samples were filtered
(0.2 μm Millipore®) immediately when obtained and stored at 4 °C
until analysis, except for aliquots for the isotopic characterization of N
and O from NO3

− that were preserved frozen at−20 °C.
The determined chemical parameters were major anions (NO2

−,
NO3

− and SO4
2−), analyzed by high-performance liquid chromatography

(HPLC) (WATERS 515 pump andWATERS IC-PAK ANIONS columnwith
WATERS 432 and UV/V KONTRON detectors) and ammonium (NH4

+),
analyzed by spectrophotometry (CARY 1E UV–visible) using the indo-
phenol blue method (Bolleter et al., 1961).

The analyzed isotopes were N and O of the dissolved NO3
− (δ15N-

NO3
− and δ18O-NO3

−), and S and O of the dissolved SO4
2− (δ34S-SO4

2−

and δ18O-SO4
2−). The stable isotopes are expressed using delta notation

(δ = ((Rsample-Rstandard)/Rstandard), where R is the ratio between the
heavy and the light isotopes). The considered international standards
were: Atmospheric N2 (AIR) for δ15N, Vienna Standard Mean Oceanic
Water (V-SMOW) for δ18O and Vienna Canyon Diablo Troillite (V-
CDT) for δ34S. The δ15N-NO3

− and δ18O-NO3
− composition was deter-

mined following the cadmium reduction method (McIlvin and Altabet,
2005; Ryabenko et al., 2009). Next, the N2O was analyzed by using a
Pre-Con (Thermo Scientific) coupled to a Finnigan MAT 253 Isotope
Ratio Mass Spectrometer (IRMS, Thermo Scientific). For the SO4

2− isoto-
pic analysis, the dissolved SO4

2− was precipitated as BaSO4 (Dogramaci
et al., 2001). The δ34S-SO4

2− was analyzed with a Carlo Erba Elemental
Analyzer (EA) coupled in a continuous flow to a Finnigan Delta XP
Plus IRMS, whereas the δ18O-SO4

2− was analyzed with a ThermoQuest
high-temperature conversion analyzer (TC/EA) coupled in a continuous
flow with a Finnigan Matt Delta XP Plus IRMS. According to Coplen
(2011), several international and laboratory (CCiT) standards were in-
terspersed among samples for the normalization of the isotopic results.
For the δ15N-NO3

− and δ18O-NO3
− analysis the employed standards were

USGS-32, USGS-34, USGS-35 and CCiT-IWS (δ15N = +16.9‰, δ18O =
+28.5‰); for the δ34S-SO4

2− analyses, NBS-127, IAEA-SO-5, IAEA-SO-
6, and CCiT-YCEM (δ34S = +12.8‰); and for the δ18O-SO4

2− analysis,
NBS-127, CCiT-YCEM (δ18O = +17.6‰) and CCIT-ACID (δ18O =
+13.2‰). The reproducibility (1σ) of the samples, calculated from the
standards systematically interspersed in the analytical batches, was ±
1.0‰ for δ15N-NO3

−, ±1.5‰ for δ18O-NO3
−, ±0.2‰ for δ34S-SO4

2− and
± 0.5‰ for δ18O-SO4

2−.
The chemical and isotopic analyseswere prepared in theMAiMA-UB

research group laboratory and performed at the Centres Científics i
Tecnològics of the Universitat de Barcelona (CCiT-UB).
3.4. Isotope data calculations

In the batch experiments, the isotopic fractionation was calculated
by means of the Rayleigh distillation Eq. (2). Thus, the ε15NNO3/N2 and
ε18ONO3/N2 were obtained from the slope of the linear correlation be-
tween the natural logarithm of the substrate remaining fraction (Ln
(Cresidual/Cinitial), where C refers to the analyte concentration) and the
determined isotope ratios (Ln(Rresidual/Rinitial), where R = δ + 1).

Ln
Rresidual

Rinitial

� �
¼ ε � Ln

Cresidual

Cinitial

� �
ð2Þ

The percentage of NO3
− attenuation caused by denitrification at

field-scale was estimated by using these ε15NNO3/N2 and ε18ONO3/N2 cal-
culated under closed system conditions and Eq. (3), which is derived
from the Rayleigh fractionation model (Eq. (2)). The quantification of
pollutants degradation by using Rayleigh derived equations has been
applied elsewhere (Meckenstock et al., 2004; Otero et al., 2009;
Schmidt et al., 2004; Vidal-Gavilan et al., 2013).

DEN% ¼ 1−
Cresidual
Cinitial

� �� �
� 100 ¼ 1−

Rresidual
Rinitial

� � 1
ε

� �2
664

3
775� 100 ð3Þ

4. Results and discussion

4.1. Laboratory-scale experiments

4.1.1. NO3
− reduction by CH3COOH

The NO3
− and NO2

− lixiviation from the sediment was discarded,
since the concentration of both compounds was below the detection
limit in the C2microcosm (Milli-Qwater + sediment) after 102 h of in-
cubation. The C1microcosm (groundwater+ sediment) showed no de-
pletion of the initial NO3

− concentration, thereby ruling out intrinsic
denitrification activity from the aquifer groundwater or sediment in
the microcosms due to the presence of trace electron donors. Thus,
the observed NO3

− reduction in the biostimulated microcosms (B1-
B10) was considered to be caused by the CH3COOH injection (Fig. 2).
All data obtained from the laboratory-scale experiments is presented
in the Supporting Information Table S1.

The bacterial NO3
− reduction in the biostimulated experiments (B1-

B10) was initiated between 32 and 47 h after the electron donor injec-
tion. The initial lag period was the acclimation time for the establish-
ment of a heterotrophic bacterial community after unfreezing the
sediment and merging it with the groundwater. Also, all of the oxygen
present in the groundwater had to be consumed before using NO3

− as
the electron acceptor. The concentration analysis showed that after
the onset, NO3

− reduction proceeded rapidly until NO3
− was completely

consumed 70 h after biostimulation, yielding an average NO3
− removal

rate of 0.30 mmol/(dm3·day) (calculated for the total length of the ex-
periment including the acclimation period). As the NO3

− concentration
started to decrease, NO2

− progressively accumulated, reaching a
0.26 mMmaximum peak, which is 30% of the initial N-NO3

− concentra-
tion, approximately 50 h after the injection. The transient NO2

− accumu-
lation has beenwidely reported to occur during the laboratory (Calderer
et al., 2010; Carrey et al., 2013; Her and Huang, 1995) and field-scale
(Critchley et al., 2014; Gierczak et al., 2007; Vidal-Gavilan et al., 2013)
denitrification studies. The NO2

− usually accumulates until the bacterial
communities adapt to the new redox conditions caused by the electron
donor addition. One of the reasons is an earlier induction of the NO3

− re-
ductases with respect to the NO2

− reductases (Zumft, 1997 and refer-
ences therein). After 50 h, the NO2

− progressively decreased and was
completely consumed when the NO3

− removal was also accomplished.
The NO3

− reduction and NO2
− accumulation observed can also be pro-

duced by dissimilatory NO3
− reduction to NH4

+ (DNRA). However, the
NH4

+ detected in the microcosms was low (up to 0.04 mM). Therefore,
DNRA did not contribute significantly to the NO3

− concentration de-
crease in the microcosms, pointing out denitrification as the main
reaction.

In the biostimulated microcosm lacking sediment (C3), a complete
NO3

− reduction was also achieved, but the NO2
− accumulation increased

significantly. A 0.76 mM NO2
− peak, which is 86% of the initial N-NO3

−,
was reached after 84 h and decreased rapidly until depletion was com-
plete (Fig. 2). After 95 h, theNO3

− andNO2
− levels were below the detec-

tion limit. The average NO3
− removal rate was 0.22 mmol/(dm3·day),

which is lower than the obtained from the biostimulated microcosms
containing sediment. Although the groundwater alone provided the
needed conditions to achieve a complete denitrification in the
CH3COOH amended microcosms, the sediment increased significantly
the attenuation efficiency. The lowered NO3

− removal rate and the in-
creased magnitude of the NO2

− peak in the microcosms lacking sedi-
ment might be attributed to a diminished initial bacterial content that
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might result in lower and/or different bacterial species growth stimula-
tion. Other reasons could include a buffering effect promoted by the
sediment or the influence of the sediment surface upon reactivity.
4.1.2. Isotopic fractionation calculation
While being progressively reduced, the isotopic composition of the

residual NO3
− in the biostimulated microcosms became higher in both

15N and 18O. The initial groundwater values for δ15N-NO3
− and δ18O-

NO3
− of+5.1‰ and+3.6‰, respectively, increased over the experimen-

tal period to+29.9‰ and+30.8‰, respectively. The calculated ε values,
were −12.6‰ (r2 = 0.99) for ε15NNO3/N2 and −13.3‰ (r2 = 0.96) for
ε18ONO3/N2, resulting in a ε15N/ε18O of 0.95 (Fig. 3). These values fall
within the reported range for the heterotrophic denitrification (from
−5.4‰ to −26.6‰ for ε15NNO3/N2, from −4.8‰ to −23.7‰ for
ε18ONO3/N2, and from 0.6 to 1.0 for ε15N/ε18O (Granger et al., 2008;
Wunderlich et al., 2012)).

Carrey et al. (2013), Torrentó et al. (2011) and Vidal-Gavilan et al.
(2013) applied the ε15NNO3/N2 and ε18ONO3/N2 values obtained from lab-
oratory batch experiments, using either intrinsic or added electron do-
nors, to quantify the extent of natural or induced groundwater
denitrification. By using the laboratory derived ε values to estimate
the inducedNO3

− reduction, interferences fromprocesses other than de-
nitrification that could also lead to a concentration decrease
(e.g., dilution due to water discharges from rainfall) are avoided. For
the pilot-plant study, we considered it appropriate to apply the
ε15NNO3/N2 and ε18ONO3/N2 calculated from the laboratory experiments
because groundwater and sediment from the aquifer were used and
consequently, a similar electron acceptor availability and stimulated
bacterial community with respect to the field was expected.
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Fig. 3. NO3
− isotopic fractionation in the microcosms. Samples from the biostimulated

microcosms (black) and initial MW groundwater (empty) isotopic composition.
4.2. Field survey

4.2.1. Isotopic dynamic in the pilot-plant
The sampling campaigns began onemonth after the CH3COOH injec-

tions started and continued for two years, with the last survey being
performed two months after stopping the injections. All data obtained
from the pilot-plant are presented in the Supporting Information
Table S2. The unaffected MW (n = 6) presented average values of
0.9 mM (SD = 0.04) for NO3

− concentration, +6.3‰ (SD = 1.3) for
δ15N-NO3

− and +4.2‰ (SD = 0.9) for δ18O-NO3
−, which were consid-

ered to be the groundwater NO3
− background composition. The isotopic

values of the MW fall in the soil NO3
− area (Fig. 4) reported by Vitòria

et al. (2004) and references therein. However, the high NO3
− concentra-

tion suggested an anthropogenic origin. In a previous study located in a
nearby area with intensive application of chemical fertilizers, Vitòria
et al. (2005) demonstrated that the combined occurrence of volatiliza-
tion and nitrification resulted in groundwater NO3

− with δ15N-NO3
−

and δ18O-NO3
− in the range of soil NO3

−. Therefore, the isotopic values
of the MW suggested that the NO3

− pollution in the studied aquifer
was derived from N inorganic fertilizer that had been volatilized and
nitrified (Fig. 4).

Following the electron donor addition, the three monitoring pie-
zometers showed a marked NO3

− decrease. PZ1 and PZ2 reached NO3
−

concentrations below 0.3 mM from the 10th operation month and
until the last injection. PZ3 also showed a decreasing trend but with a
NO3

− concentration higher than PZ1 and PZ2 and a temporal trend
showing fluctuations (Fig. 5). Contrarily, a flat trend in the NO3

− evolu-
tion was observed at the EW (Fig. 5), showing concentrations between
13% and 33% lower than the MW. In the two-depth sampling at PZ1 in
the 17th month, no significant NO3

− concentration differences were ob-
served between the bottomand the top samples, and in both cases, NO3

−

was almost completely denitrified. However, at PZ2 in the 19th month,
the bottom sample showed a doubled NO3

− concentration compared to
the top sample. In all the samples NO2

−was below 0.02mM (Supporting
Information Fig. S1) and NH4

+ was below 0.01 mM. Therefore, pollution
swapping due to accumulation of these compounds was discarded in
the pilot-plant.

In response to the NO3
− attenuation in the piezometers, the δ15N-

NO3
− and δ18O-NO3

− increased. The temporal dynamics of the NO3
− iso-

topic composition in the pilot-plant is shown in the Supporting Infor-
mation Fig. S2. The highest values were measured at PZ1, showing a
δ15N-NO3

− and δ18O-NO3
− of +22.1‰ and +14.7‰, respectively

(Fig. 4). Note that four samples were below the limit of concentration
necessary for the isotopic analysis (0.05 mM), and could have even
shown higher isotopic values. The δ15N-NO3

− and δ18O-NO3
− in the EW

samples were close to the MW average values (Fig. 4). Two months
after the end of the treatment, the EW and PZ3 recovered to NO3

− back-
ground concentrations and isotopic values, but PZ1 andPZ2 still showed
evidence of denitrification (Fig. 5).
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When NO3
− is completely removed from the environment, the ex-

cess organic C can trigger BSR, provoking a decrease in the treated
water quality due to the production of H2S. However, the coexistence
of denitrification and BSR in the presence of an electron donor has
also been demonstrated. Laverman et al. (2012) observed that the
ratio between the BSR rate and the denitrification rate tends to increase
at high organic matter concentrations. As in the studied pilot-plant, or-
ganic matter was available, BSR could occur simultaneously to denitrifi-
cation. The isotopic results from a subset of the pilot-plant samples
showed a 0.4 (r2 = 0.93) slope from the regression line between
δ18O-SO4

2− and δ34S-SO4
2− (Fig. 6), which is in the range of the slopes

from 0.25 to 0.7 reported in the literature for BSR (Aharon and Fu,
2000). However, the samples with the lowest SO4

2− concentration
(~1 mM) were not the most enriched in δ18O-SO4

2− and δ34S-SO4
2−

and vice versa (maximum measured SO4
2− was ~5 mM). Since there

was surplus NO3
− in the groundwater and due to the lack of correlation

between the SO4
2− chemical and isotopic data, BSR did not likely play a

significant role at the pilot-plant. In the same context of water quality,
the presence of remaining CH3COOH at a harmful level for consumption
was also discarded due to the excess of electron acceptors such as NO3

−

or SO4
2− in groundwater since denitrification was never completed at

the EW.

4.2.2. Isotopic fractionation from the laboratory to field-scale
A subset of the campaigns considered to be representative of the

treatment efficiency evaluation is discussed. As previously stated, the
average NO3

− concentration, δ15N-NO3
− and δ18O-NO3

− of the MW
were used as the initial composition, since the MW was considered to
be unaffected by the treatment. During the initial operation (1st
month), the NO3

− isotopic composition did not show a relevant δ15N
or δ18O enrichment, indicating that the denitrification was not signifi-
cant (Fig. 7A). After seven operation months, and until the end of the
monitoring period, a clear δ15N-NO3

− and δ18O-NO3
− enrichment evi-

denced the biological NO3
− reduction at the pilot-plant. The degree of re-

duction depended on the specific point and sampling campaign.
According to the concentration measured, N95% NO3

− was reduced at
PZ1 in the 14th, 17th and 19th months, and at PZ2 in the 17th month.
However, those samples could not be isotopically analyzed, since the
NO3

− concentration was below the detection limit (0.05 mM). The
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isotopic composition of the remnant samples determined that the deni-
trification at the pilot-plant piezometers reached a significance of ap-
proximately 50% (e.g., 19th month (Fig. 7D)). Even two months after
stopping the biostimulation (month 24th), more than a 50% of the
groundwater NO3

− was still denitrified at PZ1 (Fig. 7E).
For each of the pilot-plant samples, the denitrification % calculated

by using the isotopic data was compared to the % calculated by using
the NO3

− concentration (Supporting Information Table S2). For most of
the pilot-plant samples (e.g., 2nd, 11th, 12th and 24th month cam-
paigns), the calculated % from the chemical data was higher than the
% obtained from the isotopic data, as expected from the influence of di-
lution due to non-pollutedwater inputs from rainfall (Supporting infor-
mation Fig. S3). Four of the samples showedhighly similar % values (b5%
difference), suggesting that in these cases dilution did not occur. Con-
trarily, in five samples, the % calculated from the NO3

− concentration
was lower compared to the % from the isotopic data. This variation
might be produced by different reasons, depending on the characteris-
tics of the samples involved. For PZ1 and PZ3 from the 1st month cam-
paign, the denitrification had not still begun, and the lower % could be
derived from the intrinsic aquifer variability due to the use of an average
value for the MW to draw the DEN % line instead of the specific MW
value for each of the sampling campaigns. For PZ1 and PZ3 from the
7th month campaign and PZ3 from the 19th month campaign, the rea-
son could be a mixing effect between treated and non-treated
groundwater.
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Fig. 7. Representative sampling campaigns from the pilot-plant. A) 1st month (1.2 slope (r2 = 0.45)); B) 7th month, 0.5 slope (r2 = 0.8); C) 12th month, 0.6 slope (r2 = 0.9); D) 19th
month, 0.8 slope (r2 = 1.0); E) 24th month, 0.6 slope (r2 = 1.0). Regression line for each campaign is presented as a dashed line. The DEN % line (continuous line) was calculated
using the isotopic fractionation values obtained in the laboratory experiments, and the average concentration and isotopic composition of the MW as initial values.
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Chemical and isotopic data of the EW evidenced a mixing between
treated and non-treated groundwater. In the 7th month campaign, a
slight isotopic enrichment and NO3

− concentration decrease was ob-
served at the EWwith respect to the MW, being indicative of the deni-
trification occurrence (Fig. 7B). However, from the 7th month onward,
despite the lower NO3

− concentration at the EW with respect to the
MW, the isotopic data did not show significant differences (e.g., 12th
or 19th month) (Fig. 7C and D). The reason is that the groundwater ex-
tracted at the EW was a mix of denitrified groundwater from PZ1 and
PZ2 located upstreamand untreatedwater from theMW located down-
stream, due to a depression cone at EW forced by the water extraction
(Fig. 1). To determine the contribution to EW, a theoretical mixing be-
tween 30% of PZ2 and 70% of MW was estimated using chemical and
isotopic data, and was compared with the measured values (Table 2).
Measured results are fairly in agreement with the estimated ones
Table 2
Groundwatermixing at EW. Theoreticalmixing calculation between 30% of PZ2 and 70% of
MWusing chemical and isotopic data (E), comparedwith themeasured (M)NO3

− concen-
tration and isotopic composition at the EW. Standard deviation (SD) is included.

NO3
− (mM) δ15N-NO3

− (‰) δ18O-NO3
− (‰)

Month E M SD E M SD E M SD

1 0.78 – – 6.2 – – 4.0 – –
2 0.77 0.71 0.04 5.8 8.3 1.7 4.0 6.7 1.6
7 0.72 0.70 0.01 8.8 8.3 0.3 5.6 6.8 0.9
10 0.71 0.67 0.03 6.9 4.9 1.4 4.3 3.3 0.8
11 0.74 0.82 0.05 7.0 6.3 0.5 5.2 5.2 0.0
12 0.71 0.71 0.00 8.2 5.2 2.1 5.4 4.0 1.0
14 0.66 0.82 0.12 4.4 6.6 1.6 3.0 3.4 0.3
17 0.67 0.63 0.03 8.8 7.1 1.2 6.3 4.1 1.6
19 0.69 0.69 0.01 9.3 6.6 2.0 6.5 3.8 1.9
24 0.80 0.99 0.14 6.7 5.8 0.6 4.5 3.1 1.0
throughout the monitoring period. This mixing between treated and
non-treated groundwater was also observed along the water column.
During the two-depth sampling at PZ2 (19thmonth), no significant iso-
topic composition differences were observed, although the measured
NO3

− concentrations were 0.2 and 0.1 mM in the bottom and top sam-
ples, respectively (Fig. 7D). In these two samples, the denitrification %
obtained with the isotopic data (~50%) might also result from mixing
between the partially and non-denitrified groundwater. Therefore, the
attenuation in the water columnmight be heterogeneous with reactive
microsites where NO3

− can be completely removed. In the same cam-
paign (19th month), PZ3 showed a similar isotopic composition to the
two samples fromPZ2, but presented a remarkably higher NO3

− concen-
tration, reinforcing the idea of the groundwater mixing between the
partially and non-denitrified groundwater. In PZ3, the denitrified
water had a lesser contribution compared to PZ2. Due to the effect pro-
duced by this mixing, the obtained field-scale denitrification % from the
laboratory determined ε15NNO3/N2 and ε18ONO3/N2 must be considered
an estimation, and not a precise calculation.

4.2.3. NO2
− reoxidation evidence from the isotopic results

The determined slope between δ18O-NO3
− and δ15N-NO3

− from the
field samples (0.7 (r2 = 0.95)) and the slope from the batch experi-
ments (1.1 (r2=0.99)) agreewith the already reported slopes of nearly
0.5 for groundwater denitrification studies at field-scale (Chen and
MacQuarrie, 2005; Critchley et al., 2014; Otero et al., 2009), and nearly
1.0 for laboratory studies (Carrey et al., 2013; Grau-Martínez et al.,
2017; Wunderlich et al., 2012). However, the slopes around 0.5 have
also been found in pure culture laboratory experiments. The lower
ε18ONO3/N2 compared to ε15NNO3/N2 can be caused by the use of the peri-
plasmic NO3

− reductase (NAP) instead of themembrane bound NO3
− re-

ductase (NAR) (Granger et al., 2008), or by the oxidation of the
intermediates NO2

− and NH4
+ to NO3

− (Granger and Wankel, 2016;
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Wunderlich et al., 2013). It is widely assumed that NAP has an insignif-
icant role in the aquifer environments where anaerobic conditions are
prevalent, and because it does not involve a metabolic energy genera-
tion process (Moreno-Vivián et al., 1999). The denitrification and the
DNRA coupled to the anaerobic ammonium oxidation (anammox) can
occur concomitantly in freshwater environments (Castro-Barros et al.,
2017; Jones et al., 2017). However, the DNRA in the pilot-plant was
rather unimportant since NO3

− did not achieve complete reduction.
The DNRA is favored at high C/N ratios, when NO3

− is limited instead
of the electron donor (Giles et al., 2012; Jones et al., 2017; Kelso et al.,
1997). Therefore, the lower slope observed at the field-scale is likely re-
lated to the NO2

− reoxidation which is consistent with the possibility of
oxygen diffusion in groundwater compared to the laboratory
microcosms.

The δ18O of some dissolved oxygenated compounds, such as NO2
−,

can be equilibrated with the δ18O-H2O (Granger and Wankel, 2016;
Kool et al., 2007). If the intermediate NO2

− reoxidates to NO3
−, the

resulting δ18O-NO3
− will be dependent on the δ18O of the NO3

− source,
the δ18O of the groundwater, the kinetic isotopic effects produced dur-
ing the denitrification and during the water atom incorporation by the
oxidoreductase throughout the NO2

− oxidation. Considering a δ18O-
H2O ranging from−7 to−4‰ in the studied area and the δ18O-NO3

− av-
erage composition of the samples obtained from the unaffected MW
being +4.2‰ (SD = 0.9), a decreased ε18ONO3/N2 is expected in the
pilot-plant if the intermediate NO2

− reoxidates to NO3
−.

Several samples from the field site showed lower δ18O-NO3
− values

than expected, considering the denitrification slope calculated using
the microcosm experiments (e.g., 7th, 12th and 19th month) (Fig. 7B,
C andD). This finding can be explained as the result of theNO2

− reoxida-
tion to NO3

− throughout the remediation treatment. The low or null
NO2

− detection throughout the pilot-plant operation (Supporting Infor-
mation, Fig. S2) seemed consistent with the NO2

− reoxidation, which is
positive from a groundwater quality perspective. The shift in the slope
throughout the induced denitrification treatment can provide informa-
tion regarding the relevance of theNO2

− reoxidation process at the field-
scale. The δ15N-NO3

− and δ18O-NO3
− values close to the theoretical DEN

% line might point to a direct NO2
− reduction to gaseous N products,

while lower δ18O-NO3
− values might point to the NO2

− reoxidation. By
checking each of the sampling campaigns separately, slopes near 0.5
were generally observed during the initial biostimulation (e.g., 7th
month, 0.5 slope (r2 = 0.8)) (Fig. 7B), which became closer to 1.0
throughout the pilot-plant operation (e.g., 19th month, 0.8 slope (r2

= 1.0)) (Fig. 7D). At the last sampling campaign, corresponding to the
recovery period after stopping the CH3COOH injections, the slope was
again closer to 0.5 (24th month, 0.6 slope (r2 = 1.0)) (Fig. 7E).

An unsolved question is the effect of the biotic and abiotic NO2
− oxi-

dation toNO3
− upon δ15N-NO3

− throughout denitrification in groundwa-
ter. It is expected that the possible effect upon δ15N-NO3

− would be
lower than the observed for δ18O-NO3

− during the abiotic NO2
− oxida-

tion, enabling the δ18O-NO3
− versus δ15N-NO3

− slope to decrease. For
the biotic NO2

− oxidation, an inverse isotopic fractionation for the δ15N
(and also for the δ18O) was observed during the NO2

− oxidation to
NO3

− mediated by the marine species Nitrococcus mobilis (Buchwald
andCasciotti, 2010; Casciotti, 2009). Consequently,when theNO2

− reox-
idation is observed during the in-situ groundwater remediation strate-
gies, the denitrification significance might be biased if estimated by
using the laboratory isotopic fractionation data.

5. Conclusions

After the implementation of an in-situ groundwater remediation
strategy by CH3COOH injections (InSiTrate project), the induced
denitrifying activity reached NO3

− concentrations below the threshold
for water consumption. The ε15NNO3/N2 and ε18ONO3/N2 values obtained
from the microcosm experiments allowed assessing the denitrification
efficacy at the pilot-plant while avoiding the interference derived from
dilution due to non-polluted water inputs. At the pilot-plant, more
than a 50% of the backgroundNO3

−was reduced due to the induced het-
erotrophic denitrification. The isotopic results allowed to detect a mix-
ture between the denitrified and non-denitrified groundwater at the
EW. However, a limitation of the application of the isotopes to evaluate
the treatment efficacy is that the denitrification significance could be
underestimated due to the effect provoked by the mixing of non-
denitrified groundwater with partially denitrified groundwater. The
lower slope between δ18O-NO3

− and δ15N-NO3
− observed in the field

(0.7) compared to the laboratory (1.1) was attributed to the NO2
− reox-

idation to NO3
−. However, the effect of the NO2

− reoxidation upon δ15N-
NO3

− is still unclear, and it is unknown in whichmeasure the δ18O-NO3
−

values resulting from the NO2
− reoxidation can be firmly extrapolated to

the calculated DEN % line. In summary, the δ15N-NO3
− and δ18O-NO3

−

analysis provides a valuable tool to assess the induced denitrification
strategies at the field-scale by means of the laboratory calculated
ε15NNO3/N2 and ε18ONO3/N2. However, attention must be focused on the
hydrogeological and biochemical effects that could influence the results
and thus the remediation strategies evaluation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.06.003.
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Figure S1. NO2
- evolution during the pilot plant operation. NO2

- concentration of the pilot 

plant samples. Empty symbols for PZ1 and PZ2 correspond to bottom samples (two-depth 

sampling). The vertical line corresponds to the last injection date. 

 

 

 

 

 

 

Figure S2. Temporal dynamics of the NO3
- isotopic composition. A) δ15N-NO3

- and B) 

δ18O-NO3
- measured in the samples collected in the pilot-plant. The dashed grey line 

corresponds to the MW average composition. The vertical line corresponds to the last 

injection date. Empty symbols for PZ2 correspond to bottom samples (two-depth sampling). 
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Figure S3. Rainfall data. Rainfall (mm) registered each sampling campaign day (striped 

bar) and the previous six days (dark to light grey colour). The data was recorded by station 

0252D from the Spanish national meteorological agency (AEMET, Ministry of Agriculture, 

Food and Environment of Spain). 
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Table S1. Batch experiments results. Chemical and isotopic characterization of the 

samples obtained from the sacrificed microcosms. “n.d.” refers to parameters that were not 

determined.  

CODE HOUR 
NO3

- 
(mM) 

NO2
- 

(mM) 
δ15N-NO3

- 
(‰) 

δ18O-NO3
- 

(‰) 
SD      

δ15N-NO3
- 

SD      
δ18O-NO3

- 
NH4

+ 
(mM) 

GW 0.0 0.89 0.01 5.0 3.6 0.3 1.4 n.d. 

B-1 47.0 0.47 0.09 12.6 10.8 0.3 0.1 0.00 

B-2 47.5 0.33 0.17 17.9 19.9 1.1 0.9 0.00 

B-3 48.5 0.29 0.17 19.2 20.7 1.1 0.3 0.03 

B-4 51.0 0.27 0.26 20.7 23.0 1.7 0.5 0.03 

B-5 53.5 0.19 0.23 26.0 24.0 n.d. n.d. 0.03 

B-6 55.0 0.18 0.16 25.1 26.7 0.3 1.4 0.01 

B-7 56.5 0.15 0.16 29.7 30.7 0.3 1.9 0.02 

B-8 57.0 0.11 0.14 n.d. n.d. n.d. n.d. 0.01 

B-9 69.0 0.03 0.03 n.d. n.d. n.d. n.d. 0.02 

B-10 70.0 0.01 0.00 n.d. n.d. n.d. n.d. 0.02 

C1 72.0 0.92 0.00 6.5 6.0 0.9 0.3 0.04 

C2 72.0 0.00 0.00 n.d. n.d. n.d. n.d. n.d. 

C3-1 32.0 0.89 0.00 n.d. n.d. n.d. n.d. n.d. 

C3-2 47.0 0.67 0.04 n.d. n.d. n.d. n.d. n.d. 

C3-3 51.0 0.67 0.03 n.d. n.d. n.d. n.d. n.d. 

C3-4 52.3 0.67 0.04 n.d. n.d. n.d. n.d. n.d. 

C3-5 55.0 0.65 0.05 n.d. n.d. n.d. n.d. n.d. 

C3-6 56.5 0.60 0.06 n.d. n.d. n.d. n.d. n.d. 

C3-7 69.5 0.27 0.19 n.d. n.d. n.d. n.d. n.d. 

C3-8 76.0 0.19 0.53 n.d. n.d. n.d. n.d. n.d. 

C3-9 80.0 0.07 0.76 n.d. n.d. n.d. n.d. n.d. 

C3-10 95.0 0.01 0.00 n.d. n.d. n.d. n.d. n.d. 
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Characterisation of the natural attenuation of chromium 
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methods. A case study from the Matanza-Riachuelo River 
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h i g h l i g h t s

� Cr(VI) reduction rate is not affected
by the NO3

� presence in laboratory
tests.

� Cr(VI) isotopic fractionation shows a
two-stage trend in batch
experiments.

� Cr(VI) and NO3
� reduction can occur

concomitantly in groundwater.
� Isotope analyses can prove natural
attenuation of Cr(VI) and NO3

� in
groundwater.

� Isotope tools allow distinguishing Cr
(VI) reduction from dilution in
groundwater.
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The groundwater contamination by hexavalent chromium (Cr(VI)) in a site of the Matanza-Riachuelo
River basin (MRB), Argentina, has been evaluated by determining the processes that control the natural
mobility and attenuation of Cr(VI) in the presence of high nitrate (NO3

�) contents. The groundwater Cr(VI)
concentrations ranged between 1.9E-5 mM and 0.04 mM, while the NO3

� concentrations ranged between
0.5 mM and 3.9 mM.
In order to evaluate the natural attenuation of Cr(VI) and NO3

� in the MRB groundwater, Cr and N iso-
topes were measured in these contaminants. In addition, laboratory batch experiments were performed
to determine the isotope fractionation (e) during the reduction of Cr(VI) under denitrifying conditions.
While the Cr(VI) reduction rate is not affected by the presence of NO3

�, the NO3
� attenuation is slower

in the presence of Cr(VI). Nevertheless, no significant differences on e values were observed when testing
the absence or presence of each contaminant. The e53Cr determined in the batch experiments describe a
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2 E. Ceballos et al. / Science of the Total Environment 699 (2020) 134331
Groundwater
Matanza-Riachuelo basin
two- stage trend, in which Stage I is characterized by e53Cr ~�1.8‰ and Stage II by e53Cr ~�0.9‰. The
respective e15NNO3 obtained is �23.9‰ whereas e18ONO3 amount to �25.7‰. Using these e values and
a Rayleigh fractionation model we estimate that an average of 60% of the original Cr(VI) is removed from
the groundwater of the contaminated site. Moreover, the average degree of NO3

� attenuation by denitri-
fication is found to be about 20%. This study provides valuable information about the dynamics of a com-
plex system that can serve as a basis for efficient management of contaminated groundwater in the most
populated and industrialized basin of Argentina.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Chromium (Cr) is a toxic contaminant in groundwater derived
mostly from anthropogenic activities such as metallurgic, refrac-
tory, chemical, and tannery industries. In aquatic environments,
Cr exists in two main oxidation states, Cr(VI) and Cr(III). Cr(VI) is
more toxic and generally more mobile than Cr(III). The oxidized
form, Cr(VI), can cause cancer and dermatitis (Kotas and Stasicka,
2000). In contrast, the reduced form, Cr(III), is an essential nutrient,
it is less soluble, adsorbs strongly on solid surfaces and co-
precipitates with Fe(III) hydroxides (Rai et al., 1989; Davis and
Olsen, 1995). Furthermore, Cr(VI) can be naturally reduced through
biotic or abiotic oxidation of electron donors such as aqueous Fe
(II), Fe(II)-bearing minerals, reduced sulfur species and organic
compounds (Palmer and Wittbrodt, 1991). Reduction of toxic Cr
(VI) to less toxic Cr(III) is an important process for attenuating Cr
(VI) contamination in groundwater by immobilization as Cr(III)
(Palmer and Puls, 1994; Davis and Olsen, 1995). This natural pro-
cess can be enhanced or induced by adding an external electron
donor to promote biotic and/or abiotic reduction (Blowes et al.,
2000; Mayer et al., 2001; Ellis et al., 2002; Wilkin et al., 2005;
Wanner et al., 2012b; Jamieson-Hanes et al., 2012a, 2012b; Han
et al., 2012; Basu et al., 2014).

Nitrate (NO3
�) is another contaminant commonly found in

groundwater (Rivett et al., 2008). Nitrate can also be reduced to
N2 gas through biotic or abiotic reactions (Korom, 1992). Denitrifi-
cation is the main natural process to attenuate NO3

� contamination
in groundwater. Denitrification occurs under anaerobic conditions
or dissolved oxygen concentrations below 2 mg/L (Korom, 1992;
Cey et al., 1999). This process irreversibly eliminates NO3

� from
groundwater by reduction to N2 through several intermediate
steps (NO3

� ➔ NO2
� ➔ NO ➔ N2O ➔ N2) (Knowles, 1982). This chain

of reactions can be interrupted at each step depending on biologi-
cal and kinetic factors (Carrey et al., 2013).

Both processes, the biotic Cr(VI) reduction and the denitrifica-
tion can be heterotrophic or autotrophic depending on the use of
an organic C or inorganic compound (e.g., sulphide or Fe(II)),
respectively as electron donors. Therefore, since both reactions
compete for the supply of the electron donors, the presence of
NO3

� can decrease the effectiveness of microbial Cr(VI) reduction
(Middleton et al., 2003).

Isotope studies have been applied to discriminate between pro-
cesses that imply an attenuation of Cr(VI) and NO3

� concentrations
by reduction processes and transport processes in the porous med-
ium (dilution/dispersion) (Aravena et al., 1993; Blowes, 2002;
Berna et al., 2010; Wanner et al., 2012a; Margalef-Marti et al.,
2019a). During the biotic or abiotic reduction of Cr(VI) to Cr(III),
a kinetic isotope effect occurs since the lighter isotope, 52Cr, reacts
preferentially and therefore, the remaining dissolved Cr(VI)
becomes enriched in the heavier isotope, 53Cr (Ellis et al., 2002;
Sikora et al., 2008; Kitchen et al., 2012; Basu et al., 2014). Addition-
ally, the Cr(III) species do not undergo rapid isotopic exchange with
Cr(VI) species (Zink et al., 2010). Therefore, the calculation of this
change in the isotope ratios, or isotope fractionation (e), can be
used to assess the natural or induced attenuation of Cr(VI) in con-
taminated groundwater (Izbicki et al., 2008; Berna et al., 2010;
Raddatz et al., 2011; Wanner et al., 2012a; Heikoop et al., 2014).
Likewise, during denitrification, as NO3

� concentration decreases,
the residual NO3

� becomes enriched in the heavy isotopes (15N
and 18O) (Aravena and Robertson, 1998; Fukada et al., 2003;
Kendall et al., 2007; Mariotti et al., 1988). Experimental studies
show that NO3

� reduction occurring simultaneously with Cr(VI)
reduction can have a significant influence on the Cr(VI) isotope
fractionation (Ishibashi et al., 1990; Dichristina, 1992; Garbisu
et al., 1998; Viamajala et al., 2002; Vatsouria et al., 2005; Han
et al., 2010, 2012). Moreover, isotope tracers have proven to be a
powerful tool in identifying NO3

� and Cr(VI) sources in groundwa-
ter (Ellis et al., 2002; Otero et al., 2009).

At present, no case studies evaluate, through laboratory and
field scale studies, the coupled natural attenuation of hexavalent
chromium and nitrates in groundwater. The Matanza-Riachuelo
River basin (MRB) is the most populated (>4 million people), indus-
trialized and contaminated basin in Argentina (Zabala et al., 2016).
In several areas of the basin, the main source of water for human
and industrial supply is groundwater. Ceballos et al. (2018)
detected that groundwater, in some areas within MRB, is affected
by both Cr(VI) (up to 5 mg/L) and NO3

� (>100 mg/L) contamination.
The main source of Cr(VI) contamination is related to a chemical
industry plant that operated from 1968 to 1990, producing bichro-
mates, chromic acid, sulfuric acid and tannery products (Salvador,
2013). During the operation period, the processing residues con-
taining Cr(VI) salts were disposed untreated into nearby unlined
piles where the dissolution of these waste salts promoted the
migration of Cr(VI) through the vadose zone into groundwater.
The aim of the present study is to combine Cr isotopes and N
and O isotopes of dissolved nitrate for the purpose of identifying
natural attenuation processes of Cr(VI) and NO3

� in groundwater.
An implicit primary goal is to determine, in laboratory experi-
ments, using groundwater and sediment from the studied area,
the degree of isotope fractionation of Cr (e53Cr) and of N
(e15NNO3) and O (e18ONO3) during the simultaneous Cr(VI) and
NO3

� reduction. The final goal is to assess the usefulness of the iso-
tope approach to study natural attenuation at field scale. The use of
isotope tools to determine the extent of natural attenuation of Cr
(VI) and NO3

� in groundwater, serve as the basis for designing effec-
tive remediation strategies in the most exploited and contami-
nated aquifers in Argentina.
2. Study area

The MRB is located to the NE of the Buenos Aires province,
Argentina (Fig. 1A). The MRB is a hydrographic basin that covers
an area of approximately 2065 km2 with very low slopes, forming
a typical plain landscape. It consists of preferably continental sed-
imentary deposits. The main course is the Matanza River, which
flows to the NE for 70 km before to be renamed Riachuelo about
15 km before discharging into the Río de la Plata. The area has a
temperate climate with warm summers and cool winters. Average



Fig. 1. A) Location of the Matanza-Riachuelo River basin (MRB), and Ortega stream
sub basin. B) Site of study, San Ignacio neighbourhood.
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rainfall for the period 1906–2014 was 1100 mm/year (Scioli and
Burgos, 2015).

The MRB has its main source of water supply and industrial in
two aquifer systems, the Upper aquifer of medium to low produc-
tivity with a variable water quality, and the Puelche Aquifer, of
medium to high productivity and good water quality (Zabala
et al., 2016). The Upper Aquifer holds the water table and receives
natural recharge by infiltration of rainfall. Its thickness is around
40 m (Mancino et al., 2013) and consists of sandy-clayey-silts loess
(Holocene), of homogeneous fine-grained loess and sandy loess
(Pleistocene), and of interbedded carbonate (tosca). The Puelche
Aquifer has a maximum thickness of 60 m consisting of quartz
sands in the lower sandy section and silts and clays that are
interbedded towards the top (Upper Pliocene to Pleistocene). These
silty clay sediments behave as an aquitard of heterogeneous thick-
ness but in some sectors of the lower basin this aquitard does not
exist because the sediments of the Upper Aquifer are in direct con-
tact with the sands of the Puelche Aquifer. Due to the Puelche
Aquifer not outcropping in the MRB, its recharge occurs directly
from the Upper Aquifer by vertical filtration (Vives et al., 2013).
The average annual recharge to the Upper Aquifer for the period
1906–2014 was 133 mm/year (Scioli and Burgos 2015). The
groundwater discharges to surface water (streams, rivers) includ-
ing to Río de la Plata. The two aquifers show similar piezometric
patterns, in both of them regional groundwater flow is SW to NE
(Vives et al., 2013). In the upper and middle parts of the basin,
the water table surface reflects a strong relationship with the
streams. The piezometric levels of the Upper and Puelche Aquifer
respond simultaneously to seasonal recharge elevations and dry-
season drawdowns, showing a strong connection of both aquifers
(Zabala et al., 2016). Groundwater of the Upper Aquifer and the
Puelche Aquifer has a similar chemical composition, generally of
a Na-HCO3 type in the area of study (Ceballos et al., 2018). The
study area is located in San Ignacio neighbourhood, Jagüel town,
at the lowest stretch of the Ortega Stream sub basin, in a tributary
of the Matanza-Riachuelo River (Fig. 1B). In this sector, the local
flow direction of the Upper Aquifer would be conditioned by the
Ortega stream, with a flow direction mainly of S-N/NW (Melián,
2014). A downward vertical hydraulic gradient from the Upper to
the Puelche Aquifer has also been observed in the site of study
(Ceballos et al., 2018). In the San Ignacio neighbourhood, the pop-
ulation does not have access to water supply and sanitation ser-
vices. The residents have their own on-site solutions through
septic tanks or pits. The drinking water supply is obtained from
the municipal water trailer or purchased individually.
3. Methodology

3.1. Sampling of groundwater and soil

Groundwater samples were collected (September 2017) from
three monitoring wells belonging to the basin authority ACUMAR
(samples P13, P28 and P29) and nine private supply wells (samples
P15, P21, P22, P26, P27, P31, P33 and P34) (Fig. 1B). Sample P28
was obtained from the Puelche Aquifer (well depth of 40 m) while
the rest of the samples were obtained from the Upper aquifer (well
depths from 15 to 20 m). The wells were purged three times the
volume of water in the column. Parameters such as electrical con-
ductivity (EC), temperature, pH and dissolved O2 were measured
in situ with a Multiparameter PCS Testr 35 Series tester, using a
flow cell to avoid contact with the atmosphere. The samples were
collected in polyethylene bottles after the wells had been continu-
ously pumped until the EC values became stabilised. A volume of
30 mL was collected for non-purgeable dissolved organic carbon
(NPDOC) analysis in glass bottles previously combusted. These
samples were passed through a 0.45 lm nylon filter and acidified
with 1 mL of HCl (2 N); the bottles were sealed with Parafilm� to
minimise any contact with air. A volume of 200 mL was collected
for Cr(VI) analysis in polyethylene bottles. These samples were fil-
tered with a 0.45 lmmembrane filter, then the pH was adjusted to
9 with NaOH (1 N) and stored at +4 �C. Samples for the Cr isotope
analyses were collected in polyethylene bottles and stored at +4 �C
until analysis. Samples for the NO3

� isotope analyses were filtered
with a 0.22 lm filter (PTFE Teflon filter), transferred into in
10 mL plastic vials and stored at �20 �C.

Soil samples were collected from a drilling downstream of the
chemical industry site near the ACUMAR P28 monitoring well
(see Fig. 1B). The drilling reached 4 m whereas the water table
was detected at 3 m depth. The sediment was sampled between
depths of 3 m and 4 m below the ground surface. These soil sam-
ples were isolated from the atmosphere with polypropylene and
stored in the refrigerator at +4 �C, until used in the batch
experiments.
3.2. Batch experiments

The batch experiments aimed to determine the isotope fraction-
ation of Cr(VI), N-NO3

� and O-NO3
� during their reduction by

organic carbon under different scenarios. Three types of biostimu-
lated microcosms were set up in 125 mL crystal bottles sealed with
butyl rubber septa and aluminium crimp under an argon (Ar) head-
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space. The experiments were set up inside a glove box to avoid any
trace of dissolved O2 and N2. Each bottle contained sediment and
groundwater from the Upper aquifer. We used 75 mL of groundwa-
ter collected from the P13 monitoring well, 15 g of sediment col-
lected near the P28 monitoring well and added ethanol as
external carbon source. Organic carbon was selected to enhance
Cr(VI) and NO3

� reduction due to it is the main source of electrons
at field. Three series of parallel experiments were performed
according to Cr(VI) content (additional K2Cr2O7 salt was added)
and NO3

� concentration (groundwater NO3
� concentration was

4.2 mM, no additional NO3
� was added). The experiment ‘‘BioCr”

only contained Cr(VI) (0.2 mM), the experiment ‘‘BioN” only con-

tained NO3
� (4.2 mM) and the experiment ‘‘BioCrN” contained both

species. For the ‘‘BioCr” experiment, the NO3
� from groundwater

was previously removed by inducing denitrification through the
addition of ethanol as electron donor. All series included at least
10 replicates of biostimulated microcosms. Control microcosms

without ethanol ‘‘CtrlCrN” were carried out for the BioCrN experi-
ments to check the contribution of the sediment on the Cr(VI) and
NO3

� reduction. Moreover, a set of blank microcosms containing
only sediment and deionized water (DIW) was also performed to
evaluate sediment leaching. The detailed content of each micro-
cosm is shown in Table 1. For incubation, the bottles were wrapped
with aluminium foil to avoid photodegradation processes and were
maintained at room temperature (~+24 �C) with continuous orbital
agitation. The biostimulated microcosms were sacrificed after fixed
time spans according to previous laboratory tests (data not
shown). The control microcosms were sacrificed at the end of the
biostimulated experiment. The samples were immediately filtered
with 0.22 lm nylon filters and stored at +4 �C for further analysis.
An aliquot for the NO3

� isotopic analysis was stored at �20 �C.
3.3. Analytical techniques

The Cr(VI), NO3
�, nitrite (NO2

�), ammonium (NH4
+) and non-

purgeable dissolved organic carbon (NPDOC) concentration was
determined in all samples. The d53Cr, the d15NNO3 and d18ONO3 were
determined in all samples collected in the field and in a subset of
samples of the laboratory experiments considered representative
based on the Cr(VI) and NO3

� concentrations.
Main anions (NO3

�, SO4
2�, Cl� and NO2

�) were analysed by high-
performance liquid chromatography (HPLC) using a WATERS 515
HPLC pump with IC-PAC Anion columns and WESCAN and UV/
VIS KONTRON detectors. The NH4

+ was determined by colorimetry,
Indophenol blue method (SP-830 plus Metertech). The NPDOC was
measured by organic matter combustion (TOC 500 SHIMADZU).
The dissolved Cr(VI) was determined within 24 h of sample collec-
tion by using the diphenylcarbazide, SM 3500-Cr B method and a
UV–Vis spectrophotometer (SP-830 plus Metertech). Total dis-
solved Cr and trace elements were determined by inductively cou-
pled plasma mass spectrometry analyses (ICP-MS, Perkin-Elmer
Elan 6000) and inductively coupled plasma optical emission spec-
trometry (ICP–OES, Perkin-Elmer Optima 3200 RL), respectively,
after acidifying the filtered samples (1% HNO3).
Table 1
Series of laboratory experiments. Tested conditions and microcosms composition. Cr(V
groundwater. The blank microcosms contained only sediment and deionized water (DIW)

Series Condition Replicates

BioCr Biostimulated 12
BioN Biostimulated 12
BioCrN Biostimulated 23
CtrlCrN Control 3
Blank DIW 3
The d53Cr analyses were performed following a slightly modi-
fied method from Frei et al. (2009). An amount of water sample
which would yield about 1 lg of total Cr was pipetted into 23 mL
Teflon beakers (Savillex TM) together with an amount of a
50Cr-54Cr double spike so that a sample to spike ratio of ~3:1 (total
Cr concentrations) was achieved. The mixture was totally evapo-
rated and 3 mL of concentrated aqua regia was subsequently
added. After 3 h with aqua regia on a hot plate at 100 �C, the sample
was again dried down. Then, the sample was dissolved into 20 mL
of ultrapure water (Milli Q�) and 0.5 mL of 1 N HCl, to which
0.5 mL of a 0.5 M ammonium peroxydisulfate solution (pura-
tronic� quality) was added. The samples were then boiled for 1 h
with beaker lids closed on a hot plate at 130 �C. This enabled the
total oxidation of Cr to Cr(VI). The solution was then passed over
2 mL pre-cleaned anion exchange resin (DOWEX AG1X8; BioRadTM).
After rinsing with 5 mL of 0.1 N HCl, Cr(VI) was reduced during
30 min on the columns, with 1 mL of 2 N HNO3 to which three
drops of hydrogen peroxide were added. Cr(III) was then extracted
with another 5 mL of the same 2 N HNO3 hydrogen peroxide mix-
ture into the 23 mL SavillexTM beaker and subsequently dried down.
The produced chromium fraction was then purified, by passing the
sample in 0.5 N HCl over a miniaturized disposable pipette-tip
extraction column, fitted with a bottom and a top disposable PVC
frit, which was charged with 300 lL of 200–400 mesh cation resin
(AGW-X12, BioRadTM), thus employing the slightly modified extrac-
tion procedure, published by Trinquier et al. (2009) and Bonnand
et al. (2011). The yield of this mini-column extraction and purifica-
tion step is usually ~70%. Samples were loaded onto Re filaments
with a mixture of 3 lL silica gel, 0.5 lL 0.5 mol/L of H3BO3 and
0.5 lL 0.5 mol/L of H3PO4. The samples were statically measured
on an IsotopX ‘‘Phoenix” multicollector thermal ionization mass
spectrometer (TIMS) at the Department of Geoscience and Natural
Resource Management, University of Copenhagen, at temperatures
between 1050 and 1200 �C, aiming at beam intensity at atomic
mass unit (AMU) 52.9407 of 30–60 mV. Each load was analysed
2–4 times. Titanium, vanadium and iron interferences with Cr iso-
topes were corrected by comparing with 49Ti/50Ti, 50V/51V and
54Fe/56Fe ratios. The final isotope composition of each sample
was determined as the average value of repeated analyses and
reported, relatively to the certified SRM 979.

The d15NNO3 and d18ONO3 were determined following the cad-
mium reduction method (McIlvin and Altabet, 2005; Ryabenko
et al., 2009). Then, the N2O was analysed using a Pre-Con (Thermo
Scientific) coupled to a Finnigan MAT 253 Isotope Ratio Mass Spec-
trometer (IRMS, Thermo Scientific). Isotopic analyses of NO3

� were
prepared at the laboratory of the MAiMA-UB research group and
analysed at the Centres Científics i Tècnològics of the Universitat
de Barcelona (CCiT-UB).

The isotopic notation is expressed in terms of d per mil relative
to the international standards (Eq. (1)):

d ¼ Rsample � Rstandard

Rstandard
ð1Þ

where R = 53Cr=52Cr and 15N=14N, respectively.
I) was added as K2Cr2O7 salt and NPDOC as ethanol, NO3
� was already present in

.

NO3
� (mM) Cr(VI) (mM) NPDOC (mM)

0.0 0.2 8.4
4.2 0.0 11.8
4.2 0.2 11.8
4.2 0.2 0.0
0.0 0.0 0.0



Table 2
Standards used for the isotopic analysis. According to Coplen (2011), several
international and laboratory (CCiT) standards were interspersed among samples for
the normalisation of the results.

Analysis International standards Laboratory standards

d53Cr NIST SRM 979 and NIST 3112a
d15NNO3 USGS-32, USGS-34, USGS-35 CCiT-IWS (d15N = +16.9‰)
d18ONO3 USGS-32, USGS-34, USGS-35 CCiT-IWS (d18O = +28.5 ‰).
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NIST SRM 979 for d53Cr, Vienna Standard Mean Oceanic Water
(V-SMOW) for d18O and Atmospheric N2 (AIR) for d15N. According
to Coplen (2011), several international and laboratory (CCiT) stan-
dards were interspersed among samples for the normalisation of
the results (Table 2). The standard deviation reproducibility of
the samples was ±0.08‰ for d53Cr, ±1.0‰ for d15NNO3, ±1.5‰ for
d18ONO3.

3.4. Isotope data calculations

The isotope fractionation (e), under closed system conditions,
can be calculated using the Rayleigh distillation equation (Eq.
(2)). Thus, e can be obtained from the slope of the linear correlation
between the natural logarithm of the substrate remaining fraction
(Ln(Cresidual/Cinitial), where C refers to the analyte concentration)
and the determined isotope ratios (Ln(Rresidual/Rinitial), where R =
(d + 1).

Ln
Rresidual

Rinitial

� �
¼ e� Ln

Cresidual

Cinitial

� �
ð2Þ

The percentages of the Cr(VI) reduction and denitrification at
field scale can be determined by using the isotopic composition
of the samples and the e values obtained at laboratory scale using
Eq. 3 (Ellis et al., 2002; Berna et al., 2010; Raddatz et al., 2011;
Torrentó et al., 2011; Carrey et al., 2013).

%ð Þ ¼ 1� e dresidual�dinitialð Þ=eð Þ� �� 100 ð3Þ
4. Results and discussion

The chemical and isotopic data of the samples obtained from
the laboratory batch experiments and the samples collected at field
are summarised in Tables 3 and 4, respectively.

4.1. Batch experiments: Cr(VI) and NO3
� reduction by organic matter

In the blank experiments uniquely containing sediment and
DIW, 0.01 mM NO3

� was detected, NO2
� was below 0.006 mM,

NH4
+ below 0.03 mM and NPDOC reached up to 0.87 mM. These

results suggest a possible lixiviation of N compounds and organic
C from the sediment. However, since the NO3

� concentration in
groundwater was much higher (4.2 mM), the amount of lixiviated
N was considered negligible. Control experiments without ethanol
(CtrlCrN) showed no significant variation in the Cr(VI) and NO3

�

concentrations when incubated (38 to 263 h) with groundwater
and sediment collected at the study site (Table 3). The NO2

� and
NH4

+ concentration in these microcosms were below 0.005 mM,
while NPDOC reached up to 0.33 mM. Therefore, despite NPDOC
lixiviated from the sediment, it was not able to trigger neither
NO3

� nor Cr(VI) attenuation.
In the BioCr experiment, the initial Cr(VI) content of 0.19 mM

started to decrease after approximately 50 h from the beginning
of the experiment and was completely reduced during approxi-
mately 130 h (Fig. 2A). The d53Cr increased from +0.05‰ to
+3.4‰. This increase coincides with the decrease in Cr(VI) concen-
tration, which would indicate that Cr reduction was occurring
(Table 3). In the BioN experiment, NO3

� started to decrease after
approximately 18 h from the beginning of the experiment and
was completely eliminated within 31 h (Fig. 2B). After the onset
of NO3

� attenuation, NO2
� started to accumulate reaching 1.7 mM

at 28 h and then decreased until being completely reduced in
approximately 40 h. Transient NO2

� accumulation is commonly
observed in denitrification experiments and is usually influenced
by the initial growth of denitrifying bacteria and the induction of
the nitrite reductase (Betlach and Tiedje, 1981; Carrey et al.,
2013; Margalef-Marti et al., 2019b). The measured NH4

+ concentra-
tion was below 0.02 mM. The amount of NH4

+ detected could be
derived from the sediment leaching and allowed to discard other
reactions such as the dissimilatory NO3

� reduction to NH4
+ (DNRA)

as responsible for NO3
� reduction. The d15NNO3 increased from

+11.2‰ to +56.5‰ and d18ONO3 from +7.1‰ to +65.7‰ as NO3
� con-

centration decreased (Table 3). The enrichment in the heavy iso-
topes in the remaining substrate, both in the case of Cr(VI) and
NO3

� attenuation mediated by the ethanol addition, is consistent
with bacterial heterotrophic activity.

In the BioCrN experiment, the initial content of Cr(VI) (0.2 mM)
started to decrease after approximately 48 h from the beginning of
the experiment and was completely reduced in approximately
130 h (Fig. 2A). In combination with the Cr(VI) reduction, the
d53Cr of the remaining substrate increased from +0.05‰ to +3.3‰
(Table 3). Simultaneously, the initial NO3

� content started to
decrease after approximately 48 h from the beginning of the exper-
iment and was completely eliminated in <100 h (Fig. 2B). After the
onset of NO3

� attenuation, NO2
� started to accumulate reaching

2.0 mM at about 70 h and then decreased until being completely
reduced in approximately 120 h. The measured NH4

+ concentration
was below 0.01 mM. As in the case of the BioN experiment, NH4

+

observed could be derived from the sediment leaching and allowed
to discard other NO3

� reducing reactions such as DNRA. Under these
conditions, the d15NNO3 increased from +11.2‰ to +64.8‰ and
d18ONO3 from +7.1‰ to +72.2‰ (Table 3). The enrichment in the
heavy isotopes of the remaining Cr(VI) and NO3

� during its con-
comitant reduction by ethanol is again consistent with the bacte-
rial heterotrophic activity.

The comparison of the BioCr and BioN experiments with the
BioCrN experiments shows that while Cr(VI) reduction rate was
not affected by denitrification, NO3

� attenuation was slower in
the presence of Cr(VI). Compared to the BioN experiments, in the
BioCrN experiments the NO3

� concentration decrease started 30 h
later (48 h instead of 18) and the reduction of both NO3

� and NO2
�

was completed 80 h later (120 h instead of 40). Therefore, the pres-
ence of Cr(VI) slowed down denitrification, but did not completely
inhibit it. The most likely explanation is that the presence of Cr(VI)
promotes a certain toxicity to the denitrifying bacterial species
stimulated from the groundwater and sediment collected at the
study site, while NO3

� seems to have no effect on the stimulated
Cr(VI) reducing species. The inhibition of NO3

� reduction by Cr(VI)
was previously observed by Kourtev et al. (2009). These authors
found a decrease in NO3

� reduction coupled with an increase of
Cr(VI) content when using lactate as organic C source. The authors
also observed a decreased bacterial growth yield when increasing
the Cr(VI) concentration. These results suggest that Cr(VI) toxicity
to NO3

� reducing microorganisms might be dependent on its con-
centration, the specific species involved, and the electron donors
employed.

4.2. Batch experiments: isotopic fractionation

Batch experiments were performed to determine the e53Cr,
e15NNO3 and e18ONO3 under the three different conditions tested
(BioCr, BioN and BioCrN). The calculations are shown in Fig. 3



Table 3
Chemical and isotopic data of the samples extracted in the batch experiments (n.d. = not determined, <LD = below the detection limit).

Experiment Time NPDOC Cr(VI) NH4
+ NO2

� NO3
� d53Cr d15N-NO3

� d18O-NO3
�

(Hours) (mM) (mM) (mM) (mM) (mM) (‰) (‰) (‰)

BioCr 0 8.4 0.19 n.d n.d. n.d. n.d n.d. n.d.
71 24.5 0.106 n.d. n.d. n.d. +0.5 n.d. n.d.
73 7.9 0.177 n.d. n.d. n.d. +0.4 n.d. n.d.
96 21.1 0.067 n.d. n.d. n.d. +1.3 n.d. n.d.

103 20.7 0.001 n.d. n.d. n.d. +2.8 n.d. n.d.
103 20.1 0.058 n.d. n.d. n.d. +1.5 n.d. n.d.
120 17.2 0.018 n.d. n.d. n.d. n.d. n.d. n.d.
120 14.1 0.004 n.d. n.d. n.d. +2.5 n.d. n.d.
122 13.0 0.003 n.d. n.d. n.d. +3.4 n.d. n.d.
122 12.6 0.014 n.d. n.d. n.d. +2.5 n.d. n.d.
126 18.6 0.003 n.d. n.d. n.d. +2.7 n.d. n.d.
126 21.4 0.003 n.d. n.d. n.d. +2.6 n.d. n.d.

BioN 0 11.8 n.d. <LD <LD 4.2 n.d. +11.2 +7.1
18 9.0 n.d. <LD 0.2 3.8 n.d. +21.3 +15.1
19 8.9 n.d. <LD 0.3 3.7 n.d. +20.6 +14.2
20 9.1 n.d. <LD 0.4 3.4 n.d. +29.4 +24.5
22 8.5 n.d. <LD 1 2.7 n.d. +32.2 +30.8
24 7.5 n.d. <LD 1.6 1.9 n.d. +46.0 +42.4
26 6.9 n.d. <LD 1.4 1 n.d. +58.3 +56.3
28 7.2 n.d. <LD 1.7 0.9 n.d. +56.5 +65.7
31 5.8 n.d. <LD 1.1 <LD n.d. n.d. n.d.
36 4.0 n.d. <LD 0.1 <LD n.d. n.d. n.d.
39 6.8 n.d. <LD 0 <LD n.d. n.d. n.d.
40 3.4 n.d. <LD 0.1 <LD n.d. n.d. n.d.

BioCrN 0 11.8 0.192 <LD <LD 4.2 n.d. +11.2 +7.1
18 8.9 0.205 <LD <LD 4.1 n.d. n.d. n.d.
19 9.8 0.2 <LD <LD 4.2 +0.1 n.d. n.d.
20 8.8 0.208 <LD 0.1 3.9 n.d. n.d. n.d.
22 8.9 0.209 <LD 0.1 4 n.d. 9.9 6.9
26 9.3 0.203 <LD <LD 4 n.d. n.d. n.d.
31 9.3 0.2 <LD 0.1 3.9 n.d. n.d. n.d.
39 9.2 0.188 <LD 0.05 3.8 n.d. n.d. n.d.
46 8.5 0.192 <LD 0.1 3.8 +0.1 n.d. n.d.
52 5.4 0.165 <LD 0.8 3.2 +0.2 n.d. n.d.
56 6.3 0.190 <LD 0.4 3.7 n.d. +18.2 +13.7
60 7.2 0.200 <LD 1 2.8 n.d. +33.6 +28.5
62 6.6 0.049 <LD 1.3 1.1 +2.6 +29.0 +28.1
64 5.8 0.2 <LD 0.6 1.7 n.d. +36.7 +34.2
68 5.2 0.061 <LD 1.1 0.4 +2.2 +77.4 +63.7
71 5.7 0.043 <LD 1.1 0.4 +3.3 n.d. n.d.
71 7.1 0.110 <LD 2 0 +1.1 n.d. n.d.
80 7.5 n.d. <LD 1.9 0.5 n.d. +64.8 +72.2
96 5.6 0.029 <LD <LD 0 +3.3 n.d. n.d.

103 0 0.002 <LD <LD 0 n.d. n.d. n.d.
108 6.8 0 <LD 0.9 0 +3.2 n.d. n.d.
120 6.8 0.033 <LD 0 0 n.d. n.d. n.d.
132 6.5 0.0004 <LD 0 0 n.d. n.d. n.d.

CtrlCrN-0 38 n.d. n.d. n.d. 0 4.2 n.d. n.d. n.d.
CtrlCrN-1 71 0.3 0.2 0 0 4.6 0 n.d. n.d.
CtrlCrN-2 263 0.3 n.d. 0 0 4.5 n.d. n.d. n.d.
Blank-0 38 0.9 n.d. 0 0 0 n.d. n.d. n.d.
Blank-1 38 0.5 n.d. 0 0 0 n.d. n.d. n.d.
Blank-2 71 n.d. n.d. 0 0 0 n.d. n.d. n.d.

Table 4
Chemical and isotopic data from groundwater samples taken from the San Ignacio neighbourhood (n.d. = not determined, <LD = below the detection limit).

Sample Well
depth

Aquifer pH OD EC DOC Ca2+ Mg2+ K+ Na+ NH4
+ SO4

2� Cl� NO2
� NO3

� Cr(VI) d53Cr d15N-NO3
� d18O-NO3

�

N� (m) (mM) (lm
s/cm)

(mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (‰) (‰) (‰)

P13 20 Upper 7.1 0.14 1386 0.08 1.0 1.3 0.4 9.5 0.002 0.4 3.1 <0.002 3.9 1.9E�05 <LD +10.6 +6.1
P14 15 Upper 7.9 n.d. 2000 0.14 1.1 2.1 0.6 15.7 0.001 0.9 6.5 <0.002 1.0 1.9E�05 <LD +16.8 +6.9
P21 15 Upper 7.9 n.d. 1727 0.14 1.0 1.7 0.4 12.0 0.003 1.1 5.0 <0.002 0.5 0.003 +2.9 +21.1 +11.9
P22 15 Upper 8.0 n.d. 1085 0.17 0.8 1.3 0.4 13.0 0.002 0.9 3.5 <0.002 2.1 0.001 +2.9 +17.6 +8.3
P26 15 Upper 8.1 n.d. 1755 0.08 1.0 1.5 0.5 13.2 0.002 0.4 2.8 <0.002 1.5 1.9E�05 <LD +17.9 +7.9
P27 15 Upper 8.0 n.d. 992 0.12 1.1 1.3 0.4 5.2 0.013 0.4 2.6 <0.002 1.3 1.9E�05 <LD +17.0 +9.1
P28 40 Puelche 7.3 0.22 1803 0.07 0.5 0.6 0.2 6.2 0.004 0.9 5.3 <0.002 0.8 0.022 +3.0 +18.6 +9.4
P29 15 Upper 6.9 0.02 1696 0.20 1.1 0.9 0.3 4.7 0.004 0.3 1.6 <0.002 0.8 0.0004 +3.4 +22.8 +12.7
P31 15 Upper n.d. n.d. n.d. 0.08 1.0 0.9 0.3 8.7 0.004 0.9 4.2 <0.002 1.7 0.005 +3.2 +17.7 +8.5
P33 15 Upper 7.9 n.d. 2060 0.07 2.7 2.5 0.4 11.3 0.004 4.4 1.7 <0.002 0.6 0.003 +2.9 +15.5 +8.7
P34 15 Upper n.d. n.d. 1424 0.12 1.1 1.1 0.3 8.7 0.004 0.2 1.8 <0.002 0.8 0.041 +1.2 +21.6 +11.4
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and a summary of the obtained values including the e15N/e18O cal-
culation is presented in Table 5.

In both the BioCr and BioCrN experiments (Fig. 3A and B,
respectively), two different slopes were observed, and conse-
quently two e53Cr values were calculated. During the Cr(VI) reduc-
Cr(VI)

Stage I
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Fig. 3. Cr(VI) and NO3
� isotopic fractionation during the batch experiments. A) e53Cr

calculated for the BioCr experiments, B) e53Cr calculated for the BioCrN experiments
and C) e15NNO3 (full circles) and e18ONO3 (empty circles) calculated for the BioN
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tion in the absence of NO3
� (BioCr), the first stage is defined by the

samples with a higher Cr(VI) content (0.21 to 0.07 mM) and shows
a e53Cr of �1.4‰ (r2 = 0.90), while the second stage applies to sam-
ples with lower Cr(VI) concentrations (0.05 to 0.002 mM) and
reveals a e53Cr of �0.2‰ (r2 = 0.45). During the Cr(VI) reduction
in the presence of denitrification (BioCrN), a similar pattern is
observed. The first stage is defined by the samples with a higher
Cr(VI) content (0.21 to 0.06 mM) and implies a e53Cr of �1.8‰
(r2 = 0.99), while the second stage applies to samples with lower
Cr(VI) concentrations (0.05 to 0.03 mM) and reveals a e53Cr of
�0.9‰ (r2 = 0.44). Likewise, Chen et al. (2019) assessed the e53Cr
during the Cr(VI) reduction under various conditions (tempera-
tures from 18 to 34 �C and pH from 6.0 to 7.2, presence and
absence of nitrate) and also found two-stage trends. These authors,
upon the tested conditions, obtained a e53Cr during the first stage
ranging from �2.6‰ to �2.8‰, while in the second stage the val-
ues were between �1.0‰ and �1.1‰. Hence, a lower isotope frac-
tionation (in absolute e values) was found for the second stage,
when Cr(VI) concentrations were lower, and yielded values similar
to the isotope fractionation obtained in the present BioCr and
BioCrN experiments. Furthermore, these authors, suggested that
the decreased Cr(VI) bioavailability when the reduction progresses
could mask the isotopic fractionation. However, in other biotic Cr
(VI) reduction experiments, such two-stage trends were not
observed (Basu et al., 2014; Sikora et al., 2008). If indeed, the Cr
(VI) isotope fractionation occurs in two stages, the use of a e53Cr
for a single stage to estimate the Cr(VI) reduction at field-scale,
could underestimate or overestimate the extent of the reaction.
Therefore, two-stage pattern could have implications when using
e53Cr values calculated from laboratory experiments to quantify
the natural or induced Cr(VI) reduction, since different e53Cr values
should be used depending on Cr(VI) concentration.

In the present study, when Cr(VI) was concomitantly reduced
with NO3

� (BioCrN), a slightly higher e53Cr (absolute value) was
obtained compared to the BioCr batch (Cr(VI) reduced in the
absence of NO3

�), although the reduction rate was similar. How-
ever, these results differ from those reported by Han et al.
(2012). These authors found a lower e53Cr value (�0.4‰) under
denitrifying conditions compared to the value obtained in the
absence of NO3

� (�2‰). On the other hand, Chen et al. (2019)
obtained similar e53Cr values with presence (�2.4‰ and �0.9‰)
and absence (�2.7‰ and �1.1‰) of NO3

�. Therefore, it is clear that
the presence of NO3

� has an influence on the Cr(VI) isotope fraction-
ation, and when calculating Cr(VI) reduction rates from field-based
data, the e53Cr values employed should take into account the pres-
ence or absence of NO3

�.
As to the biotic Cr(VI) reduction in absence of NO3

�, Basu et al.
(2014) reported e53Cr in a range of �2.2‰ a �3.1‰ for pure culture
experiments using different bacterial species and Sikora et al.



Table 5
Calculated e for the tested conditions at the laboratory. e values obtained for the Cr(VI) and NO3

� reduction by ethanol under different conditions (n.d.=not determined)

Series Composition e53Cr (‰) e15NNO3 (‰) e18ONO3 (‰) e15N/e18O

BioCr Groundwater + sediment + Cr(VI) + ethanol �1.4 (stage I)
�0.2 (stage II)

n.d. n.d. n.d.

BioN Groundwater (NO3
�) + sediment + ethanol n.d. �23.9 �25.7 0.9

BioCrN Groundwater (NO3
�) + sediment + Cr(VI) + ethanol �1.8 (stage I)

�0.9 (stage II)
�23.9 �25.7 0.9

Fig. 4. Spatial distribution of d53Cr and Cr(VI) in San Ignacio neighbourhood.
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(2008) found a e53Cr of �1.8‰ when testing 10 mM lactate and
between �4.1 and �4.5‰ when testing lactate below 100 lM for
the reduction. These results suggest that the microbial species
and electron donor concentration involved in the Cr(VI) reduction
could have an influence on the resulting isotope fractionation. For
the abiotic Cr(VI) reduction, Ellis et al. (2002) found a
e53Cr = �3.5‰ when using magnetite as the electron donor and
Kitchen et al. (2012) and Døssing et al. (2011) found e53Cr in a
range of �2.9‰ and �4.9‰ when using Fe(II) or organic acids at
different pH. These results suggest that no significant isotopic frac-
tionation differences are found between biotic and abiotic Cr(VI)
reactions.

The e15NNO3 and e18ONO3 values for the BioN and BioCrN exper-
iments were calculated together. Despite the BioN experiment
showing a higher NO3

� reduction rate, a similar slope with a good
correlation is obtained for both experiments (Fig. 3C). The
e15NNO3 and e18ONO3 values are �23.9‰ and �25.7‰, respectively
(Fig. 3C). These values and the resulting e15N/e18O (0.9) are within
the data range reported in the literature for denitrifying processes
(Granger et al., 2008; Knöller et al., 2011; Grau-Martínez et al.,
2017 and references therein). The obtained e15NNO3 and e18ONO3

values in the present experiments can be employed to quantify
the natural attenuation of NO3

� at the study site.

4.3. Natural attenuation of Cr(VI) and NO3
� in the study area

Hydrochemical data for the 11 groundwater samples collected
in the San Ignacio neighbourhood show pH values between 7.1
and 8.1, and electric conductivity (EC) varied from 992 lS/cm to
2060 lS/cm (Table 4). The Cr(VI) concentrations range from below
detection limit to 0.041 mM, next and downstream of the chemical
industry plant. The NO3

� was detected in all samples from the stud-
ied area and concentrations vary between 0.5 mM and 3.9 mM,
with an average of 1.4 mM. Likewise, the NPDOC varies between
0.08 mM and 0.2 mM. The presence of both contaminants in the
deeper aquifer is linked to the hydraulic conductivity of the aqui-
tard, because it controls the hydraulic connectivity between the
Upper and the Puelche Aquifer.

The d53Cr in groundwater varies between +1.2‰ and +3.4‰,
with an average value of +2.8‰. The spatial distribution of the
d53Cr values indicates a downstream increase along the axis of
the plume, following the groundwater flow line (Fig. 4). Near the
source of Cr(VI), the d53Cr value is +1.2‰ and values increase to
+3.4‰ 200 m downstream. The observed increase in d53Cr values
downstream from the Cr(VI) source suggests that Cr(VI) attenua-
tion is occurring due to biotic reduction.

The isotope values of dissolved nitrate indicate the occurrence
of NO3

� reduction, evidenced by an enrichment in the heavy iso-
topes that ranged from +10.6‰ to +22.8‰ for the d15N and from
+6.1‰ to +12.7‰ for the d18O (Table 4). A positive linear correla-
tion between d15NNO3 and d18ONO3 with a slope of 0.51 (r2 = 0.79)
is exhibited by the analysed samples (Fig. 6). These results are in
the range of values reported in the literature for denitrification
processes in groundwater (Aravena and Robertson, 1998; Kendall
et al., 2007). In the samples obtained from the monitoring wells,
dissolved O2 concentrations vary between 0.02 and 0.2 mM, which
would indicate inadequate conditions for denitrification according
to the required O2 concentration below 0.1 mM reported by Cey
et al. (1999). However, denitrification has also been found at higher
dissolved O2 concentrations (Otero et al., 2009). On the other hand,
the samples collected at the study site with higher d53Cr also are
characterized by higher values of d15NNO3 and d18ONO3. For exam-
ple, sample P29 yielded a d53Cr of +3.4‰, d15NNO3 of +22.8‰ and
d18ONO3 of +12.7‰, which are the highest measured isotope values
for these compounds (see also samples P31, P21 and P22 in
Table 4). Therefore, we confirmed that Cr(VI) reduction can occur
simultaneously with denitrifying processes. Furthermore, since
the NO3

� isotope composition of the samples collected in the field
are within the defined range for wastewater NO3

� (Fig. 6), we also
identify that the source of NO3

� is potentially related with septic
systems leakage. On the other hand, septic systems leakage could
be a source of NPDOC in groundwater and therefore, denitrification
and Cr(VI) reduction could be related to the oxidation of organic
matter.
4.4. Estimation of Cr(VI) and NO3
� reduction percentage in

contaminated groundwater

In the calculation of the percentage of Cr(VI) attenuation, we
used the sample P34 as representative for the initial value of Cr
(VI) concentration and isotope composition (Table 4), because it
is the sample with the highest Cr(VI) content and because the well
is located very close to the source of contamination. The e53Cr val-
ues we used are those calculated in the BioCrN experiments (stage



Fig. 5. Values of e53Cr vs. Ln Cr(VI). The red line represents a Rayleigh model calculated with stage I e53Cr and the blue line represents a Rayleigh model calculated with stage
II e53Cr, obtained from BioCrN experiment. The purple line represents dilution with unpolluted groundwater. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. Estimated percentage of denitrification in the study site, quantified by using
the Rayleigh equation and the e values obtained in the BioCrN experiments. The
boxes of the nitrate sources are from Vitòria et al. (2004, and references therein).
The solid line represents the model used to calculate the denitrification percentage,
and the dotted line is the linear regression of the field samples.
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I = �1.8‰ and stage II = �0.98‰), since we observed the simulta-
neous Cr(VI) and NO3

� reduction at field. Calculated Cr(VI) attenu-
ation percentages in groundwater samples by using the e53Cr
from stage I vary between 60% and 70%, but when using the
e53Cr value from stage II, the attenuation of Cr(VI) is calculated at
much higher percentages (80% and 90%). Using the e53Cr values
from stage I, in sample P33, extracted from the well located closest
to the source (see Fig. 1), we calculate that ~60% of the original Cr
(VI) was eliminated by reduction. In samples P21 and P22, located
in the central part of the plume axis, these values are 63% and 62%,
respectively. For samples P28, P29 and P31, located in the distal
part of the plume, the reduction percentage is 64%, 69% and 66%,
respectively. On the other hand, applying the e53Cr value from
stage II, for sample P33, the Cr(VI) attenuation is 84%. For samples
P21 and P22 the attenuation is 86% and 85%, respectively, and val-
ues for samples P28, P29 and P31 imply an attenuation percentage
of 87%, 91% and 89%, respectively. Fig. 5 shows the d53Cr vs the Ln
(Cr(VI)) of the studied samples together with two Cr reduction
models calculated applying the Rayleigh equation. Sample P28,
located downstream of the source, and with high Cr (V) concentra-
tion is located in the theoretical denitrification line obtained from
applying stage I. However, sample P31 with a lower Cr (VI) concen-
tration is located in the theoretical line obtained by applying the
slope II model, showing a higher percentage of degradation. On
the other hand, samples P33, P21, P22 and P29 have much lower
Cr (VI) concentrations but similar isotopic composition. These sam-
ples are located in the theoretical line of dilution, starting from a
sample with d53Cr and Cr (VI) concentration similar to P28 or
P31, suggesting that the attenuation of Cr (VI) in these samples
would be partially linked to a process of mixing with uncontami-
nated groundwater and not only to reduction of Cr(VI) to Cr(III).

With regards to NO3
� attenuation, the sample with the highest

NO3
� content is assumed as initial value (P13) and e values calcu-

lated from the BioN and BioCrN experiments (�24.1‰ for e15N
and �24.3‰ for e18O) were selected. The lower slope between
d18O-NO3

� and d15N-NO3
� obtained for the field samples (0.5
(r2 = 0.82)) with respect to the batch experiments (1.0 (r2 = 0.95))
(Fig. 6) agrees with reported slopes of nearly 0.5 for field scale
studies and nearly 1.0 for laboratory studies (Carrey et al., 2013;
Critchley et al., 2014; Otero et al., 2009; Wunderlich et al., 2012).
The main reason that could cause this flatter slope in field-based
data sets, is the oxidation of the intermediates NO2

� and/or NH4
+

to NO3
� (Granger and Wankel, 2016; Wunderlich et al., 2013;

Margalef-Marti et al., 2019a). According to the denitrification per-
centage line drawn from the laboratory results, most of the sam-
ples collected in the field imply an approximate NO3

� attenuation
of 20%, while three samples (P21, P34 and P29) yield a higher
attenuation (approximately 30%) (Fig. 6). Overall, denitrification
is taking place in the basin, but it cannot remove NO3

� completely
from groundwater. It should be noted that, according to the e val-
ues calculated in laboratory experiments, for the studied ground-
water samples, the natural attenuation of Cr(VI) is considerably
larger than the natural attenuation of NO3

�. These high percentages
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of attenuation could explain the low concentrations of NPDOC
detected in the groundwater samples at the study site.

The results obtained in the present study can be useful for
future studies aiming to evaluate the Cr(VI) and NO3

� degradation
by using isotope tools in contaminated groundwater with these
two compounds. Previous studies applied isotopes to evaluate
the natural or induced attenuation of Cr(VI) (Novak et al., 2017;
Economou-Eliopoulos et al., 2014; Heikoop et al., 20,104; Berna
et al., 2010) and NO3

� (Critchley et al., 2014; Margalef-Marti
et al., 2019a; Otero et al., 2009; Vidal-Gavilan et al., 2013) at field.
However, to the best of our knowledge no studies have reported an
estimation of the percentage of degradation Cr(VI) and NO3

� when
found simultaneously in contaminated aquifers and none of the
aforementioned studies considered the two-stage isotopic frac-
tionation of Cr(VI). To avoid over or underestimation of the per-
centage of degradation of the two contaminants at field, this two
stages Cr(VI) isotopic fractionation and the NO3

� reduction rate
decreases in the presence of Cr(VI) must be considered when
designing laboratory experiments to calculate e values. Further-
more, hydrogeological and biochemical effects such as mixing of
water from different sources or NO2

� reoxidation to NO3
�, among

many others, have to be taken into account to interpret field-
scale results. Due to these effects, the percentages obtained from
isotope data must be considered estimation, not a precise calcula-
tion (Margalef-Marti et al., 2019a).
5. Conclusions

The isotope analyses of Cr(VI) and NO3
� allowed to evaluate the

contribution of the natural attenuation processes in the evolution
of these pollutants’ concentrations in the groundwater at the stud-
ied site of the MRB. The results of our laboratory experiments evi-
dence a concomitant Cr(VI) reduction with denitrification. The Cr
(VI) reduction rate is not affected by the presence of NO3

�, but
NO3

� attenuation is slower in the presence of Cr(VI). The e53Cr pro-
duced by the reduction of Cr(VI) to Cr(III) follows a two stage trend.
A higher isotope fractionation (�1.4‰ and �1.8‰ in absence/pres-
ence of NO3

� respectively) was found for the first stage compared to
the second stage (�0.2‰ and �0.9‰ in absence/presence of NO3

�

respectively). The presence of NO3
� did not affect notably the

e53Cr, although the reduction rate was different. On the other hand,
we obtained equal e15NNO3 and e18ONO3 values (�23.9‰ and
�25.7‰, respectively) for the experiments with or without Cr(VI).

In a site of MRB, the d53Cr values of the studied samples increase
downstream of the Cr(VI) source following a flow line, suggesting
that isotope fractionation occurs along the plume. Using the
e53Cr obtained at the laboratory, the calculated Cr(VI) attenuation
at the study site varies between 60 and 70%, or between 85 and
90% when e53Cr from stage I or II are respectively applied. Besides,
the isotope results allowed identifying dilution in those samples
with lower Cr concentration. On the other hand, the percentage
of NO3

� attenuation in groundwater samples varies between
approximately 20% and 30%. Hence, although Cr(VI) and NO3

� are
reduced concomitantly from the groundwater of the San Ignacio
neighbourhood, the natural attenuation of Cr(VI) is considerably
larger than that of NO3

�.
The isotope methods used have made it possible to determine

the degradation of contaminants and confirmed that concentration
changes of contaminants are not exclusively due to dilution.
Although with some uncertainty, we were able to calculate atten-
uation percentages of these contaminants in the contaminated
basin studied which indicate a rather effective neutralization of
otherwise toxic Cr(VI) in the groundwaters. These results provided
a basis for planning an efficient management of the contaminated
aquifer in the most populated and industrialized basin of
Argentina.
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