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ABSTRACT: Denitrification has been measured during the last few years using two different methods in particular:
isotope pairing measured on a triple-collector isotopic ratio mass spectrometer and N,:Ar ratios measured on a membrane
inlet mass spectrometer (MIMS). This study compares these two techniques in short-term batch experiments. Rates
obtained using the original N,:Ar method were up to 3 to 4 times higher than rates obtained using the isotope pairing
technique due to O, reacting with the N, during MIMS analysis. Oxygen combines with N, within the mass spectrometer
ion source forming NO™* which reduces the N, concentration. The decrease in N, is least at lower O, concentrations and
since oxygen is typically consumed during incubations of sediment cores, the result is often a pseudo-increase in N,
concentration being interpreted as denitrification activity. The magnitude of this oxygen effect may be instrument spe-
cific. The reaction of O, with N, and the subsequent decrease in N, was only partly corrected using an O, correction
curve for the relationship between N, and O, concentrations. The O, corrected Ny:Ar denitrification rates were lower,
but still did not match the isotope pairing rates and the variability between replicates was much higher. Using a copper
reduction column heated to 600°C to remove all of the O, from the sample before MIMS analysis resulted in comparable
rates (slightly lower), and comparable variability between replicates, to the isotope pairing technique. The Ny:Ar technique
determines the net N, production as the difference between N, production by denitrification and N, consumption by N-
fixation, while N-fixation has little effect on the isotope pairing technique which determines a rate very close to the
gross N, production. When the two different techniques were applied on the same sediment, the small difference in
rates obtained by the two methods seemed to reflect N-fixation as also supported from measurements of ethylene
production in acetylene enriched sediment cores. The Ny:Ar and isotope pairing techniques may be combined to provide
simultaneous measurements of denitrification and N-fixation. Both techniques have several assumptions that must be
met to achieve accurate rates; a number of tests are outlined that can be applied to demonstrate that these assumptions

are being meet.

Introduction

Denitrification is an ecologically important ni-
trogen (N) cycling pathway because it permanently
removes fixed nitrogen from ecosystems and, as
such, is one of the few natural processes that is
capable of counteracting the process of nutrient
enrichment. Direct measurement of sediment de-
nitrification rates are difficult due to high back-
ground concentrations of dissolved N, in natural
waters against which small changes in Ny, must be
measured. To overcome these difficulties a num-
ber of direct and indirect methods for measuring
sediment denitrification have been developed in-
cluding acetylene blockage (Sgrensen 1987), stoi-
chiometry (Nixon 1981; Berelson et al. 1998), di-
rect N, fluxes after background removal (Seitzin-
ger 1987; Nowicki 1994), direct N, fluxes mea-
sured using high precision gas chromatography
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(Devol 1991; LaMontagne and Valiela 1995), ni-
trate profiles measured with a nitrate microsensor
(Larsen et al. 1996), direct N, fluxes determined
from changes in Ny:Ar ratios (Kana et al. 1994),
and N isotope pairing (Nielsen 1992). Major lim-
itations associated with the first five methods (see
Cornwell et al. 1999 for a review of these limita-
tions) has made Ny:Ar and isotope pairing the pre-
ferred techniques for the measurement of sedi-
ment denitrification rates.

The Ny:Ar and isotope pairing techniques are
conceptually very different and both techniques
rely on a number of different assumptions. The
isotope pairing technique has been used in nu-
merous studies, mainly in Western Europe and the
Arctic (Nedwell and Trimmer 1996; Rysgaard et al.
1998; Tuominen et al. 1998; Dong et al. 2000;
Sundback and Miles 2000). The Ny:Ar technique
although not currently as widely published (Kana
et al. 1994, 1998; An and Joye 1997; Cornwell et
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al. 1999; Heggie et al. 1999; Smith et al. 2000; An
et al. 2001; Eyre and Ferguson 2002; Laursen and
Seitzinger 2002), is being used by a number of lab-
oratories across North America and Australia
(Cornwell personal communication). A compari-
son of denitrification rates at a recent American
Society of Limnology and Oceanography meeting
in Copenhagen suggested higher rates were com-
monly reported in North American coastal systems
compared to Western Europe (Christensen person-
al communication). It is important for cross-system
comparisons and global nitrogen budgets that
these two widely used denitrification techniques
(Ng:Ar and isotope pairing method) give compa-
rable rates and that the differences recorded be-
tween systems are ecological and not due to meth-
odological differences.

Direct N, fluxes and isotope pairing have previ-
ously been compared (Risgaard-Petersen et al.
1998), but this was under strict laboratory condi-
tions using a continuous flow-through system and
long incubation times (> 30 d), which are not typ-
ical of most studies. The N, analysis was undertak-
en on a GG-MS which required background re-
moval which is unnecessary with the Ny:Ar tech-
nique. The purpose of this study was to compare
the Ny:Ar and isotope pairing techniques in short-
term batch experiments, which is typical to mea-
sure sediment denitrification rates.

Material and Methods

StuDpY SITES, CORE COLLECTION,
AND PRE-INCUBATION

Undisturbed sediment cores (core liners made
of Plexiglas (polymethyl metacrylate), 5.2 or 8.1
cm i.d.) were collected on three occasions from
Aarhus Bay (October and November) and Nors-
minde Fjord (November), Denmark. Bottom water
temperatures during sample collection were 14°C,
10°C, and 10°C at Aarhus Bay (October), Aarhus
Bay (November), and Norsminde Fjord, respective-
ly. Sediment was collected by divers at St. 6 in Aar-
hus Bay (56°09'10"N, 10°19'20"E) at a water depth
of 16 m. Aarhus Bay covers an area of 320 km? and
has a mean water depth of 15 m. The sediment
consisted of 21% sand, 23% silt, and 56% clay and
had a porosity of ~ 0.8 and 2.1-3.7% organic car-
bon. Further descriptions of the Bay can be found
in Jorgensen (1996). Sediment was also collected
by hand in Nordsminde Fjord at a water depth of
0.5 m. Nordsminde Fjord is only 1.9 km? and has
a mean water depth of 0.6 m. The sediment con-
sisted mostly of fine to medium-sized sand with a
porosity of ~ 0.2 and 1% organic carbon. Further
descriptions of Nordsminde can be found in Niel-
sen et al. (1995).

The cores were returned to the laboratory with-
in 4 h and placed uncapped and submerged in a
thermostatically regulated reservoir of water from
the sampling station at in situ temperature. Teflon-
coated magnets were suspended in the water col-
umn of each core, 5 cm above the sediment sur-
face, and driven by an external rotating magnet
(60 rpm). The cores were pre-incubated in dark-
ness for 24 to 48 h to ensure steady-state concen-
tration profiles. All lids, stoppers, replacement wa-
ter lines, and other applied materials were also
carefully pre-incubated in the water reservoir to
avoid the introduction of any new surfaces for ar-
gon and N, absorption and desorption.

Ny:AR METHOD

No:Ar fluxes were measured in 8.1 (i.d.) X 30
cm cores with a 15 cm water column. At the start
of the incubation the cores were sealed air-tight by
a top Plexiglas plate with a sample port. The cores
were incubated in the dark for 8 to 10 h which
allowed a 20% decrease in the dissolved oxygen
concentrations. Samples for Ny:Ar were collected
in triplicate at the start and every 2 to 4 h (i.e., 3
to 5 point time series). One set of triplicate sam-
ples for each of the three analytical techniques de-
scribed below was obtained. To minimize the intro-
duction of bubbles, Ny:Ar samples were collected
by allowing water to flow, driven by a gravity-feed
reservoir head, directly into 7 ml gas tight glass
vials with glass stoppers filled to overflowing. The
reservoir water was kept at the same temperature
as the sediment cores. N, samples were poisoned
with 20 pl of 5% HgCl, and stored submerged at
in situ temperature. One to three extra core liners
with only filtered water (0.2 wm; blanks) were pre-
incubated, incubated, and sampled as above.

Ny:Ar ratios were measured using three different
approaches. In the first case, the method and in-
strumentation of Kana et al. (1994) was used with
the following modifications. Gases were detected
with a Balzers QMS422 quadrupole mass spectrom-
eter and a water bath (x 0.01°C) was used to sta-
bilize sample temperature in the waterline up-
stream of the membrane. All analyses were under-
taken in a constant environment room at 10°C to
avoid degassing of cold samples in the inlet line.
This approach was used for Aarhus Bay samples in
October and November.

The method described above was also used with
the following modifications. The effect of Oy, in the
sample on the N, signal measured by the MIMS
was corrected by making a standard curve of O,
concentration against Ny:Ar ratios using water stan-
dards made from the incubation water equilibrated
with the atmosphere at constant temperature. This
was done in two ways. Oxygen concentrations in



the sample water were lowered to different de-
grees, without changing the dinitrogen concentra-
tion, by adding varying amounts of sodium di-
thionite (Na,S,0,) to a series of 7-ml glass vials
with glass stoppers. The amount of oxygen actually
entering the mass spectrometer was also varied by
directing the gas through a copper reduction col-
umn located between the membrane inlet and the
mass spectrometer. The column consisted of 200
mm of copper oxide granules held inside a 9-mm
quartz glass tube with glass wool at either end. The
temperature of the copper reduction column was
controlled by a muffle furnace and was varied be-
tween 0°C and 600°C to produce a range of oxygen
amounts actually entering the mass spectrometer.
Oxygen concentrations were determined using
standards as outlined in Kana et al. (1994). From
the relation obtained between the O, and N, signal
all N,:Ar ratios were corrected back to the O, con-
centration at the start of the incubation so that N,
concentrations were comparable over the course of
the incubation. This approach was used for Aarhus
Bay samples in October and November.

The third approach was as outlined above except
that all oxygen was removed from the sample gas,
before it entered the mass spectrometer, using a
copper reduction column heated to 600°C as de-
scribed above. This approach was used for Nors-
minde Fjord samples and Aarhus Bay samples in
November.

N, fluxes across the sediment-water interface
were calculated by linear regression of the concen-
tration data, corrected for the addition of replaced
water and changes in the blank, as a function of
incubation time, core water volume, and surface
area. Only the linear portions of the concentration
versus incubation time curve were used in the flux
calculations.

ISOTOPE PAIRING METHOD

Following the Ny:Ar flux incubations the cores
were uncapped and pre-incubated for 12 h before
the start of the isotope pairing experiments. The
isotope pairing experiments were performed on all
the No:Ar flux cores as well as additional cores. The
rate of denitrification was determined using the
isotope pairing technique (Nielsen 1992) as de-
scribed by Risgaard-Petersen and Rysgaard (1995)
and Rysgaard et al. (1995). A total of nine sedi-
ment cores were incubated and the sediment cores
were processed at different time intervals during
the ~ 12 h incubation period.

At each time period one core was sacrificed for
sampling after incubation and samples of the water
column and sediment porewater were collected for
analysis of the N-labelling of N, and NO;~. Sam-
ples for the "N-content of N, and NO;~ in the
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water column were taken immediately upon re-
moval of the stopper. The sediment and water col-
umn were then carefully mixed with a Plexiglas
rod. A sample for the "N-N, content of the resul-
tant slurry was taken by syringe. The samples for
the N-abundance in NO,~ were frozen (—18°C)
until later analysis and samples for N-N, analysis
were preserved in glass vials (Exetainer, Labco,
High Wycombe, UK) containing 2% (vol) of a
ZnCl, solution (50% w/v).

A test incubation was performed on Aarhus Bay
sediment in order to find the optimal NO;~
range for the denitrification measurements and to
test the hypothesis of the isotope pairing technique
(Nielsen 1992). Five different concentrations of
1®NO;~ in the overlying water (5, 10, 25, 45, and
100 wM) were selected and 7 intact sediment cores
(5.2 cm i.d., 11 cm sediment, and 18 cm water)
were incubated for each concentration and sam-
pled as described above.

The concentration of NO,~ + NO,  was ana-
lyzed by chemiluminescense after reduction to NO
(Braman and Hendrix 1989). The abundance and
concentration of NN and NN was analyzed
on a gas chromatograph coupled to a triple-collec-
tor isotopic ratio mass spectrometer (GC-MS,
RoboPrep-G* in line with TracerMass, Europa Sci-
entific, Crewe, UK) as described by Risgaard-Peter-
sen and Rysgaard (1995). The N isotopic distri-
bution in the NO;~ pool was likewise analyzed by
mass spectrometry after reduction of NO;~ to N,
using a denitrifying bacterial culture (Risgaard-Pe-
tersen et al. 1993).

The production rate of the isotopes p (!*N!*N or
I5N15N) was calculated as follows:

p( 15N14N or 15N15N)

— [Vl (Cwalcr — Cini)] + [(Cslurrv - Cini)VQ]
A Xt

(1)

where C,., and Cg,,, are the concentrations of
the isotope in the water column and the sediment
slurry, respectively, C,; is the initial concentration
of the isotope, V, is the volume of the sampled
water before mixing water column and sediment,
V, is the volume of porewater plus the remaining
water column after the initial sampling, A is the
area, and t the incubation time.
Denitrification rates were estimated from the
production of N isotopes (Nielsen 1992):
Dy; = p(MN!N) + 2p(®NI5N) (2)
14WNJ 15
L= PONN) 3)
2p(15N15N)

where D,; and D,, are the rates of denitrification
based on "NO,;  and NO;-, respectively, and
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p(MN®N) and p(!®N!N) are the rates of produc-
tion of the two labelled N, species (NN and
15NN, respectively, calculated from Eq. 1). While
D,; expresses denitrification activity of added
1®NO;~, D,, expresses the total in situ denitrifica-
tion activity.

The proportion of Dy, that is based on NO;~
from the water phase (D,,) was calculated from D5
and the N:"N ratio of water column NO;:

14 —
w = % X Dl% (4)
[P"NOs ], )
where [NO;™], is the concentration of "NO4~
and [®"NO; ], the concentration of "NO,~ in the
water column. In situ denitrification of NO,~ pro-
duced by nitrification (D,) was calculated as:

Dn = D14 - Dw (5)

To estimate D, and D, as shown above, it was nec-
essary to measure the N labeling of the water col-
umn NO;~ as described above.

Results and Discussion

Denitrification activities measured in Aarhus Bay
by the original Ny:Ar method described by Kana et
al. (1994) gave significantly higher (3—-4 times) and
considerably more variable values (140 * 43 and
92 = 13 wmol N m~2 h™! in October and Novem-
ber, respectively) than rates obtained by the iso-
tope pairing technique (34 £ 5 and 32 = 2 pmol
N m~2 h™!, respectively; Fig. 1a,b).

INFLUENCE OF O, ON Ny:AR MEASUREMENTS

One of the prerequisites of the Ny:Ar method
and the use of the MIMS is that there are no gasses
in the samples which interfere with the N, and ar-
gon signal. After diffusing through the membrane,
gases pass through a liquid nitrogen trap removing
water vapor and CO, which may interfere with N,
analysis (Kana et al. 1994). This type of trap, how-
ever, allows O, to pass freely into the mass spec-
trometer. We observed that the O, concentration
of the sample significantly affected the measured
N,:Ar ratios, an effect not reported by Kana et al.
(1994).

Measured NO concentrations (based on m/z =
30) in standard water increased with increasing O,
concentrations (Fig. 2) due to O, combining with
N, within the mass spectrometer ion source form-
ing NO* (Jensen et al. 1996). The result is re-
duced N, concentrations at higher O, concentra-
tions and vice versa (Fig. 2). Over the course of a
typical sediment incubation, O, concentrations will
decrease in the overlying water. This will result in
an increased N, signal and thus an increased Ny:
Ar ratio. This increase in the N, signal will appear
as an apparent increase in the benthic N, flux
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Fig. 1. Denitrification rates measured in Aarhus Bay in Oc-
tober (A), Aarhus Bay in November (B), and Norsminde Fjord
in November (C). The first bar from the left shows the rates
obtained by the original Ny:Ar method without any correction
for oxygen in the samples. The second bar shows data obtained
by the Ny:Ar method with correction for the effect of oxygen
using a curve of the relationship between N, and O, concentra-
tions. The third bar shows data obtained by the Ny:Ar method
after oxygen was removed from the samples. The fourth bar
shows rates obtained by the isotope pairing technique, where
the open part of the bar is the coupled nitrification-denitrifi-
cation (D,) and the filled bar is denitrification of nitrate from
the water column (D). ND = not determined.
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Fig. 2. N, concentration and NO signal versus O, concen-
trations in the MIMS. Air saturated seawater with a salinity of
26 and a temperature of 10.9°C was measured on a modified
MIMS (i.e., including the copper reduction column and fur-
nace). As the furnace was switched on and allowed to heat to
600°C, gradually more O, was removed from the samples reach-
ing the detector. In parallel to decreasing O, concentrations,
the NO signal also decreased due to O, combining with N, with-
in the mass spectrometer ion source forming NO* (Jensen et
al. 1996). The result is a higher N, signal at lower O, concen-
tration. Note the very rapid and non-linear change in the N,
signal associated with only a small change in O, concentration
at low O, concentration.

which was reflected in the higher, and much more
variable, Ny:Ar determined denitrification rate in
Aarhus Bay compared to the rate obtained from
isotope pairing (Fig. 1). Shallow water sediments
incubated in light often increase the water column
O, concentration due to photosynthesis by benthic
microalgae. In such situations, the reaction of O,
with N, would cause the opposite error. The in-
creasing O, concentrations alone would result in a
reduced Ny:Ar ratio that would be interpreted as a
reduced denitrification or nitrogen fixation. From
Fig. 2 it is further evident that severe problems in
obtaining any useful Ny:Ar ratios will occur at low
oxygen concentrations, at least with the particular
mass spectrometer used during this study. Heggie
et al. (1999) also found a large change in N, con-
centration (> 10 uM) over the course of a 24 h
incubation using the Ny:Ar method. Similarly,
Cornwell et al. (1999) observed a large change in
N,:Ar ratios (0.40) over a 7 h incubation. The high
N, production rate may only be due to a pseudo-
denitrification caused by the reaction of O, with
N, in the samples during analysis.

Clearly the reaction of O, with N, in the MIMS
must be corrected to give Ny:Ar ratios expressing
the correct denitrification rates. Oxygen correc-
tion curves were therefore developed for incuba-
tion water from Aarhus Bay using both addition of
increasing amounts of sodium dithionite and the
introduction of a copper reduction column oper-
ated at different temperatures (0°C to 600°C). The
copper reduction column was much easier to use
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Fig. 3. Linear regression between N, concentration and O,
concentration for incubation water from Aarhus Bay in Novem-
ber (subset of data from Fig. 2).

to get a large number of data points (data not
shown) than the sodium dithionite additions and
as such, was used to correct the denitrification
rates for Aarhus Bay. Despite an excellent relation-
ship between measured O, and N, concentrations
in the standard water (r? = 0.999; n = 76; Fig. 3)
the corrected denitrification rates were much
more variable and still very different from the rates
obtained from isotope pairing. For example, the
corrected denitrification rate from Aarhus Bay in
October (80 £ 41 pmol N m~2 h~!) was still more
than twice as high, and three times more variable,
than the rate obtained using isotope pairing (34 =
5 pmol N m~2 h™!; Fig. 1a), while the corrected
denitrification rates in November were only one
quarter of the isotope pairing rates, and 30 times
more variable (Fig. 1b). To correct for the pseudo-
production of N, within the mass spectrometer,
two high signals (much higher than the signal
from bacterial denitrification) were subtracted,
which most likely causes the observed high vari-
ability. We found it difficult to reproduce the slope
of the correction curve with sufficiently high pre-
cision and thus the use of correction curves is not
recommended.

To avoid having to correct for O, reacting with
Ny, O, was removed from the samples from Nors-
minde Fjord and Aarhus Bay (November), before
they entered the mass spectrometer. A copper re-
duction column heated to 600°C removed all O,
within the samples. Once O, was removed, the Ny:
Ar based denitrification rates in Norsminde Fjord
and Aarhus Bay (November; 99 = 12 and 19 = 1
pmol N m~2 h™!, respectively) agreed very well with
the denitrification rates obtained by the isotope
pairing technique (124 = 19 and 32 = 2 pumol N
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m~2 h™!, respectively; Fig. 1b,c). Furthermore, the
precision of the estimates were almost the same.
In both cases the Ny:Ar rate was slightly lower than
the isotope pairing rate. Because the Ny:Ar method
measures net N, fluxes (denitrification minus N-
fixation), the difference between the two methods
most likely reflects N-fixation.

The significant reduction in variability between
rates obtained from samples with O, being re-
moved before processing reflects, to some degree,
the improvement in precision of the Ny:Ar analysis.
Coefficients of variation of Ny:Ar in triplicate sam-
ples (n = 42) without O, removal ranged from
0.111% to 0.014% and averaged 0.037%. In con-
trast, when O, was removed coefficients of varia-
tion of Ny:Ar in triplicate samples (n = 21) ranged
from 0.032% to 0.003% and averaged 0.010%. The
removal of oxygen also decreased the time it took
for the signal to stabilize between samples, as the
N, signal was no longer dependent on variations
in the O, concentration. This in-turn increased the
through-put of samples. The magnitude of oxygen
effect may be instrument specific because the ge-
ometry and electronic characteristics of the ioni-
zation source will vary between instruments. There
is little disadvantage in removing oxygen from the
MIMS analysis as it can be very easily measured by
other equally good techniques (e.g., electrochem-
ical probe, Winkler Titration).

will also reveal if isotopes are uni-

formly mixed.
A test incubation where cores are processed

1®NOj;~ will reveal the optimal addition of
tracer for a correct estimation of the in-

situ denitrification rate.
ries amended with ®NOg~ should be per-

at different time intervals will show if the
formed.

How to Test/Insure Assumptions are Being Met
nitrate gradient is stable.

]5NO‘

A test incubation with different additions of
A test incubation with different additions of

A test incubation with anoxic sediment slur-

Isotope Pairing Technique

Assumptions
not alter in situ denitrification
must be established within a short
time of "NO,~ addition relative to
the total incubation period.
N, production by combined NO;~ re-

rate.
source of "NO;~ must be present.

A stable NO3~ concentration gradient
duction and NH," oxidation

’NO,~ with the endogenous
should be low.

The addition of tracer (**NO;3~) may
A uniform mixing of the added

IMPLICATIONS AND ASSUMPTIONS—
Ny:AR TECHNIQUE

This study has shown that denitrification rates
using No:Ar ratios in batch experiments with O,
removal were significantly lower than rates ob-
tained using the original method of Kana et al.
(1994), at least when using a Balzers QMS422 mass
spectrometer. Lower denitrification rates have a
number of important implications regarding the
assumptions of the Ny:Ar method (Table 1).

Measuring Small Changes in N, Concentrations

(24 h) pre-incubation period and blanks;
Avoid bubble formation;

temperature as incubation chamber.
Collect triplicate samples and determine av-

simultaneously to check N-fixation rates.

How to Test/Insure Assumptions are Being Met
incubation chamber must be sealed;
Use glass incubation chambers or a long

erage %CV over incubation.

In our experiment with a surface area to water
volume fairly typical of batch experiments, a de-
nitrification rate of 19 pmol N m~2 h™! (Aarhus
Bay, November) resulted in only a 0.65 wuM change
in N, concentration over a 10 h incubation (Fig.
4). Against a background of 535 uM N,, an analyt-
ical precision (coefficient of variation) of < 0.03%
was required (0.008% was achieved) to see a statis-
tically significant change (ANOVA, p = 0.05). For
denitrification rates of <5 pmol N m~2 h~!, which
are routinely measured using isotope pairing (e.g.,
Rysgaard et al. 1995; Dong et al. 2000; Sundback
and Miles 2000), an analytical precision (coeffi-
cient of variation) of < 0.01% would be required
using our experimental setup. A precision of

Avoid temperate changes during incubation;

Run isotope pairing and N, : Ar techniques
Long pre-incubation; linear changes in Nj.

Replacement water must be kept at same

N, :Ar Method

Assumption of the Ny:Ar and isotope pairing techniques and how to test/insure the assumptions are being met.
Assumptions

during incubation
denitrification rates

Ar concentrations remain constant
Precision (%CV) of 0.01%
N-fixation rates are low compared to
N, gradient is in steady state

TABLE 1.
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Fig. 4. Change of N, concentration versus time in incubated
cores from Aarhus Bay, November. Analyses were undertaken
on a modified MIMS where oxygen was removed from the sam-
ples using a copper reduction column at 600°C. Error bars are
*+ two times the standard deviation of triplicate samples.

0.01% is five times better than the precision re-
ported in the original method of Kana et al
(1994). Although we were able to achieve an av-
erage precision of 0.01% with our modified MIMS
set up, it required meticulous attention to instru-
ment set-up. Most importantly an extended warm-
up period to minimize drift (a drift of less than
0.01 in the Ny:Ar ratio per hour was achieved) and
frequent re-tuning of the ion source to maximize
signal stability.

The detection of the very low N, concentration
changes (i.e., 0.65 uM N, production over a 10 h
incubation in Aarhus Bay, November; Fig. 4), re-
quires a MIMS set-up with in-line O, removal, as
even small changes in oxygen concentrations
would otherwise obscure the real changes in N,
concentrations. A reduction of only 15 uM in the
O, concentration during the 10 h incubation alone
would give an apparent change in N, concentra-
tion of 0.65 uM due to the effect of O, on the N,
signal (Fig. 3). O, correction curves could have
been applied, but this would result in a lower pre-
cision. Denitrification would then be determined
as the difference between two relative large num-
bers (apparent N, concentration change minus N,
concentration change due to the O, effect) and
the end result would be highly variable.

CONSTANT ARGON CONCENTRATIONS

Another major assumption of the Ny:Ar method
is that argon concentrations remain constant over
the course of an incubation (Table 1). This is of
critical importance if small changes in N, (< 1
wM) associated with denitrification are to be de-
tected against a large N, background (300 to 500
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Fig. 5. Apparent changes in N, concentrations in core tubes
filled with filtered sea water as a function of the pre-incubation
period. The N, concentration is determined from the Ny:Ar ra-
tio which changed due to different permeabilities of N, and
argon in Plexiglas cores.

wM). The change in argon concentration needed
to give a substantial change in Ny:Ar ratio is very
small. During a typical incubation of the Aarhus
Bay sediment, the Ny:Ar ratio changed from
36.3790 to 36.4267 resulting in a calculated in-
creased N, concentration of 0.7011 uM from a
starting concentration of 534.5623 uM (corre-
sponding to an increase of 0.13%). If on the other
hand it is assumed that the N, concentration re-
mained constant, an equivalent change in the N:
Ar ratio could have been obtained by a reduction
in the argon concentration of only 0.0192 uM
(from a starting concentration of 14.6942 uM). Us-
ing the Ny:Ar method, it is therefore absolutely es-
sential that the argon concentration remains total-
ly constant during the entire incubation. The ar-
gon concentration may change due to the type of
material used in core construction, introduction of
gas bubbles, and introduction of replacement wa-
ter of a different temperature. It is necessary to
minimize these sources of error.

The Type of Material. Blank cores incubated with
filtered seawater (0.2 pm) showed a pseudo-
change in N, concentration due to the different
permeabilities and solubilities of N, and argon in
Plexiglas (Fig. 5) which affect the measured Ny:Ar
ratios. The magnitude of this pseudo-change was
dependent on how long the cores were pre-incu-
bated (Fig. 5). In our experimental set-up, blank
cores taken from room temperature (23°C) and
incubated with filtered sea water at 14°C with no
pre-incubation period, produced a pseudo-denitri-
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fication rate of 7 pmol N m~2 h~!. The effect de-
creased rapidly with pre-incubation and showed lit-
tle change beyond 48 h (Fig. 5) equalling a pseu-
do-denitrification rate of about 2 wmol N m=2 h~1.
This effect will vary depending on the composition
of the cores but it is expected that all plastic type
cores will experience a similar problem. We rec-
ommend either glass cores which will not effect the
Ny:Ar ratio or long pre-incubation periods (mini-
mum 24 h) with plastic type cores and associated
blank corrections, although the latter may still give
problems for sediments with very low denitrifica-
tion rates.

Another error of this type can be made when
storing water samples for Ng:Ar ratio measure-
ments in vials with rubber septa. Due to the differ-
ent solubilities and permeabilities of N, and argon
in rubber the Ny:Ar ratio in the sample water
changes. The measured Ny:Ar ratios would not re-
flect the ratios in the water phase of the sediment
core at the time of sampling.

Introduction of Gas Bubbles. Bubbles introduced
from the atmosphere (e.g., leaking cores; replace-
ment water) or by benthic oxygen production also
changes the argon concentrations due to the dif-
ferent solubility of argon and N, in bubbles which
affect the measured NyAr ratios. For example,
blank cores incubated with filtered seawater (0.2
pwm) into which about 30-50 bubbles of 1 mm di-
ameter were introduced showed a significant pseu-
do-decrease in the N, concentration due to the
higher solubility of N, compared to argon in the
bubbles (data not shown). If denitrification rates
are to be measured using Ny:Ar ratios in light in-
cubations, where there is likely to be bubble pro-
duction, the partial pressure and concentration of
O, must first be lowered to avoid bubble forma-
tion. This can be easily achieved by running a dark
incubation prior to the light incubation (Eyre and
Ferguson 2002).

Changing Temperatures. Dissolved argon concen-
trations change with temperature (Weiss 1970).
Once a core is sealed it is assumed that small
changes in temperature will not affect dissolved ar-
gon concentrations. In incubations where the wa-
ter is replaced when a sample is withdrawn, a small
change in the temperature of the replacement wa-
ter (£ 1°C) is sufficient to change the argon con-
centration in the core and produce a pseudo-de-
nitrification rate. The replacement water must be
keep at exactly the same temperature as the core
or benthic chamber or be withdrawn from a sealed
container (e.g., glass syringe, collapsible bag) kept
at the same temperature as at the start of the in-
cubation.
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Fig. 6. Test incubation from Aarhus Bay. A) Denitrification
of added "NO;~ (D,5) and of in situ NOs;~ (D,,) as a function
of water column ""NO;~ concentrations. Error Bars indicate SE
(n = 9). B) Production of N, and *N, as a function of time
after addition of "NO,~. The latter time series represents the
45 pM PNO,~ concentration in (A).

IMPLICATIONS AND ASSUMPTIONS—
ISOTOPE PAIRING TECHNIQUE

Correct determination of in situ denitrification
using the isotope pairing technique requires four
important assumptions to be fulfilled (Table 1):

Addition of PNO;~

Additions of '"NO,;~ must not alter the rate of
denitrification of in situ NO, . This assumption
was tested in detail for the Aarhus Bay sediment.
Measurement of in situ denitrification (D,,) was
not affected by addition of different concentra-
tions (5—-100 wM) of water phase "NO;~ (Fig. 6a),
and the first assumption was fulfilled. A larger stan-
dard error of the mean D, was observed at the
lower '"NO,~ additions, and if routine measure-
ments are to be continued at this site we recom-
mend the addition of ~ 50 pM "NO,".



Uniform Mixing of "NO;~

The added '""’NO3~ must mix uniformly with the
NO;~ already present in the water column and in
the sediment, and the ratio of "NO;~ to "NO,~
must be constant throughout the denitrification
zone. Heterogeneous topography, bioturbation, in-
homogeneous nitrification activity, etc., may cause
local variations in the transport of “NO;~ and
1°NOj~ to the anoxic denitrification zone. This may
underestimate in situ denitrification activity (Dy,)
since NN production would then be less than
that predicted from the assumptions of homoge-
neity (Broast et al. 1988). As demonstrated by sev-
eral authors (Nielsen 1992; Rysgaard et al. 1995;
Dong et al. 2000) this possible underestimation
can also be analyzed by incubating the sediment
cores at different "NO4~ concentrations. At in-
creasing "’NOy~ concentrations, an increased de-
nitrification of "NO;~ will be detected directly as
1NN on the mass spectrometer, thereby lowering
the possible underestimation of D,,. The estimate
of D, would consequently increase with increased
"NO,~ addition until a constant level where the
optimal addition of NOj;~ is found. As demon-
strated in the optimization experiment, D, was in-
dependent of the water phase NO;~ concentration
at concentrations higher than 5 wM, indicating
uniform mixing of the added '"NO;  (Fig. 6a).
Hence, the second assumption was fulfilled.

Stable NO;~ Concentration Gradient

A stable NO;~ concentration gradient must be
established in the surface layer of the sediment
within a short time after »"NO;~ addition relative
to the duration of incubation. If not, denitrifica-
tion activity will be underestimated since the added
"NO,~ will not be immediately available to the de-
nitrifying bacteria in the anoxic zone of the sedi-
ment. The time needed to establish a stable NO4~
gradient depends on the O, penetration depth.
During summer, when oxygen typically penetrates
only a few millimeters down into coastal sediments,
the 90% equilibration time is approximately 5 min
(Nielsen 1992). During winter, when the O, pen-
etration is deeper, the establishment of a new
NOj;~ gradient takes longer. Time series are rec-
ommended where different sediment cores are
processed at different time intervals making it pos-
sible to check that a linear production rate is oc-
curring. The optimization experiment showed a
linear ""N-dinitrogen production after ~ 1 h (Fig.
6b). Stable NO;3~ profiles were established within
less than 1 h, a short period compared to the total
incubation time of 11 h. The third assumption was
also fulfilled for this sediment.
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Interference by Anammox

The fundamental limitation of the isotope pair-
ing method is the demand for a uniform mixing
of the added NO,~ with the endogenous source
of "NOg~. The bacterial process anammox, oxidiz-
ing NH,* with NO;y~, has recently been demon-
strated in marine sediments (Thamdrup and Dals-
gaard 2002). The process may interfere with the
assumption of uniform mixing because added
1®'NO;~ may react with "NH,* in the anoxic zone
of denitrification with the formation of *N,. An-
ammox occurring at high rates will interfere with
the mathematics of the isotope pairing and to var-
ious degrees overestimate denitrification. It is rel-
atively easy to test if anammox is occurring by in-
cubating sediment in anoxic slurries with added
'NH,* and ""NO;~ and looking for the formation
of N, which would indicate that the anammox
process occurs (Thamdrup and Dalsgaard 2002).
An anoxic slurry incubation with ®"NO,~ added
would in addition give both the denitrification and
the anammox rates and the relative importance of
the two processes can be evaluated, Those test in-
cubations were carried out on the Aarhus Bay sed-
iment and the anammox process was found to be
of minor importance in this sediment (responsible
for < 2% of total N, production). Thus the fourth
assumption was also fulfilled.

ISOTOPE PAIRING ON THE MEMBRANE INLET
MASS SPECTROMETER

The addition of a copper reduction column
heated to 600°C to the MIMS and the subsequent
decrease in the formation NO* which interferes at
m/z = 30 allowed the analysis of 2N, and *N,.
Duplicate samples for *N, and *N, analysis were
collected from the Aarhus Bay (November) isotope
pairing experiments (n = 10) and run on both the
modified MIMS and the GC-MS. On the MIMS, the
sediment slurry was introduced directly from 7-ml
glass vials into the membrane inlet after the larger
particles had settled out. A linear regression be-
tween the two sets of data showed very little differ-
ence between the two instruments (Fig. 7). The
slope is slightly, but significantly (p = 0.001), dif-
ferent from one (1.082) which most likely reflects
the different instrument response factors for the
different sensitivities at m/z = 29 and m/z = 30
(Jensen et al. 1996). The correlation between the
two instruments could be improved by determin-
ing, and correcting for, these instrument response
factors. These small differences are of little ecolog-
ical significance because the denitrification rates
calculated from the isotope production using the
modified MIMS (32 £ 3 pmol N m~2 h™') and GC-
MS (35 £ 2 wumol N m~2 h™!) are not significantly
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Fig. 7. Linear regression between denitrification data esti-
mated by isotope measurements on the modified MIMS and
GC-MS, respectively.

different. We also tried the approaches where the
effect of NO* formation is corrected for using a
regression between the products of signals at m/z
= 32 and m/z = 28 and the signal at m/z = 30
(Jensen et al. 1996) or the square root of the prod-
ucts of signals at m/z = 32 and m/z = 28 and the
signal at m/z = 30 (An et al. 2001). The m/z =
30 signal was consistently too high and variable
(data not shown) and not suitable for use in the
isotope pairing calculations.

MEASURING N, FIXATION COMBINING
THE TwO TECHNIQUES

The Ny:Ar method measures net N, fluxes re-
sulting from denitrification minus N-fixation,
whereas the isotope pairing technique measures a
rate very close to the gross N, production (the real
denitrification). If N-fixation is significant, the N:
Ar method will underestimate denitrification activ-
ity. If both methods are applied, a good estimate
of N-fixation may be obtained. An et al. (2001)
have previously estimated N-fixation and denitrifi-
cation rates by simultaneously measuring 24N,,
2N,, and *N, gas species on a MIMS and applying
a series of formulas. Our approach is more
straightforward (simple subtraction) and does not
suffer from the problems associated with removing
the effect of NO* formation using a regression be-
tween the square root of the products of signals at
m/z = 32 and m/z = 28 and the signal at m/z =
30 (as discussed above).

When including the copper furnace to remove
all oxygen from the samples, the N, production
rate measured with the Ny:Ar method was slightly
lower than the isotope pairing technique. The dif-
ferences between the two assays were 13 and 25
pmol N m~2 h™! for Aarhus Bay and Norsminde

Fjord, respectively (Fig. 1b,c). The potential for N-
fixation in the Aarhus Bay sediment was estimated
by applying the acetylene reduction technique (Ca-
pone 1993) which gave rates of 6 pmol N m=2 h!
(assuming a 3:1 ratio between ethylene production
and N-fixation; data not shown) which is in the
same order of magnitude as the difference be-
tween the isotope pairing estimate and the Ny:Ar
estimate. It is well known that the conversion factor
to relate ethylene production to N, reduction may
vary significantly (Seitzinger and Garber 1987),
and it should not be expected that the N-fixation
estimate would exactly match the difference be-
tween the two assays. It seems promising to com-
bine the Ny:Ar method and the isotope pairing
technique to obtain new information on the rela-
tive importance of N-fixation in coastal sediments.
This approach has the advantage of being based
on direct measurements of N, fluxes providing de-
nitrification and N-fixation rates simultaneously.
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