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Abstract
Nitrogen compounds are being injected into the
environment by human activities, which are al-
tering the global nitrogen cycle and, thus, water
systems. There is principally serious growing con-
cern about the actual environmental consequenc-
es of the nitrogen pollutants in groundwater since
a safe supply of clean water is needed for human
consumption. Recent observations in the field of
measurements and studies in the laboratory sug-
gest that there are limitations of effective methods
that detect and quantify biogeochemical reactions
of nitrogen loss occurred in this aquatic body.
This review explores our understanding of nitro-
gen pollutants on groundwater, taking into consid-
eration the biogeochemical reactions of nitrogen
cycle, and the limitations and advantages of ana-
lytical methods used in the detection of nitrogen
compounds.

analytical  methods,
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Resumen

Los compuestos de nitrégeno son diseminados en
el medio ambiente por actividades humanas que al-
teran el ciclo del nitrégeno y, con ello, los sistemas
de agua. Hay una creciente preocupacion sobre las
consecuencias ambientales de los contaminantes ni-
trogenados en aguas subterrdneas debido a que el
abastecimiento seguro de agua potable limpia es re-
querido para el consumo humano. Recientes observa-
ciones en campo y estudios en el laboratorio sugieren
que hay limitaciones de métodos efectivos que de-
tecten y cuantifiquen las reacciones biogeoquimicas
de las pérdida de nitrégeno ocurrida en este manto
acuifero. Esta revisién explora nuestra comprension
de los contaminantes de nitrégeno en aguas subterra-
neas, tomando en consideracién las reacciones bio-
geoquimicas del ciclo del nitr6geno y las limitaciones
y ventajas de los métodos analiticos utilizados en la
deteccion de los compuestos nitrogenados.

Palabras clave: agua subterrdnea, contaminantes,
nitrogen cycle, marcador isotépico, métodos de
analisis.
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Resumo

Os compostos nitrogenados estdo sendo injetados no
meio ambiente por atividades humanas que alteram
o ciclo do nitrogénio e, com ele, os sistemas hidricos.
Existe uma crescente preocupagao com as consequén-
cias ambientais dos poluentes nitrogenados nas aguas
subterraneas, porque o fornecimento seguro de agua
potavel é necessario para o consumo humano. Em ob-
servagoOes recentes no campo de medigdes e estudos
em laboratério, eles sugerem que existem limitagoes
de métodos efetivos que detectam e quantificam as re-
agoes biogeoquimicas da perda de nitrogénio ocorri-
das neste manto aquifero. Esta revisdo explora nossa
compreensdo de contaminantes nitrogenados em aguas
subterraneas, levando em consideracao as reacdes bio-
geoquimicas do ciclo do nitrogénio, e as limitagdes e
vantagens dos métodos analiticos usados na detecgcao
de compostos nitrogenados.

Palavras-chaves: aguas subterraneas, ciclo de nitrogé-
nio, marcador isotépica, métodos de andlise, poluentes.

Introdution

The right nitrogen compounds circulating in Earth
determine the existence of life. Human activities
are causing the alteration of the global nitrogen
circulation, because increasing quantities of ni-
trogen compounds are being introduced into air,
soil and aquatic ecosystems in the last few years
(Ghaly and Ramakrishnan, 2015; Fields, 2004). In
the planet, nitrogen is found in non-reactive and
reactive forms. The non-reactive form of nitrogen
is N,, which does not contribute to environmen-
tal impact. In contrast, reactive forms of nitrogen
that come from the fixation of N, can be the root
of strong environmental effects. The accumulation
of reactive nitrogen compounds, due to especia-
[ly the production of fertilizers and by-products of
combusting fossil fuels, may cause grave impacts
on human health, smog, acid rain, soil, forest die-
back, biodiversity, global warming and water qua-
lity (Castner et al., 2017; Fields, 2004).
Particularly, the infiltration of reactive nitrogen
in drinking water is carried out through runoff from

livestock and fertilizers, which arrives to the aqui-
fers that are the principal reservoirs of groundwater
(Sampat, 2000). The growing pollution of ground-
water sources by reactive nitrogen concentrations
has been reported in the last three decades (Cast-
ner et al., 2017; Rivett, Buss, Morgan, Smith and
Bemmet, 2008). This has set alarm bells ringing
about the need to prevent the increase of reacti-
ve nitrogen concentrations in groundwater due to
the effects on human health in most industriali-
zed nations (Kobus and Kinzelbach, 1989). In or-
der to preserve drinking water, the quantification
of nitrogen loss rates in groundwater is paramount.
However, the complex and dynamic biogeochemi-
cal network of groundwater has not enabled the
development of effective methods that measure its
nitrogen processes. Therefore, the aim of this re-
view is to examine how nitrogen pollutants, prin-
cipally nitrate and ammonium, are affecting the
microbiological processes of the nitrogen cycle in
groundwater and the strengths and weakness of
developing effective methods for their detection.

Nitrogen pollutants: nitrate and ammonium

The pollution in groundwater caused by nitra-
te (NO,) has been becoming an emerging con-
cern worldwide since the 1970s (Spalding, Exner,
Martin, and Snow, 1993; Rivett et al., 2008). Even
though nitrate in lower concentrations is non-to-
xic in drinking water, the risk from long exposure
may cause health problems such as hypertension,
stomach cancer and methemoglobinemia in hu-
man infants (baby blue disease) (Almasri and Ka-
luarachchi, 2004) since it is suspected carcinogen
(Kendall, Elliott, and Wankel, 2007). To improve
the drinking water quality, the World Health Or-
ganization (WHO) established a limit of 10 mg-N/I
for nitrate concentrations in 1993 (U.S EPA, 2017).
Different developed countries have taken impor-
tant septs; Germany, for instance, monitors the ni-
trate concentrations of potable water setting a limit
value of 15 mg/l at 15% of all groundwater con-
trol points (UBA, 2014). In the case of developing
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countries, nitrate concentrations are not constantly
monitored. Nitrate is also the most studied pollu-
tant compared to ammonium (NH,*) in groundwa-
ter (McMahon and Bolhke, 2006) due to low levels
of ammonium in this natural waterbody (Schilling,
2002). For instance, the United States Environmen-
tal Protection Agency (U.S EPA) has not established
a maximum contaminant level (MCL) for ammonia
in drinking water. However, the National Academy
of Science recommends, and many European na-
tions have adopted, a drinking water standard of
0.5 mg/l (Twort et al., 2000). Ammonium levels
are regulated via oxidation to nitrate in the unsa-
turated zone and attenuated by biological uptake
and sorption (Schilling, 2002). According to Arave-
na and Robertson (1998), the high ammonium le-
vels initially present in raw sewage cease to exist in
shallow groundwater plumes emanating from sep-
tic system. The disinfection efficiency of drinking
water systems may be altered by ammonium due
to the formation of nitrite producing odour and tas-
te problems on the water (Canter, 1996). The WHO
reported that natural ammonium levels produced
by the decay of buried organic matter are frequent-
ly less than 0.2 mg-N/I in groundwater (U.S EPA,
2017). Elevated ammonium levels in natural wa-
ters may indicate pollution caused by anthropo-
genic sources such as sewage effluent, leaking
manure lagoons, and landfill leachate (Christen-
sen et al., 2001). For instance, the high ammonium
concentrations of about 61 mg/l are found on a
leachate from the KL landfill in Kalamazoo, Michi-
gan (Kehew and Passero, 1990). The primary con-
sequence of the high ammonium concentration in
groundwater is the alteration of the chemical and
biological properties of water by a frequent eutro-
phication and hypoxia (Vitousek et al., 1997).

The principal sources contributing to the increa-
se of nitrate and ammonium levels in groundwater
are the agricultural practices such as mineralization
of urea, degradation of organically bound nitro-
gen and dissociation of ammonium nitrate fertili-
zer (Clark et al., 2008), which also cause emission
of greenhouse gases (i.e. N,O) and climate change

(Almasri and Kaluarachchi, 2004). There are other
sources from localized activities that might contri-
bute to the pollution of groundwater by nitrate and
ammonium. They include septic effluent (Arave-
na and Robertson, 1998) atmospheric deposition,
spreading of manure and sewage (Wakida and Ler-
ner, 2005) and municipal wastewater (Christensen
et al., 2000). Previous studies have reported that
the attenuation of nitrate and ammonia is masked
by dilution through dispersion and mixing (Dome-
nico and Schwartz, 1998). For instance, the ele-
vated nitrate and ammonium levels decrease over
time in groundwater from North America, Carib-
bean and Europe during the time periods of one
to thirty years (Widory et al., 2004). Furthermore,
new reports suggest that denitrification and anae-
robic ammonium oxidation (ANAMMOX) as the
major responsible processes involved in the remo-
val of these N-compounds in the nitrogen cycle,
based on molecular and geochemical evidences
(Clark et al., 2008; Seitzinger et al., 2006). Althou-
gh denitrification has been extensively studied, the
significance of anammox may have been largely
overlooked. A better understanding of the nitrogen
elimination in groundwater is essential to determi-
ne the potential impact of contaminants on water
supplies, which is extremely important for public
health, drinking water providers and society.

Nitrogen cycle

The global nitrogen cycle is defined by microbial
processes produced in oxic and anoxic conditions,
which maintain a small pool of fixed nitrogen in
continues exchange with the atmospheric N, re-
servoir (figure 1) (Thamdrup and Dalsgaard, 2002).

Redox reactions include the transfer of elec-
trons between molecules by means of changing
the molecular oxidation state. Groundwater in-
volves a series of the redox reactions facilitated by
microorganisms. Biologically, mediated redox re-
actions lead to nitrogen isotope fractionation and
regulate complex nitrogen dynamics and release
gases in soils as do lightning and biomass burning.
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The availability of nitrogen is principally represen-
ted by the existence of nitrate, nitrite, ammonium
and organic nitrogen, which are generally grou-
ped together as fixed N. Denitrification, anam-
mox, dissimilatory nitrate reduction to ammonium
(DNRA), and nitrification are the microbial proces-
ses involved in the removal of nitrogen in the ni-
trogen cycle.

A) Denitrification

Biological denitrification is considered to be the
most significant primary mechanism of nitrate
mass removal through a series of intermediate ga-
seous nitrogen oxide products performed by a large
group of heterotrophic bacteria in anaerobic con-
ditions (eq.1) (Burt, Matchett, Goulding, Webster
and Haycock, 1999). The study of this process has
been principally investigated in soils for more than

Fattilizers
NO., NH," N

organic W

a century in comparison with groundwater, which
started only some decades ago (Korom, 1992).
2NO, + 10e + 12H* = N, + 6H,0 (1)
The nitrate oxidation is mediated by a denitrif-
ying bacteria that uses oxidized forms of nitrogen
as a terminal electron acceptor for organic carbon
metabolism during respiration (Seitzinger et al.,
2006). Four key enzymes carry out the sequence of
nitrate reduction to nitrogen gas, which are nitrate
reductase, nitrite reductase, nitric oxide reducta-
se and nitrous oxide reductase (Codispoti and Ri-
chards, 1976). Nitrate reductase converts nitrate to
nitrite (NO,), nitrite reductase reduces nitrite to ni-
tric oxide (NO), which itself is reduced to nitrous
oxide (N,O) via nitric oxide reductase, and finally
nitrous oxide reductase converts nitrous oxide to
dinitrogen (eq. 2).
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Figure 1. Microbial nitrogen cycle and its influence upon the water environment.
Source: Rivett et al. (2008).
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Nitrate reductase  Nitrite reductase

Nitric oxide reductase Nitrous oxide reductase

NO, - NO, - NO -» N,0 -» N, (2)

Furthermore, there are other ways of nitrate re-
duction. For instance, the conversion of nitrate to
nitrite and nitrous oxide gas by abiotic reactions
in surface water (Rivett et al., 2008). Therefore, the
ultimate end product of denitrification is the bio-
logically inert form of nitrogen gas, but other inter-
mediate gaseous forms of nitrogen, including N,O,
exist and are contributing to air pollution due to
their chemical properties, defining them as green-
house gases. The denitrification rates performed
by these denitrifiers are greater than 1.5 kg-N/m./
day (Korom, 1992). These denitrifying microbes are
found at great depths in aquifers: in limestone (dep-
th: 185 m) (Morris, Whiting, and Chapelle, 1988),
in granite (depth: 450 m) and in clayey sands (dep-
th: 289 m) (Francis, Slater, and Dodge, 1989). Due
to the beneficial role of denitrification in decreasing
NO,, the Waste Water Treatment Plant (WWTP)
has used it as a strategy to treat sewage or animal
residues of high nitrogen content, thereby reducing
the undesirable health consequences caused by the
structural changes of drinking water.

B) Anaerobic Ammonia Oxidation

Anammox reduces nitrite under anaerobic condi-
tions, coupled to ammonia oxidation, producing
nitrogen gas by anammox bacteria that belong to
the planctomycetes phylum (Strouss, Van Gerven,
Zhen, Kuenen, and Jetten, 1999). In 1994, anammox
bacterium, ‘Candidatus Brocadia anammoxidans’,
was observed in anoxic bioreactors of WWTP (Sch-
midt et al., 2002; Mulder, Van de Graaf, Robertson
and Kuenen, 1995). These particular bacteria have
been identified in a variety of anoxic environment
including contaminated groundwater (Moore et al.,
2011), soils (Zhu et al., 2011), anoxic tropical fres-
hwater lakes (Schubert et al., 2006), wetlands (Erler,
Eyre, and Davison, 2008), oxygen minimum zo-
nes (Dalsgaard, Canfield, Petersen, Thamdrup, and

Acuna-Gonzalez, 2003) and marine, freshwater,
and estuarine sediments (Dale, Tobias, and Song,
2009). Evidence confirms that Anammox bacteria
possess a distinctive organelle called anammoxo-
some that is thought to have the function of pro-
tection against toxic intermediates of the anammox
reaction (Fuerst and Sagulenko, 2011). Three iden-
tified enzymes perform the anammox reaction: ni-
trite reductase, hydrazine hydrolase and hydrazine
dehydrogenase. Nitrite reductase converts the ni-
trite to nitric oxide, which afterwards reacts with
ammonium via hydrazine oxidoreductase forming
hydrazine as an intermediate, that is a toxic com-
pound, and finally it gets converted into dinitrogen
by hydrazine oxidoreductase (eq. 3-5).

Nitrite reductase

NO, +2H*+e -»NO + H,O 3)
Hydrazine hydrolase

NO + NH_+ + 2H* + 3¢t »>N,H, + H,O 4)
Hydrazine oxidoreductase

N,H, » N, + H+ + 4e- (5)

Anammox bacteria live in low abundance and
grows slowly with a rate of 0.4 kg-N/m*/day at
-2 to 43 °C in pH levels of 6.7 to 8.3 (Mulder et
al., 1995). Although the anammox process is ge-
nerally considered to be less important than de-
nitrification, new evidences however show that
60% - 80% of N-loss in some benthic sediments
are produced by anammox (Thamdrup and Dals-
gaard, 2002) and therefore suggest that anammox
is an essential process in the global nitrogen cycle.
The identification of anammox is accomplished
by the estimation of decreasing ammonium and
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nitrate concentrations, the observation of appro-
priate redox conditions and presence of anammox
microorganisms in vivo, as well as stable isotope
techniques. The study of anammox in situ provides
challenges due to the necessity of understanding
all the sources involved in groundwater. Nitrite is
used and produced during anammox, denitrifica-
tion, and nitrification processes, while ammonium
is used and produced during anammox and DNRA.

C) Dissimilatory Nitrate Reduction to Ammonium

Two different processes of nitrate reduction are con-
tained within the nitrogen cycle: denitrification and
dissimilatory nitrate reduction to ammonium. Ac-
cording to Korom (1992), the term “assimilatory re-
duction” refers to the incorporation of a compound
into organic material as part of its reduction, in com-
parison to the dissimilatory reduction, which perfor-
ms the reduction of a compound for its yield to a
different inorganic compound. DNRA is known as
a short circuit in the biological nitrogen cycle (Cole
and Brown, 1980) due to the direct conversion of
nitrate and nitrite to ammonium (eq. 6) by passing
nitrogen fixation and denitrification by a group of
heterotrophic organisms in anaerobic conditions. In
DNRA, nitrate and nitrite reduction are catalysed by
fermentative bacteria belonging to the genre Thio-
ploca and Thiomargarita (Korom, 1992).

2H + NO3. +2CH,0 - NH_+ +2CO, +H,O (6)

Although the DNRA is an alternative pathway of
nitrate reduction, studies have reported that DNRA
in groundwater is less common than denitrifica-
tion. The availability of organic matter plays an im-
portant role in the partitioning of nitrate between
denitrification and DNRA. Studies suggest that the-
re is a preference for denitrification when carbon
(electron donor) supplies are limited and for DNRA
when nitrate (electron acceptor) supplies are limi-
ted (Korom, 1992). One of the most important di-
fferences between denitrification and DNRA is the
obtained product of the nitrate conversion. While

denitrification conserves nitrogen in the ecosys-
tem, DNRA converts nitrate into another mineral
N-form less mobile as ammonium (Tiedje, 1988).
Understanding the function of DNRA as producer
of ammonium decreasing nitrate concentrations in
groundwater has been an advantage from a reme-
diation perspective.

D) Nitrification

Nitrification has been extensively investigated in
natural environments such as soils, estuaries, lakes
and open ocean environments due to its importan-
ce in the global nitrogen cycle (Sumner, Rolston,
and Bradner, 1998). There are two steps of nitrifica-
tion, which convert ammonia to nitrate by distinct
types of microorganisms in anaerobic conditions.
No known organism is able to execute both reac-
tions. In the first step, the oxidation of ammonia to
nitrite is performed by two groups of aerobic ammo-
nia oxidizers such as ammonia-oxidizing bacteria
(AOB) and ammonia-oxidizing archaea (AOA) that
belong to the Nitrosomonas and Thaumarchaeo-
ta genus (Clark et al., 2008). The equation (7) and
(8) are shown the ammonia oxidation that produ-
ces a very small quantity of energy via intermedia-
te hydroxylamine (NH,OH) by using two different
enzymes known as ammonia monooxygenase and
hydroxylamine oxidoreductase (Vajralaetal., 2013).

Ammonia monooxygenase

NH, + O, + 2e- > NH,OH + H,O (7)
Hydroxylamine oxidoreductase

NH,OH + H,O = NO,- + 5H+ + 4e- (8)

In the second step, the oxidation of nitrite into
nitrate is carried out by nitrite oxidizing bacteria
belonging to the genus Nitrobacter and Nitrospi-
ra (eg. 9) (Simonin et al., 2015). Similar to the first
step, the energy generated by the nitrite oxida-
tion is very small (Vajrala et al., 2013). Due to the
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important function of nitrification by using specific
enzymes in the nitrogen cycle, ammonia and nitri-
te oxidizers play a fundamental role in wastewater
treatment facilities by removing elevated levels of
ammonium, which produce the pollution of drin-
king water.

NO,+ 1> O, = NO, (9)
Analytical methods in nitrogen compounds

The quantification of the mechanisms of nitrogen
processing presupposes a critical role in determi-
ning the influence of groundwater nitrogen sources
(Tobias, Macko, Anderson, Canuel, and Harvey,
2001). The study of biogeochemical reactions in
groundwater, particularly denitrification and anam-
mox, becomes a challenging task due to the diffi-
culty of accessing or detecting the reaction sites,
where the specific pathways that result in reten-
tion or accelerated losses of nitrogen by multiple
ammonium and nitrate sources establish a com-
plex and dynamic microbiological network. Un-
fortunately, the development of effective methods
that guarantee adequate measurements of the in-
volved microbiological processes has not been
established so far. Available methods have shown
serious drawbacks such as changes in substra-
te concentrations, lack of sensitivity, disturbances
in the physical settings of the process, high spa-
tial and temporal variation of the process or high
background concentration (Jahangir et al., 2013).
The identification of reaction rates from free living
bacteria in groundwater has been enriched by new
molecular and analytical approaches through the
last years. Although the genetic characterization
of new species established a possibility to unders-
tand the organism's function in groundwater, for
instance quantitative PCR (qPCR), the measure-
ments require to be calibrated as proxies for the
reaction rate, and therefore, these rates do not ne-
cessarily correlate with their activity influenced by
environment conditions (Song and Tobias, 2011).
Therefore, chemists and hydrogeologists have tried

to address the derivation of the reaction rates by
different approaches. The examination of chan-
ges in chemical ratios along flow paths from stoi-
chiometrically-related chemical concentrations of
reactants and products is an analytical method to
identify processes that are involved in groundwa-
ter. This method is not always sufficient due to the
fact, that the chemical ratios do not provide insight
into the sources of pollution.

Another analytical approach to derive reactions
rates is the use of in situ tracer experiments coupled
to advection-dispersion models, which are focused
on the measurement of mass transport of compounds
(Bohlke, Smith, and Miller, 2006). Isotope analysis
is one such approach used to identify the relative
importance of sources that are isotopically distinct
such as nitrate and ammonium and the changes of
isotope ratios that often occur in the biological cy-
cling of nitrogen in predictable directions (Kenda-
[, Elliott, and Wankel, 2007). However, there are
some problems on the implementation of isotopes
analysis that evoke controversy, such as the over-
lapping of isotopic compositions in different sour-
ces, the spatial and temporal variations in isotopic
composition and the blurring of distinctive isotopic
composition by isotope fractionation. New approa-
ches try to minimize these problems, as in the case
of a multi-isotope-multi tracer approach that tracks
trace elements to different sources of nitrate giving a
myriad of environmental variability inherent to na-
tural systems (Kendall et al., 2007).

There are two different approaches applying ni-
trogen stable isotopes on groundwater, which are
complementarity used: natural abundance and
tracer methods, also known as '°N labeling expe-
riments. The natural abundance approach reveals
intrinsic information through rates of the predo-
minant biogeochemical processes of the nitrogen
cycle that incorporate large spatial and temporal va-
riation of the processes with minimal alteration of
the studied system (Hamilton and Ostrom, 2007).
On the contrary, tracer methods offer primarily the
study of rates experiments of elemental cycling on
short incubations, which add around 10% of the
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ambient source concentration of '>N-compound
and are often best conducted in situ with the aim to
avoid any contamination of the samples (Hamilton
and Ostrom, 2007). Studies have reported the use of
>N labelling experiments in a wide range of aqua-
tic ecosystems (Mulholland et al., 2004). The disco-
very of anammox was also accomplished in natural
systems by using direct §'°N tracer measurements.
Currently, this >N isotopic labelling has become a
powerful tool to trace denitrification and anammox
rates (Holtappels, Lavik, Jensen and Kuypers, 2011),
but it cannot be used in the environment. The de-
nitrification and anammox processes establish an
unique labelling pattern, where anammox produces
dinitrogen by one to one pairing of nitrogen from
nitrite and ammonium (Strous et al., 1999), while
denitrification generates nitrous oxide and dinitro-
gen through random pairing of nitrogen atoms du-
ring reduction of nitrogen oxide (Holtappels et al.,
2011). Therefore, denitrification and anammox ac-
tivity may be proved with the formation of "N"N
(**N,) rather than NN (**N,) in the laboratory
(Dale et al., 2009). It is important, however, to deve-
lop an analytical tool by using a natural label of N
and "N isotopes for the determination of these pro-
cesses without disturbance in natural systems.

In addition, the invention of right analytical
method becomes more complicated since the
availability of NO,” pool may also cause the par-
titioning of nitrite between denitrification and
DNRA. Thus, DNRA processes can be involved
in anoxic tracer incubations due to the direct
conversion of nitrite to ammonium in where the
production of *°N, may occur via anammox whe-
ther there is significant rates of DNRA by combi-
ning the DNRA substrate "NO," with the DNRA
product "NH,* (Kartal et al., 2007). The coupled
DNRA-anammox may occur in two forms: in-
tracellular coupled DNRA-anammox in which
DNRA and anammox are effectuated within the
same cell and intercellular coupled DNRA-anam-
mox where distinct organisms carry out the cou-
pled DNRA-anammox by using a small ambient
ammonium pool (Holtappels et al., 2011).

In order to understand the complexity of ni-
trogen tracer experiments, it is important to clari-
fy that there are ten known nitrogen isotopes, the
majority of them being radioactive. The stable ones
are "N and "N with concentrations of 99.634%
and 0.368% of the global nitrogen pool of the ear-
th’s atmosphere (Holtappels et al., 2011). Stable
isotope compositions are defined in terms of delta
(6) values that are established in parts per mil (%)
according to equation (10).

6=I[R__ /R

sample’ * “standard

) — 1] x 1000%0 (10)

The & value is calculated by the comparison of
the ratio (R) between the sample and standard. By
convention, R is the ratio of the heavy (less abun-
dant) to the light isotope (most abundant) (i.e.
N/"N for nitrogen). The ratio standards are de-
termined by the reference standard such as Vien-
na Pee Dee Belemnite (VPDB) or Vienna Standard
Mean Ocean Water (VSMOW). The sample and
standard have often very similar ratios of the two
stable isotopes, which give a value very close to 1.
To emphasize this difference, the deviation from
the value 1 is represented in per mil. For instance,
the nitrogen isotopes ratios are calculated as the
%, difference to atmospheric N, having a constant
N/"N of 272 +0.3 (Coplen, Krouse, and Bohlke,
1992). The isotopes from an element contain mass
differences, which may be interpreted as a mass-de-
pendent isotope fractionation effect (Kendall and
Caldwell, 1998). Equilibrium isotope exchange re-
action and kinetic processes produce isotopic frac-
tionations. The equilibrium fractionation processes
are involved in reversible equilibrium reactions re-
distributing isotopes of an element to various com-
pounds. The equilibrium fractionation factor a is
used to express the fractionation associated with
the equilibrium exchange reaction between two
substances as shown in equation (11) where k is
the equilibrium constant and n the number of ex-
changed atoms. Kinetic fractionation processes
are associated with irreversible unidirectional ki-
netic reactions such as evaporation, dissociation,
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biologically mediated reactions and diffusion that
establish the difference in the motility of the isoto-
pic species. The kinetic isotope fractionation factor
a describes the relative difference in the reaction
rates constants (k) of heavy and light isotopologues
during the reaction, as shown in equation (12) for
8N and 8N (Mariotti et al., 1981).

aeq. =k 1/n (11)
a= 14k / 15k (12)

Most biological reactions discriminate against
the heavier isotope. Therefore, the definition of an
isotope enrichment factor (g) is more convenient
considering that it clearly highlights the range of
variation (eq. 13):

e= (a-1) x 1000 (13)

Many studies have taken advantage of isoto-
pe analysis of nitrogen (8"°N) and subsequently,
of oxygen (8'O) over the last decades (Kendall,
1998; Clark et al., 2008). Whereas the use of only
nitrogen isotopes analysis is challenging, as the §
>N values of fertilizers and atmospheric deposi-
tion of existing nitrate and nitrate in soil are similar
to the nitrogen forms in the aquatic ecosystems,
the combination of §'°N and §'®O analysis provi-
des an important insight of nitrate sources involved
in the nitrogen cycle (Kendall, 1998). Studies have
reported the nitrogen isotopes fractionation of the
different microbiological processes performed in
the nitrogen cycle over the last decades. The frac-
tionation of nitrification is often calculated from
the rate determining step, which is the slower oxi-
dation of ammonium to nitrite having a large §"°N
value ranging from 38 to -14 %o (Mariotti et al.,
1981). The transformation of nitrate to nitrogen gas
via denitrification results in isotopic fractionations
from +15 to +30%0 (Bottcher, Strebel, Voerkelius,
and Schmidt, 1990). The reports of DNRA fractio-
nation are lacking a range of isotopic effects (Ken-
dall et al., 2007), whereas (McCready, Gould, and

Barendregt, 1983) used a kinetic fractionation de-
monstrating that produced ammonium has a lower
8N value than nitrate. There is little knowledge
about the isotopic fractionation of anammox, but it
is assumed that anammox and denitrification may
have similar isotope fractionation. However, new
evidences show that anammox preferentially re-
moves dinitrogen from the ammonium pool with
an isotope effect of + 23.5 to + 29.1 %o in marine
ecosystems according to Brunner et al. (2013).

Conclusions

Bearing in mind the issues described in the parts
of this review, it is evident that more research on
the detection of biogeochemical reactions of the
nitrogen cycle in groundwater is needed in order
to determine the impact of nitrogen pollutants on
water supplies for human consumption. Howe-
ver, the field of measurements in environmental
chemistry has shown that despite the limitations
of effective methods that detect and quantify mi-
crobiological processes of nitrogen loss, there are
some advances on the quantification of the ra-
tes of nitrogen elimination in groundwater by de-
veloping new analytical methods in the last few
years. While the first methods for measurement of
nitrogen compounds involved in the nitrogen cy-
cle that came to light evidenced serious drawbac-
ks, the use of ®N-labelling experiments including
in situ tracer experiments and multi-isotope-multi
tracer approach has become a powerful tool inves-
tigating regulations of microbial redox reactions in
the present. Nevertheless, although very elegant,
this artificial isotopic labeling cannot be used in
the environment, since introducing, for instance,
"NH,+ or "NOx- in sufficient quantities into aqui-
fers is practically impossible in natural conditions.
As anammox and denitrification processes in the
nitrogen cycle are the principal responsable in the
removal of nitrogen compounds, the study of the-
se processes are a priority, principally anammox
reaction, which has not largely been explored. In
addition, further research to estimate the kinetic
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rate parameters of the biogeochemical transfor-
mations in this complex reactions environment
by using numerical models would be beneficial to
establish new critical insight for the development
of new methods for anammox and denitrification
determination in groundwater and other natural
systems.
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