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ABSTRACT

Nitrous oxide (NO) is a powerful greenhouse gas, and its atmospheri
concentration is increasing dramaticallgONis produced through the microbially-
mediated processes of nitrification and denitrifima Since these processes have
difference substrates and isotopic enrichment facstable isotope analysis N and
5'%0) of N,O can be used to study the production of this ifgmrgreenhouse gas.

Although production in rivers accounts for a sigraht portion of the global XD
budget, the isotopic composition of®lfrom this source is poorly characterized. Most of
the previous work using stable isotopes gDNhas been conducted in terrestrial or
oceanic environments, and only one published shagymeasuredN andd'%0 of N,O
produced in a riverine environment. The purpostisfresearch project was to use stable
isotope analysis to characterize the processesmstye for NO production in the
Grand River, Ontario, Canada, and to determinepla¢ial and temporal variability of the
isotopic composition of the JO flux.

To meet the study objectives, an offline “purge &ag@” method was developed
to collect and purify dissolved ® for stable isotope analysis. Using this mettoth
andd'®0 analysis of dissolved4® is possible for samples with concentrations asds
6 nmol NO/L.

Due to the isotopic effects of gas exchange aadbétk flux of tropospheric D,
there is a complex relationship betweendhdl and the>'®0 of source, dissolved, and
emitted NO in aquatic environments. A simple box model (SIDNStablel sotopes of
DissolvedNitrous Oxide) was developed to properly interpret isotafata for dissolved
N2O. Using this model, it was determined that théog@ composition of emitted XD is
much more representative of®l production in aquatic environments than the sicto
composition of dissolved 0. If the concentratiory™N and3*?0 of dissolved BO are
measured, the magnitude and isotopic compositidheoNO flux can be calculated.

Sampling downstream of the major wastewater treattplants (WWTPS) on the
Grand River indicates that nitrification and deifitation in the river are strongly tied to
diel changes in dissolved oxygen (DO) concentrafiring the day, when DO
concentrations are high, nitrification or nitrifidenitrification is the dominant JO
production pathway, with sediment denitrificatidecacontributing to MO production.

At night, when DO concentrations are low, denitafion in the sediments and at the
sediment / water interface is the dominant productathway. Using the SIDNO model,
N,O produced during the day was found to ha®& s of -22%. and &'%0 of 43%.. NO
produced at night had®°N of -30%. and &'°0 of 30%.. The isotopic composition of
N.O emitted from the Grand River is dominated by tiyine production downstream of
the Waterloo and Kitchener WWTPs during the sumifiee flux and time weighted
annual average isotopic composition efNemitted from the Grand River is -18.5%0 and
32.7%o ford"N andd'®0 respectively. These values are significantly nuegleted than
the only other published data for riveringONproduction. If the Grand River is
representative of global riverine® production, these results will have significant
implications for the global isotopic budget for atspheric NO.
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Chapter 1:
Introduction

1.1 Introduction

Global climate change is becoming a great condanthropogenic emissions of
greenhouse gases absorb long wave radiation redldxgt the surface of the earth,
trapping heat in the atmosphere (Harrington 198itjous oxide (NO) is a very potent
greenhouse gas, with a global warming potentialtB@s that of CQover a 100 year
timescale (Denman et al. 2007)»Nis also a concern because it is destructive to
stratospheric ozone and it has a 114 year lifetintee atmosphere (Montzka et al.
1999).

The concentration of D in the atmosphere has been steadily increasiegtbe
last 250 years, from a pre-industrial concentratib®70 to 320 ppbv today, an increase
of approximately 50 ppbv (Denman et al. 2007). Rdgethe increase in O
concentration has been directly observed by GAGEBGG& atmospheric monitoring
stations around the globe (Figure 1.1 — Prinn.et@A0, Prinn et al. 2000). Tropospheric
N>O concentrations have been increasing linearly theetast three decades at a rate of

approximately 0.26%/year (Denman et al. 2007).
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Figure 1.1: Average monthly tropospheric,® concentrations measured at GAGE/AGAGE stations,
indicating an average annual increase of 0.26%¢§rinn et al 1990, Prinn et al 2000).

Globally, anthropogenic sources account for 6. NI'gear of the total 17.7 Tg
N/year of NO emissions to the atmosphere. Currently, beshagts indicate that
emissions from rivers, estuaries, and near shorsmenanvironments account for 25% of
the total anthropogenic source to the atmospheeartian et al. 2007). However, the
uncertainty of this estimate is high, and the trakeile may range between 7% to 61%
(Denman et al. 2007). Therefore, aquatic systemsjaite important for the production
of N>O on a global scale. However, very little resedrab been done to study the

processes responsible fosIproduction in these systems.



1.2 N;O Production in the Nitrogen Cycle

Globally, approximately 65% of JO emissions are produced through microbial
processes in soils (Bouwman 1990). Generally, theseesses fall into two main
categories, nitrification and denitrification,® production during nitrification and
denitrification was first described by a “leaky @ipnodel (Firestone & Davidson 1989,
Zafiriou 1990), where BO is a by-product (in the case of nitrification)aor intermediate
(in the case of denitrification) of the major preses (Figure 1.2). This leaky pipe model
may be an oversimplification of ® production in natural systems but it is a useful

conceptual model.

02\ Hzo\.
NH,* —— NH,OH > NO.- 4
‘ H,O Q
’ O
H,0Q o
Mitrification o
. <
DenltrlflcatEn T H,O
Mitrifier - denitrification NZO NO NO3_
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ffffffffffff > '\J- g
©
@
2 2 2
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Oxidation State

Figure 1.2: N,O production in the nitrogen cycle,® can be produced through both nitrification and
denitrification. Oxygen isotopic exchange with watan occur at multiple locations in the cycle. The
oxidation state of nitrogen throughout the cyclgliswn on the bottom scale.

1.2.1 Nitrification
Nitrification is the aerobic oxidation of ammoniuidH,") to produce nitrate

(NO3). The first part of nitrification is termed nitiifisation, where NH" is oxidized to



form nitrite (NQ,) through a hydroxylamine (NYOH) intermediate. The NQis then
excreted by the nitrosifying microorganisms andHer oxidized by other
microorganisms to produce NOn a process termed nitrite oxidation.

In most environments, nitrification is conducteddiyemolithotrophic ammonium
oxidizing bacteria and nitrite oxidizing bactertdayatsu et al 2008) in order to provide
energy for cell growth and metabolism. The ammonaxidizing bacteria consist of
three main generadftrosomonas, Nitrosopira, and Nitrosococgushile the major
nitrite oxidizing bacteria belong to four genekit(obacter, Nitrospina, Nitrococcus,
Nitrospira).

Recently, research has shown that nitrificatiocaisied out by a much more
diverse set of microorganisms than previously tinbughe enzyme necessary for
nitrification (ammonia monooxygenase) has recemign discovered in archaeal
microorganisms (Hayatsu et al 2008). For exampén@rchaeota have been shown to
play a major role in oceanic nitrification (Ventdral. 2004)Nitrosopumilus maritimys
a chemolithoautotrophic species of Crenarchaeasapken shown to use hHas its sole
energy source while maintaining a similar growtte @ nitrifying bacteria (Hayatsu et
al. 2008). Additionally, nitrification may be caed out by heterotrophic bacteria and
fungi, though in heterotrophic organisms nitrificatdoes not yield energy and does not
contribute to cell growth.

Although nitrifying microorganisms are generallgwslgrowing, they have the
ability to process large quantities of nitrogerha environment, due to the high energy
requirements for CgXixation. For exampld\itrosomonaspecies process

approximately 35 moles of Nffor every mole of C@fixed (Sprent 1987).



N>O is produced as a by-product of nitrification tingb two possible pathways.
The first is through the oxidation of the BBH intermediate. NLDH is the first reaction
product during the oxidation of Nfi During nitrification, most of the N}¥DH is further
oxidized to produce NQ However, some of the NBBH is oxidized through a side
reaction to produce JO. It is likely that NO is formed through the spontaneous
decomposition of an unstable intermediate (HNO)mduthe oxidation of NKOH to
form NO,” (Hayatsu et al 2008).

A second possible nitrification @ production pathway during nitrification has
been termed “nitrifier — denitrification” in theidirature. In this pathway, NHis
oxidized to form N@, but before it is excreted from the microbial cdle NQ' is
reduced to form PD. There is evidence that this reaction becomesuiable when the
oxygen supply for nitrification becomes limited.tifier —denitrification may also be
used by microorganisms as a method to remove M&®ic from the cell (Cho et al 2006).

Nitrification can take place in a variety of enviroents, provided there is an
adequate supply of NAsubstrate and oxygen. Nitrification has been shtmincrease
in agricultural soils in response to fertilizatiements (Perez et al 2001). Nitrification also
occurs in aquatic systems such as rivers, espgeiaién stimulated by inputs of NH
from sources such as agriculture or municipal weater effluent (Garnier et al 2006,
Garnier et al 2007). In most cases, nitrificatiam only take place when pH is greater
than 6, however, some specied\Nifosospiramay have adapted to grow in acidic soils,

down to pH 3 (Hayatsu et al 2008).



1.2.2 Denitrification

Denitrification is the step-wise reduction of Bi@hrough NQ', NO, NO and
finally to No. NLO is an obligate intermediate during this procassl, therefore,
denitrification has the potential to produce laggentities of NO (Bremner 1997).

As with nitrification, a diverse group of organismave the ability to perform
denitrification. Heterotrophic bacteria, includiRgeudomonas, Bacillus and
Paracoccouspecies, are responsible for much of the demistion activity in soils
(Bouman 1990). Many of these bacterial specie$aandtative aerobes, and only
denitrify when oxygen becomes depleted (Bremnei7L99ften, the lack of oxygen
triggers the production of denitrification enzynieshese microbes (Sprent 1987).

Many fungi species also contribute significantlydenitrification in nature, both
aerobically and anaerobically (Hayatsu et al. 2008gse fungal species contain many of
the same denitrifying enzymes that have been stuaditensively in the heterotrophic
denitrifying bacteria. For example, the fungal spgEusarium oxysporurandFusarium
solanihave been shown to reduce nitrate and produ@eilcultures with low @
concentration (Hayatsu et al 2008).

Recently, it has been discovered that several aechpecies, such as
Pyrobaculum aerophilurandHaloferax denitrificanghave the ability to denitrify
(Cabello et al. 2004). However, there are diffeesnigsetween the archaea and bacteria
species in terms of the structure and regulatich@denitrifying enzymes (Hayatsu et al
2008). The importance of archaeal microorganismséaitrification in most natural

systems is currently unknown (Hayatsu et al 2008).



Denitrifying bacteria and fungi are widely distriled in nature, and present in
large numbers in most soils (Bremner 1997). Assaltedenitrification nearly always
takes place in N@ containing soils when £bhecomes limited (Bremner 1997).

During denitrification, the ratio of MN,O produced can vary widely depending
on several factors, including soil pH, soil moisteontent, redox potential, temperature,
and NQ' and organic carbon concentration (Bouman 1990glitAshally, higher N:N,O
ratios can result from denitrification in soilglie NO is unable to escape from the
system before it is reduced by other microbes (Bimmi997). Some microbial
organisms lack the ability to reduce®ito N,; as a result more & can be produced by
such microbial communities (Bouman 1990). High Is\# nitrate in the soil have been
shown to inhibit the reduction of ® to N, (Bremner 1997). Therefore, the:N,O ratio
is related to the overall level of anoxia in theteyn, with highly anoxic, low nitrate
systems producing less® than environments containing more oxygen anéteitr

1.2.3 Abiotic Sources of BO in Soils

Biological processes are by far the largest soaf¢&O in nature; however, it is
possible that some is produced through abiotic chemical reactionsufBan 1990).
One such reaction is the chemical decompositiddH§OH. As mentioned previously,
NH,OH is an intermediate species in the process oficéttion. Laboratory experiments
have indicated that \MDH undergoes rapid decomposition in sterile soibtan N,O
and N (Bremner 1997). However, there is no evidence Mt&OH is released from
microbial cells during nitrification, and it hastrimeen measured in significant
concentrations in natural soils. Therefore it iSkahy that chemical decomposition of

NH,OH is a significant source of® in the environment (Bremner 1997).



A second abiotic process that produceg® i termed chemo-denitrification. This
process occurs when NOn the soil reacts with organic compounds, inipatar lignin
and its breakdown products (Sprent 1987). Thisti@aéorms unstable compounds that
can abiotically decompose to form®land other nitrogen compounds (Bouman 1990).
The amount of BD that is produced through chemo-denitrificatiosrigall compared to
the other products of this reaction, such asahd NO (Bremner 1997). Also, it is
unlikely that NQ" is present in sufficient concentrations for tl@acation to be significant
(Sprent 1987). If the rates of chemo-denitrificatare high, it would be expected that the
N2:N2O ratio would be much greater than in systems wtierehemo-denitrification rate
is insignificant. Since chemo-denitrification isedatively slow process compared to
biological denitrification, and the major produofghis reaction are Nand NO, it is
unlikely that chemo-denitrification contributes miigcantly to NbO production in the

environment.

1.3 Stable Isotope Fractionation Associated with #D Production

Stable isotope ratio analysis os®l provides insights into the processes
responsible for its production. Stable isotopeosatian be determined for both nitrogen
and oxygen atoms in the;8 molecule. Nitrogen has two stable isotop@s,and™*N.
1N is much more abundant and accounts for 99.6328teoiitrogen atoms in
atmospheric B(Kaiser 2002). Oxygen has three stable isotol¥&s t'O, and'®0). The
relative abundances of these stable isotopes @nosater are 0.201%, 0.038% and

99.761% respectively (Kaiser 2002).



Nitrogen and oxygen form 0 molecules with different combinations of stable
isotopes. The most common isotopologues 4 Mre:*N*N*0, *N**N*°0, N**N*°0,
and™N*N*®0. The other isotopic combinations are statistjcadte (Kaiser 2002).

Stable isotope data is usually expressed in @&ltaotation in units of per mil
(%0) according to Equation 1.1, where:

8 = (RsampldRstandare— 1) * 1000 (1.1)
Rsample@Nd Riandars@re the stable isotope ratios of the sample amtiatd, respectively.
N2O is introduced into an isotope ratio mass speaten(IRMS) under a vacuum and
given a positive charge through ionization. Th®Nis then focused into a beam and
accelerated by an electric field. The beam is estlad by a magnetic field, causing it to
split into several beams based on the mass/char@¢ i@tio of the ions. The relative
intensity of these beams is measured by Faradagetgators, with the intensity being a
function of the abundance of the various isotopoésgin the sample.

Both nitrogen and oxygen isotope ratios are chamigeing many important
biological processes. Isotopic fractionation ocaungn a particular elemental isotope is
favoured in the products of a reaction (Kendall Anavena 2000). Isotopic fractionation
occurs in both reversible equilibrium and irrevelsikinetic reactions. The fractionation
associated with irreversible kinetic reactionsasgrally more important during low
temperature biological reactions, and thereforeidatas during the production ot®
(Kendall and Aravena 2000). Kinetic fractionati@ttors are much more variable than
equilibrium fractionation factors and depend heawih the environmental conditions

under which the reaction takes place (Kendall arelvzéna 2000).



Generally speaking, for biologically facilitatechktic reactions, compounds
containing the lighter isotope react faster, amdfore the products of the reaction tend
to have less of the heavy isotopes compared teetiants (Kendall and Aravena 2000).
For example, during the denitrification of nitrateform N,O, thed™N value of the MO
that is formed is more negative than the originthte. For kinetic isotopic fractionation,
an isotopic fractionation factor between the reacproduct and substrate,(s) can be

defined (Equation 1.2) (Kendall & Aravena 2000),and

aps= Ry/Rs (1.2)
Ry, and Rare the stable isotope ratios of the reaction prodnd substrate, respectively.
Isotopic fractionation can also be expressed asddi& isotope enrichment factor
(€p-s), (Equation 1.3) (Kendall & Aravena 2000).
gp_s - 1000 X Qp_s— 1) (1'3)
While the fractionation factoni,.s) and the enrichment factas,(y) are the most
accurate ways to express isotopic fractionationasionally in the published literature,

these terms are approximated using Equation 1.Aq#&le& Aravena 2000), where

Eps~A=5,- 5 (1.4)
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dp andds are the isotopic delta values in the product arsate, respectively. When
isotopic fractionation is smaldy is a good approximation f@y but the error associated
with A increases when fractionation is large.

Many studies have reported isotopic fractionafamtors associated with,®
production through nitrification and denitrificatigTable 1.1). In many cases, it is not
clear whether the isotopic fractionation is reposA or €, therefore, a distinction is not

made between the two in Table 1.1.
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0,
Organism or Community  $ubstrate Product | &°' 1AS|(\TF°"“°"S“bS"ate}8 (§£°) Reference
Mineralization
- Organic N NH," +/-1 - Kendall 1998
Nitrification
(observed range in field + ; i i i Shearer and Kohl 1986,
studies) NH, NO, 1210-29 Kendall 1998
. + ; -32 to -37 - Mariotti et al. 1981
Nitrosomonas europaea NH, NO, 95 10 -32 ) Yoshida 1988
N,O Production (Nitrifier - denitrification pathway)
soil microbial community NH," N,O -102 to -112 - Perez et al. 2006
. + -47 - Sutka et al. 2006
Nitrosomonas europaea NH, N,O 3510 -36 i Yoshida 1988
Nitrosomonas europaea NO, N,O -32 to -38 - Sutka et al. 2003, 2004
Nitrosomonas multiformis NO, N,O -24 to -25 - Sutka et al. 2006

N,O Production (Hydroxylamine oxidation pathway)

Methylococcus capsulatus NH,OH N,O 0to-3 - Sutka et al. 2003, 2004
Methylosinus trichosporium NH,OH N,O +4 to +8 - Sutka et al. 2006
) -20to -32 - Sutka et al. 2003, 2004
Nitrosomonas europaea NH,OH N,O 31047 i Sutka et al. 2006
Nitrosomonas multiformis NH,OH N,O -1to+5 - Sutka et al. 2006
Denitrification
- . . ; -38 - Tilsner et al. 2003
soil microbial community NO, N2 -14 to -23 - Blackmer and Bremner 1977
N,O Production
-10 to -45 - Perez et al. 2006
-24 to -29 -34 to -54 Menyailo and Hungate 2006
soil microbial community NOj3 N,O -27 - Wada et al. 1991
-16 -8 Schumidt and Voekelius 1989
-24 t0 -35 - Mariotti et al. 1981, 1982
soil microbial community NO, N,O -9to -37 - Mariotti et al. 1982
N ; -10to -22 +4 to +23 Toyoda et al. 2005
Paracoccous denitrificans NO3 N,O 2410 -33 i Barford et al. 1999
. - -37 - Sutka et al. 2006
Pseudomonas aureofaciens NO; N,O i +40 Casciotti et al. 2002
Pseudomonas chlororaphis NO; N,O -13 - Sutka et al. 2006
] -17 to -39 -1to +32 Toyoda et al. 2005
Pseudomonas fluorescens NO; N,O 3310 -37 i Yoshida 1988
N,O Consumption
-9 -26 Vieten et al. 2007
L . . -6to -10 -13to-25 Menyailo and Hungate 2006
soil microbial community N,O N, 2 5 Mandernack et al. 2000
-4 -11 Schumidt and Voekelius 1989
e -7 to -19 - Barford et al. 1999
Paracoccous denitrificans N,O N, 11t0-27 i Yoshida 1984
Pseudomonas aeruginosa N,O N, - -37 to -42 Wahlen and Yoshinari 1985a

Table 1.1:Isotopic fractionation factors foPN and~O available in the published literature.
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1.3.1 Nitrification

All of the published data on isotopic fractionat@ssociated with §O production
through nitrification was obtained from laboratangubation experiments using pure
culture organisms (e.g. Sutka et al 2003, 20046200 soil microbial communities
(Perez et al 2006). Therefore, since these arertlyedata available, researchers have
attempted to apply these fractionation factorsltsesvations made in field environments.

N,O produced through nitrification tends to be veepléted inN. Nitrogen
enrichment factors for nitrification typically ra@adgrom -47%o to -20%. (Table 1.1).
However, Perez et al (2006) observed a very laagidnation (-112%o to -102%o) in lab
incubations of soils collected from the Braziliam#ézon. These very large nitrogen
enrichment factors were obtained by mass balaricaladons from various
experimental treatments (where nitrification wasibited or not inhibited). These
extreme nitrogen enrichment factors for nitrific&tihave not yet been confirmed by
other lab or field studies.

Observed nitrogen enrichment factors for nitrifienitrification are generally
greater than those observed for the hydroxylamingation pathway (Table 1.1). In fact,
several studies by Sutka et al (2003, 2004, 208%¢ lobserved near zero or positive
fractionation associated with the hydroxylaminedation pathway. The nitrogen
fractionation factors associated with nitrificatioan be highly variable, depending
largely on the metabolic pathway and the particoiaaroorganisms involved.

There are very few data available on the oxygetoEc composition of pD
produced through nitrification. Historically, lalaiory incubation studies have not

reported thed*®0 of N,O produced through nitrification. However, sevédiglt based
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studies have measured and reportedtf@-N,O values. Wahlen & Yoshinari (1985a)
observed &'%0 of 24%. for NO produced through nitrification in a manure-fézed
field. These same authors measus&® of 23, 22, and 36%. in 4D produced through
nitrification at a sewage treatment plant (Wahle@&shinari 1985b). Perez et al (2001)
measured™0 of NO ranging from 20.5 to 28.5%. produced during riitgfion in a
Mexican agricultural field fertilized with 150 kg/ha as urea. These published results
indicate that thé'®0 of N,O produced through nitrification is typically clogethat of
atmospheric oxygerdt?0 — Q, = 23.5%).

During nitrification of NH", the first oxygen atom added to form pBH is
obtained from atmospheric,@Hollocher et al. 1981, Andersson & Hooper 1983)e
two additional oxygen atoms needed to formzN#De obtained from ambient water
(Aleem et al. 1965, Andersson & Hooper 1983, Kuetaal. 1983, Hollocher 1984).
Therefore, it is expected that N@roduced through nitrification should havé™0
value that reflects a 1/3 contribution from atma=ph O, and a 2/3 contribution from
ambient water. Given this relationship, 8180 of N,O produced through nitrification
should be different depending on whether th® Mas produced through the
hydroxylamine oxidation or nitrifier-denitrificatfopathway. The fact that the observed
5'%0 — NO is typically similar to atmospheric,@uring nitrification might suggest that
hydroxylamine oxidation is the dominant pathwaywewer, there are several
complicating factors. First, fractionation couldcac during the cellular uptake of,O
from the environment, and tR&%0 of NH,OH should actually be greater than that of
atmospheric @ Fractionation of @during cellular uptake has been used as an iraicat

of respiration in aquatic environments (Venkitesaveet al. 2007). Secondly, although
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N>O produced through the nitrifier-denitrificationtpaay incorporates some oxygen
from ambient water (which would haved¥0 much less than atmospherig) @
significant positive enrichment would be expected'O as oxygen atoms are removed
from NO, to produce MO. This could theoretically produce® that has &0 value
that is similar to atmospheric;@erely through coincidence. Lastly, recent redebss
shown that significant isotopic exchange of oxygeours between JD precursors and
ambient water during nitrification and denitrificat (Kool et al 2007). This exchange of
oxygen atoms would alter tH&0 signature of the resulting,®, and make it very

difficult to accurately determine the origin of thrygen atoms.

1.3.2 Denitrification

As is the case with nitrification, all of the stesl used to determine the isotopic
fractionation effects associated withproduction through denitrification have been
conducted using laboratory incubation experimevitsst of these studies have used pure
cultures; however, several studies have used itedlsils containing natural microbial
communities (Table 1.1), and thus may be more sgmtative of the isotopic
fractionation expected in the natural environment.

Generally, the nitrogen fractionation factors ¥pO produced through
denitrification are less than those for nitrificati Typical values range from -30 to -9%o,
though recently a few studies have observed vahatdall outside this range (-45%o
Perez et al. 2006; -39%0, Toyoda et al. 2005; -33%ika et al. 2006). There is a great
amount of variability in the nitrogen fractionatiactors observed between different

species in the pure culture incubation experimértsrefore, the isotopic fractionation
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associated with denitrification is highly dependentthe microbial species involved.
Several recent studies (Hayatsu et al 2008, Irabal 2008) have shown that the
microbial communities responsible for denitrificatiin natural undisturbed
environments are much more complex than previahslyght, and that only a small
fraction of the microorganisms present are ableetgrown in laboratory cultures. This
has implications for applying fractionation factatstained through laboratory incubation
studies to the field environment.

An additional complicating factor associated wabdratory incubation
experiments is the fact that most of these stugsesl acetylene ¢€l,) to inhibit
nitrification and NO reduction to ) Although, in theory, the use ot&, should allow
researchers to isolate® production through denitrification, this situatis not
representative of the natural environment and tfeeteon the observed isotopic
fractionation is unknown. Also, the presence gfihas been shown to enhance the
chemical oxidation of NO (2NO +0> NO,(g) by at least three orders of magnitude
when Q is present in trace concentrations (Bollmann & @dril997a, Bollmann &
Conrad 1997b, McKenney et al 1997). If this chelmisadation artificially removes a
significant amount of NO from the denitrificatioacgience, it could have a significant
effect on thed™N and3'0 of the NO produced.

In comparison to nitrogen fractionation, very étts known about oxygen
fractionation effects during denitrification. Darifitation should have a very strontD
enrichment effect, because five oxygen atoms aneved for every molecule of R
produced. This should leave the remaining oxygematvery enriched itfO; however,

for the few studies that have reported oxygen ibaetion factors for denitrification, the
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range in values is tremendous (-54 to +40%. Tallg The disparity between what is
expected and the observed values can be explajnsdtopic exchange of oxygen atoms
between ambient water and®lprecursors during denitrification (Kool et al 200
Isotopic exchange of oxygen can readily occur dutie NQ™ to NO and NO to BD
reduction steps, with exchange rates ranging frathte 100% (Kool et al. 2007). The
isotopic exchange of oxygen alters tf®/*°0 ratio in the NO that is produced, making
it very difficult to use thé*?0 values to determine the source and processel/@uvin
N.O production. The degree of oxygen isotopic exckdras been shown to vary greatly
depending on the microorganism and the type oftdigimg enzymes used (Kool et al
2007). Different microbial communities would likeflgcilitate different oxygen isotopic
exchange rates, and producgONwith differing3'%0 values, even given identical

environmental conditions and initial substrate cositions.

1.3.3 NO Consumption

Extracellular NO consumption (reduction toN causes th&*°N and3*°0 of
N,O produced by denitrification to become more eraitthan that observed during
laboratory incubation studies. Several publishediss have attempted to quantify the
isotopic fractionation associated with@lconsumption using laboratory incubations
(Table 1.1). Typically these experiments involveyiding the microbial organisms with
a N,O substrate in the absence of oxygen, while mangahe isotopic composition of
the residual BO as it is reduced toINThe nitrogen and oxygen fractionation factors for
N2O consumption range from -27%o to -1%o and -5%o. tdAZspectively (Table 1.1).

Although the range for these fractionation facierguite large, several studies have
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observed a relatively constant ratio of 1:2.536N:3'0 evolution during hO
consumption (Vieten et al. 2007, Menyailo & Hung2a®®6, Mandernack et al. 2000).
This effect is analogous to the characteristicetiichment observed f&*°N:5'°0 of
residual N@ during reduction by denitrification (Mariotti et 3988, Bottcher et al 1990,
Smith et al. 1991, Aravena & Robertson 1998, Cegl.€1999, Mengis et al. 1999).
Therefore, this relationship could potentially ls®d as a characteristic indicator gfIN
consumption in a natural system. Furthermore, sineeharacteristic ratios are different
between MO consumption and N{substrate consumptiod:°N and3*?0 values can be
used to distinguish between these two process#sabavhich can affect measured®

isotope ratios.

1.4 Field Studies usind*°N and 8?0 of N,O

There is a tremendous amount of scatter ir5the and3'®0 values that have
been measured for,® from various field environments (Figure 1.3). Hawgr, some
generalizations can be made about the data. Maked®O collected from terrestrial
environments is more depleted with respectiiband'®0 compared to the isotopic
signature of tropospheric,®. Generally, the terrestrial,N isotopic data falls between -
40%o and +5%o foB"N and +20%o and +45%. fa°0, compared to the tropospheric
N,O composition of 6.72 (+/- 0.12)%. and 44.62 (+21)%o for 5°N and3*°0,
respectively (Kaiser et al 2003). Most of the stisdionducted in terrestrial environments
have been in fertilized agricultural systems (KinC&aig 1993, Well et al 2005, Yamulki
et al 2001, Perez et al. 2001, Bol et al 2003 €003, Van Groenigen et al. 2005,

Rock et al 2007), though some data has also bdlttea from natural forest soils (Kim
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& Craig 1993, Perez et al 2000). There is not aratistinction in thé™N andd'0

values between samples collected from agricultamdlnatural soils.
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Figure 1.3 Summary of MO stable isotope data collected by various studi¢srrestrial and aquatic
environments. One point is an outlier, and didfitain the scales of this plot (Shallow Groundwater
Germany 8°N = 86.1%0,5'%0 = 89.8%0). References: 1 — Kim & Craig (1993), Mlandernack et al.
(2000), 3 — Well et al. (2005), 4 — Yamulki et@001), 5 — Perez et al. (2000), 6 — Perez ep@DX), 7 —
Bol et al. (2003), 8 — Tilsner et al (2003), 9 ~\Maroenigen et al. (2005), 10 — Rock et al. (200T)-
Kim & Craig (1990), 12 — Nagqvi et al (1998), 13 edhanari et al (1997), 14 — Westley et al (2006); 1
Dore et al. (1998), 16 — Boontanon et al. (2000)-XKaiser et al. (2003)
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In contrast, NO stable isotope data collected from aquatic enmrents tends to
be enriched with respect ttN and*®0O compared to the values for tropospher©N
(Kaiser et al 2003). Again, there is a great amadfistatter in the aquatic,® data, with
3N generally ranging between -5%o and +20%., 8@ generally ranging between
+40%0 and +80%.. Most of the aquatic®lstudies have been conducted in marine
environments (Kim & Craig 1990, Naqgvi et al 199&sYianari et al 1997, Westley et al
2006, Dore et al 1998). Most of the data from nesamples hav@°N andd'%0 values
that are very similar to the values for troposph®kO (Kaiser et al 2003). This is likely
due to the isotopic effects of gas exchange wighatimosphere and low ambieniON
concentrations in near surface ocean samplesl(E8§o saturation in the Black Sea,
Westley et al. 2006).

The one study that measur@dN andd'?0 of N,O dissolved in groundwater
reported very wide ranging values. Well et al (20@&asured the stable isotope
composition of NO dissolved in shallow groundwater beneath an exjetal
agricultural plot in Germany. The researchers oleB5"N values ranging between -
41.6%0 and +86.1%o, andt°O values ranging between 23.4%o and 89.8%.. Thiemety
wide data range has not been observed in any figfheésites.

There is currently only one published study thaasueed the isotopic ratios of
dissolved NO produced in a river (Boontanon et al 2000). Thresearchers measured
the 3"°N and3'®0 of N;O in the Bang Nara River in Thailand on severabsimns
between November 1997 and January 1998. They as&nN values ranging between
-3.8%0 and 15.6%. and-%0 values ranging between 36.6%o and 63.8 %.. Boomtanal

(2000) observed a change in b&tAN and3'®0 values with time in their study. Initially,
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the values were enriched in'ftN and*®0 compared to tropospheric®. However,
partway through the study the values became mqetdel, before returning to the
enriched values. The authors attributed this chamg&N andd'®0 to a change from
N2O production through denitrification to productittmough nitrification. However, this
conclusion is not consistent with other studies¢Pet al 2001, Bol et al 2003), which
have shown that th&°N and3'°0 values of MO produced through nitrification are
usually much lower than the values observed by Boam et al. (2000).

Several studies have also ugetN and3°0 of N;O to distinguish between
nitrification and denitrification in field environemts. For example, Perez et al (2001)
measured th&"°N and3d'®0 of N,O, NH,* and NQ' in agricultural soils following
fertilization and irrigation. These researchersfbthat the observed instantanebiné
enrichment factor between@® and its precursors (NHand NQ") was a good indicator
of nitrification and denitrification, and closelyatcthed values obtained from laboratory
studies (Table 1.1). Bol et al (2003) measuredstfe and3*?0 of N,O produced from a
grassland solil in the UK after an application ofifieer. The authors of this study also
measured the XD/N, production ratio, and used this data to identifgé phases of
production (phase 1, nitrification > denitrificatiophase 2 denitrification > nitrification;
phase 3, denitrification >> nitrification). Bol &t (2003) found that th&°N andd'%0
data independently confirmed this conclusion, adtPN andd'®0 values increased as
N2O production became dominated by denitrificaticdheathan nitrification.

Although some studies have had success in disshgg nitrification from
denitrification using®™>N and&™0 of N,O, the large range N and*®0 enrichment

factors for nitrification and denitrification (Tabll.1) can lead to ambiguous results. For
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example Tilsner et al. (2003) measuref®Nproduced by grassland soils in Bavaria,
Germany, both before and after application of oilgand mineral fertilizers. These
authors observed a large amount of scatter id'fi and3*0 values, and were not able
to use the isotopic data to determine the domiNa@x production process. The authors
attributed scatter in the data to a high spatitdrogeneity in MO production processes
in the soil. However, using laboratory incubatiofshe same soil, Tilsner et al. (2003)
were able to determine that denitrification waglykthe dominant pD production

process at the site.

1.5 Research Objectives

The primary goal of this thesis project was to eloterize NO production in the
Grand River, Ontario, Canada, in terms of domimeiatiuction pathways and isotopic
composition of the pD produced. This was achieved through the stabtepg analysis
of dissolved NO, NO; and NH;". To achieve this goal, four main objectives were
addressed.

The first objective was to develop a method to meathe stable isotope ratio of
dissolved NO. Although there are several online methods abklan the literature (e.g.
Ostrom et al 2000, Westley et al 2006), these nustleere not practical for this study
due to the large sample processing time and theresgent for a dedicated mass
spectrometer. Therefore, a new offline method wva®kbped and tested to ensure
accuracy for isotopic analysis of dissolvegDON

The second objective was to develop a computer htodémulate the stable

isotope dynamics of dissolved® in systems that are open to gas exchange with the
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atmosphere. SincezM is highly soluble, the invasion ob® from the atmosphere has a
significant effect on th&"N and3*0 of dissolved NO, especially when the dissolved
concentrations approach equilibrium saturated ¢mmdi. Additionally, there are kinetic
and equilibrium fractionation factors for nitrogand oxygen during Y0 gas exchange
with the atmosphere. As a result, the relationskipveen thé™N andd'°0 values of
dissolved NO, produced BD, and emitted PO is not simple. A box model was created
using Stella modeling software to elucidate thiatrenship.

The third objective was to determine the dominag@® [droduction processes in
the Grand River, making use of stable isotope amalf NO, NO;” and NH". From
previous work and continuous monitoring by the @r&iver Conservation Authority
(GRCA), it was known that the concentration of diged oxygen (DO) in the river
follows strong diel cycles during the summer mon®ther studies (Clough et al 2007,
Harrison et al 2005) have shown that nitrogen agcprocesses and,® production can
be influenced by the diel oxygen cycle. It was ¢fi@re expected thatJ® production in
the Grand River would also be affected by the Bi®lcycle. By monitoring the
concentrations of DO, 4D, NO;, NH," and N, it was possible to examine how
nitrification and denitrification respond to the @Oncentration in the river. The®
stable isotope model developed earlier was thed tesdetermine in-situ enrichment
factors for NO production through nitrification and denitrifica.

The fourth objective was to fully characterize tb&topic composition of pO
emitted from the Grand River to the atmospherec&Smany other studies have observed
a wide range in th&"N andd'®0 values of MO produced in field environments (Figure

1.3), it was expected that the isotopic compositibthe NO flux would be variable,
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both spatially and temporally. Currently there ésylittle known about the isotopic
composition of NO produced in riverine systems. Current estimatégate that the
N,O emissions from rivers, estuaries and costal ztwtak1.7 Tg N/year globally, and
may be as high as 2.9 Tg N/year (Denman et al. 200irs compares to the global
anthropogenic BD source of 6.7 Tg N/year, and the total globgDNmission rate of
17.7 Tg N/year (Denman et al. 2007). In spite efrtlative importance of this,®
source, only one published study has measuredgobepic composition of dissolved
N2O in a river (Boontanon et al 2000). Isotopic med=dn be used to determine the
relative importance of various sources gONto the atmosphere (Rahn & Wahlen 2000).
Since rivers are an important source gONo the atmosphere, it is necessary to
characterize the isotopic composition of this seuncorder to refine the globah®

budget, and determine the true contribution ofrineN,O to the total global emissions.

24



Chapter 2:

Site Description and Methodology

2.1 Grand River Watershed

The Grand River is the largest river in southernada. It is approximately 300
km long, and drains an area of 7000°knto Lake Erie (Figure 2.1). As of 2001,
approximately 720 000 people were living in theihathis figure is projected to increase
to 1 220 000 by 2031 (Table 2.1). The cities of &ab, Kitchener, Cambridge and
Guelph form the urban centre of the watershed,watdarg for approximately 72% of the
total basin population. Projected growth in the iRe@f Waterloo is expected to be
particularly extensive, with the population expamdby approximately 60% by 2031
(Table 2.1). The Grand River is an important sowfodrinking water, supplying

approximately 500 000 people in the watershed.
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Figure 2.1: Map of the Grand River Watershed.

Projected Population (000's)
2001 2011 2021 2031
Wellington County 85 91
- 269 321
City of Guelph 110 132
Region of
Waterloo 456 526 623 729
Brant County 35 39
157 173
City of Brantford 94 102
Total 780 890 1,049 1,223

Table 2.1 Projected population growth in the Grand Rivertgvshed (Ministry of Public
Infrastructure Renewal, 2006)
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The Grand River is heavily impacted by both dié@nd point-source inputs of
nitrogen. Agriculture is the primary land use ie thatershed, and 26 wastewater
treatment plants (WWTPSs) currently discharge efftue the Grand River or its
tributaries. Six of these WWTPs are required t@regdischarge data to the Federal
National Pollutant Release Inventory (Table 2.2RNB007). Of these six, the Kitchener
and Waterloo WWTPs contribute approximately 30%heftotal WWTP nitrogen load to

the river. Of all the WWTPs, the Kitchener plarieeses the most Nfito the river, 74%

of the total.
Mass Discharged through Effluent
WWTP NH," NOs’ PO, Total N
tonnes/yr tonnes/yr tonnes/yr tonnesl/yr

Waterloo 77.8 196.4 - 274.2
Kitchener 633.8 35.3 - 669.1
Galt 2.2 242 - 244.2

Preston 3.5 42.3 - 45.8
Guelph 6.3 1831 4.3 1837.3
Brantford 134.9 55.4 5.2 190.3
Total 858.5 2402.4 9.5 3260.9

Table 2.2: Mass of nitrogen and phosphorous pollutants rekbby WWTP effluent in the Grand
River Watershed. Data provided by NPRI (2007).

Downstream of the urban centre, the river is ovexlwied by the input of
nutrients, and there is heavy macrophyte growth@channel. The heavy macrophyte
growth contributes to very large diel swings instised oxygen (DO) concentration,
especially during the hot summer months. Duringstimmer months, night-time DO
concentrations at this location often fall below thater quality target of 4 mg/L set by
the Grand River Conservation Authority. This DOlgem is further compounded by the

fact that the effluent from the Kitchener and WialeMWWWTPs contain high
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concentrations of ammonium (NB. These two major WWTPs are not designed to
nitrify the effluent within the plant, and insteealy on the river to oxidize the NAto
nitrate (NQ). Nitrification of WWTP derived N further consumes the limited DO in

the river and contributes to poor river health.

2.1.1 Climate

The Grand River Watershed is located within the wW&ummer Continental
(Dfb) Kdppen climatic region (Ackerman 1941). Tyaliecnonthly mean temperatures and
precipitation amounts for the Grand River Basinanamarized in Figure 2.2. These
values are based on 30 year historical weatheratditcted at the Waterloo Wellington

Airport (43°27°20.09”N, 80°23'08.29"W). The data waupplied by Environment

Canada (2004).
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Figure 2.2:30 Year Climate history as recorded at WaterlooellMgton Airport
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During the study period (May 2006 to May 2008) réneere several periods
where the weather in the basin deviated signiflgdrdm the 30 year climate average.
Figure 2.3 illustrates the recorded monthly meadly d@mperature as compared to the 30
year average over the course of this study. Thp¢eature data was recorded at the
University of Waterloo weather station (43°28'2418880°33'25.95"W). Data from the
University of Waterloo weather station was usedabee recent data is easily accessible,
though the station lacks a long-term historicabrdc There were several periods where
the mean monthly temperature was significantly éighan normal, especially the
summer and early winter in 2006 (Figure 2.3). Faby2007 was significantly colder

than normal. Temperatures otherwise closely foltbthee 30-year monthly mean.
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Figure 2.3: Monthly mean daily temperature data, as recorddideat/niversity of Waterloo weather station.
The 30 — year monthly mean data was collectedeat\taterloo-Wellington airport.
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Figure 2.4 is a plot of the total monthly precipita measured at the University
of Waterloo weather station over the course of shusly (May 2006 to May 2008). As
indicated, precipitation patterns were quite vddaturing this time period. Several
months during 2006 recorded significantly higheoants of precipitation compared to
the 30 year monthly mean (Figure 2.4). Also, thamsier and fall of 2007 were
significantly drier than normal. The below normatgpitation led to very low flow
conditions during this time period. Above normalcamts of precipitation fell during the
winter of 2007-2008. The bulk of this precipitatifall as snow, and led to large snowmelt

events during two major thaw periods in January/Ama 2008.
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Figure 2.4: Monthly total precipitation data, as recorded &t thniversity of Waterloo weather station. The
30 — year monthly mean data was collected at thi=kéa-Wellington airport.
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2.1.2 Hydrology

Flow conditions in the Grand River are carefullytolled throughout the year
by a series of 8 major dams and reservoirs. Thadtdam is the largest control structure
on the Grand River. The Shand Dam was construnté842, and was one of the first
hydrologic control structures built on the Grandd®i Generally, the various dams and
reservoirs are operated to buffer the high rivew#l during snowmelt and heavy
precipitation events, and to also supplement therieer flows during the summer
months. Therefore, the reservoirs typically follawannual operation cycle of filling
during the early spring snowmelt, and slowly dnaghthroughout the summer.

Since the flow in the river is highly regulatedfatiows a predictable pattern
throughout the year (Figure 2.5). River flows areést during the summer months,
typically ranging between 10 — 2Csec at Galt, Ontario (HYDAT 2005). River flow is
usually highest during the annual spring snowmedng which typically occurs during
the months of March or April (Figure 2.5). Since #pring snowmelt event typically
occurs in a sharp peak, it is not well represemtdedgure 2.5. The typically peak
snowmelt flow ranges between 170 to 680sec (taken as the range between tHe 10
and 90 percentiles of the peak flow value during the getfrom March 1 to April 30,

flow data collected from 1943 to 2004 inclusive¥[DAT 2005).
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Figure 2.5 Typically annual flow for the Grand River at Galintario. Lines represent the median’ 10
and 80" percentiles of daily river flow calculated for yed 943 through 2004 inclusive. Data provided by

HYDAT (2005).

2.2 Methodology

2.2.1 Water Chemistry

Samples for general water chemistry analyses wahected in 120 mL plastic
bottles. Samples were kept cold until brought tadke lab, usually less then 6 hours
after they were collected. Water samples were fittened with 0.45um membrane
syringe filters and separated into two 40 mL amii&s. One of the vials was acidified

to approximately pH 5 with 10%430,. Both vials were then placed into cold storage

(4°C) until analysis (usually within 1-2 weeks).
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2.2.2Nitrate Concentration

Sample water was taken from the non-acidified amalads for analysis of anion
concentrations. These samples were analyzed udhngnax ICS-90 ion chromatography
machine, equipped with an lonPac AS14A column a8d®automated sampler.
Samples were corrected to a calibration curve edefiom standards run at the same time

as the samples. Precision for this analysis wa6.85 mg N/L.

2.2.3 DOC Concentration

Samples were analyzed for dissolved organic ca(b@tT) using a Rosemount-
Dohrmann high temperature total carbon analyzeippgd with an autosampler system.
DOC is determined by a measurement of total carafber, inorganic carbon is removed
from the sample by sparging with phosphoric acamfles were corrected to a
calibration curve created from standards analyzethd the same run as the samples.

The precision associated with this analysis iscisfy +/- 0.2 mg C/L.

2.2.4 Ammonium Concentration

Ammonium concentration was analyzed using an aatedicolourometric
method. Briefly, reagent solutions (containing sodisalicylate, sodium nitro-prusside,
sodium hydroxide, potassium sodium tartrate tetledite, di-sodium hydrogen
phosphate, and sodium salt) are added to the saniplese reagents react with
ammonium present in the sample to form a coloerjntensity of which depends on the

concentration of ammonium. The concentration of;NH the original sample is then
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determined by measuring the absorption of 660 ght through the samples. The
amount of absorption at this wavelength is propodl to the amount of ammonium
present in the sample. The data was then corregaidst a calibration curve created
from standards analyzed at the same time as thelesnThe detection limit for this
method is 0.01 mg N-NHA/L and the precision associated with this analigsig- 0.005

mg N-NH," /L.

2.2.5 Dissolved Nitrous Oxide Concentration

Samples for determination of dissolvegNconcentration were collected in 60
mL glass serum bottles with red VaccutaifgBenton-Dickson) stoppers. The bottles
were filled underwater, with as little disturbarasepossible, in order to prevent
degassing of the sample. The bottles were theneckywyih no headspace, using a
hypodermic needle to pierce the stopper and relasess pressure and air bubbles
during capping. The samples were injected withndL2of saturated HgGlsolution to
inhibit biological activity in the samples duringhsport and storage. The samples were
kept cold until they were brought back to the ladually in less than 6 hours. The
samples were then put into cold storag€jduntil they were analyzed (usually within 2-
3 weeks).

N.O concentrations were determined using a headgupskbrium technique
and a Varian CP-3800 gas chromatograph. The gasetiograph was equipped with a
Combi-Pal autosampler, 2m x 1/8" SS column packithl Mayesep D 80/100 mesh, and
an ECD. P-5 mix (95% Ar, 5% ClHwas used as the carrier gas.

Samples were first prepared by injecting 10mL ofilite the bottle while

removing 5mL of sample water, creating a headspéoe positive pressure thus created
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inside the bottle, allowed headspace gas to bewvedwithout creating a vacuum.
Bottles were then gently agitated on an orbitakeh&r 90 minutes to allow the
dissolved gasses to come into equilibrium withitbadspace. Finally,J concentration
analyzed by injection of 2.5 mL headspace samplesthe Varian CP-3800. Headspace
concentrations were calculated using a calibratione created by analyzing certified
gas standards run in conjunction with the samfles.concentration of dissolved® in
the original sample is then calculated using Henbyw, taking into account changes in
temperature and pressure between sample colletidanalysis (Sander 1999; Lide &
Fredrikse 1995). The detection limit for this methe approximately 6.5 nmol -8 / L

and the error associated with this analysis is@pprately +/- 5% at 8.5 nmol - / L.

2.2.6 Isotopic Analysis of Nitrate

Samples for isotopic analysis of nitrate wereewdtd in 1L plastic bottles. These
samples were kept cold until they were brought lhadke lab, usually less then 6 hours
after they had been collected. Once the samplebéa returned to the lab, they were
promptly frozen until analysis.

These samples were analyzed for the isotopic gignaf nitrate using the
method described in Environmental Geochemistry Tathnical Procedure 30.1. In
brief, anion exchange columns are used to strighmuhitrate from a large volume of
water. The nitrate is then removed from the colubmsluting them with 10% HCI. The
solution is neutralized by the addition of silveside (AgO). This forms soluble silver
nitrate (AgNQ) and a solid precipitate of silver chloride (AgCIThe solution is

decanted and filtered to remove any fine partiole&gCl, and subsequently frozen.
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Following freeze-drying, the solid AgNGs stored in amber vials until analysis by EA-

IRMS to determine th&'°N and3*0 values of the nitrate in the original sample.

2.2.7 Isotopic Analysis of Ammonium

Samples for the isotopic analysis of Nkvere collected in 250mL plastic bottles.
The pH of these samples was adjusted to 5 — &ifietd using a 10% sulphuric acid
solution. The samples were kept on ice until theyeareturned to the laboratory
(typically within 6 hours). Once returned to thbdaatory, samples were promptly frozen
until analysis.

5N — NH," analysis was conducted using a diffusion technityligray 2008,
modified from Spoelstra et al. 2006). Briefly, asdified quartz filter disk contained in a
polytetrafluoroethylene (PTFE) packet was placed @D mL serum bottle containing
approximately 20 mL of sample water. The pH ofsheple was adjusted with a buffer
solution to convert the NA in the sample to Nklgas. The serum bottle was capped and
placed on a stir plate for approximately 10 dafteravhich the quartz filter disks were
removed, freeze dried, and analyzed¥oN — NH," at the University of Waterloo

Environmental Isotope Laboratory (UW-EIL).

2.2.8 Dissolved Oxygen Concentration

Dissolved oxygen concentration was measured ukmyVinkler Titration
technigue (Azide modification, APHA 1995). Samplesre collected in duplicate using
glass BOD bottles with ground glass stoppers. Hneptes were fixed in the field using
solutions containing manganese chloride, sodiunmdxyde, sodium iodide and sodium

azide. The bottles were kept cold and sealed watfm to ensure they would not be
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disturbed until they were returned to the lab, Ugua less then 6 hours after sampling.
At the lab, the samples were titrated following $@ndard Winkler titration technique,
using sodium thiosulphate. The sodium thiosulpbatation was calibrated by titrating
against a standard solution containing potassiuha& potassium bi-iodate and
sulphuric acid. The detection limit for this methed.2 mg — @/L and the precision

associated with this analysis is +/- 0.2 mg-/1O
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Chapter 3:

A “Purge & Trap” Method to Extract Dissolved Nitrou s
Oxide for Stable Isotope Analysis

3.1 Introduction

Nitrous oxide (NO) is a powerful greenhouse gas with a global wagmi
potential 310 times that of GOAtmospheric concentrations have been increasing
steadily during the last ~150 years by approxinya@e25%/year (Denman et al 2007).
Therefore understanding@® production in the environment is the focus of egipdread
research effort. pO is largely produced through microbially- mediapedcesses of
nitrification and denitrification (Zafiriou 1990%ince isotopic fractionation factors are
different for these two processes, isotopic analgsiN,O can be used to determine the
dominant NO production pathways (Wada & Ueda 1996, Perek28@l). Furthermore,
stable isotope ratios of different® sources may be useful when quantifying the redati
importance of various atmospheric sources (Steiu&g 2003).

Many researchers have measured the isotopic catioposf gaseous pO
produced by cultur