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Abstract In batch experiments, we studied the
isotope fractionation of nitrogen and oxygen during
denitrification of two bacterial strains (Azoarcus sp.
strain DSM 9056 and Pseudomonas pseudoalcalig-
enes strain F10). Denitrification experiments were
conducted with succinate and toluene as electron
donor in three waters with a distinct oxygen isotope
composition. Nitrate consumption was observed in all
batch experiments. Reaction rates for succinate exper-
iments were more than six times higher than those for
toluene experiments. Nitrogen and oxygen isotopes
became progressively enriched in the remaining
nitrate pool in the course of the experiments; the
nitrogen and oxygen isotope fractionation varied
between 8.6-16.2 and 4.0-7.3%o, respectively. Within
this range, neither electron donors nor the oxygen
isotope composition of the medium affected the
isotope fractionation process. The experimental results
provide evidence that the oxygen isotope fractionation
during nitrate reduction is controlled by a kinetic
isotope effect which can be quantified using the
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Rayleigh model. The isotopic examination of nitrite
released upon denitrification revealed that nitrogen
isotope fractionation largely follows the fractionation
of the nitrate pool. However, the oxygen isotope values
of nitrite are clearly influenced by a rapid isotope
equilibration with the oxygen of the ambient water.
Even though this equilibration may in part be due to
storage, it shows that under certain natural conditions
(re-oxidation of nitrite) the nitrate pool may also be
indirectly affected by an isotope equilibration.
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Introduction

Especially in agricultural regions, dissolved nitrate is
one of the most common contaminants that pose risk
to shallow drinking water resources. The only natural
process that may control the nitrate load of a drinking
water body is bacterial denitrification (Kendall 1998).
Furthermore, denitrification is recognized as one of
the major processes for anaerobic biodegradation of a
variety of organic compounds, including typical
groundwater pollutants (for an overview see Widdel
and Rabus 2001).

The reaction Eq. 1 summarizes the electron trans-
fer processes during complete denitrification from
dissolved nitrate to gaseous nitrogen.
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2NO;™ +10e” + 12H" — N, + 6H,0 (1)

Denitrification is a dissimilatory, respiration-coupled
process carried out by several different enzymes,
leading to different intermediates:

NO;~ — NO,” — NO — N,0O — N,

Nitrate and nitrite reduction are catalyzed by the
enzymes nitrate reductase (Nar) and nitrite reductase
(Nir), respectively. Nitrate reductase is a membrane-
bound enzyme located at the cytoplasmatic side of
the membrane, which has been purified from several
different denitrifiers (Zumft 1997). A second type of
nitrate reductase located periplasmatically (Nap) is
also widespread in bacteria, but presumably not
linked to anaerobic respiration processes (Moreno-
Vivian et al. 1999). Nitrate reduction in all known
nitrate reductases is performed by a molybdenum
cofactor (Zumft 1997; Moreno-Vivian et al. 1999).
For dissimilatory nitrite reduction, two distinct
enzymes are known: a tetraheme protein cytochrome
cdy (NirS), and a copper-containing nitrite reductase
(NirK) (Zumft 1997). The cytochrome cd; nitrite
reductases are frequently present in the genera
Pseudomonas (Zumft 1997) and Azoarcus (Song
and Ward 2003; Rabus et al. 2005). The last steps of
denitrification are catalyzed by NO reductase and
nitrous oxide reductase (Zumft 1997).

For several decades, the dual isotope approach
investigating both nitrogen and oxygen isotopic
composition of nitrate has been successfully used to
delineate nitrate sources, to reveal nitrate transport
pathways, and to identify nitrogen transformation
processes such as nitrification or denitrification in
aquifers (e.g. Bohlke and Denver 1995; Aravena and
Robertson 1998; Bohlke et al. 2002; Einsiedl et al.
2005; Einsiedl and Mayer 2006; Osenbriick et al.
2006), lakes (e.g. Knoller and Strauch 1999;
Lehmann et al. 2003; Bozau et al. 2006), and marine
environments (e.g. Brandes et al. 1998; Voss et al.
2001; Casciotti and Mcllvin 2007).

While for most of the case studies nitrate was in
the focus of the investigation, recent technical
developments enable the isotopic examination of
nitrite as well. The combination of the bacterial
denitrifier method for a simultaneous determination
of nitrogen and oxygen isotope values using micro-
amounts of samples (Sigman et al. 2001; Casciotti
et al. 2002) with chemical (Granger et al. 2006) or
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biological preparation techniques (Bohlke et al. 2007)
allows the separate isotopic analyses of nitrate and
coexisting nitrite.

For a reliable prediction of the hydrochemical
evolution of a drinking water resource affected by
nitrate input or the assessment of the overall natural
attenuation potential of a contaminated aquifer where
anaerobic biodegradation under nitrate-reducing con-
ditions is occurring, a quantification of the denitrifi-
cation process is essential. This quantification, using
stable isotope ratios in concert with concentration
data, is always based on isotopic enrichment factors.
Isotope enrichment factors for denitrification reported
so far are mostly based on field data (e.g. Béttcher
et al. 1990; Mengis et al. 1999; Lehmann et al. 2003).
Due to potential fluxes (often open system condi-
tions), those enrichment factors may have a relatively
high uncertainty. Only a very few experiments have
been conducted in order to determine the enrichment
factors for both oxygen and nitrogen during denitri-
fication (Olleros 1983; Granger et al. 2008). This
might be partially due to experimental problems
arising from the nitrite accumulation during denitri-
fication experiments. In particular, an incomplete
separation of accumulated nitrite and residual nitrate
may bias the experimental results. Furthermore, the
experimental design has to take the reactivity of
nitrite into account in order to avoid any re-oxidation.

It is generally agreed that denitrification causes a
kinetic isotope effect on both nitrogen and oxygen
isotopes (Mariotti et al. 1981; Chen and MacQuarrie
2005; Granger et al. 2008) and that the ratio of the
enrichment factors for oxygen and nitrogen isotopes
is between 0.5 and 1, as summarised by Chan and
MacQuarrie in 2005 or by Granger et al. in 2008.

Analogously to sulfate, the oxygen isotope
exchange between nitrate and the ambient water is
extremely slow under environmental conditions typ-
ical for groundwater ecosystems. Accelerated isotope
exchange between sulfate or nitrate and water only
occurs under extreme environmental conditions such
as low pH and/or elevated temperature (Lloyd 1968;
Chiba and Sakai 1985; Bohlke et al. 2003). However,
recent studies have shown that microbial reduction
may speed up the isotope exchange via cell-internal
intermediates so that the oxygen isotope fractionation
during bacterial sulfate reduction is strongly influ-
enced by an oxygen isotope equilibration with the
ambient water (Brunner et al. 2005; Knoller et al.
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2006). That fact led us to pose the question to what
extent a potential oxygen isotopic exchange can
affect the oxygen isotope evolution of the nitrate pool
during its microbial reduction. Furthermore, the
intention of this investigation was to examine the
potential variability of the isotopic enrichment factors
for nitrogen during denitrification related to diverse
electron donors and the extents of microbial nitrite
accumulation. This knowledge is essential for under-
standing the natural variation of isotope fractionation
during denitrification and, eventually, for a field-scale
quantification of the process.

Experimental settings and methods
Batch experiments

Altogether, nine different batch experiments were
conducted in duplicates under an oxygen-free atmo-
sphere using the bacterial strains Pseudomonas
pseudoalcaligenes strain F10 (Martienssen and
Schops 1997) and Azoarcus sp. strain DSM 9056.
P. pseudoalcaligenes was kindly provided by Marion
Martienssen, Helmholtz Centre for Environmental
Research, Dep. Hydrogeology, Azoarcus sp. DSM
9056 was obtained from the Deutsche Sammlung fiir
Mikroorganismen und Zellkulturen (DSMZ), Braun-
schweig, Germany. P. pseudoalcaligenes has been
described to reduce nitrate without transient accumu-
lation of nitrite (Martienssen and Schops 1997). The
Azoarcus strain reduces nitrate to nitrite, which is
further reduced to N2 after a certain lag-phase
(Dolfing et al. 1990). None of these strains was
described for nitrate reduction to ammonium. While
P. pseudoalcaligenes was only inoculated with suc-
cinate as electron acceptor, the experiments with the
Azoarcus strain were conducted with two different
electron donors: succinate and toluene. Both strains
were cultivated in an anoxic mineral salt medium
containing the following compounds (in gl1'):
KH,PO,, 0.1; NH4CI, 0.4; KCI, 0.4; Na,SOy4, 0.2;
CaCl,, 0.1; MgCl,, 0.5; KNO3, 1.01; NaHCO;, 2.52.
The medium was completed by adding 5 ml 17!
anoxic vitamin solution (Pfennig et al. 1965) and
1 ml 17! anoxic trace element solution 10 (DSMZ
medium no. 320). Finally, the pH was adjusted to 7
using 2 M HCI. The media and solutions were always
flushed with sterile nitrogen to remove oxygen after

autoclaving or sterile filtering. Three mineral salt
media were prepared using three waters of different
oxygen-isotopic composition (H,O-light = —31.2%o,
H,0-medium = —8.8%o0, H,O-heavy = 4.5%0 VSMOW,
respectively). Each electron donor/bacterial strain
combination experiment was carried out with each of
the three isotopically different waters. Succinate
(final concentration: 20 mM) was added by means
of an anoxic stock solution (1 M). In order to avoid a
toluene stress on the Azoarcus strain, only 5 pl
toluene was initially added as pure compound. After
40 h, 15 pl of toluene was additionally given to each
toluene degradation experiment with Azoarcus (Azu-
Tol). Nitrate was given in concentrations between 10
and 20 mM. Each degradation experiment was per-
formed in duplicate in a 250 ml bottle filled with
245 ml medium and inoculated with 5 ml bacterial
culture taken from the early stationary phase of a
culture grown on the same electron donor/acceptor
combination used in the isotope experiment. For each
degradation experiment, a single abiotic control
bottle was set up which was prepared as described
for the respective biotic variant, but autoclaved
(20 min, 121°C) immediately after inoculation with
bacteria.

From each of the 27 glass bottles (nine different
experiments in duplicates and the respective sterile
controls), two aliquots of samples (4 ml each) were
taken at intervals of several hours. Samples were
always taken inside an anaerobic glove box (gas
atmosphere: 95% nitrogen, 5% hydrogen; Coy
Laboratory Products Inc., USA) to exclude oxygen
contaminations. Right after sampling, all samples
were passed through sterile filters of 0.2 pum pore size
under oxygen-free atmosphere in order to remove all
biomass and stop the bacterial degradation of nitrate.
After filtration, the samples were immediately trans-
ferred to a freezer and stored at —20°C until further
processing. The storage time for all samples before
isotope analyses was between 15 and 21 days.

Chemical and isotope analyses

For all samples, the content of dissolved nitrate and
nitrite  was determined by ion chromatography
(IC-100, Dionex) from one of the 4 ml aliquots. A
part of the second aliquot was used for the nitrogen
and oxygen isotope measurement of the bulk samples
containing both nitrate and nitrite. Prior to isotope
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analysis, the bulk samples were freeze-dried and
redissolved in water with the same oxygen isotopic
composition (5180 = —8.6%0 VSMOW) as the water
used for dissolving the reference nitrates for isotope
analysis. The amount of water used for redissolving
the freeze dried samples was varied in such a way
that the final N-concentration of each sample was ca.
0.3 mM. This was done to provide similar conditions
for all experimental and reference samples with
respect to the total amount of nitrate and to potential
isotope exchange with the water in the sample vials.

The nitrite and nitrate fractions of sample solutions
were separated using a common ion chromatography
system (DX-100; DIONEX) connected to a conduc-
tivity detector. The isocratic separation was carried
out with an analytical anion column (IONPAC AG14;
DIONEX) working with 1.2 ml min~' flow of
3.5mM sodium carbonate/1.0 mmol 17" sodium
hydrogen carbonate eluent. Each nitrite fraction was
collected under nitrogen gas atmosphere. Immedi-
ately after collection, the nitrite samples were freeze-
dried. Prior to isotope analysis, the freeze dried
samples were re-dissolved in defined amounts of
de-ionized water with a constant oxygen isotope
composition (6'*0-H,0 = —8.60% VSMOW).

The isotope analyses were conducted on a
Gasbenchll/delta V plus combination (Thermo) using
the denitrifier method for a simultaneous determination
of 6"°N and 6'®0 in the measuring gas N,O, produced
by controlled reduction of sample nitrate/nitrite (Sigman
et al. 2001; Casciotti et al. 2002). For calibration of
nitrogen and oxygen isotope values of bulk samples as
well as of nitrogen isotope values of nitrite samples,
the reference nitrates JAEA-N3 (515N: +4.7%0 AIR;
8'%0: +25.6%0 VSMOW) USGS32 (5"°N: +180%o
AIR; 6'%0: +25.7%0 VSMOW), USGS 34, and USGS
35 (0"°N: +2.7%0 AIR; 6'°0: +57.5% VSMOW)
were used. To test for potential fractionation during
chromatographic separation, solutions of IAEA-N3,
USGS34, USGS35, and of two commercially avail-
able nitrites (KNO,, NaNO,, Merck) were used. The
6"°N and §'®0 values of the nitrites had previously
been determined with an elemental analyzer/delta V
plus (Thermo) and a TC/EA—delta XL plus (Thermo),
respectively (KNO,: 6'°N = —19.5%o, 6'%0 = 10.2%o;
NaNO,: §"°N = —22.6%o, 6'°0 = 11.8%o). Pure NO;
or NO, standard solutions covering a concentration
range between 0.1 and 15 mmol 17" as well as mixed
nitrite/nitrate solutions with various mixing ratios
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(NO3:NO, between 10:1 and 1:10) and concentrations
(between 0.2 and 10 mmol 1™") were injected into the
chromatography column. The isotope analyses of the
recovered fractions revealed that the isotopic compo-
sition of the nitrite was not affected by the chromato-
graphic separation (A'’N: —0.18... +0.24%0; A'®O:
—0.37... 40.32%0). However, systematic isotope
fractionation appeared to occur in the nitrate fraction
(APN: 40.95... +3.55%0; A'®0: —2.02... —4.17%o).
Therefore, the isotopic composition of nitrate could
not be measured directly but had to be calculated
using the isotopic composition of the bulk sample and
that of the nitrite fraction. Due to the oxygen isotope
fractionation that occurs during the reduction of
nitrate to nitrite, the calibration of 6'%0 values of
nitrite samples using nitrate reference materials would
return oxygen isotope values of nitrite that are
25-30%o too low (Casciotti et al. 2007). Therefore,
for the exact calibration of nitrite—oxygen versus
VSMOW nitrite reference materials have to be used.
However, when the subtraction method is applied to
compute the §'*0-NO;~ from the §'*0 of the bulk
Sample (5]80nitrale = 5180bu1k/Xnitrate - 5180nitrite *
Xnitrite/Xnitrate with Xnitrite + Xnitrate = 1) and the
bulk samples are calibrated using nitrate reference
materials, the nitrite measurements have to be
calibrated with nitrate reference materials as well
(Casciotti et al. 2007).

According to the findings of Casciotti et al. (2007),
the nitrite-water isotope equilibration at neutral pH
proceeds within a matter of weeks even for frozen
samples stored at —20°C, implying that the oxygen
isotope ratio of nitrite rapidly approaches a steady
state value determined by the isotope ratio of the
ambient water. Therefore, no mechanistic conclu-
sions can be drawn from the nitrite oxygen isotope
data. However, the exact measurement of the 5'%0-
NO,~ is vital for calculating correct §'®*0-NO;~
values from bulk sample measurements.

The relatively rapid isotopic equilibration between
nitrite and ambient water raises concerns that the
oxygen isotopic composition of nitrite reference
materials and nitrite samples may be affected during
the analytical procedure. To minimize the potential
effect of oxygen isotope equilibration, periods
between dissolution of the freeze dried samples or
crystalline reference materials and the second freeze
drying step following the chromatographic separation
were kept as short as possible (less than 60 min).
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Consequently applying that procedure, no influence
of a potential nitrite—water equilibration was seen
during the above mentioned test measurements using
different concentration and mixing ratios of reference
materials.

Nitrogen and oxygen isotope measurements were
performed with an analytical error of the measure-
ment better than £0.3 and £0.6%., respectively.
Results are reported in delta notation (3'°N, 6'%0) as
parts-per-thousand (%o) deviations relative to the
standards AIR (for nitrogen) and VSMOW (for
oxygen).

The enrichment factors for nitrogen and oxygen
were calculated using the Rayleigh equation 2 as
proposed by Mariotti et al. (1981)

3 M
B 107 In 10730(NO3 ™ )y +1 (2)

In [C (NO3 N )measured /C (NO3 - )

initial}
where ¢ stands for the isotopic enrichment factors for
nitrogen and oxygen, d stands for the §'°N and 6'%0

values, respectively, and C stands for the nitrate
concentration.

Results and discussion
Nitrate reduction in batch experiments

Batch experiments were set up with succinate and
toluene as electron donors and nitrate as sole electron
acceptor. Any consumption of dissolved nitrate is
related to bacterial nitrate reduction. As shown in
Figs. 1, 2 and 3a, b, an almost complete nitrate
consumption (between 80 and 100%) was observed in
all batch experiments. However, consumption rates
differed considerably between the experiments with
different bacterial strains and electron donors. The
fastest nitrate consumption was evident in the exper-
iments with P. pseudoalcaligenes using succinate as
electron donor (PSuc experiments, Fig. 3). Within
less than 20 h the nitrate was completely removed. A
comparable nitrate reduction rate was observed in the
experiments with Azoarcus sp. and succinate as
electron donor (AzoSuc experiments, Fig. 1). During
these experiments, an almost total consumption of
nitrate (up to 99.8%) was reached after 25-28 h. A
significantly lower reaction rate was present in the
experiments with Azoarcus sp. and toluene as electron

donor (AzoTol experiments, Fig. 2). After 175 h,
between 80 and 88% of the original nitrate were
reduced.

A temporary accumulation of dissolved nitrite was
observed in all batch experiments (Figs. 1b to 3b).
The potential of P. pseudoalcaligenes for accumu-
lating nitrite during proceeding denitrification was
supposedly very low (Martienssen and Schops 1997)
which was one reason for selecting this strain for our
experiments. Nevertheless, P. pseudoalcaligenes accu-
mulated nitrite in concentrations up to 3.7 mmol 17!
(Fig. 3b). However, the nitrate concentration was
not significantly exceeded by the accumulated nitrite
in the course of those experiments (maximum
C-NO, /C-NO3;~ = 1.2). The nitrite accumulation
of Azoarcus sp. is more pronounced. During the
experiments using toluene as electron donor, a
maximum nitrite accumulation of more than
6 mmol 17! was observed (ca. 45% of initial Niya)).
The concentration of coexisting dissolved nitrate was
temporarily exceeded by more than 4 mmol I
(maximum C-NO, /C-NO;~ = 2.3). The temporal
development of nitrite and nitrate concentrations in
the course of the experiments with succinate as
electron donor was similar to that in the experiments
with toluene. The maximum nitrite concentration
(4.1 mmol 1_1) temporarily reached 45% of the
initial total nitrogen concentration; the maximum
ratio C-NO, /C-NO;~ was 2.2.

Generally, the accumulation of nitrite during the
batch experiments for both strains is obviously
determined solely by the specifics of the enzymes
catalyzing nitrate and nitrite reduction. In Pseudo-
monas and Azoarcus strains, nitrite reduction is
usually catalyzed by a cytochrome cd; nitrite reduc-
tase (NirS) (Rabus et al. 2005; Song and Ward 2003;
Zumft 1997). Dissimilatory nitrate reduction under
anoxic conditions is carried out in most bacteria by a
membrane-bound nitrate reductase (NAR).

Nitrogen isotope fractionation
during denitrification

Even though the complete reduction of dissolved
nitrate to gaseous nitrogen involves several interme-
diate nitrogen oxide species, it is generally agreed
that the remaining nitrate pool during denitrification
is affected by a straightforward kinetic enrichment of
>N (e.g. Kendall 1998; Chen and MacQuarrie 2005).
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This kinetic enrichment can be described by an Eq. 2
proposed by Mariotti et al. (1981). The -crucial
parameter determining the isotopic enrichment during
nitrate reduction is the enrichment factor '’¢. The
exact knowledge of the enrichment factor is essential
for the characterization and the quantitative assess-
ment of nitrate reduction as well as for the estimation
of processes affecting the isotope fractionation in
aquifers, such as mixing or secondary nitrification,
that may superimpose the isotope fractionation of the
original nitrate reduction process.

An overview of isotope enrichment factors esti-
mated from several culture experiments and from
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5"N-NO, %o (AIR)

case studies in natural environments is presented by
Lehmann et al. (2003). The large variation range for
¢, from —5 to —40%o, suggests a strong dependency
of the enrichment factor on several experimental and
environmental conditions as well as reaction path-
ways and involved enzymes. The extent of ¢ for
nitrate mainly depends on the first irreversible step of
the biochemical reaction mechanism of nitrate reduc-
tion, but is also controlled by rate-limiting processes
preceding the enzymatic reaction (e.g. uptake and
transport of a substrate to the reactive site of enzyme,
binding of the substrate to form enzyme-—substrate
complexes), which can significantly mask isotope
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fractionation (Northrop 1981). The reaction catalysed
by dissimilatory and assimilatory nitrate reductases is
an oxo-transferase reaction: nitrate binds to the
Mo(IV) atom in the centre of the enzyme’s bis-
molybdopterin guanine dinucleotide cofactor, and is
reduced to nitrite, which is subsequently released
(Richardson et al. 2001). The fact that nitrate reduc-
tion always seems to be linked to an isotope fraction-
ation of the nitrogen atom indicates that the cleavage
of the oxygen-nitrogen bond is a rate-limiting
irreversible step in the reaction mechanism of nitrate
reductases with a molybdopterin-containing cofactor.

A very important advantage of batch experiments
is the presence of closed system conditions. If the
experimental conditions are well constrained, no
other sinks affect the remaining nitrate pool: the
concentration and isotopic composition of the nitrate
is exclusively determined by nitrate reduction. There-
fore, batch experiments yield realistic values for '’¢
affected only by the nitrate reduction reaction, in
contrast to field studies which only allow the
estimation of apparent enrichment factors.

A strong enrichment of '°N in the residual pool of
total nitrogen or nitrate correlated with a decrease of
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NO3;~ or Ny, concentrations was found in all
experiments (Figs. 1 to 3c, d). This observed rela-
tionship between the concentrations and the respec-
tive nitrogen isotope ratios is characteristic for
denitrification. The most pronounced enrichment of
heavy nitrogen isotopes in the remaining nitrate pool,
however, occurs during the PSuc experiments where
0N values of higher that 140%. (AIR) were
obtained (Fig. 3c, d). The lowest isotope enrichment
accompanied by the lowest nitrate consumption is
observed for AzoTol experiments. Maximum 6'°N—
NO;~ values are between 51 and 77%o (AIR) for the
single batches of this set of experiments (Fig. 2d).
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5"°N-NO, %0 (AIR)

AzoSuc experiments produced maximum &' N—
NO;~ values between 54 and 93%. (AIR) (Fig. 1d).
Table 1 shows the enrichment factors for total
nitrogen and nitrate for all experiments, obtained by
fitting the Eq. 2 to the experimental isotope data. The
observed variation range is between —9.6 and
—16.7%0 for the total nitrogen (bulk measurements
of samples containing nitrate and nitrite) and between
—8.9 and —17.2%o for nitrate alone. Considering the
summarized data presented by Lehmann et al. (2003),
the nitrogen isotope enrichment factors of this study
are on the lower end of '’¢ variations found in
laboratory experiments and in field studies.
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Table 1 Kinetic isotopic enrichment factors for total and nitrate nitrogen as well as for oxygen in denitrification batch experiments

Bacterial strain and electron donor Isotopic type of water

15¢ N-total (%o)

15 N-NOs ™ (%0) 86 NO; ™ (%0)  '8¢/'5¢ NO5~

Pseudomonas + succinate Light
Medium
Heavy

Azoarcus + toluene Light
Medium
Heavy

Azoarcus + succinate Light
Medium
Heavy

—155+35 —162 + 44 —-5.5+39 0.33
—11.5+ 83 —11.4 £ 99 —-59 +49 0.49
—15.4 £ 4.0 —15.0 =43 —62+£25 0.41
—-129+ 15 —109 £ 3.1 =57+ 1.7 0.52
—163 £ 2.1 —147 £ 3.2 —6.4 1.6 0.43
—153 £ 1.6 —8.6 £ 2.7 —6.8 £ 1.5 0.79

-92+ 18 —-10.1 £ 1.7 —4.0+13 0.40
—125 £ 35 —11.7 £ 25 —69 +£22 0.59
—122+£2.0 —12.6 £ 2.5 —-73 + 1.7 0.57

Enrichment factors were obtained by fitting Eq. 2 to the experimental data. The uncertainties refer to the 95% confidence interval

Compared to natural systems, nitrate reduction in
our experiments occurred at extremely high reaction
rates. Elevated temperature, medium composition for
optimal bacterial growth, as well as high nitrate and
high electron donor concentrations may lead to accel-
eration of nitrate reduction. We cannot exclude the
possibility that uptake of nitrate by the cell, transport
within the cell or enzyme binding may become rate-
limiting and thus lower the extent of nitrogen isotope
fractionation compared to field conditions.

As a result, enrichment factors obtained during our
experiments may be lower than '’¢ values observed in
several field studies. This difference, however, is not
likely to affect the conclusions regarding the mech-
anistic questions that were addressed.

In natural or experimental systems where both
nitrate and nitrite are present, qualitative and quan-
titative information on ongoing processes may
already be derived from the isotope fractionation of
the total N-pool. This simple approach could save
analytical resources and several time-consuming
preparation steps related to the separation of nitrate
and nitrite. Therefore, we compare the isotope
fractionation of the total N-pool with the fraction-
ation of the nitrate and nitrite pool.

No systematic differences are obvious between the
computed enrichment factors for the isotope frac-
tionation of the Ny, pool with the three different
strain/electron donor combinations. Even though the
AzoSuc experiments yielded the lowest enrichment
factors for nitrogen (—9.2 £ 1.8%o), these differences
are statistically similar. The same applies for the
enrichment factors characterising isotope changes of
the nitrate pool. The enrichment factors for the N,

pool (NO;™ 4+ NO,7) and those of the nitrate pool
are statistically identical. This is in agreement with
the findings of Casciotti and Mcllvin (2007) for
natural water samples from the Eastern Tropical
North Pacific (ETNP). However, in that case the
agreement was due to the clear dominance of
the nitrate content over the nitrite content so that
the isotopically different nitrite did not have much
influence on the isotopic composition of the total
dissolved nitrogen pool. The isotopic difference
between nitrate and coexisting nitrite was between
20 and 30%o for the ETNP samples. A similar
isotopic difference was observed by Bohlke et al.
(2007) for coexisting nitrate and nitrite in a small
freshwater stream. During our experiments, a signif-
icant isotopic difference of 25-30%o between NO;~
and NO,™ was only present in the initial phase of the
experiments when the nitrate concentrations were one
to two orders of magnitudes higher than the nitrite
concentrations (Fig. 4). In the further course of the
experiments, with proceeding accumulation of dis-
solved nitrite, the isotopic difference decreased
dramatically and sometimes disappeared completely
when nitrite concentrations exceeded the concentra-
tions of dissolved nitrate. The effect of decreasing
isotopic differences between nitrate and nitrite is
more pronounced in the experiments with higher
reaction rates using succinate as electron donor
(Fig. 4). Due to the agreement of the nitrogen isotope
values of nitrate and coexisting nitrite for the
majority of our experimental samples, the temporal
isotopic evolution of the nitrate pool resembles very
much that of the NO;~ + NO,” pool, so that
comparable enrichment factors for nitrogen are
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Fig. 4 Comparison of ¢'’N-nitrate and '’ N-nitrite for sam-
ples from all experiments

obtained. Nevertheless, the similarity of enrichment
factors for experimental settings using different
bacterial strains and different electron donors under
otherwise identical circumstances suggests that the
large natural variation range of "¢, as reported by
Lehmann et al. in 2003, can be attributed to certain
variable environmental conditions such as nitrate
supply, sediment matrix, chemical composition of the
solution, pH, or temperature, assuming that dissim-
ilatory nitrate reductases generally produce compa-
rable '’¢ values. Whether this is actually the case
remains to be proved in further isotopic studies using
reference strains having different nitrate reductases.

Oxygen isotope fractionation
during denitrification

It is generally accepted that both nitrate and nitrite
are capable of exchanging oxygen isotopes with the
ambient water (Bohlke et al. 2003; Casciotti et al.
2007). The main question remaining is whether this
equilibration process or a straightforward kinetic

@ Springer

isotope effect (as observed for nitrogen) dominates
the composition of oxygen isotopes in residual nitrate
during denitrification. As shown by Knodller et al.
(2006) for the oxygen isotope fractionation of sulfate
during bacterial sulfate reduction, a straightforward
approach to investigate the influence of the isotopic
composition of the ambient water on the oxygen-
isotopic composition of the remaining nitrate pool is
the utilization of isotopically different waters in
otherwise identical experiments. The three isotopi-
cally different waters we used in our experiments
(6"%0 between —31.2 and +4.5% VSMOW) cover
most of the potential range for natural waters.

Assuming a dominance of an isotopic equilibration
of the oxygen in the remaining nitrate pool with the
oxygen of the ambient water during denitrification, as
suggested by Brunner et al. in 2005, the oxygen
isotope composition of nitrate should approach a
steady-state value that is defined by the oxygen
isotope composition of the water plus a certain
equilibrium fractionation between nitrate oxygen and
water oxygen. Such an oxygen isotope exchange was
observed during bacterial sulfate reduction where the
oxygen isotope value of the residual sulfate
approaches a steady-state value that is determined
by the oxygen isotope value of the ambient water
(Brunner et al. 2005; Knoller et al. 2006).

Generally, the dominance of isotopic equilibration
over a kinetic isotope fractionation during microbial
reduction processes (Brunner et al. 2005; Knoller
et al. 2006; Sturchio et al. 2007) requires firstly,
intermediate reaction species that are capable of
exchanging oxygen isotopes with the water rapidly,
and secondly, a backward reaction from the interme-
diate to the reactants. Under certain conditions,
depending on the initial isotope value of the reactant
and on the equilibrium value with the water, the
equilibration could produce isotope enrichment in the
reactant pool as would be observed for a kinetic
isotope effect. The equilibrium isotope fractionation
for oxygen between nitrate and water is around
423 + 1%o for groundwater temperatures between 5
and 20°C (Bohlke et al. 2003).

A potential influence or even the dominance of an
isotope equilibration over kinetic fractionation cannot
necessarily be concluded from field studies. In
several case studies the 5180—NO3_ values measured
are higher than those of the initial nitrate (indicating
nitrate reduction) but still lower than the expected
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equilibrium value with the ambient water (e.g.
Bottcher et al. 1990; Lehmann et al. 2003; Casciotti
and Mcllvin 2007). Consequently, either kinetic
fractionation or isotopic equilibration or the super-
position of both processes could have produced such
an isotope pattern. Very few studies report oxygen
isotope values for nitrate during nitrate reduction that
are higher than the expected equilibrium value with
the water (e.g. Aravena and Robertson 1998; Mengis
et al. 1999). For these cases, a clear dominance of the
kinetic isotopic enrichment must be concluded.

Considering a potential oxygen isotope equilibra-
tion between nitrate and water and an equilibrium
fractionation factor of 23%o, the final 8'30 values of
the nitrate pool for our experiments using isotopically
light, medium, and heavy water should be —8.2, 14.2,
and 27.5%0 (VSMOW), respectively. This would
imply a decrease of the §'%0 values for nitrate (5'0-
initial +20%0 VSMOW) during proceeding nitrate
reduction in the experiments with the light and
intermediate water and a slight increase during the
experiments with the heavy water. The oxygen
isotopic evolution of the nitrate pool would be
different if the oxygen isotope exchange took place
between nitrite and water followed by a reoxidation
of nitrite to nitrate. In that case, an equilibrium
fractionation NO,-H,O of 14%o. (Casciotti et al.
2007) and the incorporation of an oxygen atom from
the ambient water into the newly formed nitrate
molecule would determine the oxygen isotopic com-
position of the nitrate pool.

The actual evolution of the oxygen isotope values
of nitrate with decreasing nitrate concentrations for
the various experiments is shown in Figs. 1 to 3e. For
all experiments a strong enrichment of heavy oxygen
isotopes in the residual nitrate pool is visible,
exceeding the expected isotopic equilibrium between
water and nitrate by far. No significant correlation was
found between the 6'%0 of the ambient water and the
maximum '®0 enrichment. Maximum 6'%0 values are
between 38 and 47%., between 51 and 69%., and
between 76 and 81%o0 (VSMOW) for AzoTol, AzoSuc,
and PSuc experiments, respectively.

Only few enrichment factors for oxygen during
denitrification have been reported (e.g. Olleros 1983;
Bottcher et al. 1990; Mengis et al. 1999; Lehmann
et al. 2003; Casciotti and Mcllvin 2007; Granger
et al. 2008) covering a range between —8 and —19%o.
The oxygen isotope enrichment factors for our

experiments are shown in Table 1. Generally, values
for '8¢ vary between —4.2 and —7.5%0 and are thus
lower than the range obtained in recent case studies.
The variation of '®¢ is not systematic with respect to
the bacterial strain, the utilized electron donor, or the
isotopic composition of the ambient water. Appar-
ently, the lowest enrichment factors occur in exper-
iments with the isotopically lightest water. This
would seem to suggest that a slight influence of the
5'80 of the water on the isotope fractionation of the
nitrate oxygen during nitrate reduction might be
present. However, statistical analysis revealed no
significant differences between the enrichment fac-
tors obtained from the individual experiments. The
isotopic composition of the ambient water does not
appear to affect oxygen isotope fractionation during
nitrate reduction significantly. Consequently, oxygen
isotope fractionation is clearly dominated by a
straightforward kinetic isotope effect.

With respect to this finding, the ratio of the
enrichment factors ('%¢/'%¢) may be considered as a
parameter representing certain reaction pathways and
environmental conditions. For freshwater environ-
ments, Chen and MacQuarrie (2005) postulate a
theoretical ratio of 0.51 based on reaction constants
experimentally determined by Olleros (1983). Sum-
marized field data from recent groundwater studies
with a range between 0.48 and 0.67 (Chen and
MacQuarrie 2005) seem to validate the theoretical
value of 0.51. In contrast, the ratio of N and O
enrichment factors for denitrification in marine
environments is around 1 (Granger et al. 2008). The
same authors assign this value to nitrate reduction by
respiratory membrane-bound nitrate reductase (NAR)
while smaller ratios of ca. 0.6 would be characteristic
for nitrate reduction by periplasmatic nitrate reduc-
tase (NAP). However, the low significance of the
NAP pathways in marine microorganisms, which is
supposedly similar in terrestrial environments (Gran-
ger et al. 2008), may not be sufficient to explain the
observed differences between marine and freshwater
environments.

Due to the large statistical variation of the
enrichment factors for nitrogen and oxygen, the
18¢/13¢ ratios of our experiments cover an unusually
large range between 0.33 and 0.79. This variation
might be to some extent a result of the strong nitrite
accumulation in the experiments; this may become
partly re-oxidized during analytical procedures. The
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fact that the isotopic composition of nitrate could not
be measured directly but was computed from bulk
measurements and pure nitrite measurements may
also add uncertainty. This potential uncertainty
increases considerably for high extents of consump-
tion when nitrate and nitrite concentrations approach
detection limit of the ion chromatography method.
Thus, the observed variability of ¢ and '®¢ may be
related to the analytical methods, as indicated by the
fact that the variability of different experiments is in
the same order of magnitude as the variability
observed for replicates of the same experiment. The
variability within the replicates for the individual
enrichment factors (95% confidence interval) is given
in Table 1. Despite the scattering of data, the mean of
the ratio '®¢/'>¢ over all our experiments is 0.50; this
value confirms the theoretical value from Chen and
MacQuarrie (2005). In the future, further mechanistic
studies involving several bacterial strains represent-
ing different enzymatic reactions will be necessary in
order to explain the puzzling difference in nitrate
isotope fractionation between marine and freshwater
systems.

Summary and conclusions

In batch experiments, we studied the isotope frac-
tionation of nitrogen and oxygen during denitrifica-
tion using two well-defined bacterial strains.
Experimental conditions varied with respect to the
electron donors (succinate and toluene) and to the
isotopic composition of the ambient water (three
isotopically different waters with §'®0 values
between —31.2 and 4.5%0 VSMOW).

Knowing that the isotopic evolution of the residual
nitrate-N during denitrification is controlled by a
straightforward kinetic isotope effect, our intention
was to examine the influence of different electron
donors and of different extents of microbial nitrite
accumulation on the size of the isotope effect. Our
experimental results did not show any systematic
correlation of the enrichment factors for nitrogen
with the parameters mentioned above. The variability
of "¢ for experiments with the same bacterial strain
and the same electron donor may be related to the
analytical uncertainty resulting from the significant
accumulation of nitrite during our experiments.
Minor uncertainty may also be contributed by
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differences in the bacterial growth and activity under
otherwise identical experimental conditions.

Furthermore, the similarity of enrichment factors
for experimental settings using different bacterial
strains and different electron donors under otherwise
identical circumstances suggests that the large vari-
ation of '’¢ in the environment is to some extent
controlled by nitrate reducing organisms, assuming
that dissimilatory nitrate reductases generally pro-
duce comparable 15¢ values. However, environmental
conditions such as nitrate supply, sediment matrix,
and heterogeneity may also play an important role, in
particular if re-oxidation of nitrite must be taken into
account.

Recent investigations showed that the oxygen
isotope fractionation during bacterial sulfate reduc-
tion is controlled by an isotopic equilibration with the
ambient water. This, as well as the recognized
potential of nitrate for exchanging oxygen isotopes
with water under certain extreme environmental
conditions, led us to pose the question of whether
the oxygen isotope fractionation during nitrate reduc-
tion is affected by an isotopic equilibration with the
oxygen of the ambient water. Our experimental
results provide clear evidence that the oxygen isotope
fractionation during nitrate reduction is controlled by
a kinetic isotope effect. This conclusion from our
experiments, however, is only valid for low-temper-
ature processes common in aquifers. Different pro-
cesses accelerating an isotope equilibration of nitrate
with ambient water may be present in more extreme,
high-temperature environments such as hydrothermal
systems. The investigation of such high-temperature
effects on the isotope fractionation during nitrate
reduction is beyond the scope of this study but may
be a subject of future research.

In summary, the nitrogen and oxygen isotope
effect during denitrification is controlled by nitrate
reduction, the first irreversible step of the denitrifi-
cation pathway, whereas electron donors or equili-
bration reactions of nitrite with ambient water play an
insignificant role. The isotope fractionation pattern of
other denitrifying strains may display a different
extent of isotope effects; however, if the enzyme
mechanisms are similar, the fractionation will still be
predominantly controlled by the first reduction step to
nitrite. This may lead to characteristic '%¢/'%¢ ratios
that can be used to analyse the nitrate reduction
process in the environment. Re-oxidation of nitrite or
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ammonia to nitrate may give a different isotope
signature of nitrogen and oxygen isotopes of nitrate,
and thus the multi-isotope analysis may be used to
characterise the nitrogen cycle in aquifers.

Despite the dominance of the kinetic isotope effect
for oxygen, an influence of an equilibration with the
water oxygen cannot be excluded in heterogeneous
aquifers when nitrite oxidation occurs. Nitrite rapidly
exchanges oxygen isotope with water. Under natural
conditions where the nitrite is subject to oxidation
due to transport-related changes in the hydrochemical
milieu, this rapid isotope exchange may indirectly
affect the isotopic evolution of the nitrate pool during
denitrification. The recognition of such oxidation of
nitrite or nitrification processes is essential for a
reliable prediction of the long-term development of
the nitrate load of water resources.
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