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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

14



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.
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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.

25



ount
=, Forest

Simcoe

1} 10 20 30 km
e /

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.

30



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 cultured microorganisms (e.g. Setkal. 2006). Also, several studies have
measured gaseous® emitted from natural soils in field environme(gsy. Perez et al
2001, Kim & Craig 1993, Mandernack et al 2000)ONs highly soluble (I = 0.025
M-atmi® at 20°C) and is also produced and transporteduatic environments. Current
estimates indicate approximately 25% of the totdh@pogenic MO flux is produced in
aquatic environments such as rivers, estuariescastdl zones (Denman et al 2007).
Other researchers have measured stable isotope ddtilissolved bD in aquatic

systems, mostly in marine environments (e.g. Kir€@i&ig 1990, Yoshinari et al.1997,
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Popp et al. 2002). Only a very small number of igtsithave measured isotopic ratios of
dissolved NO in freshwater environments (Wahlen & Yoshina839Boontanon et al.
2000).

Several techniques for dissolvedanalysis are described in the literature.
Ostrom et al. (2000) and Westley et al. (2006) wsatbdified apparatus (Dore et al.
1998) designed for the online analysis of dissolvedhane (Sansone et al 1997).
Tsunogai et al (2008) also used a modified apps@tiginally designed for the analysis
of dissolved methane (Tsunogai et al 2000). Infpiiés technique involves transferring
a water sample to an extraction chamber wherespasged with helium to remove the
dissolved NO, which is then cryogenically trapped by liquittogen. The sample is
then transferred through a complex series of vadwektraps to a GC-IRMS. Other
online methods (Casciotti et al 2002, Coplen &0él4) have been developed for the
automated isotopic analysis of nitrate samplethése methods, nitrate is converted to
N2O through bacterial denitrification and is sparfedn small (~20mL) samples and
transferred to a mass spectrometer for analysis.

Although the above mentioned online methods caadvantageous in certain
situations, there are several disadvantages fagubese methods for the routine isotopic
analysis of dissolved JO. The methods developed for the isotopic analysiOs™ by
bacterial denitrification to pO (Casciotti et al 2002, Coplen et al 2004) are not
applicable to the isotopic analysis of dissolve®Nbecause they operate atN
concentrations much higher than found in the nhemaironment. The minimum sample
size for the method developed by Dore et al (189&)nmol — NO. However, using a

similar method, Tsunogai et al (2008) specifiesimmum sample size of 20 nmol - N.
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This is equivalent to 1-2 L of water for dissolvdgO samples near atmospheric
equilibrium.

The analysis time required to process each sansphg these online methods
makes them impractical for most researchers. Famgke, the online extraction
apparatus developed by Dore et al (1998) and ugsd\Jeral others requires 45 minutes
per sample. Likewise, the latest method of Tsunegal. (2008) requires 30 minutes to
process each sample.

Lastly, the current online methods are only usefuksearchers that have access
to a dedicated mass spectrometer for dissolv€ &halysis. Many laboratories would
benefit from a simple offline method that wouldoalthem to process a large number of
dissolved samples quickly. The extractefDNould then be stored for later isotopic
analysis, or if the laboratory does not have acteeasmass spectrometer, shipped
elsewhere for analysis.

Presented here is a simple offline method for ektrg dissolved BO from
freshwater samples for stable isotope analy3i¢'('N and*®0/*°0) from samples
containing as little as 3 nmol. This limit is much lower than that obtained by
Tsunogai et al (2008), Casciotti et al (2002) aogl€n et al (2004). The sensitivity of
this method is almost equal to that of Dore etl@Bg), but the sample processing time is
much faster with our method. Samples can be preddassas little as 10 minutes, and the
simplicity of our method makes it feasible to const multiple purge and trap stations,
allowing several samples to be processed simultestgoAdditionally, processing
samples offline allows for the stable storage dafasted NO, which can then be shipped

to external laboratories for isotopic analysis.
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3.2 Sampling Method

Water samples for dissolved® isotopic analysis are collected in either 160mL
serum (Wheaton # 223748) or 500mL media (Cornia95-500) bottles, depending on
the expected concentration. Sample bottles aszifdhd capped underwater to prevent
the entrapment of air. Groundwater samples maylbecated by pumping and filling the
bottles to overflowing; however, care must be talceprevent degassing or introduction
of air into the sample. A red rubber stopper (Vaamer ™) is used for serum bottles and
a black rubber lyophilization stopper (Wheaton #20-503) is used for media bottles.
Once capped, samples are preserved by injectiarsafurated Hggkolution (2 mL
HgCl, solution per litre of sample). Samples are statetPC until they are extracted

(typically within 72 hours).

3.3 Extraction Apparatus

A “purge and trap” system (Figure 3.1) is usedisofating dissolved pO.
Dissolved NO gas is extracted directly from the original saerpbttle by bubbling with
ultra-pure helium (He), at a flow rate of 300mL/nfiam 10 — 20 minutes (depending on
sample size). A stainless steel frit (3 micron pgrze — Aimark Travers Ltd # 459500) is
used to increase the extraction efficiency of thkum stream. The frit is attached to
1/16” ID stainless steel tubing threaded throudputyl-blue rubber stopper (Belco Glass
Inc # 2048-11800). The sample bottle is attachddsystem by uncapping the sample
and inserting the stopper with the frit. Due to lingh solubility of NO and the low

equilibrium fractionation factors fdPN and*?0 (Inoue & Mook 1994), there is
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insignificant and inconsequential loss afNduring attachment of the sample bottle to

the purge and trap system.
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Figure 3.1: Schematic flow diagram of purge and trap system.

Valve A: Needle Valve to control He flow rate (Svedgk #SS-SS1)

Valve B: 3-way plastic stopcock with luer fittin@lsontes Part # KT420163-4503)
Valve C: 2-way valve (Swagelok #SS-41GS1)

Valve D: 3-way valve (Swagelok #SS-41XS1)

Valve E: Mininert valve with luer fittings (Vici #051)

Valve F: Mininert valve with luer fittings (Vici #1051)

Nafion Dryer (Permapure #MD-110-24P-4)

The extracted gas passes through several stagesifoéation before MO is
trapped cryogenically. A water trap is used to previquid water from reaching the
downstream nafion dryer and chemical traps. Themteap consists of a small glass vial
fitted with a rubber stopper. The nafion membranpdarmeable with respect to water, but
impermeable to other gases. The gas stream igd™dsiea counter-current flow of dry
air across the nafion membrane. The chemical mapains Carbosorb to remove €0
and magnesium perchlorate to remove any residugrwapour. NO is trapped

cryogenically in a storage vessel cooled with kigoitrogen. The storage vessel consists
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of a 20mL round bottom vial (Restek #21162), canitag a 3 cm layer of pyrex wool in
between two layers of glass beads, and cappedavtityl-blue rubber stopper and

crimp seal. Preliminary method development indiddket, under high rates of He flow
(>100mL/min), cryogenic trapping of.® is generally inefficient using a simple coiled
loop of tubing. For other cryogenic trapping methaglass fibre thimbles have been used
to improve trapping efficiency (Brenninkmeijer 19®renninkmeijer & R6ckmann

1996). With our method, the pyrex wool and glassdsegreatly increase the surface area,
and allow for extremely efficient cryogenic trapgiof N,O, even under high rates of

flow (> 300 mL/min). Before use, storage vessetsearacuated to ~0.1 mBar to remove
any NO. A vessel can be re-used several times providede-evacuated between uses.
N,O samples are stored in these vessels in darkhessna temperature. Repeat analysis
of extracted samples yields the same isotope valites5 months of storage indicating

no sample degradation occurs under these conditions

3.4 Extraction Method

Valves B, C and D are first positioned to allow tddlow through all lines and
purge any air from the system (Figure 3.2a). AB@iseconds, valve C is closed, with
valves B and D remaining in position to allow the #tbw to bypass the metal frit and
flow directly through the traps (Figure 3.2b). Astge vessel is attached to the system
using a 1 inch, 23 gauge needle attached to valld&needle is positioned so its tip is
protruding about 3mm through the stopper, clog@¢ovial wall; this positioning helps
prevent the needle from freezing up and becomingged. A 4 inch, 22 gauge needle

(Air-Tite Products Co. #N224) attached to valves inserted through the storage vessel
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stopper, and pushed to the bottom of the vialt Fab/e E, then valve F is opened, and
the storage vessel is immersed in liquid nitrogethé top of the pyrex wool layer. The
stopper is removed from the sample bottle, andtiygper with the attached metal frit is
inserted into the bottle. The line connecting vadvi® the metal frit is disconnected at
valve B, and a 20mL syringe is attached to thelisiag a luer lock fitting. A 15mL He
headspace is created in the sample bottle by mamigrapening valve C, and removing
the excess water through the syringe. The syrimgemoved, and the line reattached.
Valves B and D are positioned to allow He to fldwotugh the metal frit in the sample
bottle and through the various traps (Figure 3.2Zhg sample is purged at a flow rate of
300mL/min for 10 minutes for 160mL bottles or 20noties for 500mL bottles. He flow
rate is monitored at the outlet and is adjustedgugie needle valve (valve A).
Occasionally, heat may need to be applied to thetahe storage vessel to prevent
freezing and plugging of the inlet needle. Aftex #ample has been purged, valves B and
D are positioned to allow the He flow to bypassghmple bottle, and to flush any
remaining NO from the lines and traps (Figure 3.2b). Afters@@onds, valve E is

closed, and any non-condensable gases are remsiepauhand vacuum pump attached
at valve F. Once a vacuum of approximately 0.3iBachieved, valve F is closed and
the storage vessel is removed from the liquid geérobath. After the storage vessel has
reached room temperature, the needles are remand®0mL of He is injected into the

vial to create a positive pressure.
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A Purging air from the lines B Purging air from the traps C Extracting N,O from the sample
NEEDLE WALYE NEELLE YALVE NEETLE VALVE

3 WAY
VALVE

3 Wy
VALVE

3 WY
VALVE

TO
TRAPS

T TRAPS|
3 WY
A VALVE

SANMPLE BOTTLE

Figure 3.2: Detailed flow path diagram of purge and trap system

3.5 Concentration and Isotopic Analysis of D

Water samples were analyzed for dissolve® Moncentration with a headspace
equilibrium technique using a Varian CP-3800 gasmlatograph. The gas
chromatograph is equipped with an ECD and P-5 86%4 Ar, 5% CH) is used as the
carrier gas. Samples are bracketed b® Ktandards with known concentration (0.1, 0.5,
1.0 and 10 ppm $0).

Extracted NO samples in storage vessels are analyzed! thranda'®0 by
injection of 3 — 15 nmol of pD into a GV Trace Gas preconcentrator system, rathto
a GV Isoprime mass spectrometer at the EIL-UW.clipa volumes are dependant on
initial dissolved NO concentration. The Trace Gas system furtheriparihe sample
and chromatographically separate€ONrom any remaining trace GCRaw molecular
ratios (mass 44, 45 and 46) from the mass specteoraes converted to isotopic ratios
(**N/*N and*®0/*®0) using the data correction method described higefat al (2003).

Due to the lack of available internationally reczga N.O isotope standards

45



isotopic data is corrected using internal standhrdsketing the isotopic ratios of nearly
all natural samples (EGL-5: 10ppm®| 5N = 2.76%0,5'°0 = 40.38; HAN20-2: ~1700
ppm NO, 3°N = -92.64%0,5'%0 = 20.52%0) 5"N is reported relative to atmospherig, N

andd*®0 is reported relative to VSMOW.

3.5.1 Calibration of Internal Isotope Standards

Internal NO standards are calibrated against troposphef@; Which has been
thoroughly characterized as having an isotopic asitipn of3*°N = (6.72 + 0.12) %o
andd'®0 = (44.62 + 0.21) %kKaiseret al 2003). Tropospheric #0 samples were
collected in 500mL sample bottles by filling witli #tom the CEIT building rooftop at
the University of Waterloo. Kaiset al. (2003) did not observe local source
contamination of tropospheric,® in samples taken from the rooftop of the Max Bkan
Institute of Chemistry in Mainz, Germany. Sincerthare no known point sources of
N.O nearby, air samples obtained at the Universityaterloo are assumed to be
representative of tropospherig® N,O was extracted from sample bottles using the
same method for dissolved® samples. The only difference in procedure was the
attachment of sample bottles to the system usjajreof needles in place of the metal
frit assembly, thereby allowing sample bottlesemain sealed duringJ extraction.
Once the tropospheric,® was trapped in storage vessels, care was talkarstoe that
any non-condensable gases were purged from thelsesghkile they were still submerged
in liquid nitrogen. Due to the low vapour pressof@xygen (Q) at the temperature of
liquid nitrogen (-196 °C), a vacuum of less tha? Bar is needed to ensure complete

removal of any liquid @formed (Lide 2008). A mechanical vacuum pump wseduo
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achieve a vacuum greater than 0.001 Bar. Interp@l $dandards were analyzed on the
Trace Gas system during the same run as the trbposp\O samples. Calibration used
a simple calculation adapted from Werner and B(@2001), and th&"°N andd'%0

values of troposphericJ determined by Kaiseat al. (2003).

Tropospheric MO collected and analyzed on different dates (ovmsreod of 5
months with varying wind directions) produced theng results (n=15, standard
deviation:5"°N=0.2%o,5'%0=0.5%c). This reproducibility further supports gesumption
that air samples collected at the University of &faib are not affected by local sources

of N2O, and are thus representative of troposphes@ dbmposition.

3.6 Method Testing

Method accuracy was tested by extractin@Nrom degassed ultra-pure de-
ionized water (Nanopure™) spiked with internallNgas standards of known isotopic
compositions (EGL-6: 1000 ppmp, 5N = 1.04%0,5'%0=40.30%0; EGL-5: 10 ppm
N,O, 3°N = 2.76%0,5"%0=40.38%). Prior to spiking with MO isotope standards,
Nanopure™ water was degassed by sparging with H20imin, followed by application
of a vacuum (0.2 Bar) while being stirred for 2 oA 60mL sample of degassed water
was subsequently analyzed fofONconcentration and was found to be less than the
detection limit (<1.5 nmol/L). A 160mL serum bottias filled with degassed water, and
a 10mL helium headspace was created. EGL-6 stagaar(b.5mL) was injected into the
headspace and the bottle placed on an orbital sifi@k2 hours to dissolve the,. The
resulting dissolved pO solution was diluted with degassed Nanopure™ matproduce

a solution with a MO concentration representative of natural sampleprpximately 30 -
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40 nmol/L). Five 500mL sample bottles were filledhnthe mixture, and the JO
subsequently extracted using the described meffmdetermine extraction efficiency,
samples were extracted using increasing purginggimhe concentration of dissolved
N2O remaining in the bottle, and the isotopic compasiof the extracted pO was
measured for each purging duration.

The isotopic composition of the extractegNwas within error of that of the
standard gas (Figure 3.3a). Because of the slggitilerium enrichment factors and the
high solubility of NO, the dissolved D was expected to be enriched by 0.07%. and
0.11%o ford™N and3*0 with respect to the standard gas (Inoue & Moc®4)9The
5N of the extracted PO was consistently slightly higher than expectenlyéver the
maximum observed difference between the extract€@land the standard gas (0.5%o
was similar to the precision f&°N of this analysis. The isotopic composition of
extracted MO was not affected by incomplete sample recovewyeikample, even with a

sample extraction efficiency of only 70%, the igmtocomposition of the extracted:®

was not different from the JO standard.

1.0 - 46 1.0 IP
A - 500mL Bottle 4 \‘ B - 160mL Bottle
|
0.8 4 L 44 0.8 \‘
|
‘x
0.6 b 42 % 0.6 1|
o° z Q° \
o [e) (] ‘
0.4 1 Lao € 0.4
0.2 4 L 38 0.2 '\
@- ° °
0.0 T T T T T L 36 0.0 T T !
0 5 10 15 20 25 30 0 5 10 15 20
Stripping Time (minutes) Stripping Time (minutes)
@ N,O Concentration v 8'°N-N,O Extracted & 8'°0 - N,O Extracted

------ "N - N,O Expected ——— 5"°0-N,O Expected

Figure 3.3: N,O extractions of degassed water spiked with EGL,® Motope standard
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To determine the optimal purging time for 160mLtlest a similar procedure was
followed and only NO concentrations were measured (Figure 3.3b). pgoto
composition of MO extracted from 160mL serum bottles for the oplitimae of 10
minutes was again the same as the source gas (B&indard gas - Table 3.1). Based on
these results, purge times of 10 and 20 minuteas®e for extracting dissolved®
from 160mL and 500mL samples, respectively.

A second experiment was conducted to test thelisyadii dissolved NO samples
in long-term storage. Bottles were filled with sdegpof Nanopure™ or water from the
Grand River downstream of Kitchener, Ontario. Namep™ water samples contained
naturally high levels of pD, due to high dissolvedJ® concentrations in municipal tap
water in Waterloo, Ontario. Samples without a hpads were stored in 160mL serum
bottles capped with red rubber (Vaccutainer™) stoppSamples were preserved with
varying amounts of HgGkaturated solution, at concentrations greater éimaness than
the concentration typically used for sample preston (0 to 3.125 mL solution / L
sample). Duplicate and triplicate samples wereaex#d and analyzed at intervals
ranging from 2 weeks to 2 months (Table 3.2). Tiwemis no observable changediN
andd*0 of N,O over the storage period for any treatments.

The results of the method testing also provide asuee of the precision of this
method, not only within a single run, but also begw runs. The average standard
deviation for both sample sets indicates the awepagcision for the isotopic analysis of

N,O is 0.4%0 and 0.8%o fob'°N andd'®0 respectively.
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Table 3.1:Results of the test extractions using degassedNar™ water spiked with EGL-5 in 160mL
serum bottles. Recovery is calculated by measuhiegample peak height on the mass spectrometer,
calibrated against reference standards of knownegration.

Sample Name Purging Time MO Concentration |  §**N-N,O 5'%0-N,0 Recovery
(minutes) (nmol/L) (%0) (%0) (%)
EGL-5 Spiked Water 10 38.6 2.8 40.4 103.6
EGL-5 Spiked Water 10 38.6 24 40.2 71.9
EGL-5 Spiked Water 10 42 2.7 40.7 101.8
EGL-5 Spiked Water 10 42 3.0 40.5 81.7
Average 40.30 2.7 40.5 89.7
Expected Value 2.8 40.3
Standard Deviation 1.96 0.3 0.2

Table 3.2: Results of the sample storage experiment. Recasagiculated by measuring the sample peak
height on the mass spectrometer, calibrated agafestence standards of known concentration. Regove
could not be accurately calculated for the Nanogaraples because only a partial sample was injected
into the mass spectrometer.

Sample Name Storage Preservative NO Concentration |  &°N-N,O 8%0-N,O | Recovery
Time
(Days) (mL of HgChb (nmol/L) (%0) (%) (%)
soln/L)
Nanopure 0 0 220 -12.9 -13.9 N/A
Nanopure 0 0 220 -14.0 -12.2 N/A
Nanopure 0 0 220 -13.4 -12.5 N/A
Nanopure 14 0 218 -13.6 -13.0 N/A
Nanopure 14 0 218 -13.7 -12.5 N/A
Nanopure 14 0 218 -12.8 -13.3 N/A
Nanopure 40 0 210 -12.9 -13.0 N/A
Nanopure 40 0 210 -13.1 -13.2 N/A
Nanopure 40 0 210 -12.5 -12.8 N/A
Nanopure 14 1.25 205 -12.4 -12.0 N/A
Nanopure 14 1.25 205 -12.7 -16.1 N/A
Nanopure 14 1.25 205 -13.5 -12.8 N/A
Nanopure 40 1.25 213 -12.7 -13.6 N/A
Nanopure 40 1.25 213 -12.9 -13.6 N/A
Nanopure 40 1.25 213 -13.0 -13.1 N/A
Average 213 -13.1 -13.2
Standard Deviation 5.6 0.47 0.97
Grand River 0 1.25 24.2 -0.5 40.6 103.3
Grand River 0 1.25 242 -0.4 40.7 96.1
Grand River 14 1.25 25 -0.6 40.4 96.8
Grand River 14 1.25 25 -1.1 40.4 90.9
Grand River 40 1.25 26.2 -0.6 40.5 93.7
Grand River 40 1.25 26.2 -1.0 40.5 88.8
Grand River 68 1.25 22 -1.0 395 104.9
Grand River 68 1.25 22 -1.8 38.2 97.0
Grand River 14 3.125 249 -0.9 40.0 99.8
Grand River 14 3.125 24.9 -1.1 40.3 93.2
Grand River 40 3.125 25.7 -1.0 395 925
Grand River 40 3.125 25.7 -1.0 40.3 93.2
Grand River 68 3.125 22.6 -1.0 40.2 97.1
Grand River 68 3.125 22.6 -1.0 39.9 104.9
Average 244 -0.9 40.1 96.6
Standard Deviation 1.50 0.34 0.65
Precision (average
standard deviation) 04 08
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3.7 Field Data

Samples of dissolved ® were collected at two field sites in Southernadiot
Canada and analyzed using the method describea &bable 3.3).

The Grand River stretches over 300 km and draimatarshed of 6800 kmThe
watershed is predominantly agricultural and 26 roipal wastewater treatment plants
(WWTPs) discharge effluent into the river and itbutaries before the river drains into
Lake Erie. Nitrogen inputs from both agriculturalahe WWTPs contribute to elevated
NOjs concentrations and the production of riverin®©NWater samples were collected
from one site upstream of a major urban centreddifierent occasions between May
2006 and June 2007. N@oncentrations ranged from 0.8 to 6.5 mg-N/L aisdalved
N-O concentrations from 8.6 to 44 nmol/L. £tbncentration was elevated in these
samples (57 to 740 nmol/L), reflecting productinranoxic river sediments™N — N,O
of the river samples ranged from -5.7 to 6.4%o, 8i® — N,O ranged from 38.2 to
48.8%0. Analyses of duplicate samples indicate araye precision of 0.2 and 0.3%. for
5N and3*®0, respectively. These results indicate that otraetion method is reliable

for the isotopic analysis of samples with low cartcations of dissolved 2D.

Table 3.3: Stable isotope analysis of dissolvegONrom two field sites in Southern Ontario, Canada.

Site Name Nitrate N,O N — NO 5'%0 - N,O
concentration Concentration (range) (range)
(mg N/L) (nmol/L)
Putnam
0.5to 61 48 to 28,000 -31.2%o to 23.4%0 35.7%o0 to 74.3%o
Groundwater
Grand River 0.81t06.5 8.61t044 -5.7%o t0 6.4%p 38.2%0 to 48.8%0
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Groundwater samples were obtained from piezométesso 4m below ground
surface) in a groundwater plume highly contaminatéd NO;™ that originated from a
large manure composting facility near Putnam, Gofgobertson & Schiff 2008).
Dissolved NO samples were collected along a transect of rauétllpiezometers (n=36)
within the groundwater plume in September 200&ddition to high nitrate
concentrations (ranging from 0.5 to 61 mg-N/L), camtrations of dissolved Grnd
CO, were also high, ranging from 20 to 15,500 nmadfhg 0.2 to 4.2 mmol respectively.

Dissolved NO concentration was very high in these samplegjimgrfrom 48 to
27,600 nmol/L. Thé&™N — N,O values of these samples ranged from -31.2 td®3.4
and thed'®0 — NO values ranged from 33.7 to 74.3%.. Analyses 40 M duplicate
groundwater samples yielded an average precisiOrbadind 0.9%o fod°N and3*0,
respectively. Although the overall precision foe tijroundwater samples was slightly
lower than for the river samples, groundwater sasple more susceptible to degassing
or introduction of air. These results indicate thiat extraction method is suitable for the
extraction of NO from samples containing elevated levels of retr&tH;, and CQ.

The isotope data onJ® from the Grand River covers a narrow rang&'af and
5'0 values, while the data collected at the grounemsite exhibits a wide range in both
isotope ratios (Table 3.35'%0 - N,O values from the groundwater site tends to be more
enriched in‘®0 than the Grand Rivér?0 — N,O values. Also, the very large range in
5N values at the Putnam site indicates thadtf of the nitrogen source ang®
production processes are variable within the grauater plume.

The very narrow range ®°N andd'®0 values from the Grand River®

samples indicates the nitrogen source and proces$e© production at this site are
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relatively constant with time. Although supersatedawith respect to atmospheric
equilibrium, NO in the Grand River has a similar isotopic compasito tropospheric
N,O ("N = 6.72,5"%0 = 44.62) (Kaiser et al. 2003) likely reflectifeetimportance of
gas exchange with the atmosphere. River sampléstathighest concentration op@
were the most distinct from the isotopic compositod tropospheric bD, indicating that,
at higher dissolved XD concentrations, the isotopic exchange of tropespiN.O and

river water becomes less noticeable.

3.8 Conclusions

There is limited data published on the isotopimposition of NO in aqueous
systems, partially due to the difficulty in presayand preparing samples for analysis.
The purge and trap method described here allowshésimple and precise
determination of the stable isotope compositiodis$olved NO. The technique
provides an inexpensive and effective method feeaechers to expand their capacity for
analysis of dissolved JD. This method is especially useful for researckdrs do not
have direct access to a mass spectrometer, allavamg to ship the extracted®
samples to an external isotopic laboratory forsial Furthermore, our method allows
for a substantial increase to sample throughpabtagared to current published
methods. Although this method was tested for fregboy there are no known reasons to
prevent the method from being applied to marinepdasn

While it is possible to calibrate internal standaagainst tropospheric,®, an

internationally recognized JO isotopic standard needs to be developed. Sutandasd
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would ensure the compatibility and consistency gdNsotope analysis between
laboratories, allowing for the direct comparisorfiefd data generated worldwide.

The method was shown to be reliable for the extracnd analysis of dissolved
N,O from field samples at relatively low concentrasqas low as 8.6 nmol —®/L).
Elevated concentrations of dissolved ;N@H, and CQ do not interfere with the
isotopic analysis of dissolved,® using this method.

Field data indicates the isotopic composition s&dlved NO varies widely
within and between field sites. Systems open tathesphere are strongly influenced
by gas exchange, indicating the isotopic exchamg®pospheric NO may be an
important control on the isotopic composition adshlved NO at low concentrations (<
15 to 30 nmol/L). Stable isotope analysis of digsdINO has strong potential for

identifying NbO sources and production processes in aquaticrsyste
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Chapter 4:

A Dynamic Model to Determine thed"™N and &°O of
Dissolved Nitrous Oxide in Response to Tropospheric
Gas Exchange

4.1 Introduction

Nitrous oxide (NO) is a powerful greenhouse gas (310 times morenpdhan
CO, over a 100-year timeline) and its concentratios ligen increasing in the
atmosphere at a rate of 0.25% yeaver the last 150 years (Denman et al. 2007Q ¥
produced through both nitrification and denitrifica, therefore, it is a useful indicator
of these processes in the environment (Stein & Y20@). Since the various microbial
pathways of MO production have different isotopic enrichmentdeg, the isotopic
analysis of NO can potentially distinguish® produced through these various
pathways (Wada & Ueda 1996). Recent studies haasuned the isotopic ratios ob®™
produced in soil environments (e.g. Mandernack. 2090, Perez et al. 2001 and Bol et
al. 2003). NO is also produced in aquatic environments, thought studies of the
isotopic composition of pO in aquatic systems have been limited to the cc@aim &
Craig 1990, Nagvi et al. 1998, Yoshanari et al.7,99estley et al. 2006, Dore et al.
1998). Although NO production in rivers and estuaries is a signifigaortion of the
global NO budget (approximately 1.5 Tg — N/year, Kroezal €2005), only one study
has reported™N and3'?0 of dissolved NO in a river (Boontanon et al. 2000).

The isotopic compositiortIN/ 1N and*®0/*°0) of dissolved O is affected by
gas exchange, and therefore is not equal to thepmocomposition of BO produced in

that environment. Also, the isotopic compositiordssolved MO is not indicative of the
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N2O flux emitted to the atmosphere, due to the kinketictionation factors associated
with N,O evasion (Inoue and Mook 1994). Previous worktol the isotopic
composition of NO produced in agueous systems has not consideresidiopic effects
of gas exchange (e.g. Boontanon et al. 2000).

The isotopic ratios of )D emitted through diffusive gas exchange with the
atmosphere are controlled by the isotopic ratiodiggolved MO and kinetic gas
exchange fractionation factors, while the dissolNe® isotopic composition is
controlled by the composition of the sourcgdNthe equilibration with pO from the
atmosphere, and the evasion of dissolve@ M the atmosphere. This paper will
elucidate the relationship between the isotopiosatf source, dissolved, and emitted
NO, to allow for proper interpretation of dissolvdgO isotope data.

4.4.1 Stable Isotopes of }D

The most abundant isotopologues eOhare™N*N*®0, >N*N*°0, *N*N**0

and*N*N*®0. The isotopic ratios”N/**N and*?0/*°0, are as follows:

15R _ [15N14N160]+[14N15N1601 _ [15N20] (41)
2[14N14N160] [14NZO]
18 — [14N14NlSO] _ [NZlSO]
[14N14N16O] [Nzlﬁo]

(4.2)

Where FNYN®0], [*N¥N®0], [*N**N**0] and [“N*N*®0] represent the
concentrations of the various® isotopologues. Note th&R is the bulkN/*N ratio

and represents an average ratio for the'fdsotopomers. Although it is possible to
measure the isotopic ratio of the Wbl isotopomers independently (Toyoda & Yoshida
1999, Brenninkmeijer & Rockmann 1999), the gas arge fractionation factors are not

affected by the intramolecular distribution'df (Inoue and Mook 1994). Using the bulk
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1R greatly simplifies the gas exchange fractionatialculations. Also, many
laboratories do not have the capability to meatheéntramolecular distribution ofN,
while analysis of the bull*N/**N of N,O is much more accessible.

Isotopic ratios are reported avalues in permil (%o) units, relative to air - ahd

Vienna Standard Mean Ocean Water (VSMOW).

15

m:( 1] @3
AIR-N,
18

5180:( -1J (4.4)
SMOW

4.2 Dynamic Isotope Model for Dissolved BO

A simple three box model (SIDN@tablel sotopes oDissolvedNitrous Oxide)
was created using Stella modeling software (ver8iori, http://www.iseesystems.com)
in order to study the relationships between th&jso ratios of source, dissolved and
emitted NO. This model is an adaptation of the isotopic@ashange portion of the
PoRGy model (Venkiteswaran et al. 2007), which easfully simulated the stable
isotope dynamics of dissolved oxygen in respongentiosynthesis, respiration and gas
exchange in aquatic ecosystems. One box in SIDNfSed for the total mass of
dissolved NO and two additional boxes in the model for thesdliged masses of the
heavy isotopologuesN-O, and N*°O — Figure 4.1). The depth and surface area of the
boxes in the model are set by the user. This albbwissolved concentration to be

calculated from the mass contained in each boxtandlume.
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[N,C]

["*N,O]

Aquatic Source N,O Tropospheric N,O

[N,"®0]

Dissolved N,O

Figure 4.1: A simplified representation of the SIDNO model eTthree boxes represent dissolved masses
of bulk N,O and heavy isotopologue’SN,O, N,'®0). The flows from the left represens® production

from the aquatic source, and the two-way flowshanright represent gas exchange. The ratios bettineen
masses in the boxes are used to calculate thepisattios of dissolved )D. The flow rates for bulk pD,
N,0, and N*®0 in and out of the respective boxes are not equal the ratios between the flows are the
various isotopic ratios of source and emitte®N

4.2.1Stable Isotope Dynamics of BD Production
In SIDNO, the masses and magnitude of the flowsSNfO and N*?O relative to
bulk N,O are used to calculate the isotopic compositiosoafce, dissolved and emitted

N2O. For example, the isotopic ratios of dissolve®Nh the model are as

15 _ [15N Zo]dissolved — [15 N Zo]dissolved (4 5)
dissolved ~ 14 - 15 ’
[ N ZO]dissoIved [N ZO]dissoIved _[ N ZO]dissoIved
18 — [N 2 18 O]dissolved - [N 2 18 O]dissolved
dissolved
[ N 2 10 o]dissolved [ N ZO]dissoIved - [ N 2 18 O]dissolved (4 6)

Where [NOuissowveds [**N2Ouissonved: and [N**Ouissonved are the concentrations of these

species in their respective boxes in the modeluieéid.1). Since the model is mass
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based, the concentration is calculated by dividitegmass in each box by a user defined
volume.

In SIDNO, NO production is represented by three separateswsflone for bulk
N2O production, and two for the less abundant isdtupees (Figure 4.1). Bulk XD
inflow rate and its isotopic composition is settbg user, and the inflows to the dissolved

15N,0 and N*0 boxes are

15
R
ProductiorRate™*N ,0 = ProductiorRateN , O x| ——S0urce_ 4.7)
1+°R

source

(4.8)

18
. . R
ProductiorRateN , 0 = ProductiorRateN , Ox | —_Source_
l+18RSOUrCe

Where Production Rate,®, Production Rat&N,O, and Production Ratezﬁo are the

inflow rates to the bulk pD, *®N,O and N*?0 boxes, respectively.

4.2.2Stable Isotope Dynamics of Gas Exchange

The isotopic composition of the gas exchange fusantrolled by the kinetic
fractionation factors for evasiond,= RevadedRudissoived and invasiondin = Rinvaded Rgad
of N2O (Inoue & Mook 1994, Table 4.1). These two factams related to the equilibrium

fractionation factor by the following relationstiy = (RyadRaq. solutiod = (Oev/Qlin).

Table 4.1 Kinetic and equilibrium fractionation factors fgas exchange of  (Inoue & Mook 1994).

Equilibrium fractionation factors defined &&= RuissolvedRgas = Qev/Qlin

Invasion

ain ™ 1.0000

a8 0.9992
Evasion

O 0.9993

e e 0.9981
Equilibrium

Oleg 0.99925

Oleg 0.99894
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These fractionation factors are not temperatureiégnt over the range of O to
44.5°C (Inoue and Mook 1994). The equilibrium fracation factorsdeq > andoeq >
can be used to predict the isotopic ratios of dvesbN,O for a solution in equilibrium
with the atmosphere. TR&°N andd'®0 of tropospheric BD is 6.72%o +/- 0.12 and
44.62%0 +/- 0.21, respectively (Kaiser et al. 2008).equilibrium saturated solution will
be slightly enriched if°N and*®0 relative to tropospheric®, with ad"°N anda'®0 of
7.48%0 and 45.73%o, respectively.

The net NO flux from the atmosphere into the dissolved plasebe calculated
(equation 4.9).

N,OFlux= K(PNZOKh _[Nzo]dissolved) (4.9)

Where the DO flux is calculated in mah®h?, K is the gas exchange coefficient
(mh™), Puzois the partial pressure of tropospherigONatm), K, is the Henry’s constant
for NO (mot atmi*m®), and [NO]gissonedis the dissolved concentration ofQN

(molm™). In SIDNO, R0 is constant, while the value of K is set by theruand the
value for K, is calculated as a function of water temperatwirech is also set by the user

(adapted from Gevantman 2008):

88828 | 51 25310 (4.10)
100

—-60.7467+
Ky = 55394xe

where T is water temperature (K) angli& expressed in moatmi*m.
Gas exchange is a two-way process, and the s@fflNx is the difference
between the invasion rate of gaseoy® to solution, and the evasion rate of dissolved

N0 into the gas phase. Since the concentratioropbipheric MO (Ry20) is relatively
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constant with time, the absolute invasion rateasfegpus BD into solution is also
constant with time (assuming K ang &e constant) and is not influenced by the
concentration of dissolved,®. However, the net flux rate (the difference betwéhe
invasion and evasion rates) does depend on theotration of dissolved JD. The
evasion rate of pO out of solution is a first order function of dibged NO
concentration. When a solution is at equilibriunthithe atmosphere, the invasion and
evasion rates will be equal, and the net flux bdlzero.

As with the bulk NO flux, the flux of the heavy isotopologuéaN,0O and N*?0)
can be calculated by including the kinetic fractibon factors for BO (adapted from
Venkiteswaran et al. 2007)

Flux **N,0= K(ailnSPﬁNzoKh —aa [N Zo]dissolve)i

Flux N,**0=K ailrISPN218QKh _aés[Nzlso]dissolvel
Where, Rsn20and Riisoare calculated by multiplying the partial pressoifre
tropospheric O (atm) by"N/**N and*?0/*°0 ratios of tropospheric 4. The®N and

180 isotopic ratios of the D flux can then be calculated:

s _Flux™,0_  Flux"™N,0
" Flux MN,0  [Flux N,O-Flux *N,0)
g _FIUXN,’®O0_  FluxN,"0

flux =

Flux N,*°0 ~ (Flux N,O-Flux N,*%0)

4.2.3 Model Testing
To test the ability of SIDNO to reproduce obserdath, input parameters were

set to replicate a series of experiments that wenelucted by Inoue & Mook (1994) to

61

(4.12)

(4.13)

(4.14)

(4.15)



derive empirical kinetic enrichment factors fofONgas exchange. In these experiments,
degassed water was exposed t@Nas in a sealed container for varying lengthtinaoé.
At the end of each experiment, theONconcentration and isotopic compaosition in the
gaseous and dissolved phases were measured.
The initial dissolved BD concentration and production rate were bothcsegeto.
The model was then run and the model output wasvall to come into steady state. The
results were then superimposed on the Inoue & Mogderimental results (Figure 4.2).
As expected, the modeled dissolvegDNtoncentration and isotopic ratios
increased in response to gas exchange. The mogeltalosely matched the
experimental results. The model fit to the expertakdata is not accurately reflected by
the F values (f= 0.76 for3™N and 0.78 fo'%0), since there is a large amount of scatter
in the experimental data. When the dissolve® Moncentration was close to zero, the
isotopic composition of the invading® was a function solely of the kinetic
fractionation factors for invasion o, (@ i,°=1.000 andx;,*=0.9992). As a resuilt,
the initial isotopic composition of dissolved® was identical to th&"N of
tropospheric BO, but was slightly depleted with respectt8O. As the dissolved D
approached the equilibrium saturation, the isotgpimposition became slightly enriched
in bothd™N and3*0 with respect to tropospheric®. At chemical and isotopic
equilibrium, the rates of D invasion and evasion are equal for each isotgpeo
Therefore, the isotopic composition of dissolvefONit equilibrium is determined by the
equilibrium fractionation factors, defined by ttegios of the evasion and invasion
fractionation factors.oleq > = Oev-/0lin > =0.99925 andieq = Oey'/ain °=0.99894). The

model successfully simulates the kinetic and elguilm stable isotope fractionation
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during both equilibrium and non equilibrium gas lexege under the experimental

conditions of Inoue & Mook (1994).
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Figure 4.2 Comparing the model output to the experiments ¢4 Inoue and Mook (1994) *R 0.76 for
5N and 0.78 fo'?0. Precision of measurements for the experimeratl i$ + 0.05%. fob™N and +
0.1%o for3'®0.

4.3 Model Predictions

The SIDNO model was used to make predictions atheustable isotope
dynamics of NO in a variety of situations that may be encoumténeaquatic
environments. These predictions will help to elatgdthe relationship between source,
dissolved, and emittedJ® in these environments.

4.3.1 Gas Exchange Trajectories

SIDNO was used to investigate the relationshigvbenh the stable isotope

composition of dissolved and emittedNin the absence of @ production. This was
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done to provide insight into how tR&N andd'®0 of dissolved MO and the emitted
NO flux change with time as a supersaturate® Nolution is allowed to come to
equilibrium with the atmosphere. The output frono twwodel runs with the same initial
N2O concentration but different initial isotopic coagitions of dissolved YD is shown
in Figure 4.3.

As the initially supersaturated solution comesduikbrium with the atmosphere,
the dissolved BD concentration decreases, anddhl andd'®0 approach the
equilibrium saturated values. The instantaneousesabf>™N and3*?0 of the emitted
N>O remains relatively constant with time when thkeison remains very supersaturated
(>300% saturation), but increases rapidly as tmeeotration approaches 100%
saturation. Because the light isotopologue diffuagsof solution faster than the heavy
isotopologue, the instantaneous value&'dfl andd'®0 of the emitted D are more
negative than the instantaneous dissolved compnsitihe cumulative composition of
the emitted MO does not necessarily have the s@hi and3'°0 of the initial dissolved
N2O. The total mass of JO emitted is not equal to the mass originally ilugon,
because the concentration is not zero at equitifariChe various isotopologues 0@l
will reach equilibrium independently of each othend therefore the total mass emitted
for each isotopologue will depend on the initiahcentration and isotopic ratios relative
to the equilibrium values. However, if the init@ncentration of dissolved,® is high
(>1000% saturation), these effects will be minod ¢he cumulative isotopic
composition of emitted YD will be similar to the initial composition of dislved NO.

The gas exchange coefficient K does not affectsbimpic gas exchange

trajectories, only the speed at which the soluteacthes equilibrium.
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The curvature of the trajectories on #1&N vs 5'%0 plot (Figure 4.3C) is
influenced by the initial BD concentration. Qualitatively, a higher initialnoentration

will result in more curvature. This curvature itated to the difference in slope of the
dissolved3°N-N,O vs concentration curve (Figure 4.3A) relativéhed'°0-N,O vs

concentration curve (Figure 4.3B).
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Figure 4.3 5°N and&'®0 trajectories for dissolved and emittegONn two supersaturated solutions with
zero NO production. Initial dissolved isotopic values fbe two dissolved PO solutions werd™N = -
50%o, 320 = 10%o, andb™>N = -10%o,5%0 = 30%.. Both runs used an initial dissolvegDNconcentration
of 1500% saturation. Note that in theN vs.3'%0 plot, the dissolved JD curves do not pass through the
tropospheric MO value due to the small equilibrium isotope effect

4.3.2 Steady State Production

During the steady state production gfN(i.e. at a constant rate and with a
constant isotopic composition), the isotopic conias of the emitted RO is equal to

the isotopic composition of the;@ source once steady state is achieved. Howe\eer, th
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isotopic composition of dissolved® is not equal to that of the source (or emittegl) N
because it is altered by equilibration with trogeeic NO. The isotopic contribution of
tropospheric MO becomes more important as the dissolved condemtrapproaches the
equilibrium saturated value.

SIDNO was used to simulate tB€N and3*°0 of dissolved MO in a system
open to gas exchange with the atmosphere with ptaoiuof N;O at a constant rate and
isotopic composition. The model output for concation, 5°N and3*20 was allowed to
come to steady state and this procedure was repsaveral times, altering the
production rate but keeping the isotopic compositbthe source constant.

The equilibration with tropospheric,® had a dramatic effect on tB&N and
50 of dissolved MO, especially at low concentrations (Figure 4.4 pkoduction rate
and concentration increases, the dissob&d and3*°0 in the model approach a value
(represented by a “*”) that is not equal to thathed source. At very high production
rates, the contribution of tropospherigONis insignificant relative to the production rate
of N>O, however thé"N and3*0 of dissolved MO are still slightly enriched relative to
the source because the heavy isotopologues aergméélly retained in solution. This
effect is controlled byi*%, anda®,,, as a result, th&°N and3™0 values for dissolved
N2O will always be offset by at least 0.7%0 and 1.98&pectively from that of the

source.
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Figure 4.4 The relationship betwea®N, 3'%0 and NO concentration in a system at steady state with
constant MO production and open to gas exchange with the sthere. The point marked with a (*)
represents the minimum difference between the sotmmposition of dissolved and sourcgONThe
point at 100% saturation is the equilibrium valined°N andd'®0 of this point is controlled by the
isotopic composition of tropospheric® and the equilibrium enrichment factors.

4.3.3 Variable Production of NO

Compared to steady state production, the relatipristtween5*°N and3™0 of
source, dissolved and emittedONare much more complicated whegONproduction is
variable. NO production can be variable with respect to eifteduction rate or isotopic
composition, or both. In many environmentsONoroduction is not constant. The®l
production processes nitrification and denitrifioatare sensitive to redox conditions. In
many aquatic systems, the redox conditions ardyhigtriable, due to diel changes in
dissolved oxygen concentration driven by photosgsithduring the day and respiration

at night. For example, Laursen & Seitzinger (208id9erved diel changes in the
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denitrification rate in the Iroquois River and Su@aeek (Midwestern USA), and found
that the denitrification rates were consistentlyhar during the day compared to the
night. Also, since the processes of nitrificatiow aenitrification are sensitive to redox
conditions, the dominantJ production process can change in response tdi¢he
oxygen cycle. For example, Harrison et al. (200i&5eoved a diel change from
nitrification during the day to denitrification dag the night in a subtropical eutrophic
stream. Since the fractionation factors and sutestrare different for these two
processes, the isotopic composition gONproduced in such systems is not constant. In
many situations, it is likely that both the®lproduction rate and the isotopic
composition of the source would vary with time @sponse to the diel oxygen cycle.

To simulate the variable production of®ldriven by diel changes in dissolved
oxygen concentration, various scenarios were rufewehanging either production rate
or isotopic composition or both over diel time pels. These input parameters with diel
variation were driven by a sine function with atfur period, so as to mimic the diel
DO cycle. The range used for production rate inntloelel was based on a review of
relevant literature data (Table 4.2). The publistiath on NO flux rates was used as a
proxy indicator of NO production rates in theses environments. Inaleviing
scenarios, the D production rates ranged from 1 teuBiol/n¥/hour (Table 4.3), which
is intermediate in range between the diel variaiioN,O flux observed by Clough et al.
(2007) and Harrison et al (2005).

The value of K was varied between 0.1 and 0.3 m(diaple 4.3). These values
were within the range that have been observedheratudies (Table 4.2). The

combination of production rates and K values wé@sen to produce O
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concentrations ranging between 150 to 500 % saar@fable 4.3). This concentration
range was selected because it falls within thegarigublished data (Table 4.2) and the
isotope effects of gas exchange on dissolvgd &re the greatest in this range (Figure
4.4).

The range i®*°N and3'®0 used as the input values for thgdN\source (Table
4.3) falls well within the range of published vaduer N,O collected in various field
studies (Rock et al 2007). For scenarios wheréstitepic composition of the source
N,O was variable, the sine function f}*N and3'?0 was synchronized, with maximum
and minimum values coinciding. This was done forgicity, and sincé™N andd'0
are independent values, any combination of souatiees would give the same result.
The following parameters were held constant actosgparisons, unless otherwise
stated: temperature of 20°C, depth of 1m, and serd@ea subject to gas exchange of
1n?. Model scenarios were run until the output paramseteached dynamic steady state
(i.e., model parameters were not constant ove24hieour period, but repeated in

successive diel cycles). Model results are summdiiz Table 4.4.
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Table 4.2: Summary of relevant published data ofONproduction in aquatic environments.

. NO N,O Flux
Location Concentration 2 K (range) Reference
(range)
(range)
% saturation | pumol/m*hour m/h
LIl River, New Zealand 201to 404 1.35t017.9 O.Olgzto Clough et al. 2006
LIl River, New Zealand 402 to 644 0.46 to 0.89 14.76 Clough et al. 2007
Agricultrual Stream, UK 100 to 630 0to 37.5 - Reay et al. 2003
Bang Nara River, Thailand 170 to 2000 - - Boontanon et al. 2000
Seine River, France - 2.2t05.2 06036‘:0 Garnier et al. 2006
Canal Two, Yaqui Valley. 100106000 | 0t0349 | 0.3t00.6 Harrison et al. 2005
Grand River, Ontario, Canada 100 to 8540 0 to 69.8 0.06 to Rosamond et al (Unpublished
0.35 Data)

Table 4.3: Summary of input parameters SIDNO model scendoioson-steady state production o
If an input parameter was variable with time, theximum and minimum values are given. *Maximum
production rate coincides with the most depléietl and3*®0 values of the source. *Maximum
production rate coincides with the most enrichE8l andd'%0 values of the source.

N,O Source

Scenario # K

Production Rate

(615N , 6180)

(m/h)

pmol/m?/h

permil

Variable Production Rate, Constant Isotopic Composition of Source

1 0.3

1to5

(-50, 10)

2 0.1

1to5

(-50, 10)

Constant Production Rate, Variable Isotopic Composition of Source

3 0.3

3

(-50, 10) to (-10, 30)

4 0.1

3

(-50, 10) to (-10, 30)

Variable Production Rate, Variable Isotopic Composition of Source

5 0.3 1t05 (-50, 10) to (-10, 30)
B** 0.3 1t05 (-50, 10) to (-10, 30)
7* 0.1 1t05 (-50, 10) to (-10, 30)
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Table 4.4: Summary of SIDNO output for model scenarios sittimganon-steady state production ofON

If an output parameter was variable with time,eximum and minimum values are given. *Maximum
production rate coincides with the most depléfetl and3*0 values of the source. *Maximum
production rate coincides with the most enrich&tl andd'®0 values of the sourcA.5"°N andA 50 are
the maximum difference between the range of sohg€eand the range for the model output parameter.

Dissolved N ,O Emitted N ,O
Sce;‘#a”o Concentration (G°N, 3°0) | A8®N | As®0 | (3°N,5%0) | ASSN | A8PO
% SAT %o %o %o %o %o %o
Variable Production Rate, Constant Isotopic Composition of Source
(-27.8, 24.6) (-49.6, 9.5)
1 153 to 263 to 37.9 24.4 to 0.2 0.5
(-12.1,34.4) (-50.2, 11.1)
(-38.1, 18.4) (-50.1, 9.6)
2 345 to 501 to 17.2 12.1 to 0.1 0.6
(-32.8, 22.1) (-49.8, 10.6)
Constant Production Rate, Variable Isotopic Composition of Source
(-19.6, 29.4) (-45.3, 12.3)
3 208 to 30.4 19.4 to 4.7 2.3
(-3.7 t0 37.4) (-14.7, 27.7)
(-26.1, 24.8) (-37.2, 16.4)
4 423 to 23.9 14.8 to 12.8 6.4
(-15.1, 30.3) (-22.8, 23.6)
Variable Production Rate, Variable Isotopic Composition of Source
(-25.8, 25.6) (-46.9, 11.3)
5* 153 to 263 to 24.2 15.6 to 8 35
(-1.2, 39.8) (-18.0, 26.5)
(-11.2, 33.8) (-41.6, 14.6)
6** 153 to 263 to 38.8 23.8 to 8.4 4.6
(-5.0, 36.1) (-13.4, 28.1)
(-31.6, 21.6) (-42.1, 13.7)
7* 345 to 501 to 18.4 11.6 to 19.4 9.4
(-18.4, 29.3) (-29.4, 20.6)

In scenario #1 (Table 4.3), the isotopic compositbsource MO was held
constant and production rate was variable. An examipsuch a system may be
production through denitrification in sedimentsiniver with abundant NQ
Denitrification rates in rivers have been obserngefluctuate in response to the diel
dissolved oxygen cycle (Laursen & Seitzinger 200f4he fractionation factors for
denitrification are constant and not dependentat®, the resulting }O production rate

would be variable, but the isotopic compositionhedf produced pO would be constant.
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In model scenario #1, the maximum concentratiogedgapproximately 2.75
hours behind the maximum,® production rate. The values for the emitte®Nvere
relatively constant and always nearly equal to dfidhe source within (within 0.4%. for
3N and 1.1%. fo*°0, Figure 4.5, Table 4.4). However, &N and3™0 values for
dissolved NO were more variable, varying by approximately 169 10%o for>">N
andd'®0 respectively. These results indicate that a och@mghe isotopic composition of
dissolved NO can be driven simply by a change in productide (and therefore

concentration) rather than by a change in the Botsignature of the source.
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Figure 4.5: Model scenario #1, the isotopic composition osdiged and emitted JO with a variable
production rate and constant isotopic compositiotne source. Note, figure 4.5 D, the data poiats f
emitted NO are masked by the data point for sourg®.N

In scenario #2, the effect of altering K was inigeged. When K was altered in

this scenario, the isotopic composition of emitie® remained relatively constant and
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nearly equal to that of the source (Table 4.4). Elav, as K was decreased, the lag time
between the maximumJ® production rate and the maximurgNconcentration
increased. Also, since the dissolvegONconcentration is a function of the ratio of
production rate to K, the system was able to sustdiigher MO concentration for the
same production rate. Therefore, the isotopic caitipa of dissolved BD was closer to
that of the source, since the contribution of tegderic NO was not as significant

relative to the total mass of dissolvegNpresent. Also, the total range 8PN and

50 in dissolved MO was reduced when compared to scenario #1.

SIDNO was used to investigate the stable isotypamics of dissolved O in
the case where the production rate is constanthleusotopic composition of the source
is changing with time. In rivers or lakes that dait have a strong diel DO cycle,
denitrification in the sediments would be expedtegdroduce NO at a generally constant
rate. However, the isotopic composition of the seUO may change if that of the
nitrate substrate is not constant with time. Fameple, many studies have shown that the
isotopic composition of residual nitrate becomeserenriched in botB™N and3*0 as
it is consumed during denitrification (e.g. Mengtsal. 1999). The following model runs
were used to simulate this situation.

In model scenario #3, when the@lproduction rate was held constant, and the
isotopic signature of the source was variable wite, the isotopic composition of the
emitted NO was again much closer to the composition of thece compared that of the
dissolved NO (Figure 4.6, Table 4.4). The difference betwdenrhaximum and

minimum 3*°N andd'®0 values for the emitted and sourcgONvas 4.7%o. and 2.3 %o
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respectively. However, since the®iflux is driven by the dissolved composition, the
emittedd™N andd*®0 also lagged 2.75 hours behind that of the so@icee the system

is at dynamic steady state, the aver@gl and3'°0 of the emitted BO is identical to

the average isotopic composition of the sources Tiist be true in all cases to conserve
mass of NO produced.

To examine the effects of varying K it was redufredh 0.3 to 0.1 m/hour in
model scenario #4 (Figure 4.7, Table 4.4). All oth@&ameters were the same as model
scenario #3.

The isotopic values for the emitted®lare centred between those of the source
N,O, but the values for the dissolvegNare offset by some amount towards &
and3*®0 values for tropospheric® (Figure 4.7 D). This offset is the same as seen i
steady state JD production (Figure 4.4). In scenario #4, the aged*°N and3'%0
values for the source and the dissolve@®Nollow a similar pattern as seen in Figure
4.4. The relationship between these average véuesurce and dissolved,® depend
on the concentration of dissolved@® and therefore the relative importance of
equilibration with tropospheric 0 compared to the production of®l The slope of the
line connecting the dissolved.® isotope data points is always the same as tipe sib
the line connecting the source data points. Thesefbthe slope of the line connecting
the dissolved BD isotope data points does not trend through thesvfar tropospheric
N2O, there must be a variation in the isotopic contfmrsof the source pO.

Again, in scenario #4, since concentration is &fiom of the ratio of production
rate to K, the effect of reducing K was to sup@onigher concentration with the same

production rate, and to cause &N and3'®0 of the dissolved O to be closer to that
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of the source as compared to the previous exanmueeasing the production rate while
keeping K fixed would have produced the same effeetlucing K also tends to dampen
the response of the instantanedt® andd'®0 of the emitted BD to changes in the
isotopic composition of the source. The lag timeveen the isotopic composition of the
source and emitted ) increased as K decreased. Also the differenaedeet the
maxima and minima of the source and emifietl and3'°0 increased. In scenario #4,
lag time increased to 4.75 hours, and the maximifiereince between the source and

emitted3"°N and3'°0 maxima and minima increased to 12.8 and 6.4 otispéy.
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Figure 4.6: Model scenario #3 -lIsotopic composition of disgohand emitted with a constant production
rate and variable isotopic composition of the seurc
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Figure 4.7: Model scenario #4 - Isotopic composition of disedl and emitted pO with a constant
production rate and variable isotopic compositibthe source. K is reduced from 0.3 m/h to 0.1 m/h.

To simulate a system alternating between twO Nroduction processes (such as
nitrification and denitrification) that have diffamt rates of PO production and different
isotopic compositions, the model was run with kb production rate and the isotopic
composition variable with time (model scenario #8)e production rate was timed so
that the maximum production rate coincided with st depleted*°N and3'®0 values
for the source bD.

The resulting MO concentrations were identical to those in modehario #1,
with the maximum concentration lagging approximatl75 hours behind the maximum

production rate (Figure 4.8, Table 4.4). The refahip between th&°N and3*?0 of the
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dissolved and emittedJ® were more complex than in the other model scesafihe
shape of the dissolved and emittegDN">N andd*°O curves were altered from a true
sine curve. The lag time between the maxin@irhl and3'®0 of the source and that of
the dissolved and emitted® (when the production rate was at a minimum) wa$s 3
hours. The lag time between the minimatN and3'®0 of the source and that of the
dissolved and emittedJ® (when the production rate was at a maximum) wg 225
hours. The difference between the source and nusstive emittedd™°N was 8.0%o,
while the difference between the minimum values i@y 3.1%.. Similarly, the
difference between the source and the maxirdtii@ for the emitted was 3.4%o, and for
the minimums it was 1.3%.. In short, the isotopiposition of the emitted XD was
closer to that of the source during periods coingjavith high production rates and thus
higher concentrations, compared to periods of lovdpction rates. However, the flux-
weighted averag&°N and3'®0 of emitted NO is equal to the average source
composition weighted by production rate, becausesyistem was at dynamic steady
state.

To determine the effects of a high production veite an isotopically enriched
N,O source, the timing of the maximum production reée altered to coincide with the
most enriche@"N and&'®0 values of the source in model scenario #6. Aleot
parameters remained the same as in model scerta(italile 4.4). The resulting pattern
for the3°N and3'®0 of dissolved was very different than in modelrso® #5 (Figure
4.9, Table 4.4). The dissolved® concentrations were identical to the model sgenar
#5, but thed™N andd*°0 of dissolved NO was nearly constant. The relationship

between the isotopic composition of emitted ands®bO was the same as in the
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previous example (scenario #5). The isotopic comiposof the emitted MO was close
to the source values, though it lagged behind bgrsd hours.

In scenario #6, th&°N and3*?0O curves of the dissolved,® are greatly
dampened by the equilibration with troposphers©ONIn the previous example (Figure
4.8), the equilibration with tropospheric® and the isotopic composition of the source
had an additive effect, and increased the amplitdidiee oscillations 08N andd'?0 in
the dissolved BD. However, in scenario #6 (Figure 4.9), the twie@t move thé™N
and3*®0 of dissolved BO in opposite directions, and the result is a yeawhstan®™N
andd'®0 of dissolved MO.

To determine the effects of a lower K on modehse® #5, K was reduced from
0.3 from 0.1 m/hour in scenario #7. This had tHeatfof increasing the dissolved®
concentration compared to model scenario #5, anitay the oscillations in th&™N
andd*®0 of the dissolved and emitted® (Table 4.4, Figure 4.10).

In scenario #7, the lower K also dampened thdlagon in thedN and3*°0 of
the NO, and the lag time between the isotopic compasifoemitted and source,®
increased. As a result, there is a greater differdretween the isotopic composition of
the emitted and source,® than in model scenario #5 (Figure 4.10). As enscio #5,
the flux-weighted averag®°N and3'°0O of emitted NO is equal to the average source

composition weighted by production rate.
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the most depletedN and3'®0 of the source.
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4.4 Discussion & Conclusions

The relationship between the isotopic compositibdissolved, source and
emitted NO is complex for aquatic systems that are operasoegchange with the
atmosphere. The SIDNO model was able simulater¢tasionship, and provided
additional insight into the stable isotope dynanaitdissolved NO.

For a solution with no pO production at equilibrium with tropospherig the
isotopic composition of dissolved:® will be slightly enriched with respect to

tropospheric NO. At equilibrium, the rates of JO invasion into solution and evasion out

of solution are equal. Therefore, the offset betwibe dissolved pD isotopic
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composition and that of tropospherigNis dictated by the ratios between the kinetic
enrichment factors for evasion and invasion.

In a system at steady state with respect to fdie®© production and its isotopic
composition, thé™N and3™0 of dissolved BO are not directly indicative of the
isotopic composition of the source®l The difference between the isotopic composition
of dissolved and source @ increases as the® concentration decreases. This is
because the equilibration with troposphergONbecomes more important relative to the
input of source PO from N,O production. However, even at concentrations hrigfinen
1000% saturation (resulting from either high praéhrcrates, low K, or both), thg°N
andd*®0 of the dissolved O will not be equal to that of the source, and aflproach a
value that is offset from the source compositiordt§#oe and 1.9%. fod"°N and3™®0
respectively. This offset is a function of thg'° andae,™® values, as determined by
Inoue & Mook (1994). However, for a system at syestaite with respect to 9
production rate and the isotopic composition ofgberce, isotopic composition of the
emitted NO is identical to that of the source, and is easdllgulated from the
concentrationd™N and&'®0 of dissolved MO (equations 4.11 to 4.14).

Calculating the isotopic composition of emitteglNalso provides information
about the composition of the sourcgONin systems that are not at steady state. If the
concentration changes with time, thgONproduction rate must also changes with time
(provided K and temperature are constant). Howevehange id™N or 520 of
dissolved NO did not necessarily indicate a change in thegotcomposition of the
source (Figure 4.5). If the changedfN and3'®0 of dissolved MO is only a result of a

change in MO concentration, the data points for dissolve®Mn ad*N vs.5'%0 plot
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will trend towards the equilibrium saturated vaassthe concentration falls. Additionally,
a constand™N and&'®0 of dissolved MO does not indicate a constant isotopic
composition of the source (Figure 4.9).

When the3™N and&'®0 of the source PO is variable, the relationship of the
emitted NO to the composition of the source becomes contplic& he composition of
the emitted MO will lag behind that of the source, and the ampk of the3*°N and
50 fluctuations will be dampened relative to therseuThe amount of lag and
dampening is a function of concentration and flQualitatively; the isotopic
composition of emitted YD will be nearly equal to that of the source if thsidence
time of dissolved PO is small relative to the period of source vatigbiThe residence
time is the average length of time that a dissoNgd molecule will remain in solution
from the time it is produced to the time it is eerit to the atmosphere, and is defined as
the areal MO concentration / pO flux. The residence time can be approximatechky t
ratio between mean depth and K if thgO\concentration is substantially greater than
atmospheric saturation. If the mean depth is loditae K is high, the residence time will
be short, and the isotopic composition of the exdiftttO will be close to that of the
source. As the residence time increases, the imotopposition of the emittedJ® will
increasingly lag behind and be dampened relatitkdasotopic composition of the
variable source. In the most extreme case, thabiity in thed"°N and5™0 of the
emitted NO will be dampened to the point that they are ryeaoshstant, and the system
will appear to be at steady state. At this poims, isotopic composition of the emitted

N2O is equal to the average isotopic compositiorhefdource.
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In aquatic environments, the instantaneous isotogieposition of NO emitted
to the atmosphere is easily calculated if the watieperature, concentratia®>N and
50 of dissolved MO are measured. TH&°N and3™0 of dissolved MO is not directly
representative of either the isotopic compositibN gD produced or emitted to the
atmosphere. Thus, the calculaédN andd'®0 of the emitted DD should be used to
draw important conclusions regardingQNproduction in aquatic systems (Table 4.5).
The flux weighted*°N and3™0 of emitted NO provides the average production rate
weighted isotopic composition of the® source in aquatic environments. If §aN
and3*0 of emitted NO are constant with time, either the isotopic cositan of the
source must also be constant, or the residencedfiigO in the aquatic system is very
long. However, if the calculate®®N and3*°0 of emitted NO is variable with time, the
isotopic composition of the source must also bebse with time. Depending on the
N,O production rate and the value of K, range of ealford°N and3*?0 of the emitted
N2O will be smaller than that of the source. AlsgONesidence time (again dependant
on production rate and K) will determine the lagdibetween the isotopic composition
of the emitted MO and the source. However, the timing of the maxmaund minimum
values for3"N and3*°0O of emitted NO relative to maximum and minimum dissolved
N2O concentrations indicates how the isotopic contprsdf the source changes with
production rate. For example, if the emittegONs most depleted when the concentration
is the highest, this indicates that the sourcedstrdepleted when the production rate is

relatively high.
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Table 4.5: Implications of the SIDNO results.

Parameter Observation Implications Examples
The N,O production rate is constant with time (if K and
temperature are also constant). The N,O flux to the Scenarios 3
Constant with time | atmosphere is equal to the production rate. This may not and 4
be true if the concentration is close to atmospheric
Concentration equilibruim.
of Dissolved
N2O The N,O production rate is variable with time (if
Variable with time concentration change cannot be explained by change in K Scenarios 1
or temperature). The average N,O flux to the atmosphere and 2
is equal to the average production rate.
The observation is inconclusive. At concentrations near
atmospheric equilibrium, isotopic composition of dissolved
N,O will approximate tropospheric N,O, regardless of
Constant with time | source values. A constant isotopic signature of dissolved Scenario 6
N,O that is different from tropospheric N,O can indicate
either a constant source (if production rate is constant), or
a variable source.
5N and 8°0 | variable with time. | TN€ change in 5N and 5'®0 of dissolved N,O is likely a
i L result of a change in concentration, but it is possible that
of Dissolved | sjope of data points . . A 15 18 .
N,O trends through value the source is variable with time, if the 8 °N and & °O values | Scenario 1
for tropospheric N,O Elf tci)we source also trend through the value for tropospheric
2 .
Variable with time,
slope of data points | The change in 8N and &0 of dissolved N,O is likely the
does not trend result of a change in the isotopic composition of the Not Shown
through value for source.
tropospheric N,O
Constant with Time The isotopic composition of the source is constant with Scenarios 1
time, and equal to the calculated value for emitted N,O and 2
Calculated
5'°N and 5'°0
of Emitted The isotopic composition of the source is variable with
N2O time. The range in 3°N and 3'°0 of emitted N,O is the Scenafios 3
Variable with Time | minimum for the range in that of the source. The flux to 7
weighted average 3°N and 5'°0 of emitted N,O is equal to
the production weighted average source values.
Residence The changes in N,O concentration and 3*°N and 3'20 of Scenarios 2
Time Relative Long emitted N,O will be dampened relative to, and lag behind, 4, and 7 '
to Variability that of the source
of Source
(Need to
independently Short The changes in N,O concentration and 3°N and 8'%0 of Scenarios 1,
emitted N,O will be indicative of changes in the source 3,4and 5

determine K)
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SIDNO can potentially be used to back calculatekthvalue, NO production rate
and isotopic composition of thex® source in aquatic environments. If physical
properties, such as depth and temperature, areedritgéo the model, SIDNO can be
used to fit the measured field data (concentrabbiy and3™0 of dissolved BO) by
adjusting the MO source parameters. In this way, SIDNO could leel i estimate K,
the N;O production rate, and the souf&N and3™0. SIDNO could easily be adapted

to simulate the stable isotope dynamics of othesalved gases, such as £H
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Chapter 5:

Diel Changes in Nitrous Oxide Production in the Grad
River, Ontario, Canada

5.1 Introduction

The amount of biologically available nitrogen hetenvironment is increasing;
anthropogenic sources release more than 160 Tepofive nitrogen each year, compared
to 250 Tg/year of natural nitrogen fixation (GrulgeGalloway 2008). Much of this
nitrogen is released to rivers through diffusivarses (e.g. agriculture) or point sources
(e.g. municipal wastewater treatment). This exo#ssgen leads to eutrophication in
freshwater and coastal zones (Dumont et al 200&rrner et al 2008).

To understand the fate of natural and anthropaegatriogen in river systems, it is
necessary to study the biological nitrogen proogssccurring in these environments.
Methods have been developed to measurentseu rates of riverine denitrification
(Laursen & Seitzinger 2002). Nitrification also &skplace in oxic river waters and
sediments, and the production of nitrate gN©an further stimulate denitrification in the
anoxic river sediments (Laursen & Seitzinger 20&30ce nitrous oxide (}O) is
produced through both of these processes, riveraraimportant source of this powerful
greenhouse gas (Clough et al 2006, Cole & Caraba,2dcMahon & Dennehy 1999).

The relative importance of nitrification and deffication in a riverine system has
been shown to vary spatially in an agriculturafifluenced stream (Kemp & Dodds

2002). Recent studies on the Seine River in Fraage shown that nitrification and
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denitrification rates can vary spatially as welsasisonally (Garnier et al 2006, Garnier
et al 2007).

The concentration of dissolved oxygen (DO) inrsvean vary widely over diel
cycles, driven by changing rates of photosynthasdrespiration (Venkiteswaran et al.
2007 and references within). Since nitrogen cyciimacesses depend on redox
conditions in the system, it would be expected tiiabgen cycling in many rivers is
linked to the diel oxygen cycle. Laursen & Seitan(2004) measured rates of
denitrification in the Iroquois River and Sugar €kgMidwestern USA) and found that
these rates were consistently higher during thetlgay at night. The authors attributed
this finding to increased nitrification during tday in response to elevated DO and
temperature, providing NfOfor denitrification in the river sediments. Haowset al
(2005) also studied diel changes in nitrogen cygcima eutrophic subtropical stream.
The authors observed a complete change in redakitamms in the stream from day to
night, with high DO concentrations in the day do@hotosynthesis, and hypoxic
conditions at night due to excessive respiratidre Targe diel changes in redox
conditions resulted in a reduction in@®lemitted during the night-time period and a
change in the form of nitrogen transported dowsstreMost recently, Clough et al
(2007) studied the diel changes in nitrogen cycimthe LIl river in New Zealand. These
authors did not observe the dramatic changesiiaggh cycling observed by Harrison et
al (2005). This is likely due to the fact that D@ cycle was not as extreme at this
location, and thus the redox conditions in therroliel not vary enough to produce a large
change in the nitrogen speciation observed. Howéehese authors did observe a peak in

N,O saturation (though absolute concentration rendaiekatively constant) during the
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late afternoon, which subsequently declined attnighe small diel changes in®
saturation did not translate into a significant dieange in NO flux to the atmosphere.

Stable isotope analysis is a useful tool to stittpgen cycling, and numerous
studies have useit°®N and3'®0 analysis of N@ andd™N analysis of ammonium
(NH,") to study nitrogen cycling in the environment,lirtting river systems (e.g. Sebilo
et al 2006). Recently, more studies have empl@y&d and3*°0 analysis of MO as an
indicator of nitrogen cycling in soils, (e.g. Pestal 2001, Bol et al 2003); however, to
our knowledge, only one study (Boontanon et al 20@% measured the stable isotope
ratios of NO in a river. If NO produced through nitrification and denitrificatibas a
different isotopic composition, the isotopic an#&ysf dissolved MO is useful to study
diel changes in the riverine nitrogen cycle; howegarrently no published studies have
done so.

Researchers often make use of isotopic enrichnaetars for NO produced
through denitrification and nitrification that halseen obtained in laboratory culture
studies (e.g. Sutka et al. 2006, Toyoda et al. 20@5ciotti et al. 2002). However, the in-
situ microbial community in a natural environmerdynbe very different from the
microbial species used in these laboratory cuktudies (Iribar et al 2008, Amann et al
1995). As a result, the enrichment factors foiifigation and denitrification in the
natural environment may be significantly differéman those obtained during laboratory
studies.

The purpose of this chapter is to investigatenitregen cycling processes and
N,O production in the Grand River. The first objeetivas to determine the dominant

processes responsible for riveringdNporoduction, and how these processes are
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influenced by diel changes in dissolved oxygen eatration. Previous work conducted
at the University of Waterloo (Terra Jamesion, Gaen, and Tim Kuntz — unpublished
data) and continuous DO monitoring by the GranceR®onservation Authority has
shown that the magnitude of DO fluctuations atasertocations in the river is much
greater than those measured by Clough et al (260 LII River, and thus it was
expected that a greater change in nitrogen cyg@rogesses and,® production would
be observed in the Grand River.

The second objective of this study was to deterniis@ble isotope analysis of
NOs, NH;" and NO can provide greater insight inte® production in the Grand River.
Very little data is available in the published dgture regarding the isotopic composition
of N,O produced in riverine environments, and this stwdihelp to characterize this
important source of D to the atmosphere.

The final objective was to use the SIDNO modelitautate NO production in
the Grand River. The SIDNO model will determine #pparent™N and'%0 of N,O
produced through separate processes in the rivénid study, the SIDNO model output
was used to provide a measure of the apparenthemeiat factors for pD produced

through riverine denitrification that have not peasly been measured in-situ.

5.2 Study Site

The Grand River is the largest river in southemago. It is approximately 300
km long, and drains an area of approximately 708dikto Lake Erie (Figure 5.1). As of
2001, approximately 720 000 people were livinghe watershed, this figure is projected

to increase to 1 220 000 by 2031 (Ministry of Palifrastructure Renewal 2006).The
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Grand River is a source of drinking water for apqomately 500 000 people in the

watershed.

-

@ Sampling Location _
@ Wastewater Treatment Plants [ Povmstream

Built-up Area |

0 5 _ 10 Km

it Wi e Aty 3081

Figure 5.1: Map of the Grand River Watershed and study area. TW%\bn the map are labelled A
(Waterloo WWTP) and B (Kitchener WWTP).

The Grand River is heavily impacted by both diéf@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 or its tributaries. The
cities of Kitchener and Waterloo form the urbantoewnf the watershed, and the
Kitchener and Waterloo WWTPs contribute 10% oftttal NO; load and 83% of the
total NH;" load of the six major WWTPs in the watershed (NP8&07). Sampling for
this study was conducted approximately 6 km doveasir of the Kitchener WWTP
(Figure 5.1). To provide additional background datanples were collected concurrently
at a site approximately 0.5 km upstream of the ViaaeNWTP (Figure 5.1).

Downstream of the urban centre, the river recenesssy nutrient input, resulting in
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dense macrophyte growth in the channel. In the semnmacrophyte photosynthesis
results in elevated DO concentrations during the dad community respiration results
in decreased DO concentrations at night (Terra Semend Gao Chen— unpublished
data). During the summer months, night-time DO eot@tions at this location often fall
below the water quality target set by the GrancdeR@onservation Authority. This DO
problem is further compounded by the fact thatetfieient from the Kitchener and
Waterloo WWTPs contain high concentrations of amisnon(NH;"). These two major
WWTPs are not operated to nitrify the effluent witthe plant, and instead rely on the
river to oxidize the NHf to nitrate (NQ). Nitrification of NH," further consumes the

limited DO in the river and contributes to pooramhealth.

5.3 Methods

Sampling for this study was conducted over a pesia2B hours on June 26 to
June 27, 2008. Samples were collected foNNOs', No N,O, CH,, DO and DOC
concentration approximately every 1.5 hours. Atgame time these concentration
samples were collected, pH measurements were tadteg a YSI meter (650 MDS),
fitted with a 600 QS Multi-Parameter Water QuaMypnitor probe. Samples for
dissolved gas concentration were collected in 68arium bottles (except for dissolved
N, samples, which were collected in 160mL bottleapped with no headspace with a
baked red Vaccutainer stopper and preserved watinl0 of saturated HgGlkolution. All
samples were kept on ice until they were transpgdrtek to the University of Waterloo.
Chemistry samples were filtered to Q% and the N4 samples were acidified to pH 5

using HSQO,. All samples were stored at 4°C until they weralyred.
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Photosynthetically active radiation (PAR) and baetio pressure were measured
continuously at the downstream sampling locatiangia HOBO Micro Station
datalogger (Onset Computer Corporation). DO, cotidty; and water temperature were
measured continuously at the downstream locatiorgusHydrolab MiniSonde 4a.

Samples fob™N and3'®0 analysis of and N§ and3™N analysis of NH" were
collected every 3-5 hours. NHisotope samples were acidified on site to pH Bgisi
H,SO,. Samples fod™*N and3*?0 of N,O were collected every 1.5 hours along with the
concentration samples.N isotope samples were collected in 160mL seruriesot
capped with no headspace with red Vaccutainer stgpgnd preserved with 0.4 mL of
saturated HgGlsolution. All isotope samples were kept on icaluhey were
transported back to the University of WaterlogONsamples were stored at 4°C and
NH;" and NQ'samples were frozen until further processing.

NH;" concentrations were measured using a Technicon Agélyzer and an
automated salicylate procedure, with a method pi@tiof +/- 0.005 mg N/L (Technicon
Industrial Method No. 329-74 W/B). NOconcentrations were measured using a Dionex
ICS 90 ion chromatograph, with a precision of +69mg N/L.

Dissolved gasses (with the exception of DO) werasueed using a headspace
equilibration technique. A 5 mL headspace was eckat sample bottles by injection of
ultra high purity helium. Sample bottles were tipdarced on an orbital shaker for 2 hours
to equilibrate. Analysis was conducted with a Via3800 GC equipped with TCD, FID
and ECD. Method precision for,® and CH was +/- 5 %. Method precision forN

analysis was +/- 7 %.
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DO concentration in discreet samples was measuwr&uibkler titration with
sodium azide modification (APHA 1995). Method pséan was +/- 0.2 mg £L. The
results of the Winkler titrations were used to lwate the continuous DO measurements
obtained by the Hydrolab datalogger.

5N — NH," analysis was conducted using a diffusion technityligray 2008,
modified from Spoelstra et al. 2006). Briefly, andified 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 Nkgas. The serum bottle was capped and
placed on a stir plate for approximately 10 dafteravhich the quartz filter disk was
removed, dried, and analyzed PN — NH," at the University of Waterloo
Environmental Isotope Laboratory (UWEILAB). Preoisifor this technique was +/-
0.3%o.

5N and3™0 analysis of N@ was conducted using the silver nitrate method
described by Spoelstra et al. (2004). Samples prereoncentrated by evaporation, and
nitrate was stripped from the samples using anneexezhange resin. Nitrate was eluted
from the resin using an HCI solution, and convetteAgNQ; by addition of silver
oxide. The concentrated samples were freeze daretithe resulting AgN9was stored
in amber vials until isotopic analysis at the uwERB. Precision for this technique was
+/- 0.5 %o ford"N and +/- 1 %o for5™°0.

5'°N and3™0 of dissolved MO was measured by first extracting thgONwith
helium and cryogenic trapping and subsequent aisdlysiRMS as described in Chapter

3. Precision for this method was +/- 0.4%o $OMN and +/- 0.8%o fo520.

94



5.3.1 SIDNO Model

The 3N andd'®0 of N,O produced in the river are not necessarily theesasn
the measured values for dissolvegDNSpecifically, gas exchange with tropospheric
N>O and the mixing of sources makes it particularfiyatilt to interpret dissolved pD
isotopic data. For this reason, a simple box mea@e developed using Stella Modeling
software to determine the relationship betweersthble isotope composition of source,
dissolved and emitted . This model is described in detail in Chaptenalwever a few
small modifications were made for this study tadretepresent the theoretical
framework for nitrogen cycling in the Grand River.

In brief, there are three major reservoirs in treel, representing the dissolved
isotopologues of pD (N2O, **N,0, and N'®0). Thed™N and3*®0 of dissolved MO are
calculated from the ratios of masses in each dfetflmxes. The production of® is
modeled by adding mass to each box at a rate eéctat the NO production rate and
isotopic ratios of the PD source. These parameters are set by the useex@aange is
modeled using the kinetic and equilibrium gas ergesfractionation factors determined
by Inoue and Mook (1994). in each reservoir is allowed to exchange with a
tropospheric MO pool, with a fixed concentration and isotopidasitas determined by
Kaiser et al (2003), Prinn et al (1990), Prinnl€2800).

The model described in Chapter 4 was modified teebsimulate conditions in
the Grand River at the study site. First of athesav function was added to the model to
simulate the flow of the river. In this study,stassumed that most of theONproduction
in the river occurs downstream of the Kitchener WR\&ffluent outfall. This assumption

is justified by samples collected upstream of thet&kloo and Kitchener WWTPSs; these
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samples had D concentrations much lower than the downstreanpksnwith a nearly
constant concentratiod°N and3*?0 values (average values: concentration = 220 %
SAT, 3N = 5.3 %0,5'%0 = 44.6 %o). From continuous streamflow and conigityt
measurements provided by the Grand River Conservatuthority, it is known that the
travel time during summer baseflow from the KitceeWWWTP outfall to the sampling
site is approximately 2 hours. Calculations indedhiat the average residence time of a
dissolved NO molecule in the river (areal,® concentration / flux rate) is also
approximately 2 hours. The short residence timelaalwith the low upstream
concentration means that theQNmeasured at the sampling location is most
representative of production downstream of theh@teer WWTP. Therefore, for the
purpose of this study, the river was modeled aglamixed reservoir with a turnover
time equal to the hydraulic travel time betweenKitehener WWTP and the sampling
site. An extra inflow and outflow was added to ebok in the model, such that the
turnover time of each reservoir was 2 hours. Th® bbncentration and isotopic
composition of the inflow was dictated by the ageraalues observed Kitchener WWTP
effluent outfall during this sampling period, assagicomplete mixing of the effluent in
the river.

The second modification made to the model wasltoveor two separate source
N,O processes. This allows a separate charactenzattihe dominant pO source for
the oxic period during the day and dominant soduaeng the hypoxic period at night.
The model was designed to allow thgO\production rate from these two processes to

vary, but the3*°N and3'®0 of each process was fixed.
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The temperature parameter in the model was seirtespond with the field
measurements. The gas exchange constant (K) wasrdeed with the PORGy model
(Venkiteswaran 2007) using DO concentration 8@ — DO measurements collected
on four separate occasions at the sampling locditioimg May to October 2006. The
average K value calculated using this method wasmhour. Determining K using the
PoRGy model is advantageous compared to other uhetiecause it integrates at the
whole-reach scale, and is not influenced by sntallesfeatures in the river. The average

depth of the river was known to be approximatedyri.at the site.

5.3.2 Calculations of NO Flux and Isotopic Composition of Emitted NO
The net NO flux from the dissolved phase to the atmosphepalculated as

follows,

Nzo Flux = K([NZO]dissolved' I:)NZOKh) (5-1)

Where the BO flux is calculated in mah®h?, K is the gas exchange coefficient
(mh™Y), Puzois the partial pressure of tropospherigdNatm), K, is the Henry’s constant
for N,O (mot atmi*m3), and [NO]gissonedis the dissolved concentration ofQN
(mol'm™). The value for Kis calculated as a function of water temperat{a@apted

from Gevantman 2008):

88828 T

-60.7467+ +21.2531Un—— (5.2)
100

Kp = 55394xe
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Where T is water temperature (K) angi& expressed in moatmi*m>.
As with the bulk NO flux, the flux of the heavy isotopologueaN,0O and N'°0)

can be calculated by including the kinetic fractibon factors for BO (adapted from

Venkiteswaran et al. 2007)

Flux *N,0=K(a2Puy, Ky 02N Ol ssoe) (5.3)
Flux N,%0= K(a}fPNzlgoKh —agi[N;SO]disso,ve) (5.4)

Where, Rsn20and Raigoare calculated by multiplying the partial pressoifre
tropospheric BO (atm) by™N/**N and*?0/*°0 ratios of tropospheric 0. ai,™®, de/™,
ain'®, andae,'® are the kinetic fractionation factors fos®invasion and evasion, as

determined experimentally by Inoue and Mook (1994).

The™N and®0 isotopic ratios of the X flux can then be calculated as the ratio

between the flux rates of the various isotopologues

s Flux ™N,0_  Flux™N,0 (5.5)
" Flux N0 [Flux N,O-Flux *N,0)
g _FIUXN,’®O0_  FluxN,"0

(5.6)

flux =

Flux N,*0  Flux N,O-Flux N,*%0)

5.4 Results
During the sampling period and the proceeding wtekriver flow was generally

constant at the study location at approximatelynf@ec. The air temperature during the
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sampling period ranged from 16.7°C to 32.0°C, mesbat the University of Waterloo
weather station (17.3 km from the sampling locgtidime University of Waterloo
weather station did not record any precipitationrythe sampling period, and the most
recent rainfall was 6 days prior to sampling whem¥vof rain was recorded.

The observed diel variation in DO was large, ragdiom approximately 140%
saturation during the late afternoon to 10% satumgtist before sunrise (Figure 5.2).
The DO concentration dropped off slightly in theelafternoon, likely due to a reduction
in photosynthesis in response to intermittent clooxer, which can be seen in the PAR
data. The water temperature ranged from approxlgnatC to 29°C, the maximum
temperature occurring in the early evening. TheapH conductivity of the river also
followed a diel cycle, ranging from 7.7 to 8.7 (hégt during the day) and 670 to 850
puS/cm (highest during the night) respectively. Tingt few pH measurements are
missing due to a malfunction of the YSI probe. Tt cycles of DO, pH, temperature
and conductivity measured here are typical of ikevériability observed by continuous
water quality monitoring by the Grand River Consgian Authority at this location
during the summer months.

Large diel changes in concentration were alsorebggor NQ', NH;", N,, N.O
and CH (Figure 5.2). N@ ranged from 1.4 to 2.7 mg N/L, with the peak caricgion
occurring just before sunset, and the minimum aaegijust after sunrise. Similarly,
NH," concentrations ranged from 0.07 to 1.1 mg N/L,tbak concentration occurring
just after sunrise and the minimum concentraticcuoing during midday. The dissolved
gasses B N,O and CH were always above saturation during the samplergpgd,

indicating the river is a source of these gaseksda@tmosphere. The concentration of
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N>O and CH peaked during the night, at 8,500 % saturation3hd00 % saturation
respectively. Day time concentrations of botfONand CH were significantly lower, at
approximately 990 % saturation and 21,200 % saturaéespectively. Blconcentration
also peaked during the night at approximately 166a%aration, though there is much
more scatter in the Ndata compared to the other gasses. This is betdagigeis more
error associated with the analysis of dissolved\the headspace equilibration
technique. DOC concentration was relatively cortstamging from 6.6 to 7.6 mg CI/L,
with a slight increasing trend over the samplingqze

The concentrations of NQNH," and NO in effluent from the two WWTPs
upstream of the site were generally constant duhagampling period, however a few
samples had abnormally low concentrations of,Na&hd NO (Table 5.1). This data has
been reported in more detail elsewhere (Rosamo@8)2Uhe contribution of wastewater
effluent to river flow was calculated using chl@idoncentrations as a conservative
tracer. The average chloride concentration upsti@ahndownstream of the WWTPs was
23 and 93 mg/L, respectively. Chloride concentratim the WWTP effluent averaged
255 and 442 mg/L for the Waterloo and Kitchenenfdarespectively. Assuming that the
volume of effluent for each plant is proportionathe populations of Waterloo and
Kitchener, the effluent outflow contributed 6.2%dal8.1% of the river flow at the
downstream location, respectively during the sangptieriod. However it is possible that
this calculation overestimates the WWTP contributidue to the input of chloride to the

Grand River from urban use of road salts.
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Table 5.1:NOs, NH,*, and NO concentrations measured in the WWTP effluentrdutine sampling

period.
Location Date/Time NO 5 NH," N,O
mg N/L mg N/L %SAT
Waterloo WWTP 26/06/2007 13:55 2.2 9.6 5,120
Waterloo WWTP 26/06/2007 16:06 1.7 5.2 5,370
Waterloo WWTP 26/06/2007 17:37 1.7 5.2 4,801
Waterloo WWTP 27/06/2007 7:06 0.8 8.8 3,425
Waterloo WWTP 27/06/2007 8:49 1.1 0.5 213
Average 15 5.9 3,786
Kitchener WWTP 26/06/2007 12:44 0.0 24.2 781
Kitchener WWTP 26/06/2007 15:08 0.2 23.3 9,486
Kitchener WWTP 26/06/2007 16:49 0.2 21.9 10,257
Kitchener WWTP 27/06/2007 6:19 - 27.9 12,989
Kitchener WWTP 27/06/2007 8:03 0.2 26.7 14,103
Kitchener WWTP 27/06/2007 10:34 - 27.4 537
Average 0.1 25.2 8,025

The concentration of DO, NQ NH;" and NO measured at the upstream site did
not have the strong diel variation seen in the dstvream site (Table 5.2). The
concentration of Nif measured in the river upstream of the WWTPs wsigiificant
compared to that of N N,O concentrations measured upstream of the WWTPs wer
always much less than the concentrations meastitbd downstream location. GH
concentrations were similar at the two locationish wight time concentrations slightly

higher than during the day.
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Table 5.2: The diel variation of measured parameters upstiaaime WWTPs as compared to those
measured at the downstream location. Day valuearaexerage of the data collected from 12:00 t0Q,5:
and night values are an average of the data cetldobm 2:00 to 5:00.

Upstream Downstream

Day Night Day Night
DO (% saturation) 140 64 128 10
NO; (mg NIL) 1.3 1.3 2.0 1.8
NH," (mg NI/L) 0.02 0.03 0.1 0.9
N.O (% saturation) 190 270 990 7,600
N, (% saturation) 130 130 125 130
CH; (% saturation) 22,300 | 26,500 | 21,200 | 29,500

The stable isotope composition of NONH," and NO also followed a diel cycle
during the sampling period (Figure 5.3). T8N — N,O reached a peak of -6%. during
the day, and a minimum of -27%. at night. 13180 — N,O was also variable, ranging
from 28 to 35 %050 — N;O was generally higher during the day comparetiémtght-
time values, however, there was a sudden decre@5¥ values at midday. This
decrease also corresponded to a smaller decredS&lir NO. Thed™N andd'®0
values of dissolved }D were closest to the isotopic composition of tsygeeric NO
(3N = 6.72,5'%0 = 44.62, Kaiser et al. 2003) during the day wihendissolved BD
concentration was at a minimum. T&ieN and3'°0 values for NO measured in the
Grand River were more negative than the only gpldtished values for riverine
(53™N ranging from -3.8%. to 15.6%8-°0 ranging from 36.6%. to 63.8%0, Boontanon et

al. 2000).
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Thed™N of NH," ranged between 22.9%. and 35%. during the sampkmnigg.
Thed"N — NH," exhibited an increasing trend during the day, &NH,* concentrations
were low. Thed°N-NH;" peaked early in the night, just as theNEbncentrations
began to rise.

Thed™N — NO; also displayed a diel variation. TBEN — NO; ranged between
0.9%o to 11.7%o. Th&"N — NO; followed the same trend as the N@oncentration,
with the highest value fa™N corresponded to the highest concentration, andgo
value for3™N corresponded to the lowest concentration. 3@ — NQ; was more
consistent than th&°N, and ranged between -5.0%o to -1.5%ith the most negative

value occurring during the day.
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Figure 5.2: Physical and chemical parameters monitored duhagampling period. Time scale runs from noon AHe&007 to
noon June 27, 2007. A — DO (% SAT), B — NKimg N/L), C — NQ (mg N/L), D — NO (%SAT), E — N (%SAT), F — CH (%
SAT), G — Photosynthetically active radiation (PARE), H — water temperature (°C), | — pH, J — elealrconductivity
(uS/cm), K — dissolved organic carbon (DOC — mg C/L).
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Figure 5.3: Results of isotopic analysis of water samples ctdlé from the sampling site. Time scale runs
from noon June 25, 2007 to noon June 27, 2007.5AN-of NH,", B —3"°N of NO;, C —5'°0 of NO;, D

— 3N of N,O, E —5'%0 of N,O.

5.5 Discussion

5.5.1 Sources of Nitrogen

The major inputs of nitrogen to the study reacthefGrand River are Nffrom

WWTP effluent (Table 5.1), and NQoading from upstream sources (mainly

agricultural runoff, Table 5.2). As observed durgancurrent sampling at the WWTPs,

NOs concentrations in the effluent from both plantseMew, while NH™ concentrations

were elevated and generally constant (Table 5dnc@rent sampling in the Grand
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River upstream of Waterloo WWTP effluent outfaltlicated that the contribution of
NH," from upstream sources was negligible (Table F@yever, upstream sources of
NOs were significant. The concentration of N@®easured upstream of the Waterloo
WWTP was nearly constant, ranging from 1.2 mg NVl &4 mg N/L (Table 5.2).

Nitrification of NH;" released from the WWTPs was an additional soufré&Os’
measured at the downstream location. Evidenceifigiication in the river was given by
the increase in N©concentration from upstream of the WWTPs (appretaty 1.3 mg
N/L) to downstream of the WWTPs (ranging from o4£t7 mg N/L), since the only
significant source of nitrogen between these poirsts NH," in WWTP effluent (Figure
5.4). The general rise B1°N - NH," during the day is consistent with WHonsumption
through nitrification. Thé"°N —NH," reached a maximum value just before the
concentration began to rise, and quickly droppexdrags the concentration recovered to
previous levels.

The results 06*°N and3*0 analysis of N@ also suggests nitrification is a
significant source of N©@downstream of the WWTPs. Using the expected rginog
fractionation factors for N© production through nitrification (-29%e. to -12%o, &rer &
Kohl 1986, Kendall 1998), and the obserdN values for NH* measured in the
WWTP effluent, thed™N value of NQ produced through nitrification in the Grand
River should range between -24.9%. and 4%o.. Furtheemesing the 1/3 £2/3 HO
rule for the oxygen isotopic composition of fji@roduced through nitrification, the
expected range i&'°0 of NO; can also be calculated (Aleem et al. 1965, Anderss
Hooper 1983, Kumar et al. 1983, Hollocher 1984he %0 of DO was measured to

range between 8.3%o to 25.2%0 during the day, wighrtimimum value corresponding to
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the maximum DO concentration (data not shown).Haurhore, it is known that tHE°0
of H,O in the river is typically around -10%.. Therefdhe expected range %0 in

NOjs produced through nitrification is -3.9%. to 1.7%dflwthe more negative values
corresponding to N©production when the DO concentration and expeacitedication
rate are at a maximum. Therefore, §# — NO; values measured at the downstream
location are greater than would be expected franfioation of WWTP derived N&
alone. The*®0 — NQy values are slightly lower than expected, but apstty consistent
with NOs™ production through nitrification.

The concentration of dissolved inorganic nitrogei\| calculated as [Ng)] +
[NH4']) measured downstream of the WWTPs is less tharidime expected considering
only the upstream input of NQand the Ni* from the WWTP effluent (Figure 5.4).
Accounting for dilution, the DIN concentration dostream of the WWTPs would be
expected to range from 4.6 to 5.6 mg N/L. Howetlex,measured concentration ranged
from 2.0 to 2.8 mg N/L, indicating that a signifitaamount of nitrogen is lost in the
study reach of the river. It is possible that tifeecence between the expected and actual
DIN concentration is due to an overestimation eft¢bntribution of WWTP effluent to
river flow.

DIN concentrations were generally lower during diag than at night. Although
the magnitude of the variations in DIN concentrmatioeasured in the river are similar to
those expected from the variation in WWTP efflueminposition, the timing is
incompatible and does not explain the observatibitgire 5.4). Therefore, other

processes must be responsible for the change ircbiidentration.
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Figure 5.4: Dissolved inorganic nitrogen (DIN) measured doweestn of the WWTPs compared to
upstream DIN inputs. Time scale runs from noon 25e007 to noon June 27, 2007. WWTP DIN is
calculated from concentrations of Nl@nd NH" measured in WWTP effluent and corrected for diluti
The dotted lines represent the range of DIN comagoh expected at the downstream location conisiger
only the upstream and WWTP DIN inputs and ignodng losses.

During the day, the loss of DIN through the volaétion of NH would have
been particularly important. Near midday on July 2807, the pH of the river water was
at a maximum of 8.7, and the water temperature2¥a&’C. Under these conditions 25%
of the total ammonia would be in the form of NAThe NH; would then be available for
loss through gas exchange with the atmosphereight,rwhen the pH and water
temperature were lower (pH = 7.7, temperature 3°Z5.Figure 5.2 H, ), only 3% of the
total ammonia would be in the form of NHeducing the rate of NHoss through

volatilization.
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Other processes may also be important for thedbB8N in the study reach.
NH," can be lost through plant uptake or adsorptiosugpended sediment. However,
these processes have no effect ordtid of NH,*, and the high values measured in the
river at the downstream location (Figure 5.3) iatkcthat these processes are not the
major pathway for DIN loss in the study reach. Aligh nitrification also consumes
NH," and causes elevat&tfN values, these values remain high even duringittet
when nitrification rates would be expected to baimal. DIN may also be lost to the
atmosphere asA or N, during denitrification. The elevated concentrasiaf these two
gasses (Figure 5.2) above the excess expecteddisdithanges in temperature at the
upstream and downstream sites indicate that diécation is a significant process for the
removal of DIN from the Grand River.

Dissolved NO from WWTP effluent would have contributed sigcéntly to the
dissolved NO measured at the downstream location, especiatinglthe day when
river N,O concentrations were low. The hydraulic transpore in the Grand River from
the Waterloo and Kitchener WWTPs to the samplirmgiion was approximately 8 and 2
hours, respectively. Using the observed rangessaived NO measured in the WWTP
effluent (Table 5.1), the range in expected corregiohs of WWTP derived §D can be
calculated for the sampling location by considetwth dilution and gas exchange.
Assuming that the effluent was uniformly mixed witte river, the average river depth
was 0.4 m, the gas exchange coefficient (K) wasydur (calculated previously for
the reach using the PORGY model, Venkiteswarah 087), and no riverine JO
production, the expected concentration of WWTPweliNO at the sampling location

would range between 9.3 and 66.2 nmgDNL. This corresponds to a range in the excess
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N>O concentration ([BD] — [N2O]saturated Of 1.8 to 58.7 nmol/L. This excess®lwas
almost entirely derived from the Kitchener WWTP eTdontribution of NO from the
Waterloo WWTP was insignificant, since all almdst O from this source was lost to
gas exchange with the atmosphere during the 8thaxel time from the effluent outfall
to the sampling location.

It is possible to calculate the expected contrdoutf WWTP derived BD to the
total dissolved DO measured in the river, using the 2 hour hydratgiecel time from the
Kitchener WWTP to the sampling site. During the ddyen the measured,®
concentration in the river was low, WWTP derivegDNaccounted for approximately 4%
to 28% of the excess,N at the downstream sampling location. Using theimam N,O
concentration measured in the WWTP effluent, WWERwd NO accounted for
approximately 9% of dissolved.® in the river at its peak night time concentration
Therefore, the contribution of WWTP effluent dedvs,O to that measured in the river
was variable, ranging from <5% to approximately 30Pthe excess dissolved.d.
These estimates represent a maximum contributi®\fTP derived MO, since the
estimates of effluent discharge rates may have idleilenced by the contribution of
chloride from urban runoft.

Although the concentration of dissolvedNin the WWTP effluent was not
measured during the night period, it is extremellkely that the large increase in
dissolved NO at the downstream location during the night cdaddexplained by an
increase in WWTP pO. To reach the maximum dissolvedONconcentration of 8,540%

saturation (640 nmol/L) measured in the river,dabecentration of BD in the effluent
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would have to exceed 180,000% saturation (13,5081 M¥O/L), which is almost 14

times higher than the maximum observed effluei@ Moncentration.

5.5.2 Diel Variability in Nitrogen Cycle Processes

The observed variation in concentrations of DOsN®H,", N, N,O and CH
cannot be explained by changes in upstream or WINgUR. The diel variation in the
DO concentration was caused by photosynthesis glitinenday, and respiration at night.
Many redox sensitive measured parameters variecucantly with changes in the DO
concentration at the downstream sampling site (Ei§Lb). Thus redox conditions in the

river were likely affected by the diel variation[@© concentration.
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Figure 5.5 The concentration of NQ NH," and CH downstream of the WWTPs plotted against the
concentration of DO. This indicates that change®dtox conditions are driven by changes in DO
concentration.
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The dominant MO production pathways were likely different durthg day
when DO concentrations were high, than at nightrnD® concentrations were low. The
diel change in PO concentration and isotopic composition (Figur@samd 5.3) likely
resulted from a change in the®Iproduction pathway. The separate characterizafion
N,O produced during the day and night can providéh&rrinsight into the diel variation

of nitrogen cycling in the Grand River.

5.5.3 Stable Isotope Composition of Riverine JD Production

The isotopic composition of emitted® is more representative of thel
source than thd"*N and3'°0 measured for dissolved® in aquatic environments open
to gas exchange with the atmosphere. The averagkenee time of a )0 molecule in
solution (defined as the areal concentration / fate) was approximately 2 hours at the
sampling location during the study period. Therefdhe residence time is short relative
to the period of variability (diel, approximately hours), and the isotopic composition
of the NO flux will closely match that of the D source (See Chapter 4). The isotopic
composition of the D flux can be calculated from the dissolved conregiun,3°N and
5'%0 of N,O (Figure 5.6, equations 5.1 — 5.6). Downstreath@\WWTPs, the isotopic
composition of the emittedJ® was very similar to that of the dissolvegON(Figure 5.3
D, E) because the concentration of dissolve® Was high. NO emitted at night had a
3"N ranging from -28%o to -22%o, andd&®0 ranging from 26%o to 29%.. JO emitted
during the day had &°N ranging from -15%o to -9%o, and&°0 ranging from 25%. to

32%o.
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Figure 5.6: The isotopic composition of the,® emitted to the atmosphere from the Grand Rivendu
the sampling period. Due to the high dissolve®Noncentration, the isotopic composition of enitteO
was very similar to the dissolved. Time scale rinas noon June 25, 2007 to noon June 27, 2007. A —
3N of emitted NO. B —3'%0 of emitted NO. C —3™N vs.3™0 of emitted NO indicating a difference in
the isotopic composition of J® emitted during the day compared to the nightolsic composition of
tropospheric MO was determined by Kaiser et al. (2003).

The diel change iB"°N and3'®0 of emitted NO indicates that the isotopic
composition of the pD source must have varied on a diel basis. Thiensistent with
the diel change in redox conditions and suggestsitminant NO production pathways
are different during the day compared to the night.

Using the modified SIDNO model (Chapter 4), it vpassible to further
characterize the isotopic composition afNproduced in the Grand River. The modified
SIDNO model allowed for the isolation oL@ production in the river, by assuming a
constant WWTP effluent D source. Additionally, the modified SIDNO moddbaled
for the separate characterization of day time aghtrtime NO production. This

provided additional insight into the diel variationriverine nitrogen cycling.
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Since the diel change in,® production appeared to be driven by the diel gban
in DO concentration, the timing of peak day anchhig,O production was set to match
the timing of maximum and minimum DO concentratidhe duration of the day time
N,O production was set to correspond to the timeogdhat the DO concentration was
greater than 20% saturation. The peak of the nigat\,O production was set to occur
when the DO concentration was low, and the timiag adjusted to match the nighttime
peak in NO concentration.

SIDNO produced a best fit for the field data bytisgtthe peak daytime JO
production rate 5gmol N,O/m?/hour, and the peak night time® production rate to
250pmol N,O/mf/hour (Figure 5.7). D produced during the day was found to have a

5"N of -22%0 and &0 of 43%.. NO produced at night was found to hav@® of

-30%o0 and a*%0 of 30%..

114



400 - - 160
—— Day (High DO) Production

Night (Low DO) Production 140
DO

300 A - 120

- 100
200 + - 80

- 60

DO % SAT

100 - 20

- 20

Production Rate (umol/m*/hour)

12000 + —— Model
® Observed

N,O Concentration (%SAT)

—— Model

—— Model
® Observed

20 T T T

0 24 48 72 96

hours
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In general, the modeled data matches the field glate well for dissolved pO
concentration and>N. However, the model does not fit well to &80 values of
dissolved NO. The model predicted a dropaffO of dissolved MO shortly after the DO
concentration began to rise. However, the fielc dadicates thad*°O actually increased
at that time. This is likely explained by a chamgéhe amount of D released through
the WWTP effluent. The WWTP J input is assumed to be constant in the modelit but
is known that the pD output from the Kitchener WWTP was low in the miog of June
26, 2007 (Table 5.1). Therefore, the model ovaresed the WWTP contribution at that
time, and since the averad®0 of the WWTP derived »D is much less than that
produced in the river (average WWTRBON'?0 = 15.2%o), the model underestimated the
value ford'®0 at that time. For the same reason, the modelsiilsttly overestimated the
5"N value for dissolved pD at the same time (average WWTRON'?O = 4.4%o). The
model also does not recreate the day time drojssotved NO 50 values.

Although the model was not able to recreatedi® of N,O produced during the
day, the fit to the night time field data was mibetter. This indicates that td&°O of
N>O produced at night was constant, and variatioM\MTP output were not
significant. Therefore, it can be assumed thanthht timed'N and3'°0 values for
produced NO determined using SIDNO are representative oh#taral system.
However, for day time pD production, only th&"N value should be considered, since

the model was unable to recreate the day &t@ field data.
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5.5.4 Daytime NO Production Pathways

Since the dissolved O concentrations measured at the downstream locat®
significantly greater than upstream of the WWTRg] eannot be explained by the input
from the WWTP effluent alone, significant daytimgNproduction must have occurred
in the study reach of the Grand River. There islence that denitrification occurred
continuously in the river sediments. Denitrificatioan only occur in anoxic zones or
microsites. The elevated Gldoncentration during the day (minimum concentratb
20,000% saturation) indicated that there were anpames within the river sediments,
even when DO concentrations were high. Also, thedwhcentration remained
supersaturated above the concentration expectetthre diel temperature variation at
the sampling location. Since; i the final product of denitrification, these ebstions
indicated that anoxic conditions existed in therigediments and denitrification was
actively occurring under these conditions.

The amount of BD produced by denitrification in the river sedinselikely
varied in response to the DO concentration. WherD® concentration in the river was
high, the anoxic zone would have retreated deefibimithe sediments, slowing the rate
of NOs diffusion into the active denitrification zone,dareducing the amount of;
produced. Also, a deep active denitrification zamelld slow the diffusion of pD out of
the sediments, providing more time fogONto be further reduced to,ldnd reducing the
total amount of MO released. When the DO concentration began tinféhe late
afternoon and evening, the anoxic zone would méagec to the sediment surface,

increasing the amount of, produced and released.
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The daytime concentrations of DO, BN, and CH were similar upstream and
downstream of the WWTPs (Table 5.2). Therefors, likely that the MO production
rates through sediment denitrification were simélathese two locations; however the
daytime NO concentration was much higher at the downstreenf&able 5.2). MO
derived from WWTP effluent likely accounts for aximaum of 30% of the daytime
excess dissolved X observed at the downstream sitgONlerived from sediment
denitrification would only account for an additio7&b of the daytime excess® if the
day time denitrification rates are similar upstreamd downstream of the WWTPs.
Although additional input of organic matter fronetd/WTP and decaying plant matter
may enhance anoxic conditions and denitrificatothe sediments at the downstream
site, the similar daytime CHand N concentrations at the upstream and downstream
locations indicate that this was not an importactdr. Therefore, an additional process
is responsible for the elevated daytimgONconcentrations at the downstream site.

Since nitrification was actively occurring durifgetday, it represents an
additional pathway for pO production. Models developed to simulat®©Nproduction in
the natural environment have indicated that gelyettad amount of BO produced
through nitrification is low compared to the togahount of nitrogen processed. For
example, the PNET-N-DNDC model was developed taiksita NO production in forest
soils (Li et al. 2000). In this model, the® production rate in nitrification is only 0.06%
of the gross nitrification rate. Other models, sasfRIVERSTRAHLER, used in the
Lower Seine River and estuary have indicated tianttrification NO production rate
may be as high as 1-2% of the gross nitrificatiate (Garnier et al. 2007). However, the

RIVERSTRAHLER model suggests that® production through nitrification only
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reaches the maximum rate through the nitrifier-tiigation pathway, when DO
concentrations are below 1.5 mg/L, and nitrite §jl@oncentrations are greater than 1-4
mg N/L. Although daytime DO concentrations were mgeeater than 1.5 mg/L at the
downstream location, it is possible that low DO @amtrations were present at the
sediment/water interface. N@oncentrations were not measured in this studysibae
it is an intermediate in both nitrification and defication, it may have been present in
significant concentrations at the sediment / wiattenrface. The excess daytime dissolved
N2O that cannot be attributed to WWTP effluent onis@ht denitrification sources is
approximately 55 to 80 nmol/L. Assuming that mddhe nitrification and NO
production occurs immediately downstream of the WRA6Litfall, this corresponds to
approximately 0.28% to 0.42% of the total NHitrogen converted to NQat the peak
nitrification rate. These rates are less than thgimum nitrification NO production
rates described by the RIVERSTRAHLER model (Garataal. 2007), and may be
consistent with production through nitrificationtbe nitrifier-denitrification pathway.
The3™N of N,O produced during the day (determined with the SIDNodel
3N = -22%o) is consistent with 4D production through nitrification or nitrifier-
denitrification. Using published enrichment factarsl the observed day time range for
5N of NH,", thed"™N of N,O produced through nitrification or nitrifier-denitcation
would be expected to range from -23%. to -5%0 (Swetkal. 2006, Yoshida 1988), but
may be as low as -87%. (Perez et al. 2006). Howehisrresult cannot be used to rule
out N,O production through sediment denitrification. Wspublished enrichment

factors, thed*°N of N,O produced through denitrification would be expddterange
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from -40%o to -5%0 (Perez et al. 2006, Menyailo anthglate 2006, Wada et al. 1991,
Schumidt and Voekelius 1989, Mariotti et al. 198382).

The day time drop 820 values is likely an indicator of & production through
nitrification or nitrifier-denitrification. Othertadies have shown that tB&0O of N,O
produced through nitrification has a similar valaeambient molecular oxygen (Perez et
al. 2006, Yoshinari & Wahlen 1985). TBEO values for DO were observed to vary
widely during the day, ranging from 8.3%o at the maxm DO concentration, to 25.2%o
as the DO concentration decreased in the latenaiberand evening. This would account
for the day time variation i5:°0 of N,O and suggest that nitrification or nitrifier-

denitrification is the dominantJ® production process during the day.

5.5.5 Night-time NO Production

During the night period, when the DO concentrata@s very low, the bD
production rate and concentration increased draaibtiat the downstream location. The
isotopic composition of pO produced at night was different than during thg (Figures
5.5, 5.6) indicating that the dominant productiathpvay was also different than during
the day.

When the DO concentration dropped below 1.5 mdie denitrification rate
increased dramatically, as indicated by the rapidgase in BO and N concentrations.
As the DO concentration fell, the river sedimergsdme more anoxic, and it is likely
that the entire sediment layer, including the seatitvi water interface was completely
anoxic. This would have allowed,® production from denitrification to proceed at a

high rate.
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It is possible that denitrification occurred notyowithin the river sediments, but
within the water column when the DO concentrati@swery low at night. Since,®
production through denitrification in the water wain is not limited by the diffusion of
NOs into the river sediments, its onset has the pitietat produce a rapid change in the
dissolved NO concentration. It is difficult to distinguish begen denitrification in the
water column and in the sediments on the basiseofiteasured XD, NO;" and N
concentrations alone. However, denitrificationttiwas likely higher in the sediments
than in the water column, due to the greater nurabdenitrifying organisms that would
have been present in the sediments and sediméatsur

The NO concentration began to fall shortly before sunvigile the DO
concentration was low and the denitrification nates expected to remain high. This is
potentially due to the consumption of extracelllNa© through reduction to N
However, the results of the stable isotope anabfstissolved MO rules out this
possibility. Other studies have shown thaONeduction causes a relative enrichment of
5'%0 compared t@"N in the residual D (Vieten et al. 2007, Menyailo & Hungate
2006, Mandernack et al. 2000), however, this enmitit was not seen in the dissolved
N,O as the concentration fell. Therefore, the droN4i® production when the DO
concentration was at its lowest was likely a reduncin the NO:N, ratio of the
denitrification products. More anoxic redox comalits induce a drop in thex®:N; ratio.

If more N,O is reduced to Nwithout first being released from the microbidlseuring
denitrification, it is likely that there is no réilee enrichment related to this process.

Therefore, th&™N andd'®0 — N;O data supports the hypothesis that the drop,@® N
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concentration was due to a reduction in the rdtid.©:N, released during
denitrification, rather than a reduction in extladar N,O to N..

The very large increase in the bbncentration measured at night is consistent
with an increase in the denitrification rate whiee DO concentration was low. However,
the amount of N@ that would be consumed to produce the obseryddddease from
the daytime minimum to the night time maximum iprgximately 3.5 mg N/L, which is
more than the maximum NGconcentration measured in the river. Therefore, th
measured night time Nconcentrations may have been elevated by entragipedbbles
during sampling, and may not be representative@fitttual N concentrations in the
river. A better estimate of the night time denitidtion rate can be calculated using the
N>O concentrations, since entrapped air in the sabyilées would not cause a
significant change in the measured concentratibe.maximum MO concentration at
night was 640 nmol pO/L, which is equivalent to approximately 0.02 mé.NJUsing the
RIVERSTRAHLER model, Garnier et al. (2007) deteredrthat the BO:N, production
ratio for denitrification in the Seine River rangaetween 1:10 and 1:5. If it can be
assumed that the,®:N, ratios are similar in the Grand River, this redati® a maximum
0.2 mg N/L of NQ consumed during maximum denitrification. Therefdhe drop in
NOjs concentration observed downstream of the WWT Psgt resulted from the lack
of NOs production through nitrification, rather than francreased consumption through
denitrification.

The high denitrification rates at night do not agp® cause an increase in the
3N and3™0 values of the N9 measured in the river. Using enrichment factors

determined by Mengis et al. (1999), the consumpaio®2 mg N/L NQ should have
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increased the N3N by approximately 4.3%o, and tl&°0 by approximately 2.8%o.
However, if most of the denitrification occurredtire sediments, it would be limited by
the diffusion of NQ@ into the active zone. Any NQOIn the active zone of the sediments
would be completely consumed, and since there iesidual, sediment denitrification
would likely not cause an increase in 818\ and3*?0 values of N@ in the water
column. Therefore, sind®°N and3d'®0 of NO; did not increase at night, this likely
indicates most of the denitrification likely ocoedrin the sediments or at the sediment /
water interface, rather than in the water column.

Nitrification activity during the night was minimand was likely not a
significant source of PO production when DO concentrations were low. Aghhiwhen
DO concentrations were less than 15 % saturatiavas likely that the entire sediment
layer, including the sediment / water interfaceswampletely anoxic. Most nitrifying
organisms downstream of the WWTPs are likely attddb the sediment surface. Since
water column NH concentrations are significant only in the shegah downstream
(within approximately 10 km) of the WWTPs, nitrifig organisms would likely not
survive in the water column, as they would be dyiclarried away from the NA
substrate source. Therefore, the nitrifiying orgars were likely under completely
anoxic conditions during the night period, andifitiation activity would cease until DO
concentrations increased again shortly after senris

Other observations are also consistent with a tiessaf nitrification activity
during the night period. As the DO concentratidh e NG;” concentration measured at
the downstream location also fell to the backgroocmcentration measured at the

upstream site. Also, during the night>N values for both N@ and NH" became less
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positive. If NQ™ was no longer being produced from nitrificatioradfighd™>N NH,"*
substrate, both the concentration &N of NOs; would have decreased. The decrease
in 3°N NH," is also consistent with a lack of nitrificationraght.

The diel variation in nitrogen cycling processes ba summarized by a
conceptual model (Figure 5.8).The dominant processgponsible for )0 production in
the Grand River downstream from the WWTPs variectgponse to the diel DO
concentration change. When DO concentrations wigie h,O was produced mainly
through nitrification or nitrifier-denitrificationand to a lesser extent by denitrification in
the river sediment. During the night, when DO caonicgions were low, denitrification
was the dominant XD production pathway, occurring in the sediment$ arthe

sediment / water interface.
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Figure 5.8 Conceptual model of the diel variability of nigen cycling in the Grand River. The major
nitrogen transformations are thought to occur eith¢éhe sediments, in the water column, or at the
sediment water interface (SWI). A — Nitrogen cygliiuring periods of high dissolved oxygen
concentrations, typically during the day due totpegnthesis. B — Nitrogen cycling during perioddanf
dissolved oxygen, typically at night due to highpieation and a lack of photosynthesis. The thisknzf
the arrows represents the relative important ofi ggathway or source.
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5.5.6 Implications

This study is one of the first to measaféN and3™0 of dissolved MO produced
in a river. Boontanon et al (2000) measub&tN —N,O ranging from -3.8%o to 15.6%o
and3*®0 ranging from 36.6%. to 63.8%o in the Bang Nara RineThailand, while the
3"°N and3™0 of N,O produced in the Grand River was generally moggatiee. The
5"°N and3™0 values for emitted $D can be calculated for both rivers (equations-5.1
5.6, Figure 5.9). Th&"N andd'®0 values for emitted )0 from the Bang Nara River
were calculated usingJ® % saturation values inferred from the data phbklisby
Boontanon et al. (2000). The flux weighted averfageN,O produced in the Grand River
was -21.6%o and 24.8%. far°N and3'®0, respectively. The flux weighted average for
N,O produced in the Bang Nara River (Boontanon €2@00) is more positive fa*°N
andd'®0 (0.1%. and 41.1%o, respectively). It is not cldahis difference is a reflection
of a difference in the D production pathways between these two riverstfiee
dominance of nitrification, denitrification or othprocesses such as anamox), or if there
are other factors involved. For example, the isotopmposition of the substrates (8O
and NH;") were not measured by Boontanon et al. (2000}, isaot possible to directly
compare enrichment factors fop® production. The values for the Grand River are
influenced by the contribution of WWTP derived\ which had a isotopic composition
that was much different than the values for in4riMgO production determined using the
SIDNO model (averag@®N =4.4%., averag®'®0 =15.2%0, n = 4 , measured at the
Kitchener WWTP). However, the large differenceédtiN and3™0 of N,O between

these two studies suggests that there is liketygelrange of the isotopic composition of
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N2O produced in rivers worldwide, and much more wierkecessary to fully

characterize the composition of® produced in these environments.
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Figure 5.9: Calculated values fa*°N and3'®0 of emitted NO from the Grand River compared to the data
of Boontanon et al (2000). Values for day time afght time NO production determined using the

SIDNO model are also shown, along with the avekadee for WWTP derived pO. The value for
tropospheric MO was determined by Kaiser et al. (2003).

Since denitrification was the dominanif@production process during the night,
the SIDNO model output can be used to determinarapin-situ enrichment factors for
N2O production through denitrification in a river émnment. Most of the published
enrichment factors for these processes are basktboratory culture experiments (e.g.
Sutka et al. 2006, Toyoda et al. 2005, Casciotil.€2002), and may not be
representative of }D production in the natural environment. Other &sithave shown
that only approximately 0.25% of the total micrdlgapulation in freshwater

environments can be grown in laboratory culturem@fn et al 1995). But by comparing
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the model output fod°N and3™0 of N,O produced in the river to the measud&tN
andd'®0 of the NQ precursor, it is possible to infer the apparerditn enrichment
factors for denitrification in the Grand River. Dag the night, the measuréN for
NOs ranged between 0.8%o and 4.4%.. The measdir&l for NOs ranged between
-3.2%0 and -1.4%.. Using the best fit values 8N andd'®0 of N,O produced through
denitrification, a range af values can be calculated f6N and*?0. For NO production
through denitrificationg *°N ranged between -34.4%. to -30.8%o, @1dO ranged
between 31.4%o to 33.2%o.

The apparent nitrogen enrichment factors are megative than those typically
seen for denitrification in published literaturdthugh several laboratory incubation
studies have measuredN values for denitrification greater than -30%o. EFiér et al.
2003, Perez et al. 2006, Sutka et al. 2006, Togb@h 2005, and Yoshida et al. 1988),
¢ N values for denitrification in many other studies/e generally been smaller
(typically ranging from -30%o. to -10%o., Menyailo & Hgate 2006, Wada et al. 1991,
Barford et al. 1999, Schumidt and Voekelius 1988 apparent *20 values for
denitrification are more positive than most puldidivalues, though Casciotti et al.
(2002) measured&®0 value of 40%. for denitrification in a laboratarylture. It should
be noted that the apparent enrichment factors medsuthe Grand River are could be
affected by NO consumption by extracellular reduction tg Mhis would cause the
apparent enrichment factors to be more positive tha true values. In addition, most
laboratory culture experiments inhibit the reductad N,O to N, which would change

the observed enrichment factor.
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The SIDNO results can also be used to calculatetenent factors for pD
produced through nitrification during the day, hees this calculated value is likely
influenced by the contribution of ® from denitrification in the river sediments. The
5N of N,O produced during the day was approximately -22¢fd, thed"°N of NH," in
the WWTP effluent ranged from 4.1%. to 16.0%0. Theref the apparent in-situ
enrichment factor for nitrificatiore("°N) ranged between -26%. to -38%o. This value is
less negative than most published values availalilee literature (-112%o to -35%o,
Perez et al. 2006, Sutka et al. 2006, Yoshida 1988)

The results of this study also have implicationsditer studies that are aimed at
the assessment of water quality. Most often, reusaimpling of rivers for water quality
monitoring is conducted during the day. Howeveg, rigsults presented here clearly
indicate that this may often be inadequate to ately characterize the concentrations of
several important compounds. For example, the Ganatater Quality Guideline for
un-ionized ammonia (N§)is 19ug/L (CCME 2007). Under the conditions observed
during the sampling period (pH range 7.7 to 8.mperature range 25.3°C to 27.6°C),
this limit corresponds to NA concentrations ranging from 0.01 to 0.6 mg N/Lr Ou
results indicate that these limits are consistemtiyeeded in the Grand River at the
sampling location. However, since nitrificationgstare typically greatest during the day
when DO concentrations are highest, the conceotrati NH," could fall below the
threshold value during the day when Nidoncentrations are low, and exceed the limit at
night when the NEf concentration rises. Routine daytime water quakiypling would

not capture this variability.
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This study also has implications for studies oegieuse gas emissions.
Concentrations of pO and CH in the Grand River are much higher at night. Gheaise
gas emissions from the Grand River would be sigaifily underestimated if only
daytime concentrations were used. The oppositel thers seen by Harrison et al (2005)
who found that the emission ot® from a subtropical eutrophic stream was muchaéss
night than during the day. Our results also diffem that of Clough et al (2007) who did
not observe a significant diel change isON\Nemission. In rivers with a large diel variation
in DO concentrations, diel sampling is necessamroperly characterize nitrogen

cycling and greenhouse gas production.

5.6 Summary & Conclusions

This study is one of the first to characterizeifzeopic composition of pO
produced in a river, and the only study to meathediel variability ind"°N andd'%0 of
riverine NO. N,O produced during the day was isotopically distinain N,O produced
at night, indicating a diel shift in the dominaniONproduction pathways. Using the
SIDNO model, it was possible to determine the ismt@omposition of MO produced in
the river, as the measured dissolved values wéteeirced by gas exchange with
tropospheric MO and the contribution of XD derived from WWTP effluent. Using the
model, it was determined that theNproduced in the river during the day (dominated
by nitrification or nitrifier-denitrification) ha@ &N of approximately -22%o, and&?%0
of approximately 43%o. At night, the,® production rate was much greater than during
the day, and was likely dominated by denitrificati®hed™N of N,O produced at night

was approximately -30%o, while t°0 was approximately 30%o.
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The results of this study indicate that the nitroggcling processes in the Grand
River are linked to diel variations in DO concetita. Other studies have also observed
a link between riverine nitrogen cycling and diatiations in DO concentration.

Harrison et al. (2005) observed a diel shift imogen cycling processes in a canal in the
Yaqui Valley, Mexico. However, in contrast to thea@d River, Harrison et al. (2005)
observed that denitrification peaked early at nigkttthen ceased, due to the total
consumption of N@. In the Grand River, denitrification ang® production occurred at
a high rate throughout the night, indicating thet DO concentration did not drop
sufficiently to cause the total denitrificationalf the NQ' in the water column and
sediments.

Another study on the LIl River in New Zealand (Gibuet al. 2007) also
observed diel changes in® production in response to changes in DO condgorra
However, the diel range of DO concentration washmyreater in the Grand River than
was observed in the LII River (Clough et al. 200#)is related to a greater diel response
in nitrogen cycling in the Grand River as compaiethe LIl River. The results of these
studies clearly indicate that riverine nitrogenloyg responds to diel variation in DO
concentration. Diel shifts in riverine nitrogen tigg are highly sensitive to the
magnitude of the diel DO concentration range.

The results of this study indicate that the isata@pialysis of MO can provide
additional information not available from concetitra data alone. Although the isotopic
enrichment factors for nitrification and denitrditton often overlap, making a clear
interpretation difficult, a change in the isotop@mposition of produced J® is a

conclusive indicator that the dominant productiathgvays have also changed. Also, the
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5'%0 of N,O may be a useful indicator for nitrification invnments with a strong diel
variation in3'°0 of DO, since th&™0 of N,O produced through nitrification will
respond to this variation. Additionally, the isoimpnalysis of MO provides information
regarding the importance of extracellular consuomptf N,O, allowing the relative
importance of this pathway to be determined. Th&oic analysis of PO will prove
valuable in future studies of nitrogen cycling &hD production in aquatic

environments.
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Chapter 6:

Stable Isotope Ratios of Nitrous Oxide Emissions ém
the Grand River, Ontario, Canada

6.1 Introduction

Nitrous oxide (NO) is a powerful greenhouse gas, approximatelytBi€s more
potent than C®on a 100-year timescale (Denman et al 2007). Bheantration of BO
in the atmosphere has steadily risen over the2BBtyears (Denman et al 2007), and
currently the atmospheric concentration is 320 ppimreasing at a rate of 0.26%/year
(Prinn et al 1990, Prinn et al 2000)Mis produced by microbial transformations of
reactive nitrogen (nitrification & denitrificationh the environment. Due to artificial
nitrogen fixation, the amount of reactive nitrogerthe environment has increased
dramatically over the last 250 years, coincidinthvain increase in XD production in the
environment (Denman et al 2007).

Stable isotope analysis is a powerful tool that geovide a deeper understanding
of sources and processes responsible for the piioduaf N,O. For example, several
studies have usait®N andd*?0 analysis of BNO to distinguish between nitrification and
denitrification processes in the field (e.g. Bohet2003, Perez et al 2001). Another use
of stable isotope analysis ob® is the isotopic characterization of globaNsources
and sinks, for the calculation of atmospher©Nbudgets.

Rahn & Wahlen (2000) developed a simple model efisbtopic composition of
atmospheric BD. If the stable isotope ratios of the majef\sources are known, it is

possible to determine the relative contributiothafse sources using their model. Rahn &
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Wahlen determined that the difference between thimgustrial and modern values for
tropospheric DO is approximately 1.9%o and 2.4 %o N and'®0 respectively, with
5N decreasing by approximately 0.03%./year. The mextnt and thorough isotopic
characterization of tropospheric® places the current values at 6.72 (+/- 0.12) %o an
44.62 (+/- 0.21) %o fob™>N andd*®0, respectively (Kaiser et al 2003). At this legél
precision, it will be several years before a changg°N and3'°O of atmospheric pO
will be detected. Since the work of Rahn & Wahl2@@0), many more studies have been
conducted to characterize the isotopic ratios £#9 Emitted from both terrestrial and
oceanic environments. The results of these stwtigesummarized in Figure 6.1.

The global isotopic model of atmospherigdNdeveloped by Rahn & Wahlen
(2000) only considered terrestrial and oceanicaEsiof NO. More recent work has
suggested that rivers and estuaries are a majoresotiNO to the atmosphere. Kroeze
et al (2005) and Nevison et al. (2004) estimateriliars and estuaries contribute
between 0.5 to 2.9 Tg N/year of® production. This compares to an estimated tdtal o
9.4 Tg N/year and 3.8 Tg N/year from soil and oceaanurces (Denman et al 2007).

Although this evidence suggests that rivers andgbests are a significant global
source of NO to the atmosphere, the isotopic composition isfMaO is poorly
constrained. To date, only one other publishedyshas reported th&°N and3*°0
values for NO produced in a river (Boontanon et al 2000).

To further complicate matters, the isotopic compasiof N,O emitted to the
atmosphere from rivers is not equal to the isotopimposition of dissolved /D, due to
the equilibration with tropospheric,® in such systems (Chapter 4). Additionally,

several studies have shown that th®Nux and NO production processes in rivers can
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change dramatically over diel time periods, in oese to changes in redox conditions
brought on by diel variations in dissolved oxygBi®{ concentrations (Harrison et al
2005, Clough et al 2007, Chapter 5). For theseoreaghed™>N andd'®0 values of NO
emitted from rivers is particularly difficult to ehacterize.

The purpose of this study is to characterize tb®gc composition of bD
emitted to the atmosphere from the Grand Rivera@mtCanada, and to provide insights
into the processes responsible for the varialolitgerved. It is expected that the isotopic
signature of MO in river systems will vary spatially and tempéyabn seasonal and diel
timescales. This information will be invaluable foe refinement of the global,®
isotopic budget (Rahn & Wahlen 2000), and will geamprove the understanding of

N2O production in rivers.
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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 ef@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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6.2 Study Site

The Grand River is the largest river in southerntia@a, Canada. It is

approximately 300 km long, and drains an area 604t into Lake Erie (Figure 6.2).

In 2001, the population in the watershed was apprately 720 000, and is expected to

increase by about 60% by 2031 (Ministry of Pubtifrdstructure Renewal 2006).
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Figure 6.2: Map of the Grand River watershed and study arezerRiow direction is generally north to
south. Additional information about sampling poiatel wastewater treatment plants is given in Tables

& 6.2.

The Grand River is heavily impacted by both di§@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 or its tributaries. The

cities of Waterloo, Kitchener, Guelph and Cambritlgen the urban centre of the

watershed, and the WWTPs for these cities are #jerraource of municipal effluent to

the river. Most of the sampling for this study veasmducted at six major sampling points
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in the central watershed, located upstream and sitogam of these major WWTPs

(Figure 6.2). Some additional data was collectethfthe lower reaches of the Grand

River (LG - Figure 6.2), between the communitie¥ ofk and Dunville. Information

about the sampling locations and major WWTPs anensarized in Tables 6.1 & 6.2.

Table 6.1 Summary of sampling sites. Location names irfitlse column refer to labels in Figure 6.2.

Sampling

Geographical

Location Watercourse Coordinates Description
. 4335'07.77"N,
WM Grand River 802853 51"W Upstream of urban centre
. 4328'54.54"N, Upstream of Waterloo and Kitchener
BP Grand River 8028'53.32"W WWTPs
BL Grand River 43?23'07.80"N, Downstream of Waterloo and
8023'09.51"W Kitchener WWTPs
. 43°16'36.73"N,
GM Grand River 802047 15"W Downstream of urban centre
: 4332'04.47"N,
SP-A Speed River 80°15'03.81"W Upstream of Guelph WWTP
: 4329'03.06"N,
SP-B Speed River 80°L6'54. 16" W Downstream of Guelph WWTP
43901'18"N, 79%53'30"W Low energy reaches of the Grand
LG Grand River to River, located between the

42%54'7"N, 7937'52"W

communities of York and Dunville

Table 6.2 Nutrient loading from the major WWTPs in the GalRiver watershed. Letters in the first

column refer to labels in Figure 6.2. Data provitlgd\NPRI (2007).

Mass Discharged through Effluent
WWTP NH,* NO; PO, Total N
tonnes/yr tonnes/yr tonnes/yr tonnes/yr

A Waterloo 77.8 196.4 - 274.2

B Kitchener 633.8 35.3 - 669.1

C Preston 35 42.3 - 45.8

D Galt 2.2 242 - 244.2
E Guelph 6.3 1831 4.3 1837.3

(not shown) Brantford 134.9 55.4 5.2 190.3
Total 858.5 2402.4 9.5 3260.9

6.3 Methods

River water samples were collected periodicallghatvarious sampling locations

during the period of May 2006 to January 2008. Seng@t all locations (with the

138




exception of LG) was usually conducted every 2-8kge however sampling was
typically more intensive during the summer mon®empling was also more intensive
during and following high river flow periods (daisampling during snowmelt and storm
events), in order to capture the variability ipgONfluxes associated with these hydrologic
events.

Intensive diel sampling was conducted in June 20G@ur sites (BP, BL, SP-A,
SP-B) over two separate 28 hour periods, with sashpbllected every 1.5 hours. Diel
sampling was conducted at the BP and BL sites na 26 — 27, 2007, and at the SP-A
and SP-B sites on June 23 — 24, 2007. This diepkagwas conducted to characterize
the changes in*°N and&'®0 of N,O produced in the river in response to the diel
dissolved oxygen (DO) cycles in the river at thieeations. These four sites were chosen
to contrast MO production upstream and downstream of the majdfmfi's in the
watershed (Figure 6.2, Table 6.2).

Samples for the measurement of dissolve® Noncentration were collected in
50mL glass serum bottles (Wheaton # 223745), appgexhwith no headspace
underwater with a red rubber stopper (VaccutaingrStbppers are baked at 60°C
overnight before use to limit out gassing into shenples. Samples for the isotopic
analysis of MO were collected in 500mL glass media bottles (Dgy# 1395-500), and
similarly capped underwater with no headspace usibigck rubber lyophilization
stopper (Wheaton # 224100-503). All samples weth preserved with saturated HgCl
solution (2mL solution / L sample) and kept on ueil they were transported back to the
lab, typically within 4 hours of collection. Sampleere kept in cold storage (4°C) until

they were analyzed (typically within 2 days of ection).
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Dissolved NO concentrations were determined using a headsguackbration
technigue. A headspace was created in the samilesby injection of ultra-high purity
helium using a syringe and hypodermic needle, wileacting sample water with a
second syringe and needle. The samples were theacpbn an orbital shaker for 1.5
hours to bring the dissolved phase into equilibrivitin the headspace .8
concentration in the headspace was then determsiad a Varian CP-3800, equipped
with an ECD detector. The analytical error for diged NO concentration using this
method is approximately +5%.

Stable isotope ratios of dissolvedONwere obtained using the purge and trap
method described by Thuss et al (2008a). Briefgsalved NO is sparged from the
water samples using a fast flowing stream of ybuee helium. Water vapour and €8
stripped from the resulting gas mixture using aammembrane and chemical trapsON
is trapped cryogenically in a vial containing pyreaol and glass beads in a liquid
nitrogen bath. The extracted® is then analyzed by CF-IRMS using a GV Trace-Gas
preconcentrator system coupled with a GV Isoprinagsrspectrometer. The analytical
precision for bott™N andd*®0 is approximately +0.5%.

N2O fluxes from the river to the atmosphere wereuwated from the dissolved
concentration using gas exchange coefficients ohtexd with the PORGy model
(Venkiteswaran et al 2007)..8 concentrations and flux rates for the Grand Riaing
the study period are reported in more detail elsg®Rosamond 2008).

The isotopic ratios of the D flux to the atmosphere were calculated using the
isotopic and concentration data for dissolve®Nas described in Chapter 4. Since gas

exchange is a two-way equilibrium process, thegedentinuous invasion of
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tropospheric MO into solution, even when the netflux is in the opposite direction.
This calculation accounts for the isotopic effemftshe isotopic equilibration with
tropospheric MO, as well as the equilibrium and kinetic fractitoa factors for NO gas
exchange determined by Inoue & Mook (1994). Thblstesotope ratios of the & flux

(R« and R%.y) are simply the ratios between the flux ratesheftieavy and light

isotopologues of pO:

5 _Flux™N,0 _  Flux"N,0
" Flux *N,0  [FluxN,O - Flux **N,0)
g _ FluxN,®0_  FluxN,'®0

flux —

The fluxes (mom™h™) for bulk N,O and the heavy isotopologues can be

calculated as follows:

Flux NZO = K(P(NZO)Kh _[NZO] dissolved)

gas

B R15
Flux *°N ,0=K U#]SP(NZO)Kh[l_F |g?a155 \]_a:e}\?[Nzo]dissolvet{

R8
Flux N218O =K ai%aP(N ZO)Kh[1+ ::158 }‘UQS[N Zo]dissolve{

gas

Where P(NO) is the partial pressure of tropospherg©ONatm - as determined by Prinn
et al. 1990, Prinn et al. 2000);sand R®sare the isotopic ratios of tropospherigN
(as determined by Kaiser et al 2008)%,, a *8,, a *., anda ', are the kinetic

fractionation factors for pO gas exchange (as determined by Inoue & Mook 1%8%)
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[N 2O]dissonvedis the dissolved concentration of® (motm®). Ky, (mol atmi*m™) is
Henry's constant for pD, and can be calculated empirically as followsafadd from

Gevantman 2008):

(—60.7467 +888Tﬁ

T
K, = 55394 x e +21.2531 Inﬁj (6.6)

Where T is water temperature in K. Although the geshange coefficient (K - ') is
unknown for equations 6.3 - 6.5, the isotopic bbthe NO flux depend only on the
relative flux rates between the major isotopologaesl the term is eliminated by
substitution into equations 6.1 & 6.2.

The error associated with the calculab®iN andd'®0 values of the pO flux is
greater than the error f&°N and3™®0 of dissolved MO, since the calculation also
depends on the dissolved concentration which hassociated error value.

The error for the calculated isotopic ratios @& MO flux was calculated by
varying thed™N and3'0 values for dissolved 4O by +0.5%., and the dissolved
concentration values by +5%. The maximum variatiothe calculated values f&r°N
andd'®0 were taken as the error. For most data poingseittor associated with this
calculation was <2%o.. Data points with an error ggethan 5%. were rejected.

To calculate the annual average isotopic compasdfdhe bulk NO flux from
the central Grand River, only data from 2007 werduded in the analysis. TREN and
5'%0 data were weighted by flux rate and time. Flursdor each data point were

calculated using the dissolved®Iconcentration and representative gas exchange rat
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calculated using the PORGy gas exchange model (RRoshet al 2008, Venkiteswaran
et al 2007). The annual average isotopic compasafd\,O flux from the LG sites was

not calculated due to insufficient data for thiglgsis.

6.4 Results

During the period from May 2006 to January 2008 6ter samples were
collected for dissolved D concentration analysis (Figure 6.3). Of thesepasn 268
were analyzed to determine th&N and&'®0 of dissolved MO (Figure 6.4). In 40 of
these samples, the dissolvegNconcentration was too low to accurately calcutlage
isotopic composition of the 4 flux, so it was possible to determine #t&N andd'®0
of the NO flux on only 228 samples (Figure 6.5). Generalg, calculated"N and
50 values for the pD flux become less accurate as the concentratiproaphes 100%
saturation. Typically, the rejected data points bawlcentrations that were less than
130% saturation. Therefore the rejected data poguisesented the lowest 15% of the
measured pD concentrations, and the magnitude of th® Mux for these data points
was insignificant.

There is a significant difference 8°N and3'°0 values for the dissolved:®
and the NO flux to the atmosphere (Figure 6.6). The diffeewas most pronounced in
samples with BO concentration less than 1000% saturation. 3¢ and3™0 values
for dissolved NO range from -35.3 to 8.2%0. and 22.7 to 59.1%o, retypely. In contrast,
the 3'°N andd'®0 values for the PO flux are more spread out, ranging from -57.4 to
8.7%0 and 11.3 to 77.1%o, respectively. This indisdtet the isotopic composition of

dissolved NO in the Grand River is largely controlled by tlopigibration with
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tropospheric DO, resulting ind™>N and3*?0 values that approach the composition of
tropospheric BO (3*°N = 6.72 +/- 0.12%0 and'0 = 44.62 +/- 0.21%Kaiser et al 2003)
as the concentration decreases. Since the isatopiposition of the BD emitted to the
atmosphere (Figure 6.5) is most representativheisotopic composition of D
produced in the river at steady state, (Chapténelfiscussion in this chapter will focus
on the calculated™N and3'0 values for the pO flux.

There is a large amount of spatial variation ind&l and3™0 — NO data
collected from the Grand River. There is a cleffedeénce in NO concentration and
isotopic composition from upstream of the Wateoal Kitchener WWTPs (WM & BP
sites) compared to data collected immediately doneam (BL site). NO from the BL
site is the most depleted in bdfh and*?0, with most of the flux values ranging from -
30 to -10%o, and 20 to 30%. f&°N andd'®0 (Table 6.3). The pD concentration is also
the greatest at the BL site, with dissolved conediains as high as 8,500% saturation
(Figure 6.3, Table 6.3). These differences gNoncentration and isotopic compaosition
are a result of nutrient input to the Grand Riventf the upstream WWTPs.

High nutrient concentrations downstream of the Wateand Kitchener WWTPs,
cause heavy macrophyte growth in the river chariisb, these treatment plants
(especially the Kitchener WWTP, Table 6.2) reldasge amounts of N (Table 6.2),
and rely on nitrification in the river oxidize tiNH;" to NO;. Respiration and
nitrification result in very low night-time conceations of dissolved oxygen (DO)
downstream of the Waterloo and Kitchener WWTPscistimulate high rates of,[

production through denitrification (Chapter 5). Tdischarge of municipal WWTP
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effluent into the Grand River therefore has a céfact on the downstream nitrogen
cycling and NO production.

The type of wastewater treatment and the quafith@effluent released to the
river also has an effect on the isotopic compasiéind concentration of J in the river.
Although SP-B is also directly downstream of a m&&NTP (Guelph), the pO
isotopic composition and production rate at theatmn is very different than at BL
(downstream of Waterloo and Kitchener WWTPs). WHiksolved MO concentrations
at BL reached a maximum of 8,500% saturation, tagimum concentration observed at
SP-B was only 515 % saturation (Table 6.3). Thojgo composition of the O flux at
SP-B is also more enricheditN and*®0 compared to BL (Table 6.3). While the
nitrogen released by the Waterloo and Kitchener VWP4/iE predominantly in the form of
NH,", the Guelph plant fully nitrifies the wastewatefdre it is released to the river, and
NOjs is the predominant nitrogen species released efdrey; the discharge of effluent
from the Guelph WWTP likely does not stimulateifitation in the river, though the
release of N@ has the potential to stimulate denitrification vi&wver, the concentration
of DO at SP-B does not fall below 4 mg/L, makingyikarge increases in denitrification
rate unlikely. Compared to the large differenc&p® concentration and isotopic
composition upstream and downstream of the WatentmwbKitchener WWTPs (BP and
BL), the concentration and isotopic compositiomMegD in the Speed River upstream and
downstream of the Guelph WWTP (SP-A and SP-B) aiee gimilar (Table 6.3).
Although the addition of N@and organic nitrogen from the Guelph WWTP has the
potential to affect the downstream nitrogen cyclimgre is no significant change inM

production.
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Although GM is also located downstream of severajor WWTPs (Figure 6.2),
the NO concentrations (and thus®l production rates) are similar to the upstreaessit
(Figure 6.3). However, the isotopic compositiortted NO flux is intermediate between
the BL site and the rest of the upstream sitesu(€i§.5). Although the pO is similar to
the upstream sites, the nitrogen source atd production is influenced by the WWTPs
upstream of this location. Previous work by ther@river Conservation Authority has
determined that there is significant groundwatscldarge to the Grand River upstream of
the GM site. The additional groundwater dilutesniteogen nutrients in the river,
leading to an improvement in water quality. Macrgighgrowth in the river channel at
GM is much less than at BL, and thus the diel ckandO concentration is also much
less at this location. Although the N@oncentration at GM remain elevated with respect
to the sites upstream of the WWTPs (WM and BP)hirevy NH' load from the
Waterloo and Kitchener WWTPs is fully nitrified fapstream of the GM site. Therefore,
effluent from these treatment plants does not &affig® production at this location to the
same extent as the BL location.

Thed™N andd'®0 values from the samples collected at the LG sitegshe most
positive compared to data collected at all othisgiTable 6.3). The isotopic
composition of the pD flux from the LG sites is very similar to thatld$O collected
from oceanic waters (Figure 6.1). The gradienhefriver is very low at the LG sites,
and a small dam in Dunville, Ontario greatly inaesiriver depth and hydraulic
residence time throughout this reach. Since ther mxater is much deeper and more
stagnant at these sites, dissolve@®@Memains in the water column relatively longer

before it is released to the atmosphere througlegelsange. Therefore, there is a greater
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potential for dissolved pO to be consumed through reduction togds. Several studies
have shown tha#'®0 tends increase faster th&iiN in residual NO during reduction to
N, gas, and there is typically a 1:2 ratio 8MN:5"20 during this process (Vieten et al.
2007, Menyailo & Hungate 2006, Mandernack et a0(®0Thed"N and3*0 values for
the NO flux from the LG sites trends along this 1:2 li@gher studies that have
measured the isotopic composition giONfrom deep or stagnant water (oceanic studies,
Figure 6.1, Green Lake — Wahlen & Yoshinari 198&8n@ Nara River — Boontanon et al
2000), have observel’N andd'®0 values which are generally more positive compared
to N,O from terrestrial sources. It is likely that higtiN and3™®0 values are
characteristic of dissolved,® in deep or stagnant water sites due 40 Keduction to

No.

WM %o n=99

BP %" n=148

R P
GM aﬂ—[D—h. ® n=98
SP-A 1 om n=48

sPBp e ¢ [| e n=ss

LG #—D:)—b n=21

100 1000 10000
N,O Concentration (% SAT)

Figure 6.3 Dissolved NO concentrations measured at the seven sampliagjdos on the Grand and
Speed Rivers during the study period. Bars reptesedian values, 10 25", 75", and 98 percentiles.
Individual points represent outliers which fall side the 18 and 98' percentiles. Note the log scale.
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calculation error exceeded 5% N or 3'°0. The large cluster of BP points to the left af th
tropospheric MO point were all collected during a 28 hour perifi¢hiser et al 2003).
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Table 6.3 Summary of dissolved J® concentration, and°N and3'0 values for dissolved and flux®
from the seven sampling locations on the GrandSpekd Rivers during the study period. Concentration
data only includes samples for whihiN and3™0 analysis was also conducted.

Dissolved Flux
Is_ig]allot:ior]r? Concentration "N 3"°0 n 3°N 3"°0 n
(% saturation) (%o0) (%o0) (%o) (%0)

WM 105 to 115 -2t0 6 36t048 | 39 -18t0 8 11to 53 29
BP 100 to 300 -35t0 2 24t046 | 68| -23to10 2910 54 58

BL 120 to 8540 -6to9 23t049 | 68 -50to -9 11to 43 64
GM 105 to 330 -29t0 4 34to 50 36 -24t0 1 17 to 52 29
SP-A 190 to 390 -410 6 39to 54 26 -9to 4 33to 59 25
SP-B 105 to 515 -19to 5 23t0 49 24 -251t0 3 16t0 9 23
LG 115 to 460 Oto8 42t059 | 17 -10to 9 3310 82 13
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6.4.1 Seasonal Variability
N2O concentration and fluxes were generally muchdrghthe warmer months
(May to October) compared to the colder month$iefyiear (November to April) (Figure

6.7, Rosamond 2008). SinceMlis produced as a result of biological processesnot
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surprising that MO production rates are greater with increased wateperatures.
Similarly, the3™N andd'®0 values of the pO flux to the atmosphere also vary
seasonally.

Typically, there is a greater range3dtN and3*°O values for MO produced
during the warm months as compared to the cold hsofigures 6.8 & 6.9, Table 6.4).
The difference in th&"°N and3'°0 values of the pD flux between the various sampling
locations is also most pronounced during the waonths (Figure 6.8, Table 6.4).

Generally, the BD flux is more depleted ittN and*®0 during the cold months of
the year (November to April), and values are gdhenaore consistent between the
various sampling locations. TREN of NO; collected upstream and downstream of the
major WWTPs at various times throughout the yeas quate consistent, ranging
between 7.4 and 11.2%. (Table 6.5). Given thatgbtopic composition of the nitrogen
source is relatively constant throughout the yer differences are a result of changes in
isotopic enrichment factors for,® production only.

The NG concentration in the river is typically greatetie winter months as
compared to the summer months. Since fractionasierpected to be greatest when the
substrate is non limiting, the change in NEbncentration does not explain the change in
fractionation factors for pO production. Based on laboratory incubation expenits,
fractionation factors for pO production are inversely proportional to the ptebn rate
when the substrate concentration is held conskdati¢tti et al. 1981, 1982). Since the
N>O production rate is lower during the cold monthsgs effect partially explains the

lower 3*°N and&'®0 values.
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Figure 6.8 Calculated5™N andd'®0 values of the O flux to the atmosphere from the seven sampling
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Table 6.4 Summary of the calculateil®N and3'®0 values of the PO flux to the atmosphere from the
seven sampling locations on the Grand and SpeegtRigr the summer and winter periods. Summer is

defined as the

period from May to October, and &iig defined as the period from November to April.

Summer Winter
fi?ﬁ:?ﬁ Concentration "N 3°0 n | Concentration 3°N 3"°0 n
(% saturation) (%o0) (%o0) (% saturation) (%0) (%0)

WM 105 to 315 -9to 4 19to 40 | 13 105 to 165 -16 to -2 30 to 36 5
BP 100 to 300 -23to8 | 28to54 | 41 105 to 250 -17 to -6 2810 40 14

BL 170 to 8540 -37t0-9 | 18t037 | 43 120 to 540 -49 to -9 11 to 43 21
GM 140 to 305 -24t01 17to52 | 15 105 to 270 -22 to -7 24 10 40 12
SP-A 185 to 255 -9to 4 421059 | 20 230 to 390 -9to -2 33t0 49 5
SP-B 280 to 515 -14t03 | 29t048 | 19 105 to 610 -25t0 -8 16 to 36 5
LG 110 to 460 1to9 49to77 | 8 160 to 190 -10to -6 33to 44 5
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Table 6.5 A summary of the measur&fN values for N@ in the Grand River, collected at various times
throughout the year during the study period.

Cocation 8N — NOy (%)
Average Minimum Maximum n
BP 9.8 7.4 11.2 15
BL 9.3 7.4 11.2 12
GM 9.1 8.5 10.3 4
SP-B 8.7 - - 1

6.4.2 Diel Variability

Previous work has shown that the production rateisotopic composition of
N2O in the Grand River downstream of the Waterloo léitchener WWTPs (BL site)
can vary greatly in response to diel changes isotired oxygen concentrations (Chapter
5). The results of diel sampling at three otherss(BP, SP-A, SP-B) in June 2007,
indicate that these diel variations are preseatladr locations on the Grand River, but
not to the same extent as at the BL site (Figut6,6.11).

As explained in Chapter 5, this diel variabilitydgven by changes in dissolved
oxygen (DO) concentrations, which increase duriregday due to photosynthesis, and
decrease at night due to respiration (Figure 6 3idice the MO production processes of
nitrification and denitrification are highly sengé to redox conditions (e.g. Harrison et
al 2005), the relative importance of these proce&seN,O production is variable
throughout the diel cycle. The diel DO concentmatgcle is much more pronounced at
BL than at the other three sites, leading to muelatgr variation in the rates of

nitrification and denitrification at this locatiqg@€hapter 5). As a result, the diel variation
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in NOs” and NH" concentration is much more pronounced at BL tharother sites
(Figure 6.10).

In general, MO production is greatest during the night when @@centrations
are lowest (Figure 6.11). Since NHs only present in significant concentrations &jee
than 0.1 mg N/L) at the BL site, denitrificationtime river sediments is likely the
dominant NO production process at BP, SP-A and SP-B. Deiciitibn activity in the
river sediments will increase in response to lol@&r concentrations, though it is
possible that the XD:N; ratio could decrease. However, these results atelihat the net
N2O production rate increases as the DO concentrdBoreases. Although previous
research has shown that fractionation factors @ production are inversely
proportional to production rate (Mariotti et al.8l9 1982), this effect is not seen at BP
and SP-B, assuming that theN of NO; is relatively constant (Table 6.6).

The gas exchange rate at SP-A is very high, daestries of small dams located
immediately upstream of the sampling location. thes reason, the DO concentration did
not vary greatly over the diel cycle. As a resthie NO production rate and isotopic

composition at SP-A remained relatively constargrdiie diel time period.
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Figure 6.1Q Diel variations in N@, NH," and DO concentration at four sampling locationssueed in
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6.5 Disscussion

The annual averageN andd'®0 values for WM, BP, GM, and SP-B are
remarkably similar, ranging from -14%o to -7%o and34 to 36.8%., fo3*°N and3'?0
respectively (Table 6.6). These values are morathegwith respect t6°N andd'%0
compared to published data from other aquatic enuaients (Figure 6.1). Although the
averaged™N value for SP-A is similar to the others, it is stear why theéd'®0 value is
considerably higher (45.5%o). Since ®€0 of N,O produced through denitrification is
largely controlled by oxygen exchange with enviremtal HO (Kool et al 2007), a
small change in the extent of this exchange ratelavoave a great effect on th80 of
N,O produced. Since different microbial species Ha@n shown to facilitate oxygen
exchange at greatly different rates (Kool et ab20a difference in the microbial
communities between locations would lead to a ceanghe rate of oxygen exchange.
Alternatively, the highed'°O values could be a reflection of partigiO\consumption in
the river sediments (Vieten et al. 2007, Menyailél&ngate 2006, Mandernack et al.
2000), however th&™N value for SP-A is not significantly greater thatrthe other
locations.

As expected, the average isotopic composition®NI© flux from the BL site is
significantly different than that from all the otHecations. Thé**N and3'°0 values for
this site are heavily influenced by the night-tifg production during the warm
summer months. The most depleteg®DNboth in*>N and*®0) at the BL site is produced
during the summer nights when DO concentrationsoaveand NO production rates are
highest. As explained in Chapter 5;Nproduction at BL at night likely occurs through

denitrification in the sediments or at the sedimeater interface, while during the day

158



most of the MO at BL is produced through nitrification, with s@eént denitrification
also contributing to pD production. Since HD at BP is also likely produced by
denitrification in the sediments, and &N of NO5 is similar upstream and downstream
of the WWTPs (Table 6.5), these results indica& tine fractionation factors for.
production through denitrification upstream of INSVTPs is different than downstream
of the WWTPs This difference in enrichment factierbkely a result of a change in the
microbial community responsible for denitrificatiapstream and downstream of the
WWTPs.

The estimated total emission of@ito the atmosphere from the central Grand
River was 15.5 tonnes in 2007. The annual avebatieandd™®0 values for MO emitted
to the atmosphere from the central Grand River wE8e&5%0 and 32.7%o respectively.
Since the total BD production in the Grand River is dominated by swartime
production at the BL site (Figure 6.8), the totai@ge isotopic composition of the®
flux from the Grand River most resembles that ftbenBL site. The flux and time
weighted average values N andd'®0 of N,O produced in the Grand River are much
more depleted than the values measured $Qr iN the Bang Nara River, Thailand

(Boontanon et al 2000, Figure 6.12).
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Table 6.6 Magnitude and isotopic composition of thegONflux to the atmosphere from the six major
sampling locations. Only data collected for 2005 wetluded in this analysis.

Samp!ing Surface area of Total Anngal N ,O 5N 50
Location Representative Reach Emission

(ha) (tonnes) (%0) (%0)

WM 68 0.20 -11.3 36.8

BP 187.5 241 -7.0 36.6

BL 52.8 8.50 -26.3 29.3

GM 87.4 1.74 -14.0 34.5

SP-A 33.2 0.84 -6.7 45.5

SP-B 57.5 1.78 -7.5 35.5

Total 486 155 -18.5 32.7

Using only the available isotopic data for temestand oceanic pO production,
Rahn & Wahlen (2000) estimated that 818\ of tropospheric bD is decreasing by
approximately 0.03%. /year. However, due to theenirlimitations in precision of O
isotopic analysis, it will be several years befargear trend can be directly observed
(Kaiser et al. 2003). Since,@ production in rivers was not accounted for irs thi
calculation, this estimate may be greatly altengchbluding NO from this important
source. However, using this very limited datages difficult to assess the impact of
riverine NO production on the global isotopic budget of atpiesic NO.

If the global riverine MO production is similar in isotopic compositionthe
Bang Nara River, Thailand (Boontanon et al 200@§, source will have a very limited
impact on the predicted negative trenddbiN of tropospheric BD (~0.03%. / year Rahn
& Wahlen 2000). However, if the average value otgdifrom the Grand River
(3'°N = -18.5,5'%0 = 32.7) is representative of global riveringNproduction 5N
trend of tropospheric }O would be greater than that predicted by Rahn &Mfa

(2000). Once the true trend in N and3*?0 of tropospheric D is observed, the
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isotopic composition of various globab® sources can be used to determine the relative
significance of each source. Therefore, more werkeieded to characterize the isotopic
composition of riverine BD before the true isotopic contribution of this mmant source

can be determined.
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Figure 6.12 Flux and time weighted annual aver&y® and3'0 values of the D flux for the Grand
River compared to other publishedflux values. Only data collected for 2007 waduded in this
analysis. The average value for the Bang Nara Riter calculated using the publish®dN, 5'%0 and
concentration values published by Boontanon e0@02The heavy and light outlined ovals repredeat t
range of published data for terrestrial and oceaniéronments from Figure 6.1, respectivé{zgoontanon
et al 2000)?(Rahn & Wahlen 2000)Kaiser et al 2003).

6.6 Conclusions

The 3N and3*0 of N,O emitted to the atmosphere from the Grand River is
highly variable, with variability dependent on Itica with respect to nutrient sources
such as WWTPs. It is possible to determine the amitipn of the bulk annual JD flux,

by calculating thé&™N and3™0 of the NO flux from measured values for dissolved
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N,O concentrationd*°N and&'®0. The isotopic composition of the bulk annual ffrom
the Grand River is significantly different than threly other reported value for riverine
N,O production (Boontanon et al 2000). If the isotoppmposition of MO produced in
the Grand River is representative of global rivemO production, then Rahn & Wabhlen
(2000) likely have underestimated the trend¥6N of tropospheric MD. Due to the
current analytical precision f&°N andd'®0 analysis of tropospheric,® (+/- 0.12%o

for 3'°N and +/- 0.21%. fob™?0, Kaiser et al 2003), it will be several yearsobefa clear
trend can be detected. Additional research is rielbetter characterize the isotopic
composition of riverine BO production. This knowledge will enable researsherbetter
apportion global sources oL@ and understand the production of this important

greenhouse gas.
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Chapter 7:

Summary of Conclusions

This project achieved several research objectivies.first was to develop an
effective method to measure the stable isotope ositipn @'°N and&'®0) of dissolved
N2O. A new simplified method was developed for thieason of dissolved BD. This
technique involved purging dissolved®Ifrom samples using an ultra pure helium
stream, and cryogenic trapping the resultin@ i sample vials using a liquid nitrogen
bath. Using this method, it is possible to analgaeples at concentrations as low as 6
nmol NO/L with a 20 minute processing time. Although otpeblished studies have
used online methods to measuredW& and3*®0 of dissolved MO, this offline method
allows for a greater sample throughput, and withalresearchers who do not have
access to a dedicated mass spectrometer to cafldctore dissolved R for offsite

isotopic analysis.

The second objective was to characterize the complationship between the
5N and3*®0 values for produced, dissolved and emitte® M aquatic systems. Due to
the kinetic and equilibrium isotope effects assdlavith gas exchange, as well as the
equilibration with tropospheric JD, the isotopic composition of dissolvedONis not
equal to that of the source®, or that of NO emitted to the atmosphere in aqueous
systems open to gas exchange. To provide insigintive relationship between the stable

isotope compositions of source, dissolved and ethitO, a simple box model was
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created using Stella modelling software (SIDN&ablel sotopes oDissolvedNitrous
Oxide).

Using this model, it was found that when the resodetime of dissolved XD is
short compared to the period of variability, thetapic composition of emitted J is
much more representative (compared to dissolv£d) Nf the isotopic composition of
source NO. For a NO source with a constadt®N and3'?0, a simple change in
production rate (and therefore dissolved conceptrptan produce a change in &faN
andd'®0 values of dissolved 20, while the isotopic composition of the emittegONwill
remain nearly constant. Also, under certain coodij the>3*°N and3'°0 values of
dissolved NO can remain nearly constant, even if the valueghi® source and emitted
N,O are changing dramatically.

Using a simple set of equations, it is possiblediculate the isotopic composition
of N,O emitted from an aquatic system if the concermat*°N and3*°0 of dissolved
N,O are measured. The isotopic composition of emNigd is a much more useful
measurement than the isotopic composition of digsbNO, both for inferring thé"N
andd'®0 of the NO produced, as well as for global@®lisotopic budgets. Therefore, it is
recommended that tR&°N and3™0 of the emitted BD be calculated and reported for
studies using stable isotope analysis of dissoN«al.

In future research, the SIDNO model should be impddoy the addition of a
term to account for the consumption giNand reduction to N This would allow for a
more accurate understanding of the stable isotgpardics of dissolved D, especially

in anoxic systems where,® consumption is an important process.
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The third objective of this research project wasttaracterize the processes
responsible for PO production in the Grand River. Previously pulddistudies have
shown that nitrogen cycle processes ap@ Nroduction in rivers is strongly tied to diel
changes in dissolved oxygen concentration. Thisvwias confirmed in the Grand River
by continuous sampling over a 28 hour period doxash of the major wastewater
treatment plants.

It was found that nitrification or nitrifier-denitication dominated RO
production during the day when dissolved oxygerceatrations were high. Sediment
denitrification likely also contributed toJ® production during the day. Denitrification
occurred at night when dissolved oxygen conceuwinativere low, producing D at a
much higher rate than during the day. The SIDNO ehwds used to determine the diel
variation in the isotopic composition ob® production. MO produced during the day
had a5™N value of -22%. and &0 value of 43%.. MO produced during the night had a
5N value of -30%. and &0 value of 30%o.

Using thed™N and&'®0 values for MO, NO; and NH" in the river, apparent in-
situ enrichment factors forJ production through nitrification and denitrifica were
calculated. For denitrification, the nitrogen ehrieent factor ranged from -34%o to -
30.8%0, and the oxygen enrichment factor ranged 8@t to 33%o. The nitrogen
enrichment factor for nitrification ranged betwe&02%o. to -46%., though these values
may be influenced by the contribution ofMifrom sediment denitrification. Since these
enrichment factors are based on in-situ productlogy are more representative N
production than published enrichment factors olet@ily laboratory cultures of single

microbial species.
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It is recommended that in future research, labbations of sediment and water
from the Grand River be conducted to further ingesgé the relative importance ot®™
production in the sediments versus the water colusatopic data from these laboratory
incubations could be used to further support thgtinisotopic enrichment factors
obtained using the SIDNO model.

This study fully characterized,® production in the Grand River downstream of
the Waterloo and Kitchener WWTPs. Planned modificet to these treatment plants are
expected to greatly improve the quality of effludistcharged to the Grand River within
the next 10 years. It is recommended that furthergding be conducted after the
improvements are completed in order to determirérttportance of WWTP effluent
guality on NO production and nitrogen cycling. The resultshid tesearch would have

broad implications for river management and wasteiaeatment in the future.

The final objective of this research project washaracterize the spatial and
temporal variability of the isotopic compositiongfO emitted from the Grand River.
Although NO production in rivers accounts for a significaottpn of the global hNO
budget, the isotopic composition of®from this important source has not been well
characterized. Only one other published study heasored*°N and3'°0 of N,O
produced in a river. The results of the presemtysindicate that the magnitude and
isotopic composition of the JO flux to the atmosphere varies significantly bspliatially
and temporally in the Grand River.

Generally, NO fluxes are greatest immediately downstream ofribgor

wastewater treatment plants;Mproduced downstream of the Waterloo and Kitchener
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WWTPs is more depleted 31°N and'®0 compared to upstream locations. The Guelph
WWTP does not have the same effect on downstregdngkbduction. The major
difference between the plants is that the Wateaww Kitchener plants release large
quantities of NH', while the Guelph plant only releases N@hese results indicate that
the quality of wastewater effluent has a greatotfbm the downstream production of
N2O.

Thed"N and3'®0 values of MO emitted from the sites on the lower Grand River
were higher than any other location in the GranceRand were similar to the isotopic
composition of NO produced in oceanic environments. The lower GRindr is deeper
and slower moving than the other locations stucaed, NO consumption is likely an
important process in the lower reaches of the riés possible that high'>N and3'°0
values are characteristic of® produced in deep water environments.

Overall, the magnitude and isotopic compositiothef NO flux from the Grand
River is dominated by night-time production dowaatn of the Waterloo and Kitchener
WWTPs during the summer months. The flux and tineggitted annual average isotopic
composition of NO emitted from the Grand River was -18.5%0 and 32fé%&"°N and
5'%0 respectively. This is significantly more depletedn NO from the Bang Nara
River, Thailand (the only other published datarfeerine NO production).

This study focused onA production in the middle and lower reaches of the
Grand River. Future research should investigaté production and nitrogen cycling in
the upper reaches and smaller tributaries in tre@GRiver watershed. Since the nitrogen
sources and hydrologic conditions in these smallercourses are much different than

that of the higher order reaches of the Grand Rives expected that XD production
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and nitrogen cycling would differ in these areasvall. Also, this study did not
investigate MO production in the major reservoirs located witthia Grand River
watershed. The deep water and long hydraulic rietetitnes in these reservoirs likely
allows for denitrification and pO consumption to remove nitrogen from the system.
Future research should examine the role of thessveirs in nitrogen cycling in the
Grand River watershed.

Currently, this study is the most thorough chandzagion of thed™>N and3'®0 of
N,O produced in a river environment. However, furttesearch is needed to characterize
the isotopic composition of global riverine®l production. Current research indicates
that approximately 25% of global anthropogeny©Nbroduction occurs in rivers,
estuaries and near shore coastal environments (@eptral 2007); however the isotopic
composition of this important source is poorly do@ised. The data presented here
indicates that the isotopic composition afNproduced in river environments is highly
variable, both spatially and temporally. The isatagpmposition of riverine pO
production is likely also influenced by other emvimental factors such as climate, water
guality, and hydrology. Future research into rimerN.O production should focus on
characterizing the isotopic composition ofONin rivers other than the Grand River, and
should focus on developing links between environalezonditions and™N andd'®0 of
N2O. This research is needed to accurately detertheeffect of riverine D
production on the global atmospherigONisotopic budget. If global riverine,®
production is similar in isotopic composition tattirom the Grand River, the negative
trend ford*°N and&'®0 of tropospheric BD will be significantly greater in magnitude

than previously predicted. The thorough characion of global riverine BD
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production will allow for a more accurate undersliag of the relative importance of

global NO sources and sinks.
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