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ABSTRACT

Riha, Krystin M. Ph.D., Purdue University, May 2013. The Use of Stable Isotopes to
Constrain the Nitrogen Cycle. Major Professor: Greg Michalski.

Nitrogen (N) is a crucial element which is essential for life and is necessary for all
organisms to live and grow. However, N compounds have also been acknowledged for
their many detrimental impacts on the environment. Human activities have dramatically
altered the global N cycle through energy production (fossil fuel combustion), production
of synthetic fertilizers, and cultivation of legumes and other crops. In this study we aim to
resolve sources of reactive N and its fate in semi-arid urban environments using stable
isotopes abundances. We have shown conclusively, for the first time, that in semi-arid
urban environments the fractional contributions of atmospheric nitrate dominate

compared to biologically derived nitrate observed in runoff.

This study employs this use of nitrogen and triple oxygen isotopes of nitrate
(NOj3) to infer changes in the nitrogen biogeochemical cycle (e.g. NO; source
appointment, processing, and atmospheric chemistry) in semi-arid urban environments.
However, analytical and isotopic approaches come with their caveats many of which are
overlooked. The recent isotopic analysis method which employs the use of denitrifying

bacteria coupled with subsequent gold tube thermal decomposition has several



XV

shortcomings. Adaptations have been made to: simultaneously analyze nitrogen and
oxygen isotopes, discuss detection limits, determine the isotopic effects of sample
preparation as well as improve calibration curves to encompass the full range of
environmental samples and eliminate the need for extrapolation and improper
corrections. One way to determine the sources of nitrogen input to these environments is
through the use of multiple isotope analysis (8'°N, &0 and A'’0). However, the
commonly used ‘dual isotope’ approach for NOj3  source appointment is based on of
limited studies conducted in forested and coastal ecosystems and is not conclusive of all
ecosystem NOs™ values. Poor separation also occurs between NOs'sources, particularly
atmospheric and nitrification, as well as misinterpretation of NOj3; values due to
fractionation occurring during NOs3™ processing. However, many N biogeochemical
studies still employ this approach which can lead to inconclusive or incorrect results.
Improvements to the dual isotope approach presented in this dissertation include isotopic
constraints of NO3™ sources including atmospheric samples from a variety of locations
across the globe, a larger set of fertilizer NO5™ samples, modeled nitrification NO3™ 8'*0
values, and inclusion of an alternative dual isotope approach using A'’O which allows for

better source separation.

These NOj™ source constraints were employed in a case study to determine the
effects of urbanization on the coupled nitrogen hydrologic cycle in the semi-arid urban
environment of Tucson, AZ. It was found that, contrary to an abundant amount of
literature, variations in atmospherically derived NO3™ was not controlled by changes in

NOy source emissions but rather by shifts in meteorological conditions and atmospheric
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chemistry. Regardless of A'’O or 8'®0 approach, the fraction of atmospheric NO5”
exported from all the urban catchments, throughout the study period, were sustainably
higher than in nearly all other ecosystems. Most studies trying to quantify atmospheric
NO5™ export have attempted to use elevated 8'°0 values as a tracer of atmospheric NO3”
with focus on forested and alpine ecosystems and have shown minimal to no atmospheric
contribution to surrounding waterways. The variability in the fractional contribution in
the study catchments changes over the course of the storm events suggesting different
pools of nitrate are being mobilized during changing hydrologic conditions. The isotope
data suggests that type of drainage substrate, such as concrete or vegetated washes,

influences N cycling within the individual catchments.



CHAPTER 1. INTRODUCTION

This introduction briefly sets the framework for the research needs on nitrate stable
isotope source constraints for nitrogen biogeochemical studies followed by detailing the

research objectives and outlining the organization of this Ph.D. dissertation.

Nitrogen (N) is a critical element which is vital for life and is required for all organisms
to live and grow. However, N compounds have also been recognized for their many
harmful effects on the environment. Human activities have drastically altered the N cycle
through anthropogenic activities including: energy production (fossil fuel combustion),
production of synthetic fertilizers, and cultivation of legumes and other crops. And driven
by energy and food production for an ever growing world population, anthropogenic
fixation is projected to increase 60% by 2020 (mainly from developing countries). The
magnitude of this production raises critical questions as to the consequences and the fate
of new reactive N in the environments. With the cycling of N containing seven oxidation
states, numerous mechanisms for interspecies conversion, and a variety of environmental
transport/storage processes, nitrogen has arguably the most complex cycles of all the
major elements. This complexity makes tracking anthropogenic nitrogen through

environmental reservoirs a challenge. However, such studies are of importance due to



nitrogen’s role in all living systems and in several environmental issues (e.g. greenhouse
effect, smog, stratospheric ozone depletion, acid deposition, coastal eutrophication and

productivity of freshwaters, marine waters and terrestrial ecosystems).

The use of nitrogen and triple oxygen isotopes of nitrate (NO3") have been used to deduce
changes in the nitrogen biogeochemical cycle (e.g. NO;™ source appointment, processing,
and atmospheric chemistry). However, analytical and isotopic approaches come with
their limitations many of which are neglected. The recent isotopic analysis method which
utilizes denitrifying bacteria coupled with subsequent gold tube thermal decomposition
has gained widespread use due to its rapid analysis time and small sample size demand
and therefore more N isotopic studies have emerged. However, this method has several
shortcomings many of which will lead to miscalculation of isotopic values due to poor

calibrations this limitation can lead to misinterpretation during N biogeochemical studies.

One way to determine the sources of nitrogen input to these environments is through the
use of multiple isotope analysis (8'°N, §'*0 and A'’0). The §"°N of NO;™ can be used to
differentiate sources and when combined with 8'*0 better separation can be attained due
to distinct isotopic signatures. However, the commonly used ‘dual isotope’ approach for
NOj™ source appointment was designed off of a few N studies conducted in forested and
coastal ecosystems and is therefore not conclusive of all ecosystem NOj™ values. Even
when combining both 8'°N and §'®0, NO;™ sources still overlap, particularly those from
atmospheric and nitrification, as well as the potential for values to plot outside source

ranges due to fractionation occurring during NOj; processing. Because of this poor



separation, misinterpretation of NOs™ sources and processing can occur. However, many
N biogeochemical studies still employ this approach which can lead to inconclusive or

incorrect results.

1.1 Objectives

1. Adapt current instrumentation and methodology consisting of the denitrifier method
coupled with gold tube thermal decomposition to a) simultaneous measure nitrogen and
triple oxygen isotopes of nitrate b) construct better calibration curves encompassing the
full range of environmental samples c) provide detection limits and d) determine isotopic

effects of sample preparation.

2. Improve on the dual isotope approach of nitrate source identification by constraining
nitrate isotopic values for different sources. This includes investigation of the isotopic
composition of fertilizer NO;™ used in agriculture, atmospheric NO;™ deposited as acid
rain and aerosols, and NOs™ generated by nitrification. Also I will determine the triple

oxygen isotope composition (A'’O) and develop a three isotope mixing model approach.

3. Demonstrate the feasibility of improved dual isotope and three isotope mixing models
for understanding the N cycle through a case study of nitrate in runoff collected in semi-

arid urban environment.



1.2 Organization

This dissertation is composed of seven chapters, including this introduction, organized as

follows:

CHAPTER 2: A literature review on the nitrogen cycle, stable isotopes and their

use in understanding the nitrogen cycle.

CHAPTER 3: Improving current methodology for nitrate isotopic analysis is
discussed. [In review: Riha, K.; King, M.Z.; and Michalski, G. 2013,
Standardization of A0 and 6N using the denitrifier method and gold tube

thermal decomposition]

CHAPTER 4: This chapter is a brief review of nitrate isotopic data used in
constraining nitrate sources which can be utilized in isotopic mixing models and
in the typical dual isotope approach as well as the A'’O three isotope approach
[Submitted: Michalski, G.; Kolanoswski, M; Riha, K. 2013, Triple oxygen isotope
composition of fertilizer nitrate, In Press: Michalski. G.; Mase, D.; Riha, K.; and
Waldschmidt, H., 2013, Assessing peroxy radical chemistry and N,Os uptake
using oxygen isotope anomalies in atmospheric nitrate. Proceedings of the

National Academy of Sciences — Physical Science., In Preparation: Michalski, G.

and Riha, K., 2013, Spatial and temporal variations in oxygen isotopes during

ammonia oxidation: Isoscapes of nitrification., In Preparation: Michalski, G.; Li,
B.; and Riha, K., 2013, Multiple isotope mixing model for source apportionment

of nitrate, In Preparation: Michalski, G.; Mase, D.; Riha, K.; Wang, F.;




Kolanowski, M; 2013, The global isotopic composition of nitrate in

precipitation.|

CHAPTER 5: This chapter studies the seasonal variations of aerosol nitrate 8'°N
composition in a semi-arid urban environment and utilizes it to show seasonal
variations are related to atmospheric chemistry not N sources. [In review: Riha, K
and Michalski, G., 2013, Seasonal variations in NO; §"°N of PM>s and PM;y:

Insights into isotope exchange during NO, chemistry.]

CHAPTER 6: The effects of urbanization on sources of nitrate delivered to

waterways are discussed. [In Preparation: Riha, K.M.; Lohse, K.A.; Gallo, E.L.;

Brooks, P.D.; Meixner, T.; and Michalski, G., 2013, Linkages between the

atmospheric and biospheric nitrogen cycles in arid urban ecosystems.|

CHAPTER 7: The major findings of the present study on constraining nitrate
stable isotope sources for N biogeochemical studies are summarized followed by

highlighting future research needs.



CHAPTER 2: LITERATURE REVIEW

2.1 Nitrate and the Nitrogen Cycle

>
Fossil Fuel
Gaseous Loss .
Combustion
to Atmosphere 6
A . &y / @ Fertilizer
Organic 6 v
Residue / @
: : Precipitation
Livestock &
Sewage Waste

Plant Uptake

Figure 2.1. The terrestrial nitrogen cycle, where red arrows denote microbial
transformations of nitrogen, purple arrows show anthropogenic influences to nitrogen in
the environment, orange arrows indicate natural, non-microbial processes affecting the

form and fate of nitrogen, and blue arrows designate physical forces acting on nitrogen.



Terrestrial Nitrogen Cycle — Nitrogen (N) is a crucial element essential for life
(Keeney et al., 2001). It is a critical component of DNA, RNA and proteins, the building
blocks of life, and is necessary for all organisms to live and grow (Galloway et al., 2002;
Harrison, 2003). And while nearly 80% of the total mass of the atmosphere is made up of
Ny, this form of nitrogen is biologically unavailable to most organisms due to the strong
triple bond between the N atoms (Galloway et al., 2002). Breaking this triple bond is a
high energy-requiring reaction and in nature only a few select species of microorganisms
have developed the capability to covert N, to more chemically available forms of N,
ammonium (NH,"), nitrate (NO3), organic nitrogen (NH,),CO also known as fixed N.
Fixed N is incredibly versatile, existing in both organic and inorganic forms as well as
many different oxidation states (+5 as NO;™ to -3 as NH3). The movement of N between
the atmosphere, biosphere and geosphere in different forms is described by the nitrogen
cycle (Figure 2.1), one of the major biogeochemical cycles on Earth. Throughout the
nitrogen cycle, N undergoes a variety of redox reactions that are performed by different
organisms (mainly bacteria, archaea and fungi) via five main processes: nitrogen fixation,
nitrogen assimilation, mineralization, nitrification and denitrification (Bothe et al., 2007).
As microbially mediated processes, the rates of transformations are dependent on
environmental factors controlling microbial communities, such as temperature, soil
moisture, and resource availability.

Atmospheric NO, Cycle — Negative consequences of urban growth include increasing
emissions of primary airborne pollutants such as nitrogen oxides (NOy) which can lead to
the formation of secondary pollutants (O3, particulate matter). NOy is emitted from a

variety of sources (mainly anthropogenic) and during the daytime is rapidly converted



between nitric oxide (NO) and nitrogen dioxide (NO,) through oxidation reactions by

ozone (O3) or peroxy radicals (HO, and RO;) (R1 and R2) and photolysis (R3)

NO + 03 — N02 + 02 (Rl)
NO + HO, (or ROO) — NO, + OH (or RO) (R2)
NO, +hv —-NO+ 0 (R3)

The formation of HNOj is the main sink for NOy in the atmosphere. During the daytime
NO; is oxidized by OH to form nitric acid (HNOj3) (R4) or by O3 to form NOj; (RS).
During the nighttime, NOj; reacts with NO; to form dinitrogen pentoxide (N,Os) (R6),
which subsequently hydrolyzes on aerosol surfaces to form HNO; (R7). A third, usually

minor pathway, is that of hydrogen abstraction by nitrate radicals (RS).

NO; + OH+M — HNO; + M (R4)
NO; + O3 — NO3 + O, (RS)
NO; + NO3 <> N,Os (R6)
N,Os5 + H,O + surface — 2HNO; (R7)
NO; + VOC —-HNO; + R (RY)

Gaseous HNOs is highly water soluble and reactive and therefore is easily scavenged
from the atmosphere by precipitation as wet deposition or on aerosol particles as dry
deposition. Through the removal of NOy, by the formation and subsequent removal of

HNOs3, O3 and OH mixing ratios are changed and aerosol production is altered (Dentener



et al., 1993). This dissertation research is focused on gaining a better understanding of the
nitrogen cycle, in particular assessing the impact of human activities on the movement on

N within urban ecosystems.
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Figure 2.2. Recent increases in anthropogenic N fixation in relation to natural N fixation

(Image: adapted from (Vitousek et al., 1997)).

While N is required to sustain life, N compounds have also been acknowledged
for their many detrimental impacts on the environment (Keeney et al., 2001). Globally,
humans fix N, at the same rate as biotic N, fixation (Galloway et al., 1995; Vitousek et
al., 1997) (Figure 2.2). Anthropogenic activities contributing to the production of reactive

N species include: energy production (fossil fuel combustion), production of synthetic
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fertilizers, and cultivation of legumes and other crops. Human activities have
dramatically altered the global N cycle, increasing both the availability and mobility of
reactive N species over a large regions. Unsurprisingly, there is a notable anthropogenic
N excess from developed countries, where vehicle emissions and industrial agriculture
are most prevalent (Socolow, 1999). While excess N additions (whether intentionally
through fertilization or unknowingly as a consequence of fossil fuel combustion) occur
locally, their influence spreads regionally and even globally (Vitousek et al., 1997).
Effects within the environment vary with the N form however the environmental
repercussions are grave and long lived. Harmful impacts of excess N include increased
concentrations of the greenhouse gas N,O (Richardson et al., 2009) and drive
photochemical smog production (Vitousek et al., 1997) and the destruction of
stratospheric ozone (Lassey et al., 2007; Ravishankara et al., 2009), shifts in plant and
microbial biodiversity as well as declines in sensitive organisms in both aquatic and
terrestrial ecosystems (Fenn et al., 2003a; Tilman et al., 1996), soil acidification (Fenn et
al., 2003a), eutrophication of coastal waters and estuaries (Rabalais, 2002), and
degradation of surface waters and groundwater (Williams et al., 1996). And driven by
energy and food production for an ever growing world population, anthropogenic fixation
is projected to increase 60% by 2020 (mainly from developing countries), therefore
causing a fertilizing effect on global ecosystems and changing ecosystem function in
ways we still do not understand. This dissertation aims to resolve sources of reactive N

and its fate in the environment using stable isotopes abundances.
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2.2 Stable Isotopes of Nitrogen and Oxygen

The use nitrogen and triple oxygen isotopes of nitrate have been used to infer
changes in the nitrogen biogeochemical cycle. Nitrogen has two stable isotopes with
mole fractions of: "N (0.9963) and "N (0.0037) whereas oxygen has three stable
isotopes: '°O (0.9976), 'O (0.0004) and 'O (0.0020) (Criss, 1999). The natural
abundances of stable isotopes are quite small and to compensate instruments have
employed a technique of quickly measuring and comparing differences in intensities from
the sample to the standard rather than measuring absolute intensities for each sample. For
these reasons it is common to report the measured difference in the isotopic composition
of the sample (x) and an accepted standard (std) in terms of dimensionless d-values,

defined as by the following formula (Criss, 1999):

R, —R
8, = 1000 - (x—Std>
Rstd

where R is the ratio of the rare isotope to the abundant isotope (e.g. *N/'*N). Nitrogen
and oxygen 0 values are made in comparison to N»-air and Vienna Standard Mean Ocean
Water (VSMOW), respectively (Coplen et al., 2002). Delta (6) notation i1s a way of
making comparisons between the isotopic ratios of two materials. These minuscule
differences in isotopic abundances are a significant way of discerning transformations in

biogeochemical systems such as the nitrogen cycle.
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Figure 2.3: Oxygen isotopic compositions of atmospheric species that have been
measured to date. TLF represents the oxygen terrestrial fractionation line based on mass
dependent fractionation (3'’0 = 0.52¢8'°0) and MIF (mass independent fractionation)
species are atmospheric derived oxygen sources that are equally enriched in '’O and "®O.
The deviation from the TLF and MIF species is denoted A'’O (A0~ 80 — 0.52+5'%0).

(Image adapted from: (Thiemens, 2006))

The use of triple oxygen analyses to further gain insight into biogeochemical
studies is a recent advancement. The three stable isotopes of oxygen typically fractionate
in a mass dependent manner, therefore an almost linear relationship exists between
changes in 8'’0 and 8'%0 (Miller, 2002a) which can be expressed as: §'’0 = 0.52+5'%0. A

dual isotope plot of 8'’O and 5'*0 of the main oxygen reservoirs on Earth (H,O, silicate
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and carbonate rocks, and air O,) verifies this theoretical relationship. The resulting line is
referred to as the oxygen terrestrial fractionation line (TFL) (Figure 2.3). One well-
known exception to the mass dependence rule is the isotope fractionation that arises
during ozone formation (Thiemens et al., 1983) in which 'O and '®O become equally
enriched in the resulting product (Figure 2.3). This process has been designated a mass
independent fractionation (MIF) since both minor oxygen isotopes are impartially
enriched, independent of their mass differences. MIF is denoted by A'’O and can be

quantified by (Miller, 2002a):

270 = | (1 +522) Z 0521 (1 + 2-2)] - 1000
i 1000, ¢! 1000

Chapter 4 of this dissertation details the development of a new method for simultaneous

8N, 8'%0, and A'"O analysis of nitrate.

2.2.1 Isotopic Exchange and Equilibrium Fractionation of N and O Stable Isotopes

Isotope effects are only observed when reactions do not go to completion, such
that not all N (or O) atoms in a substrate go into the products of the reaction. Variations
in stable isotope ratios are a result of equilibrium and kinetic isotope effects. Equilibrium
isotope effects arise because a larger activation energy is required, during a physical or
chemical process, to dissolve an isotopically heavy chemical species (e.g. "°N, 'O and
'80) compared to a lighter species (e.g. "*N and '°O) therefore an isotopically lighter
species will be bound less strongly at equilibrium (Bigeleisen, 1952; Bigeleisen, 1965). A
simplified example of an equilibrium exchange is:

A'X +BX - AX +B'X
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where A and B are different phases (e.g. H>O(,) and HyOy.q)) or products and reactants and
“*> represents the trace isotope. In this simplified reaction, isotopic fractionation of

compound 4 relative to compound B can be expressed as a fractionation factor:

R4

Hy-p =
Rp

The isotopic fractionation factor can be represented by the enrichment factor (&), which
describes the isotopic enrichment of the product relative to the substrate in parts per
thousand symbolized as %o:
Ep—p = (aA_B - 1) -1000

An example of an equilibrium isotope exchange is the exchange of '°N between NH; and
NH;" in an aqueous solution:
and the fractionation would be calculated by the ratios:

14NH3

ONH3-NH4 = W
14NHI

Kinetic isotope effects arise because heavier molecules react more slowly than their
lighter counterparts. Kinetic isotope fractionations are also described by o, however in
this case it is sometimes (confusingly) defined by the ratio between the rates of the

process for light and heavy isotopes (ki and kg, respectively):

ky

(Z=E
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2.2.2 Tracing Nitrate Sources and Cycling Through the Use of N and O Stable Isotopes

Table 2.1. Nitrogen isotope effects for microbial processes in pure cultures (Adapted

from (Casciotti, 2009; Hogberg, 1997))

15

Process Reaction Ol Pe (%o) References
) ) B (Barford et al., 1999;
Z‘;r“.‘:e.fr,ed‘tl.c“‘;n NO3 — NOy liOS;O +13-+30 | Delwiche etal., 1970;
nitrication ' Granger et al., 2006)
Nitrite reduction . 1.005 - (Bryan et al., 1983;
(denitrification) NO; = NO 1.025 - 23 Casciotti, 2009)
Nitrous oxide reduction 1.004 — (Barford et al., 1999;
(denitrification) N0 =N, 1.013 t4-+13 Ostrom et al., 2007)
. . . B (Granger et al., 2004b;
igfﬁ;ﬁ:ggﬁ;“on (nitrate | o~ NOy 1i0(())150 +5- +10 | Needoba et al., 2004;
' Waser et al., 1998)
0.998 — (Delwiche et al., 1970;
Nitrogen fixation N> — Norg 1 002 22— 42 Hoering et al., 1960;
) Meador et al., 2007)
+ (Hoch et al., 1992;
N assimilation 111%4_ :E"rg I i08§7_ +1 - +27 | Hogberg, 1997; Waser
3 ore ' et al., 1998)
N mineralization Norg — NH, | ~1.000 +1 (Hogberg, 1997)
(Casciotti et al., 2003;
Ammonium oxidation + - | 1.014 — Delwiche et al., 1970;
(nitrification) NHy = NO» |y g3 | F14= 438 | Npariotti et al., 1981:
Yoshida, 1988)
Nitrite oxidation NOy »NOy | 09872 |  -12.8 (Casciotti, 2009)
(nitrification) ' ) ’
Ammonia volatilization | NH; <> NH;" | 1.029 +29 (Hogberg, 1997)
Tonic equilibrium NH; < NH; | 1.020 —
-+
(ammonia volatilization) | (in solution) 1.027 20 27 (Hogberg, 1997)
o NH,', NH,
Diffusion NO;’ ~1.000 0 (Hogberg, 1997)

(in solution)

N, Fixation — Nitrogen fixation is the process of converting N, into biologically

available nitrogen. N, gas is an especially stable compound due to the strength of the

triple bond and consequently requires a considerable amount of energy to oxidize it into
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bioavailable inorganic N. The whole process requires eight electrons and at least sixteen
ATP molecules (Bothe et al., 2007):

N, + 8H" + 8¢ — 2NH; + H,
As aresult, only a select few microorganisms are capable of performing this energetically
demanding process (Galloway et al., 2002) along with abiotic processes such as
lightening and fossil fuel combustion (Vitousek et al., 1997). "°N fractionation during
nitrogen fixation is relatively small (Table 2.1) even though there are discrepancies
between ‘normal’ fractionation and inverse fractionation (where heavy isotopes
preferentially go into product) factors. These are mainly attributed to differences in
bacterial strain, nutrient supply, and soil moisture (Bergersen et al., 1986; Ledgard, 1989;
Steele et al., 1983). Humans fix N, into NH; using the Haber-Bosch process, which uses
high temperatures and catalysts. Data shown in Chapter 4 of this dissertation shows that
there is little to no isotope fractionation during this process.

Nitrogen Assimilation — Nitrogen assimilation occurs both in plants and
microorganisms and is the formation of organic N (e.g. amino acids) from inorganic N
(NH,4" and NO3"). Assimilation by plants or microorganisms acts as a temporary holding
reservoir for nitrate, which can then be regenerated by mineralization or nitrification.
Fractionation factors involved in assimilation can vary greatly (Table 2.1). These
discrepancies are due to plant and microbial competition for substrate, substrate
availability, substrate selectivity (NH4" versus NOj3), and supply and demand of substrate
(Hogberg, 1997). However, it has been shown that if assimilation is occurring by algae,
bacteria, and possibly plants that both the 8'°N and 8'*0 of the residual nitrate (plotted on

a dual isotope plot) will increase in a linear relationship with a slope of 1 (Granger et al.,
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2004a). Thus 1:1 trends in the 8'°N and 8"0 can be used as evidence of assimilation in
ecosystem studies. Chapter 6 of this thesis uses this technique to assess the importance of
assimilation in urban catchments located in Tucson, AZ, USA.

Nitrogen Mineralization — Nitrogen mineralization is the process in which organic
N (e.g. proteins in dead plant material) is converted to ammonium. Very little evidence
supports isotopic fractionation during nitrogen mineralization (Table 2.1).

Ammonia Volatilization — Ammonia volatilization is a physicochemical process
where ammonium is in equilibrium between the gaseous and hydroxyl forms (Reddy et
al., 1984):

NH;(aq) + H,O <> NH;" + OH’
This reaction is pH dependent where alkaline pHs support the presence of the aqueous or
gaseous forms (NH3) and at acidic or neutral pHs ammonium is primarily in the ionic
form (NH;"). Once converted to gaseous forms, the transfer of dissolved ammonia in
aqueous solution to the atmosphere is dependent on the differences in the respective
partial pressures and a net transfer to the atmosphere will occur until an equilibrium is
reached in concert with Henry’s law (Reddy et al., 1984). Several steps during ammonia
volatilization involve possible isotopic fractionation of N including: the equilibrium of
NH," < NHj in solution, diffusion of NHj to the site of volatilization, volatilization of
NHs;, and diffusion of NHj3 away from the site of volatilization (Hogberg, 1997). The
combined effect of these processes can impart a large net fractionation (Table 2.1). These
fractionations are largely dependent on the rate limiting step of the reaction (e.g. pH of
substrate, temperature, wind velocity at the surface of water and substrate supply (Reddy

et al.,, 1984)). However, where ammonia volatilization is a significant process, it will
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leave the residual N enriched in "’N. In Chapter 5 of this dissertation the data show that
NHj3 equilibrium is not important in the 8'°N of aerosol NH;NO;.

Nitrification — Nitrification in soil predominately occurs via chemolithic
autotrophic ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB).
Nitrification is the conversion of ammonia (NH3) to nitrate (NO3") which occurs in a two-
step process, in which AOB (e.g. Nitrosomonas or Nitrosospira) convert NHj to nitrite
(NO;) (Norton et al., 2011):

NH; + O, +2H" + 2¢” — NH,OH + H,0 — NO, + 5H' + 4¢’
While NOB (e.g. Nitrobacter or Nitrospira) covert NO, to NOs™ (Norton et al., 2011):
NO, +H,0 — NO5 + H,0 +2H" + 2¢”

Currently there are no known AOB which can covert NH3 directly to NOs™ (Hooper et al.,
1997). In general, AOB and NOB populations are coupled in a way that inhibits
accumulation of NO; in soils except under transient conditions that have decreased the
population or suppresses the activity of NOBs (e.g. NHj toxicity due to fertilizer
applications (Norton et al., 2011), low pH enhancing production of HNO, (Venterea et
al., 2000)). However, since AOB require NH4/NH3, CO, and O, to proliferate and grow
ammonia oxidation is the rate limiting step in nitrification due to limited substrate
availability (Norton et al., 2011). And at low O, concentrations, it has been shown that
AOB can produce significant amounts of N,O (Bremmer et al., 1978), NO (Goreau et al.,
1980) and possibly N, (Poth, 1986) and it is argued that fraction of these by-product
gases may account for as a comparable a fraction from denitrification (Anderson et al.,

1986).
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Nitrification and 5"’ N — Nitrification has been associated with fairly large isotope
effects (o)), with respect to "°N, ranging from 1.015 — 1.036 (Table 2.1) during the
ammonia oxidation step. Since nitrite oxidation is not rate limiting, it has been suggested
that there should be no further fractionation (Hogberg, 1997), however, recently Casciotti
(2009) observed an inverse kinetic isotope fractionation (0.9872, Table 2.1) during
bacterial nitrite oxidation in a strain of marine NOB (Casciotti, 2009). Inverse kinetic
isotope effects are rare and it was suggested to expand these observations to determine if
this inverse fraction is universal amongst NOB to further constrain N cycling within
marine and terrestrial environments. This suggests in ecosystems where nitrification
readily progresses and NO, does not accumulate that "N will be enriched in NOj’
compared to NHj.

Nitrification and 6'°0 — During bacterial nitrification, oxygen from H,O and O,
are incorporated into the product NO;3". O, is incorporated during the oxidation of NHj3 to
hydroxylamine (NH,OH) while H,O is acquired during the subsequent oxidation to NO;
(Anderson et al, 1986; Andersson et al., 1983). The remaining oxygen atom
incorporation from the oxidation of NO, to NOj is derived from H,O (Hollocher, 1984;
Kumar et al., 1983). Based on simple stoichiometry of oxygen incorporation the oxygen
isotopic composition of NOs3™ generated by nitrification can be determined by a two
component mixing model (Bohlke et al., 1997; Durka et al., 1994; Kendall, 1998a; Mayer

et al., 2001; Wassenaar, 1995):

2 1
580y03 = 3 (6'80y20) + 3 (6'800,)
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Where 8'*00; is the isotopic composition of air O, which are essentially spatially and
temporally constant at 23%o (Horibe et al., 1973; Kroopnick et al., 1972) and the 5" 0mo
values are the isotopic composition of soil water which is a function of precipitation 5'*0
values and enrichment from evapotranspiration. Precipitation 8'*O values vary spatially
and temporally as a function of water vapor source, temperature, and altitude and
typically span -20 to 5%o (Gat, 1996). While this straightforward stoichiometric approach
has worked for some researchers in the natural environment (Mayer et al., 2001) it does
not account for possible oxygen isotopic exchange with NO, and water. It has been
shown that NO;" equilibrates with water and is a strong function of pH (Bunton et al.,
1952) in which rapid exchange occurs at lower pH and exchange requiring months at
higher pH. If complete isotopic exchange occurs then any memory of the 5'*0 value of
O, incorporated during the oxidation of NH; to NH,OH would be erased therefore
altering the stoichiometric ratio. It has also been suggested that variations in the 8'°0
values of oxygen atom donors (O, and H,O) as well as oxygen isotopic exchange and
fractionation will change the resulting 5'*0 values of NO5™. This includes possible kinetic
isotope effects (‘*¢) of : 1) the selection of NH,OH 2) selection of NO,™ 3) incorporation
of oxygen atoms from O; 4) and 5) incorporation of oxygen from H,O (Buchwald et al.,
2010; Casciotti et al., 2009). While these isotope effects have been studied, it was
determined that there was an isotopic fractionation occurring during either the
incorporation of O, or H,O but it varied substantially by AOB species (Casciotti et al.,
2009) and an inverse kinetic isotope effect among NOB species (similar to "“N)

(Buchwald et al., 2010). In Chapter 4 of this dissertation several models were developed
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to predict the spatial and temporal variation of 80O values of NOs™ produced by soil
nitrification.

Denitrification — Denitrification is the sole process in the nitrogen cycle which
removes bioavailable N and returns it to the atmosphere; it is the biological reduction of
NOj3™ to N, gas via heterotrophic bacteria under anaerobic conditions. It is a form of
microbial respiration in which during anaerobic conditions, when oxygen levels are
depleted, NOs™ (or NO») serves as an alternative to O, as the final electron acceptor in the
oxidation of organic matter (Reddy et al., 1984):

5(CH,0) + 4NOs + 4H" — 5CO; + 2N, + 7H,0
However, due to gaseous loss as NO and N,O due to incomplete denitrification and
varying microbial populations the general sequence is accepted for biochemical
denitrification (Reddy et al., 1984):
NO; — NO,” - NO + N,O — N,

The reduction of NOj;", thus completes the nitrogen cycle by returning fixed N to the
atmosphere as Ny, NO, and N,O. Other forms of NO;3™ removal have been proposed and
confirmed in natural ecosystems (i.e. dissimilatory reduction of nitrate to ammonium
(DNRA) and anammox) and it has been suggested that these pathways are being
underestimated due to the complexities with denitrification (Burgin et al., 2007).
However, the current state of isotopic research has not been able to constrain °N and '*O
fractionations occurring within these different NO3™ removal pathways (Casciotti, 2009).
Chapter 3 of this dissertation details the use of denitrifying bacteria as a way of

determining the isotope composition of NO;".
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Denitrification and 6"°N and 6'°O — Denitrification is associated by significant
isotope fractionation because organisms preferentially utilize the light isotope. The
reported °N fractionation factors (Table 2.1) have been found to be highly variable.
Possible explanations for these discrepancies include differences in concentrations of
electron acceptors and donors, variations in temperature, different soils leading to
dispersion effects (Hogberg, 1997). Whatever the cause behind these deviations in
reported °N fractionations, they all result in enrichment of the residual NOs". And in
systems where denitrification occurs over time, the residual NO3™ will become enriched
(in both "N and '*0) following a Rayleigh distillation (Kendall, 1998a; Mariotti et al.,
1981). In which the combination of these two Rayleigh distillation processes gives a
linear relationship termed fractionation ratio, such that during denitrification both the
8'°N and 8'®0 of the residual nitrate (on a dual isotope plot) will increase along a trend

line with a slope of 0.5 (Bottcher et al., 1990; Chen et al., 2005)
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2.2.3 Tracing Nitrate Sources Through the use of A0
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Figure 2.4 Comparison of the typical dual isotope plot of 8'°N and 8'°O (Kendall, 1998a)
(Left) and A'’O (Michalski et al., 2003b) (Right) with differing NOs™ sources with arrows

indicating kinetic and equilibrium mass dependent isotope fractionations (Image adapted

from: (Michalski et al., 2003b)).

While the dual isotope approach is often used in deconvoluting NO3™ sources (e.g.
fertilizer, atmospheric deposition, soil N) and processes (denitrification and assimilation)
(Figure 2.4, left) (Bottcher et al., 1990; Granger et al., 2004b; Kendall, 1998a), it can
often lead to error due to overlapping 8'°N and 8'®0 values of NO;™ sources, particularly
atmospheric nitrate and NO;3™ originating from nitrification. As well as kinetic and
equilibrium isotope fractionations which will enrich (or deplete) residual NO3;™ and can
usually led to misinterpretation when 8'°N and 8'*0O values fall outside the range and can
be considered a mixing of two NO;™ sources. Through the use of A'’O values the dual
isotope approach can be significantly simplified (Figure 2.4, right) (Michalski et al.,

2003b). A0 values for NO; sources originating from fertilizers, manure, and
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nitrification (i.e. soil N) are equal to zero (Michalski et al., 2003b; Michalski et al.,
2004d). A0 values will remain unaltered by postdepositional isotopic fractionation
effects (e.g. denitrification) as they will obey the well-established mass dependent
fractionation law. Therefore, the A'’O can be used as a conservative tracer of atmospheric
NO5". Chapter 6 of this dissertation details how A'’O was used to assess the importance
of atmospheric NO3™ in Tucson catchments and how that relates to N cycling under

different land use types in urban environments.
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CHAPTER 3: STANDARDIZATION OF A0 and 6'°N USING THE DENITRIFIER

METHOD AND GOLD TUBE THERMAL DECOMPOSITION

3.1 Introduction

Stable isotope abundance variations in nitrate (A'’0, 8'"°N, and §'*0) are useful in
nitrogen (N) studies as they can be used to infer changing nitrate (NOs’) sources,
biogeochemical processes and atmospheric chemistry. Various NOs™ sources can have
different 8'°N values which can be used to apportion N sources in mixtures (Elliott et al.,
2007). When NO;™ 8"°N values are used in conjunction with 8'O values, denitrification
and assimilation can often be differentiated (Bottcher et al., 1990; Sebilo et al., 2003a) as
well as refining source apportionment. NO5 A0 values can be used to differentiate
HNO; oxidation pathways in the atmosphere (Alexander et al., 2009; Michalski et al.,
2003b; Morin et al., 2008) and to determine the fraction of atmospheric NOs in stream
and soil samples (Michalski et al., 2003b; Michalski et al., 2004d) Therefore, a quick,
accurate, and precise method of NOj;™ isotopic analysis of small samples would be useful
in N biogeochemical studies.

The denitrifier method is a recent isotopic analysis method for NOs™ (Casciotti et
al., 2002; Sigman et al., 2001). The approach uses denitrifying bacteria (Pseudomonas

aureofaciens) to convert NO3™ into N,O that is then collected from a headspace vial and
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analyzed using an isotope ratio mass spectrometer to determine the nitrate’s 8'°N and
8'®0 values. This method has been used extensively to understand NOs™ cycling in a
variety of systems (ocean, soil, groundwater, etc.) (Amoroso et al., 2010; Casciotti et al.,
2007; Jarvis et al., 2009; Morin et al., 2012; Wankel et al., 2010). Conversion of N,O into
O, and N, by gold catalyzed thermal decomposition (Kaiser et al., 2007) was recently
developed in order to analyze A'’O because analysis of N, and O, avoids isobaric
interferences that occurs when N,O is the analyte (Michalski, 2010). This study,
however, had several limitations. First, it only focused on triple oxygen isotope analysis
and did not integrate simultaneous 8'°N analysis that would be beneficial in N studies.
Secondly, the isotopic references used for calibrating oxygen isotopes did not fully
encompass the isotopic range of nitrates usually found in the environment. Finally, the
method’s calibration also did not fully examine the detection limit for A'’O nor did it
discuss any effects of sample preparation or purification might have on NOj™ isotopes.
The objectives of this paper are to further develop the denitrifier method with gold tube
thermal reduction and address the following problems left unanswered by previous

studies.

3.2. Bacterial Preparation

A modified version of the denitrifier method detailed by Casciotti et. al. (2002)
was carried out but with several small modifications. The bacteria are cultured in 4
autoclaved 250 mL polycarbonate centrifuge bottles (Fisher Scientific, 300 Industry
Drive, Pittsburgh, PA 15275, USA) containing 250 mL of amended tryptic soy broth

growth medium for 7 days. The solutions are tested for the presence of NO;™ using Aqua
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Chek NOj' test strips (Hach Company, P.O. Box 389, Loveland, CO 80539-0389, USA)
before the bacteria are harvested by centrifuging, decanting, and rinsing twice with 50
mL of NOs™ free growth medium, then finally resuspending the bacteria in 130 mL of
NOs™ free growth medium. This solution is placed in a glass, fritted disc gas washing
bottle and purged with helium at a rate of 10 mL/min for 2 hours. The bacteria solution is
then placed into an autoclaved 130 mL glass bottle, sealed with a crimp cap and the
headspace is flushed for 5 minutes with helium and allowed to incubate overnight at
room temperature. The following day, the solution is purged with helium at a rate of 10
mL/min for 2 hours. One mL of bacteria is then pipetted into 12 mL exetainer screw top
septum vials (Labco Limited, Unit 3 Pont Steffan Business Park, Lampeter, Ceredigion,
SA487HH, United Kingdom) that are then capped and flushed with helium at a rate of 40
mL/min for 4 minutes. This flushing routine reduces blank analysis to below the
detection limit of 1 nmol. The sample, consisting of 1 mL of NOj;™ solution (containing
250 — 500nmol NOs’) is then added to the vials and incubated for 2 hours and then lysed

with 0.5 mL of 1% NaOH. Samples are then loaded into the headspace extraction system.
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3.3 Instrumentation
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Figure 3.1. N,O headspace extraction apparatus.

N,O produced from NOj™ denitrification in the sample vial is extracted from the
headspace, cryogenically collected, and purified, before entering the isotope ratio mass
spectrometer (IRMS) (Figure 3.1). Each sample vial is flushed with a helium carrier gas
(20 mL/min for 12 minutes) using a double needle. The He/N,O mixture passes through a
second double needle inserted into a vacant exetainer vial, so that any liquid that might
exit the sampling vial will be isolated and not contaminate the subsequent purification
traps. The gas stream then passes through a Nafion drier, 7 mL of solid Carbosorb to
remove CO,, 7 mL of magnesium perchlorate to absorb trace water, and a Supelco Type
F hydrocarbon purge trap that filters out volatile organic compounds. The gas stream then
passes through a cryogenic loop immersed in liquid nitrogen. After 10.5 minutes the trap

is thawed and the pre-concentrated N>O/He is transferred and cryogenically collected (2



29

minutes) in a focusing loop. The focus loop is then thawed and the N,O/He through an -
80°C ethanol slush trap which is used as a final filter to reduce water and VOC'’s in the
sample gas before it enters the HP-Plot-Q column (Agilent J&W GC Columns, 5301
Stevens Creek Blvd, Santa Clara, CA 95051, USA) where it is separated from any other
gases, including CO,. When analyzing for 8'°N and §'°0, the sample gas is injected into a
custom open-split interface and analyzed in the IRMS. When analyzing for §'°N, §'*0
and 8''0, the sample gas is first passed through a 25 cm long, 2mm LD. gold tube
(Depths of the Earth, 6314 E. Morning Vista Lane, Cave Creek, AZ 85331-6701, USA)
that has four, 10cm long pieces of gold wire braided together inserted into its center. The
tube is housed in a 35.5cm long quartz capillary tubing (O.D 7mm, [.D. 2mm) which is
fixed inside a furnace heated to 900°C and connected to the GC system with stainless
steel Swageloks fitted with Teflon ferrules. The N,O is disproportionated to N, and O,
within the gold tube and then are separated using a molecular sieve capillary GC column
(Agilent J&W GC Columns, 15m length and 0.32mm ID) before analysis by a Delta-V
Plus IRMS. The IRMS is equipped with an 11-cup collector configuration which allows
for N, (?'N/**N) and 0, (**0/*0 and **0/**0) isotopes to be measured without peak
jumping (magnet adjustment). With a sample analysis time of 20 minutes, the automated

N,O system is capable of running 72 samples in a 24 hour period.

3.4. Stable Isotopes

The denitrifier method combined with gold tube thermal reduction yields N, and
O, which can be analyzed for 8]5N, 5'%0 and 8170, where 6 = (Rgample/Rstandard — 1)*1000

and R is the ratio of the rare isotope relative to the abundant isotope of the sample and the
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standard. It has been shown that atmospheric NO;~ is anomalously enriched in

70.(Michalski et al., 2003b) This '’O enrichment is denoted by A0, where

6170 6180
A0 = [ln(l + 1000) —-0.52- ln(l + 1000)] -1000
of approximately A'’O = §'70 — 0.52+5'0 (Miller, 2002a). The approximation can lead
to error when 8'%0 and 8'’0 values are far from zero or when the defining reference for
the delta scale is changed (Bohlke et al., 2003; Miller, 2002a). Therefore to avoid error in

AY0O calculation the full calculation should be used.

3.5 Using nitrate reference materials for standardization of A0

A0 values of environmental NOs™ typically span 0 — 33%o, therefore having
working reference nitrates encompassing this range is important to ensure accurate
measurements. Environmental NOs;  samples generally fall into three groups:
atmospheric, polluted biosphere, and pristine biosphere. Atmospheric NOs™ (aerosols,
dissolved NOj3, and gaseous nitric acid) A'’O values usually range from 20 — 33%o,
where A'’O variation is linked to changes in oxidation chemistry in the atmosphere
(Michalski et al., 2003b; Morin et al., 2008; Morin et al., 2009). Polluted biosphere NO3
(urban streams) A'’O values range from 5 — 15%o and pristine biosphere NO3™ samples
(streams and soils) range from 0 — 4%o (Michalski et al., 2004d). The NO3 A0 values
observed in the biosphere is the result of mixing of biogenic NO3 (A'’O = 0%o) and

atmospheric NOj'.
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For accurate measurement of all sample types, multiple working reference
nitrates, which bracket these ranges, were developed (Table 3.1). Due to limited supply
of international references (USGS32 and USGS34), three secondary NO;™ reference salts
were prepared and calibrated. The first was Hoffman (20H) nitrate fertilizer (Hi-Yield
Nitrate of Soda), which is a sodium nitrate mined from ore deposits in the Atacama
Desert in Northern Chile. The second is NC32, a mixture of potassium nitrate obtained
from North Carolina State University (NCSU, prepared by equilibrating water and
reagent grade HNO; per Bohlke et. al.(2003) to obtain a 8'0 of -23.5) and USGS32
(93:7 respectively). The third was Antarctica soil NO3 (A0 = 32%o) (Michalski et al.,
2005) used to bracket atmospheric samples. The 80 and A'O values of all three
working references were determined using the silver nitrate thermal decomposition
method (Michalski et al., 2002) that was calibrated using USGS32, USGS34, and
USGS35 NOs™ isotope reference materials (Bohlke et al., 2003; Michalski et al., 2002).
These secondary NOj;™ references were mixed to attain “working references” (Table 3.1),
which expanded the range of "N, §'*0 and A'’O calibration curves so they bracketed

most natural samples.



32

Table 3.1. Working NO;™ references delta values, mixing model fractions and calibration
ranges for environmental nitrate samples of desired A'’O values using appropriate mole
fractions (x) of NC32 and Hoffman fertilizer (20H) nitrates using a two member mixing

model: A7Ogq = x(A"Oncsz) + (1-x)(AOs0p).

sample type |reference &N (%o) 50 (%a) vs 470 (%) vs| Fraction, Fraction
sl vsNoair | VSMOW | VSMOW | NC32 | 20H
Pristine NC32 15.3 -18.8 0 1 0
. 1H 14.6 -15.2 1 0.95 0.05
Biosphere
2H 13.7 -11.1 2 0.91 0.09
Polluted S5H 11.5 0.15 5 0.76 0.24
Biosphere 10H 7.9 17.6 10 0.53 0.47
. 20H 0.5 54,1 19.8 0 1
Atmospheric -
Antarctic -20 72.3 32

3.6 Helium Effect on Triple Oxvygen Isotopes
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Figure 3.2. Percent error in A'’O measurement associated with the helium carrier gas.

To examine the possible effects of a helium background gas on triple oxygen
isotope analyses experiments using the dual inlet interface at near vacuum (10® mbar)
were performed. NO;™ with positive A'’O were converted to O, and analyzed by dual
inlet with and without helium gas present in the background (10° mbar). The A'’O

precision was good with or without He ( 0.1%o) but there was a consistent 1%o offset
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and linear trend (0.84) resulting in consistently lower, inaccurate A'’O value when helium
was present (Figure 3.2). Helium did not significantly impact the 8'°0 values, thus the
interference must be in mass 33 (*’0'°0), but it is unclear what causes this effect. It may
be that the addition of He causes ion quenching reactions in the ion source and perhaps
the 'O is more readily quenched than the '*O, which effectively would lower the
expected delta value. Abe and Yoshida (2003) observed a partial pressure dependency on
the isotopic composition of O, which they concluded was most likely due to isotopic
fractionation during emission from the ionization chamber into the flight tube of the mass
spectrometer (Abe et al., 2003). This loss of A'’O accuracy can explain conflicting
accounts of isotope exchange between bacteria and water. Casciotti et. al’s. (2002)
original study demonstrated that this exchange was usually less than 3%, which was
confirmed by Kaiser et. al. (2007) However, Morin et. al. (2008) measured a A0 in
USGS35 that 26% was lower than the accepted value and attributed this to bacteria-water
isotope exchange. The results presented here show that the lower A'’O values are likely
due to the presence of the He gas in the ion source, and not analysis blank or isotope
exchange. Quantifying the degree of bacterial exchange must be accounted for in 8'°0
analysis because NO5™ is found in waters with vastly different 8'°0 values. Therefore,
because of the helium effect, the bacterial exchange should be evaluated running a suite
of water 8'*0 references and not be based on shifts in A'’O values. The helium effect can

be corrected for by measuring isotopic references and using calibration curves.
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3.7 A'70 Calibrations

The A0 measurements of the working reference nitrates yielded excellent
calibration curves (Figure 3, r’=0.99), resulting in a high degree of measurement
accuracy and provided high limits of detection. However, there exists a slightly different
calibration linearity within the A'’O ranges of the NO; reference materials. Using a
single calibration curve results in poor accuracy (Figure 3.3) for high A'’O values (too
low) and low A'’O values (too high). Such a failure to properly calibrate has likely led to
reporting of a low bias for nitrates with high A'’O values (rain and aerosol) and a high
bias when actual A'’O values are low (soils and streams). Using correct calibration curve
for the environmental samples that have the range of A'’O values of interest reduced this
bias and improves the A'’O accuracy (Table 3.1). Using the low A'’O calibration at 0.3%o
precision, 1%o0 can be differentiated from 0%o but a 0.5%o difference is within the 2¢
uncertainty and cannot be distinguished from zero. Therefore the A0 detection limit is

1%0 which equates to ~ 4% contribution of atmospheric NOs™ to an ecosystem’s total

NO;™ budget.
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Figure 3.3 AYO calibration with 1%o bias effect on lower A'’O values, however 0, 1 and
2%o are still distinguishable (inset). Different slopes and offsets demonstrate the need to
bracket samples within the calibration range. A failure to do so can lead to biases in
reported values, a raw value of 1%o calibrated with ‘pristine’ references would lead to a
corrected value of 0.5%o, yet; if this value were to be corrected with the entire range of

references (0-32%o) a corrected value of -0.1%o would be obtained.

3.8 Effect of Sample Size on A0 Precision and Accuracy and Memory effects
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Figure 3.4. Precision and accuracy of A'’O values based on sample size.
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The precision and accuracy of the A'’O analysis was also assessed as a function of
sample size. It is well known that during IRMS analysis, sample gas peaks that are
different sizes relative to the reference pulse can result in nonlinear responses in the
feedback amplifier resistors and cause shifts in & values (Brand, 2004). This is
particularly important for oxygen isotopes because A'’O values are determined by the
observed divergence from the linear relationship between 8'°0 and 8'’O values (Miller,
2002a) and, therefore, false A'’O values can be generated by linearity effects. Kaiser et.
al. (2007) previously investigated the effects of sample size linearity; however, they used
artificially created N,O gases (not bacterial derived) with very low oxygen values (8'*0 =
-102 — -116%0 and A'7O = -25 — -33%o) that are not representative of calibration
references or natural samples. The A'’O value precision was similar for sample sizes
ranging from 100-500nmol of NOj; (+0.3%o) (Figure 3.4) but accuracy shifted with
sample size. This is likely due to the divergence of the voltages between the 33 and 34
amu faraday cups with increasing ion flux, which in turn changes the calculated A'’O
values. Slopes and offsets are size dependent indicating that the measurement uncertainty
is larger than the calibration uncertainty, and that the measurement standard deviation is
the limit between calibration curves. The best accuracy is therefore attained by limiting
peaks area variation to £10% of NOs'. Peak area variations greater than this require
linearity corrections to attain good accuracy (Figure 3.5). The best A'’O precision and
accuracy (r’=0.99, +0.3%o) were obtained by running samples at 500nmol of NOj

leading to a peak area of 45V/s in O..
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Figure 3.5. A0 raw data (black) of 20 Hoffman at different sample sizes with applied
different corrections for a 500nmol sample. Correcting with a reference only calibration
(light grey) leads to an underestimation as well as correcting only with peak area (criss
cross). However, correcting with both peak area and references (dark grey) leads to more

accurate values across all sample sizes.

The headspace extraction apparatus showed no evidence of A'’O bias from the
previous analysis (memory effect). Alternately analyzing nitrates (100nmol to 500nmol)
with A0 = 20%o and 0%o) had no memory effect if proper vial extraction protocols were
followed: flow 10 mL/min, 12 minute flush of the sample vial extraction, 8 minutes flush
from a blank helium vial. At flushing rates lower than these a pronounced memory effect
was observed (10% at 7 minute extraction). Thus, improper headspace extraction can
cause memory effects, but no evidence of isotope memory was detected within the gold

tube itself, in agreement with Kaiser et. al. (2007).
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3.9 Effects of Sample Preparation on NOs” Isotopes

The effects of sample pre-concentration and purification procedures were tested to
ensure that they did not impact the isotope values of NOs3". Sample pre-concentration is
required if a sample’s NOsconcentration is less than 100 uM because of limited
headspace vial volume. Many natural NO3™ samples are not neutral (alkaline soils, acid
rain) which can lead to HNOj volatilization during pre-concentration or could kill the
bacteria if pH is extreme, therefore reducing conversion of NOj3 into N,O leading to
smaller peak size and error in calibration. Some samples may have both NO;™ and NO,
and the denitrifier method is non-selective between these two species, therefore the NO;’
must also be chemically removed for accurate analysis.

Isotope effects occurring during pre-concentration at different pH’s were
evaluated using the Hoffman NO;™ reference in acidic, neutral, and basic solutions, which
were pre-concentrated by either freeze drying, centrifuge concentration, or oven drying.
When samples were acidified and pre-concentrated, "N, 7O and ®O isotopes became
enriched. This was likely due to preferential volatilization of HNOs containing light
isotopes ("*N and '°0) leaving behind the isotopically enriched NOs™ in the liquid. This
could explain shifts in 8'°N and 8'*0, but not A'’O since phase transitions should follow
mass dependent isotope fractionation laws. The A'’O decrease maybe due to isotopic
exchange between NO;  and water that occurs at very low pH (Bohlke et al., 2003;
Bunton et al., 1952; Bunton et al., 1953). This could occur when acidic sample solutions
evaporate to dryness and exponentially decrease in pH (Bunton et al., 1952). Basic

solutions had less isotopic variability and were similar to neutral samples. Freeze drying,
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centrifuging, and oven drying (35°C) of neutral and basic had no effects on NO; isotopes
outside normal precision.

Pre-concentration and isolation of NOj3 using of ion chromatography (IC) was
also tested for isotope effects. The IC (Alltech Model 626, Grace, 2051 Waukegan Road,
Deerfield, IL 60015, USA) is controlled with PeakSimple software (SRI Instruments,
20720 Earl Street, Torrance, CA 90503, USA) and ran in preparative mode (45 minutes
analysis time). Preparative analysis requires the entire volume of a sample to be pumped
onto an analytical column where chloride, nitrite, nitrate, and sulfate anions are then
separated based on their affinity for the column resin. The mobile phase is a
3.5mM/1.0mM solution of NaHCO3/Na2COs3 (respectively) The 15 mL sample solutions
are accessed by an autosampler (Gilson, Inc. 3000 Parmenter Street, P.O. Box 620027,
Middleton, WI 53562-0027, USA - 176 vial capacity) and the ~ 12 mL of the solution is
pumped through a SPE sorbent C;g (Omnifit/Diba Industries, 4 Precision Road, Danbury,
CT 06810, USA) chromatographic tube to remove organics and onto the analytical
column (4mm Dionex IonPac AS14, Thermo Scientific, 3000 Lakeside Drive Suite
116N, Bannockburn, IL 60015, USA), using a single head pump (Alltech Model 426) via
a 6-port valve. The mobile phase then elutes the column at 2mL/min and flows through a
chemical suppressor (4mm Dionex AMMS300 using a S0mN H,SO4) which eliminates
the carbonate within the mobile phase. The detector (Alltech Model 650) measures the
conductivity and the sample is then sent to the fraction collector where individual anion
peaks are collected as a function of retention time. Due to the interference with nearby
peaks, the largest sample size that could be separated was 1800nmol NO3. However, due

the similar affinity of the analytical column for NO, and NOj", samples containing both
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species had a smaller limit of 450nmol NOs. Precision for CI, NOs’, and SO4? was
0.0lmg/L, 0.02mg/L, and 0.03mg/L, respectively. The preparative mode’s NOj3
collection efficiency and isotopic integrity was tested by separating and collecting
175nmol of Hoffman mixed with equimolar amounts of CI, SO4'2 and NO,". IC
separation showed no degradation of '°N, §'*0, or A'’O in precision or accuracy.

The sulfamic acid technique (Granger et al., 2009) to remove NO, was also
tested to assess any effect on triple isotope analysis. Nitrite removal by sulfamic acid was
sensitive to the time of reaction, and it was determined that an hour reaction time was
sufficient to obtain accurate isotopic values (Figure 3.6). Precision of the method
including centrifuged/freeze dried pre-concentration, IC separation and/or sulfamic acid

NO,™ removal are §'°N (£0.4%o), 8'°0 (£1%o), and A0 (+0.3%o).
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Figure 3.6. Time trial of sulfamic acid nitrite removal demonstrating that 1 hour was

sufficient to remove NO, from an initial 100nmol each NO53™ and NO, mixture.
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3.10 '°N Analysis

Simultaneous N, analysis has been integrated into triple oxygen isotope analysis.
8'°N data would be beneficial in many N cycle studies and a simultaneous 8"°N , §'%0,
and A'’O analyses reduces sample size requirements and reduces instrument time and
cost. Morin et. al. (2008) showed simultaneous analysis but calibration references did not
encompass the full range of environmental samples and they did not discuss any linearity
issues or details of their approach. Also their 8"°N calibration used USGS32 (180%o),
USGS34 (-1.8%o0), USGS35 (2.7%o0) and a mixture of USGS34/35 (0.45%o0) (Bohlke et al.,
2003) and the 180%0 USGS32 disproportionately leverages the calibration curve
effectively making it a two point linear regression. The internal references developed for
this study have a 8N values that the range of -20 to +15.3%o (Table 3.1) that
encompasses that majority of natural abundance nitrates measured to date. The working
reference 8'°N measurements yield excellent calibration curves (Figure 3.7 (top), 1’=0.99)
with accuracy and precision that were similar for all sample sizes (1> = 0.96 - 1, +0.4%o)
(Figure 3.4) There is a linearity in the 3'°N values (Figure 3.7 (bottom)), similar to the
A"0O calibration, the slopes and offsets differed as a functions of sample size indicating
that the measurement uncertainty is larger than the calibration uncertainty and that the
measurement standard deviation is the limit between calibration curves. Therefore, peaks
can vary by 10% and still use one calibration curve before a linearity correction would
need to be used or the sample would need to be reanalyzed. Linearity corrections are
done the same way as with A'’O corrections. The most accurate values were obtained by

running samples at 500nmol leading to a peak area of 65V/s in Nj.
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Figure 3.7. 3"°N calibration curve of working internal references at a sample size of
500nmol, demonstrating a high degree of measurement accuracy (top). Effect of sample

size on accuracy of calibration (bottom)
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3.11 Conclusion

Details of denitrifier method with gold tube thermal reduction were addressed
with emphasis on introducing simultaneous N, isotopic analysis, improving calibrations
and corrections and understanding the effects of sample preparation or purification on
NOs isotopic composition. References need to encompass the range of environmental
samples of interest so that calibration curves are not extrapolated therefore inducing more
error. And due to linearity and offset amongst isotope values, it is important to bracket
samples within the desired ranges of references to obtain proper calibration. Also, the
importance of consistent NO3; sample size during analysis to further eliminate errors as
different sample sizes yield different isotopic values for the same sample of interest, and
while this can be corrected for by a linearity correction, it should be avoided. There was a
minimal observed effect with sample preparation/purification. Simultaneous N, analysis
was implemented and it was observed that sample size linearity as well as offsets existed

with 8'°N as it did with A'7O.
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CHAPTER 4: ISOTOPIC VARIATION IN NITRATE SOURCES FOR INPUTS INTO
MIXING MODELS

4.1 Introduction

The discussion below is a brief synopsis of research that was conducted in order
to constrain isotopic values for multiple nitrate sources. Through multiple collaborative
efforts, the resulting research is currently being used to help us better constrain isotopic
mixing models and multiple papers are under development. The key to elucidating nitrate
(NOs") dynamics in complex ecosystems is an understanding of the relative importance of
NOs’ loading from different sources. While NOj3™ concentration data informs us about
changes in NOs™ loads or losses, only stable isotopes can be used to infer which NOs’
sources or loss process are changing. This is possible by utilizing isotope mass balance
technique, where the NO3™ 8"°N, §'®0 and A'’O values are used in an isotope mixing plot
(Kendall, 1998b). A multiple isotope mixing model requires knowledge of the 8N,
8'%0, and A'’O values for each NO;™ source applying an isotope mixing equation:

8" Nrunott = 118" Namospheric + 128" Niiotogic + 138" Niertlizer
8"*Orunotr = 118" *Oumospheric + 128" *Obiologic + 138" Oferetizer
A" Orynoft = nlA”Oatmospheric + n2Al7Obiologic + 13A " Ofertitzer
where nj, ny and nj are the mole fraction of each NOs source. Isotope analysis of stream
runoff, an “isotopic source integrator”, leads to quantification of the relative importance

of each nitrate source to the total nitrogen budget in the ecosystem being flushed. This
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chapter briefly discusses the isotope variation in the three main sources of NOs:

Photochemical (atmospheric), synthetic fertilizers, and nitrification (biogeochemical).

4.2 Methods

Figure 4.1. Midwestern United States (markers with dots, including Indiana, Illinois,
Ohio, and Kentucky) and Arizona, US (solid markers, including Tucson and Phoenix)

atmospheric NOs3™ sampling locations.
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Figure 4.2. World rainfall sample locations. A — Bangkok, Thailand; B — Bagota,
Columbia; C — Cheongju, Korea; D — Chile (D1 — La Serena, D2 — Easter Island, D3 —
Punta Arenas); E — Diego Garcia, British Indian Ocean Territory; F — Faro, Portugal; G —
Fes, Morocco; H — Harare, Zimbabwe; I — Hong Kong, China; J — Hyberabad, India; K —

Ponta Delgada, Portugal; L — Sfax, Tunisia

Nitrate contained in rainwater and aerosols, and fertilizer nitrate were obtained for
isotope analysis. Weekly composite precipitation samples for the Midwestern United
States were obtained from the National Atmospheric Deposition Program (NADP)
(Figure 4.1). At NADP sampling locations, wet deposition sampling is only initiated
when precipitation is detected therefore preventing dry deposition contamination. As a
result, NADP precipitation samples would be solely considered NO;3™ scavenging of the
atmosphere during rain events. Daily event based precipitation samples (Tucson and
Phoenix) as well as particulate matter (Tucson) for Arizona (Figure 4.1) were collected as

part of a larger study to understand the effects of urbanization on the coupled nitrogen-
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hydrologic cycle in semi-arid urban ecosystems and is detailed in Chapters 5 and 6.
Monthly global precipitation samples were obtained from the Global Precipitation
Climatology Project (GPCP) for multiple locations (Figure 4.2). At GPCP sampling
locations, precipitation collectors are primarily used to record precipitation depth and
consequently are left out to environmental conditions (e.g. microbial processing, heat)
throughout the month long sampling period. Therefore these precipitation samples are
subjected to dry deposition as well as wet deposition and can be considered composite
deposition samples. Fertilizer samples (ammonium nitrate and urea ammonium nitrate)
were obtained from the Office of Indiana State Chemist.

Isotopic preparative and analytical methods are detailed in Chapter 3, a brief
synopsis follows. Samples were stored frozen until ready for preparation and analysis.
Samples were filtered to 0.7um and neutralized using Na,COs. NO;™ concentrations were
determined using high pressure liquid chromatography with a precision of 0.02mg/L.
Samples were then pre-concentrated to obtain 100uM of NO;". NOs™ isotopic analysis
(8"N, 8'’0 and 8'®0) was carried out using the denitrifier method and gold tube thermal
reduction discussed in Chapter 3 (Casciotti et al., 2002; Kaiser et al., 2007). Isotope ratios
were measured using the Delta V Plus ratio mass spectrometer that was calibrated using
internal working reference standards that were previously calibrated to international
standards USGS32, USGS35 and USGS34 (Riha et al., 2013). All subsequent 8"°N
values are reported versus air N, and oxygen values (8''0, 8'°0, and A'’0) are reported
with respect to VSMOW. Precision of the 6]5N, 8'%0 and A'70O values were +0.4%o,
+1.0%o, and £0.3%o, respectively based on replicate analysis of the working standards and

calibrations.
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4.3 Atmospheric SISN, 5'%0 and A'70 values

The discussion below is a synopsis of all atmospheric NOj isotope data generated
using the analytical methods described in Chapter 3. Complete discussion of the data is
presented in Chapter 5 and in three peer review articles in review or preparation: 1)
Assessing peroxy radical chemistry and N>Os uptake using oxygen isotope anomalies in
atmospheric nitrate. Michalski G., D. Mase, K. Riha and H. Waldschmidt (Proceedings
of the National Academy of Sciences). 2) Tracing oxidation chemistry in an urban
environment in the southwestern United States. Riha, K., D. Mase, and G. Michalski.
(Atmospheric Environment). 3) The global isotopic composition of nitrate in
precipitation. Michalski G, D. Mase, K. Riha, F. Wang, M. Kolonowski. (Atmospheric

Chemistry and Physics).
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Figure 4.3. Box plots of atmospheric NO3 8'°N from study sites within the Midwestern

United States and Arizona, USA (See Figure 4.1 for collection locations).
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Precipitation NO3 S8°N values — Variations in atmospheric NO3 5'°N values can
be used to infer changes in NOy sources or shifts in seasonal NOy chemistry (see Chapter
5). Figure 4.3 shows atmospheric NO;~ 8'°N values from the sampling locations within
the United States. Midwestern precipitation NO;™ 8'°N values averaged 0.25 + 4.0%o with
a pronounced seasonal trend of higher values during the winter (-9.5 — 11.4%o) and lower
values in the summer (-19.9 — 8.7%o). The NO3™ 8'°N values of Tucson particulate matter
(PM;y and PM;5) averaged 3.5 + 3.8%0 (PM)o) and 4.4 + 3.9%0 (PM;s) and displayed a
distinct seasonal trend with higher values in the winter (PMjo: 8 — 12%0 and PM;s: 8 —
14%0) compared to the summer (PMip: -3 — 0.5%0 and PM;s: -3 — 2%0). Phoenix
precipitation NO3™ 8"°N values averaged -1.8 + 7.6%o whereas Tucson values averaged
1.8 + 3.2%0. These differences could be due to varying proportions of NOy emissions
between the two urban sites as well as varying importance of NOy chemistry (i.e. varying

ambient trace gas concentrations, heat island effect).
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Figure 4.4. Box plots of atmospheric NOs 8'°N from world rain samples (See Figure 4.2

for collection locations and letter correlations).
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Figure 4.4 shows precipitation NOs~ 8'°N values from individual sampling locations
around the world. All world rain precipitation NOs™ 8'°N values averaged 9.6 + 13.7%o.
All sites had 8'"°N values representative of reported NOy emissions except Sites C and H
which had extremely elevated values (28.4 = 16.8%0 and 16.9 + 15.6%o, respectively).
While these sites are in coastal areas which are more urban, which are subjected to
heavier NOy emissions both within city limits and cross ocean transport. However, these
values suggest microbial processing therefore leaving precipitation samples enriched in
'>N. While it has been shown that unfiltered precipitation samples left out for two weeks
remain isotopically unaltered with respect to NOs™ (Spoelstra et al., 2004), the world rain
samples are monthly composites and are often left in harsher environments that what was
previously tested. Therefore the possibility of microbial processing cannot be eliminated.
Precipitation NOs* 6"°0 and A" O values — Spatial and temporal fluctuations in
NO; 30 and A0 values can be attributed to a variety of atmospheric parameters (e.g.
ozone and peroxy radical concentrations, relative humidity, solar flux, and temperature),
as well as shifts in NO3™ formation chemistry and transport effects. This is apparent when
comparing NO3™ 8'*0 and A'’O values from the United States sites (Figure 4.5 and Figure

4.7) to those from around the world (Figure 4.6).
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Figure 4.5. Box plots of atmospheric NO;™ 8'*0 from study sites within the Midwestern

United States and Arizona, USA (See Figure 4.1 for collection locations).
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Figure 4.6. Box plots of atmospheric NO3™ 'O from world rain samples (See Figure 4.2

for collection locations and letter correlations).
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Figure 4.7. Box plots of atmospheric NOs™ A'’O from study sites within the Midwestern

United States and Arizona, USA (See Figure 4.1 for collection locations).

Midwestern precipitation NOs~ 80O values averaged 74.1 + 9.4%, with a
pronounced seasonal trend of higher values during the winter (65.8 — 99.1%o) and lower
values in the summer (50.0 — 80.4%o). Precipitation NOs’ A0 values averaged 26.3 £
3.1%o with similar seasonal behaviors as §'°O values (winter: 23.6 — 33.5%o and summer:
19.2 — 27.8%o). This data will be submitted as a peer review manuscript in the summer of
2013 but is not discussed further in this thesis. Arizona precipitation 80 values
averaged 59 + 10%o and A0 values averaged 25 + 3.2%., all precipitation samples were
taken during the summer monsoon season and therefore seasonal dependence cannot be
evaluated. Tucson particulate matter (PM;o and PM;5) NO3 5'%0 values averaged 70.9 £
13.5%0 (PM;¢) and 56.9 = 9.7%0 (PM,s) and exhibited a dampened and less pronounced
seasonal trend than Midwestern samples with higher values in the winter (PM;o: 80.5 +

10.3%0 and PM;5: 60.4 £ 10.1%0) compared to the summer (PM;¢: 56.7 £ 10.7%o and
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PM;5: 56.3 £ 7.5%0). Particulate matter (PM;o and PM;5) NO;5 A0 values averaged
27.2 £ 3.7%0 and 18.4 £ 7.8%., respectively and exhibited a similar seasonal trend as
NO5” §'%0 values (i.e. winter (PMjo: 29.8 £ 2.2%0 and PM;5: 21.9 &+ 11.3%0) and summer
(PMjo: 22.6 £ 2.4%0 and PM;s: 13.9 £ 2.2%o0)). All world sampling sites pooled together,
precipitation NOs™ 8'®0 values averaged 44.9 + 36.6%o, however, individual sites
significantly varied. Sites B, C, D, F, H, and I all fall within the range of observed
atmospherically derived NO;3™ (Chang et al., 2002; Durka et al., 1994; Kendall, 1998a;

Mayer et al., 2001) (Figure 4.8).
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Figure 4.8. Dual isotope plot of all atmospheric NOs™ samples, black box represents the
classically accepted range of atmospheric NOs3™ (Chang et al., 2002; Durka et al., 1994;

Kendall, 1998a; Mayer et al., 2001).

However, Sites C, D, and H vary more than all other sites and do fall below this range.
These sites are coastal areas which could be subjected to strong seasonal wind patterns

leading to 8'®O variations. Sites A, E, G, J, K and L all fall outside the atmospheric range



54

(<20%o). These sites are located near the Mediterranean Sea and Indian Ocean suggesting
a stronger importance of water incorporation versus ozone incorporation during NOj3
formation. There is also the possibility of microbial reactions altering the isotopic
composition of bulk precipitation samples. If microbial processes (i.e. nitrification of
deposited NH;") this would ‘erase’ the atmospheric 8'*0 and subsequently lower the

NO5™ 8'®0 values and in part could explain the observed lower §'*0 values (-10 - 15%o)

4.4 Fertilizer 8'°N and 8'%0 values

The discussion below is a synopsis of fertilizer NOj isotope data generated using
the analytical methods described in Chapter 3. Complete discussion of the data is found
in a peer review article: The isotopic composition of nitrate fertilizers. Michalski G, M.
Kolonowski, and K. Riha (Environmental Science and Technology).

Fertilizer NO3 8"’ N and "0 values — The isotopic composition of commercial N
fertilizers will be representative of the chemical processes used in their production.
Commercial N fertilizers are produced through the combined process of NH3 production
via the Haber-Bosch process followed by HNOj production by the Ostwald process. The
Haber-Bosch process involves the reaction of N, with high pressure H, using iron based
catalysts at high temperatures to form NH; (Appl, 2011). Due to high conversion rates,
high temperatures, and the use of catalysts there is little "N isotopic fractionation.
Approximately half of all NH3 produced in the United States is then converted into HNO3
through the Ostwald process (U.S.Environmental Protection Agency, 1995). This process
uses a Pt/Rh catalyst at high pressure and temperature to oxidize NH3 into NOj3 using air

0O, and H,O as oxygen reagents (NH; + 20, — HNO; + H,0) (Ostwald, 1902). Since the
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8'%0 value of air O, is relatively constant at 23.5%o, the variation in the resulting oxygen
isotopic composition will therefore be a result of local H,O 80 values based on
production plant locations. NH4NOs is synthesized by the neutralization of the reaction
NH; + HNO3; — NH4NOs; and its isotopic composition will largely reflect the effects of
these two processes. Fertilizer NOs’ 8'°N values averaged 0.1 £ 3.5%0 and 580 values

averaged 22.7 = 4.6%o (Figure 4.9).

-15 -10 -5 0 5 10/|-10 -5 0 5 10 15 20 25 30 35

>N (%o) 3130 (%o)

Figure 4.9. 8'"°N and 5'*0 histograms of fertilizer NO3™ samples.

Fertilizer NOy A0 values — Most of the NOj5™ fertilizers had AY0 values near
the terrestrial oxygen isotope fractionation line, ranging from -0.25 — 0.04%o. This
suggests that air O, is the major oxygen reagent in during the Ostwald process since A'’O
value of air O, is -0.223%o (Luz et al., 1999; Luz et al., 2005) whereas oxygen isotope
variation in meteoric water induced by evaporation and condensation follows mass
dependent isotope fractionation rules and has a A'’O value of 0.0%. (Meijer et al., 1998).
While the majority of NO5” fertilizer had A"0 values near the terrestrial oxygen isotope

fractionation line, a subset were anomalously enriched in '"O. These fertilizers fell in a
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narrow range of A'’O values 19 — 21%o. These fertilizers were naturally occurring ores
located in the Atacama (Chile) and Turpan (China) deserts and are subjected to
accumulation of photochemically produced HNO3 and NOj aerosol deposition leading to
larger A'’O values (Michalski et al., 2004c). These fertilizers make up only a trivial
amount of the total N applied as fertilizer annually in the U.S. and therefore their

contribution to NO3 loads in watershed scale studies can effectively be ignored.

4.5 Nitrification §'%0 isoscapes

The discussion below is a synopsis of a modeling paper by Michalski G., and K.
Riha in preparation for submission to Global Biogeochemical Cycles.

Chemolithoautotrophic nitrification is a microbially facilitated multi-step
oxidation of ammonium (NH4") to nitrite (NO,) and nitrate (NO3) through the
intermediate ammonia monooxygenase (NH,OH). This process is carried out by
chemolithoautotrophic microbes via an inorganic pathway in which NH," is used as an
energy source according to the generalized equation:

NH;" — NH,OH — NO, — NO5’

Nitrification potentials and oxygen source appointment (H,O versus O;) in soils
vary depending on environmental conditions, such as moisture, pH, temperature,
availability of nutrients, soil chemical properties (i.e. C:N ratios and NHj3 supplies) and
microbial communities (Mayer et al., 2001; Norton et al., 2011; Sharma et al., 1977).
Three models were created and compared to determine the dependence of seasonality
(April — September), oxygen isotope source apportionment, soil temperature (Stark,

1996) and soil pH (Bunton et al., 1959; Kool et al., 2011; Mayer et al., 2001; Snider et
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al., 2010; Stark, 1996) on NO; 80 values produced during nitrification. Model
methodology and assumptions of choices, as well as oxygen isotopic values, are detailed
in Michalski et. al. (Michalski et al., 2013). In brief, isoscapes of NOs;™ §'*0 values
produced during nitrification were created in ArcGIS 10.1. Input parameters to the below
models were obtained from the following sources: Water isotopes (8'°0 values) were
obtained from the interpolation model of the Global Network of Isotopes in Precipitation
(waterisotopes.org) (Bowen et al., 2002; Bowen et al., 2003); whereas, 5'%0 of air O, was
assumed to be a constant 23%o (Horibe et al., 1973; Kroopnick et al., 1972). Monthly
average maximum temperature normals (proxy for soil temperature) were attained
through the PRISM Climate Group (PRISM Climate Group, 2004) and soil pH was

acquired from the CONUS-SOIL dataset (Miller et al., 1998).
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Figure 4.10. Isoscapes of modeled §'*0 values of NOs™ produced from nitrification for
August based on three predictive models (notice difference in scales). Model 1 is
representative of the 2/31 H,0 and 1/31 O, source appointment, Model 2 demonstrates
the effect of temperature and Model 3 shows the effect of both temperature and pH on

§'%0 values.
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Model 1 demonstrates the simplest of the three models in which NO3 §'%0 values
produced during nitrification follow a simple two member mixing model of oxygen
sources (Figure 4.10). Through multiple laboratory culture experiments it has been shown
that oxygen from H,O and O, are incorporated into NO;™ produced during nitrification in
a 2:1 ratio. It has been reported that the oxidation of NH; to NO,™ derives one oxygen
atom from H,O and another from O, (Anderson et al., 1986). The remaining oxygen atom
incorporation from the oxidation of NO, to NO;™ has been reported to derive from H,O
(Hollocher, 1984). Based on these experimental studies it has been suggested that the
oxygen isotopic composition of NOs™ generated by nitrification can be calculated by a
two component mixing model (Bohlke et al., 1997; Durka et al., 1994; Kendall, 1998a;

Mayer et al., 2001; Wassenaar, 1995):

2 1
880y03 = 3 (6'80420) + 3 (6'%00,)

This ‘source only’ model was used to estimate the monthly average 8'°O values of NO5”
produced from nitrification across the continental United States (Figure 4.10). While this
mixing model was formulated from laboratory culture experiments few experimental data
exists for the oxygen isotope composition of NOs3™ formed through nitrification in soils
(Mayer et al., 2001). The data sets that do exist are either in accordance with the 2:1 ratio
(Mayer et al., 2001) or deviate with the underlying mechanisms behind the variation of
8'%0 values of NOs™ remaining unclear (Snider et al., 2010). The remaining two models
build off of this basic 2:1 mixing model approach and account for environmental factors

that can cause differences in this ratio.
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Model 2 incorporates the effect of potential isotopic exchange between NO, and
water on 8'*O values of NO3". If complete isotopic exchange occurs then any memory of
the 8'°0 value of O, incorporated during the previous oxidation of NH; to NH,OH would
be erased therefore altering the simple 2:1 ratio. This model makes the assumption that
NO;" equilibrates with H,O faster than NO;  oxidizes to NOs". The NO,-H,O oxygen
isotope equilibrium is assumed to be temperature dependent and the enrichment factor
was determined for temperatures at which nitrifying bacteria are active (278 — 320K) and
was calculated by (Stark, 1996):

enoz = —0.13[T(K)] + 50.4
This enrichment factor was incorporated into the previous ‘source only’ Model 1. No
kinetic isotope effects were assumed during the final oxidation of NO, to NOs.
Therefore the monthly average 8'°0 values of NO;™ produced by nitrification accounting

for isotopic exchange between NO, and water can be determined by (Figure 4.10):
18 2 1 1 s
8%0no3 = 3 (6™ 0k20 + &(T)no2-H20) + 3 (6™ 0k20)

Model 3 builds upon both the previous models but assumes the degree of NO;-
H,O isotopic equilibrium is a function of soil pH. Incubation experiments demonstrate a
strong dependence of oxygen isotope exchange on pH, with rapid exchange occurring at
low pH and minimal exchange at higher pHs. Using experimental data from Bunton et.
al. (Bunton et al., 1952), the isotope exchange fraction was assigned as a function of soil
pH. Below pH 5, the exchange is fast enough that equilibrium always occurs and above
pH 8 isotopic exchange is slow enough that it can be ignored. Between these pH ranges

(pH 5 — 8) a linear function was fit to obtain f,, (the fraction of NO, that undergoes
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exchange). This fraction (f.,) was incorporated into the temperature dependent NO,-H,O
exchange Model 2 to determine the monthly average 8'°0 values of NOs™ produced by
nitrification accounting for pH effects on isotopic exchange between NO, and water and

can be determined by (Figure 4.10):

211

1 1
580y03 = 32 (6'80420 + fox ~ €n02) + 5 (518002 -(1- fex))] + 3 (680y20)

= §(5180H20) + % [(fex ) 51\102) + (518002 ’ (1 - fex))]

While the three models have similar spatial patterns (Figure 4.10) the resulting
8'%0 values of NOs™ produced by nitrification varied with Model 2 having the highest
values and Model 3 having the lowest. The simplest source model is in accordance with
other researchers 2:1 ratio assumptions that based on simple stoichiometry NOj3
produced from nitrification should have a §'°0 values between -2 — 6%o (Durka et al.,
1994; Mayer et al., 2001) and these values are distinguishable from both fertilizer and
atmospherically derived NO;. However, while previous 8'°O values were based on
experimental soil seepage 8'°0 values which were not spatially distributed the §'°0
values presented here cover the continental United States and can further contribute to
confining NOs™ source appointment in mixing models. It is not surprising that Model 2
has the highest 8'*0 values, as this model only accounted for temperature in NO,-H,O
isotopic exchange and therefore areas such as the Southeastern and Southwestern United
States would have elevated 8'0 values. Once pH is accounted for in the NO,-H,O
isotopic equilibrium (Model 3), the 5'*0O values range more closely resemble those of
Model 1 however the spatial distribution differs. Major distinctions include the

Northeastern, Midwestern and Great Plains areas of the United States. These differences
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are most likely due to the acidic soil conditions brought on by air pollution and intense
agriculture in these areas.

A comparison of 8'*0 values from sixteen major watersheds in the northeastern
United States (Mayer et al., 2002), in which atmospheric NO;3™ contributions were ruled
out due to low 8'%0 values and the resulting NO3;~ was concluded to be the result of
nitrification. The reported 8'*O values for nitrification were 12 — 18%o, these values are
too high to fit any of the three proposed models and suggest that there are atmospheric
NOs™ contributions. Through a simple mass balance:

88 05ampte = x(8™0nie) + (1 = x) (5™ 0gem)
where SISOsample is the reported nitrification value for the sixteen watersheds (12 — 18%eo),
SISOnit is equal to the average of the modeled nitrification values for the northeastern
United states (6.5%o), slgom is the average of the range of reported atmospheric NO3
values (70%o) and x is the fractions of nitrification and atmospheric NOs'. It is determined
that the watersheds in the northeastern United States would be subjected to 8.6 — 18.2%
atmospheric contribution despite no detected signal through the use of 8'°O values

(further discussed in Chapter 6).
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CHAPTER 5: SEASONAL VARIATION IN NO; "N of PM,.s AND PM;: INSIGHTS
INTO ISOTOPE EXCHANGE DURING NOy CHEMISTRY

5.1. Introduction

Urbanization results in increased sources of primary airborne pollutants such as
nitrogen oxides (NOy) that can lead to generation of secondary pollutants. Nitric oxide
(NO) is emitted from a variety of sources (mainly anthropogenic) and is converted to
nitrogen dioxide (NO;) in the troposphere through reactions with ozone (Os3) or
oxygenated radicals (Finlayson-Pitts et al., 1986; Seinfeld et al., 2006). NO, rapidly
photolyzes producing oxygen atoms that reform ozone, making these reactions a null
reaction sequence, but leads to high ozone levels when volatile organic compounds,
elevated in urban environments, are present (Leighton, 1961; Singh, 1987). The main
sink for NOy is by its conversion into nitric acid (HNOj3), primarily via NO, oxidation by
OH in the daytime and N,Os hydrolysis during nighttime (Brown et al., 2006; Crutzen,
1979). Because gaseous HNOj is highly soluble and reactive it is removed from the
atmosphere through precipitation as wet deposition, a major component of acid rain
(Elliott et al., 2007) or on aerosol particles as dry deposition. Aerosol nitrate is
particularly common in arid and semi-arid regions where alkaline dust and NHj;
(Sorooshian et al., 2011) can build up and neutralize HNO; as particulate nitrate
(Dentener et al., 1996). The removal of NOy by the production and removal of HNO;

changes OH and O; mixing ratios, and alters aerosol production (Dentener et al., 1993).
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Since O; and particulates are criteria air pollutants (U.S.Environmental Protection
Agency, 2012a) that are detrimental to the environment and human health (Pope et al.,
2006), understanding the formation of atmospheric nitrate (HNO3, NOs', particulate
NOy5) is a fundamental concern in the atmospheric sciences.

Atmospheric nitrate formation rates are a complex function of increases/decreases
in NOy emissions, atmospheric chemistry and meteorological. The relative importance of
NOy sources can change throughout the year. For example, in the southwestern United
States, biogenic NO emissions (denitrification) and forest fires usually increase during
the spring and summer (Crimmins et al., 2004; McCalley et al., 2008; Westerling et al.,
2006) while automobile NOy emissions are essentially constant throughout the year.
Shifts in atmospheric chemistry can also change the rate of nitric acid (HNO3)
production; in particular seasonal differences in sunlight and temperature enhance
heterogeneous N,Os reactions (Geyer et al., 2001). In urban areas, with high [NOy]
(>20ppt) and large aerosol concentrations, NOy removal through N,Os reactions on
aerosol surfaces increases (Brown et al., 2006; Riemer et al., 2003). A low boundary
layer height can trap pollutants near the surface, in essence changing boundary layer
chemistry, enhancing NOj™ production rates and dry deposition rates (Sillman, 1999).
Understanding which of these mechanisms is responsible for increased/decreased
atmospheric nitrate loading in urban areas is important for scientists and air quality
mangers goals of improving urban air quality.

Variations in stable isotope abundances in atmospheric nitrate may be a new way
of inferring the relative importance of changing NOy sources or shifts in seasonal changes

in NOy chemistry. The 8'°N values of atmospheric NO;™ (where & = [Rsample/Rstandard —
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1141000 and R is the ’N/'*N of the sample and the standard) have been used for NO,
source apportionment (Elliott et al., 2007; Hastings et al., 2003). Shifts in nitrate 8"°N
values in rainwater from the Northeastern US have been attributed to an increase in
stationary NOy sources (i.e. power plants) relative to vehicle emissions (Elliott et al.,
2007). Seasonal changes in nitrate 8'°N values in rainwater from Bermuda were
attributed to atmospheric circulation transporting North American anthropogenic NOy
emissions in October — March and lightening NOy in April — September (Hastings et al.,
2003). In contrast, Freyer determined that isotope effects during the chemical reactions
that form atmospheric nitrate, not changing NOy sources, was controlling the seasonal
variations in 8'°N of NO; in rain water, HNOs, and as PM, s/PM; (Freyer, 1991).
However, no definite conclusions were made about which reactions might be controlling
the seasonal pattern in nitrate 8'°N, and they noted additional measurements were needed
to constrain which isotopic mechanisms were important. Here we examine 8'°N of nitrate
in PMo and PM; 5 collected in Tucson, AZ to evaluate the factors controlling seasonal
changes in aerosol nitrate concentrations. An emissions mass balance and simple isotopic
exchange equilibrium model were compared to test the NOy source versus NOy chemistry

8'°N hypotheses.
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5.2. Study Area

Figure 5.1. Study site is in Tucson, AZ (solid box, A) located in the Southwest U.S. and
has a semi-arid climatology. Aerosol sampling site was NW of downtown Tucson.
Dashed lines with letters represent sectors to different air mass source regions examined

with HySplit back trajectories.

Particulate matter (PM,s and PM,() was collected in the urbanized, semi-arid
Tucson Basin, in the southwestern United States (32.12°N, -110.92°W), beginning in
2006 for a 1 year period (Figure 5.1). The monitoring and collection site is located in a
residential area with light industry NW of downtown Tucson. Site elevation is 680m ASL
and there is greater than 270° of unrestricted airflow with the aerosol sampler inlet sitting
2.65m above the ground. The basin is bounded by the Santa Catalina, Rincon, and
Tucson Mountain ranges (peak elevations of 2.7km, 2.6km, and 1.5km, respectively).
Wind direction is affected by this topography, as well as the changing seasons and time

of day. Air flows generally tend to be down-valley (from the SE) at night and during the
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early morning hours and reverses to up-valley (from the NE) during the day (Day et al.,
2012). Over the course of a year, temperature typically varies from 4°C — 40°C with hot
summers (average daily above 34°C) from May through September and mild winters
(average daily below 21°C). Tucson’s metropolitan area has a population of ~1 million
residents (U.S.Census Bureau, 2012). The majority of Tucson’s industry is retail/business
(41%) and smaller amounts from construction (9%), manufacturing (3%), mining, oil and
gas extraction (0.2%) and agriculture (0.1%) (U.S.Census Bureau, 2010).

The Pima County Department of Environmental Quality (PDEQ) monitors criteria
air pollutants throughout the Tucson metropolitan area in accordance with the National
Ambient Air Quality Standards (NAAQS) set by the U.S. Environmental Protection
Agency (USEPA). Criteria air pollutants include PM, s (particulate matter <2.5um in
diameter) and PM, (particulate matter <1O0um in diameter), Oz, and NOy. Since 1999
there have been eight recorded NAAQS violations of the PM standard (150pg/m’) in
Tucson. Main factors contributing to these violations include high winds, unusually long
periods without rain, and natural events (i.e. forest fires, dust). PM, s concentrations are
typically 40% of the NAAQS standard (35ug/m’) and there have been no violations since
monitoring began in 1999 (Pima County Department of Environmental Quality (PDEQ),
2012). No significant changes have been observed in NOy levels over the past 20 years

and concentrations are roughly 30% of the NAAQS standard (0.053ppmv).
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5.3. Methods

5.3.1. Aerosol and Emission Data at Site

Particulate matter was studied to understand NO;  dynamics within the Tucson
Basin. Daily aerosol concentrations were determined by collecting PM; s and PM( using
a Rupprecht & Parashnick Partisol FRM Model 2025 Sequential air sampler at a flow rate
of 16.7 L/min with a sample collection time of 24 hours (Day et al., 2009). During the
sampling period the criteria air monitoring instrumentation was not installed at the
aerosol collection site therefore mixing ratios of O3, CO, NO, and NO; as well as relative
humidity, wind speed and direction, and outside temperature (Figure A5.1) were taken
from a nearby monitoring location (~4.5km SE). The boundary layer height (BLH),
which was taken as equivalent to the cloud condensation level, was estimated using
temperature, relative humidity data, the Clausius — Clapeyron equation, and assuming a
dry adiabatic lapse rate (Section 5.2.). Finally, emission inventories (anthropogenic and
biogenic) for Pima County and surrounding areas were obtained from the USEPA

(U.S.Environmental Protection Agency, 2012b).

5.3.2. Air Mass Trajectory Analysis

In order to evaluate if NOy sourced outside of the basin was important in Tucson,
air mass origin was determined using NOAA ARL HYSPLIT (Draxler et al., 2012).
Daily two-day back trajectories ending in Tucson, AZ were computed for 2006 at ending
altitudes (above ground level) of 0 m (surface), 1000 m (mixed layer) and 2000 m
(boundary layer height). Back trajectories were group into five sectors (Figure 5.1) that

could have significantly different NOy sources. Trajectories from Sector A correspond to
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those that spent at least a day of recirculation within the Tucson vicinity and would
unlikely be influenced by external NOy sources. Sector B are trajectories that originate
northeast of Tucson and have several major cities, Albuquerque, NM (13,000 tons NOy)
and Santa Fe, NM (4,100 tons NOy), but no other major NOy sources. Air masses from
Sector C originate from the Gulf of Mexico and also include areas of southern Texas and
New Mexico. This area is dominated by the Chihuahuan Desert and other areas with low
NOy emissions but does include San Antonio, TX (42,000 tons NOy). Sector D includes
trajectories that begin in the Pacific Ocean and pass over the Baja California peninsula
and the Gulf of California. These air masses can potentially be influenced from urban
NOy emissions from the city of Mexicali, Mexico (population 1 million). Trajectories
originating from Sector E originated in the Pacific Ocean and were then transported over
California or the western part of Nevada and the Mohave Desert. The major cities of San
Diego, CA and Los Angeles, CA and their extensive urban sprawl lie within these
trajectories and they have much greater NOy emissions (54,000 and 200,000 tons NOx,

respectively) relative to the other sectors.

5.3.3. Chemical and Isotopic Analyses

Geochemical and isotopic analyses were carried out using established methods. In
order to have sufficient NOs™ for isotope analysis five sequential filters were combined
and soluble NO3;™ was extracted in 50 mL of Millipore water. Nitrate samples were
filtered (0.7um) and stored frozen, then pre-concentrated by freeze drying and 8'°N
analysis was performed using the denitrifier method and gold tube thermal reduction

(Casciotti et al., 2002; Kaiser et al., 2007). Isotope ratios were measured using the Delta
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V Plus ratio mass spectrometer that was calibrated using internal working reference
standards that were previously calibrated to international standards USGS32, USGS35
and USGS34 (Riha et al., 2013). All subsequent 8'°N values are reported versus air N».
Precision and accuracy of the 8'°N values were +£0.4%o based on replicate analysis of the
working standards and calibrations. Nitrate concentrations were measured using
suppressed ion chromatography (Dionex IonPac® AS 14 Analytical Column interfaced

with PeakSimple 3.29 software) and based on replicated analysis of standards uncertainty

is £0.33 mg/L.

5.4. Results

5.4.1 Seasonal amounts of particulate matter, nitrate, and NO, in Tucson

120 OPM10 «PM25 20

PM, (ng/m?3)
PM, ; (ng/md)

Date (2006)

Figure 5.2. PM, s and PM, aerosol concentrations (ug/m’) in Tucson AZ in 2006.
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Figure 5.3. Seasonal trends in [NOj],.5 (black circles and line, notice broken axis) and

[NOs 0 (grey squares and line).

Particulate matter, [NO3'] and NOy concentrations all exhibited distinct seasonal
variation. PM; s and PM;( concentrations had a bimodal distribution (Figure 5.2), with
higher concentrations during the winter and late spring (PM,s = 10pug/m’ and PM;, =
50ug/m’) compared to early spring, summer and fall (PM,s = 3pg/m’ and PM;, =
10ug/m3 ). In contrast, the ratio of PM; s to PM is relatively constant throughout the year
(0.2 £ 0.08) except during the monsoon seasons when the ratio increases (0.4 — 0.6). The
concentration of nitrate in PM; s (hereafter denoted [NOs],5) was typically higher in the
winter and spring (0.1 — 0.25ug/m’) compared to the summer (0.01 — 0.1pg/m’), but there
were two anonymously high peaks in March (1.19ug/m’) and December (0.96pg/m>).
PM ;o [NOs] (hereafter denoted [NO3];¢) also had a seasonal trend, however had more

intra-season variation, but generally maximums occurred in the winter and spring (0.8 —
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l.8ug/m3) while minimums were mainly in the summer and early fall (0.2 — O.6ug/m3)
(Figure 5.3). Fraction [NOj],.5/PM, s ranged from 0.3 — 27% with a mean of 2% and the
fraction of [NO;];0/PM; ranged from 0.7 — 7% with a mean of 2.5% (Figure A5.2). NO,
NO; and total N oxides had pronounced seasonal trends with minimums in summer and
maximums in winter (0.007 + 0.008, 0.015 + 0.006, and 0.021 =+ 0.013ppmv,

respectively) (Figure AS.1).

5.4.2 Nitrate 8"°N values of PM, s and PM

+PM25 oPM10

Date (2006)

Figure 5.4. Pronounced seasonal trend in 5!°N of [NOj]2.5 and [NO3] o with higher

values in the summer and lower values in the winter.

The 8"°N values of [NOs]»s and [NOs ] also exhibited a seasonal pattern (Figure
5.4). The 8"°N values were elevated during the winter in [NO3 ]o5 (8 — 14%o) and [NOs 10
(8 — 12%o) relative to summer (-3 — 2%o, -3 — 0.5%o, respectively). The observed seasonal

trends are similar to the 8'°N of rain water NOj™ from the Midwestern and Northeastern



73

United States (Elliott et al., 2007) as well as [NO; |py from Germany (Freyer, 1991) but
are opposite of rainwater nitrate from Bermuda (Hastings et al., 2003) that had higher

8'°N values in the winter compared to the summer.

5.4.3 Air Mass Trajectories
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Figure 5.5. Relative frequencies of two-day air mass back trajectories passing through the
five sectors (Figure 5.1) at three different ending altitudes (0, 1000, 2000 meters AGL)

and arriving in Tucson, AZ.

There were several notable trends in the air mass trajectory analysis (Figure 5.5).
Surface (Om) air mass origin was predominately local (Sector A: 29 — 64%) throughout

the year but had significant contributions from the south-west during the spring and
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summer (Sector D: 19 — 55%). The other surface sectors had minor contributions which
accounted for less than 20% trajectories throughout the year. At 1000 ASL the majority
of air masses originated from Sector D throughout the year with higher frequencies
during the spring and summer (42 — 73%). Sector C had relatively constant contributions
(10 — 27%). Whereas, Sectors A and E were more predominate during fall and winter (17
— 26% and 10 — 42%, respectively). At 2000 ASL the majority of air masses originated
from Sector D with the highest contributions during the spring (58 — 81%). During the
winter, a significant number of trajectories originated from southern California (Sector E;
39 — 65%). While during the summer Sectors A (13 — 35%), C and D made up the
majority of the air mass origins. These 2000m trajectories correspond with the North
American Monsoon system. Between July and September, intense and confined summer
monsoon storms originating from the Gulf of Mexico and the eastern tropical Pacific
Ocean as well as the Gulf of California account for roughly half of the annual
precipitation in Tucson. Whereas, between November and March, lingering, sparse

winter rains originate out of the Pacific Ocean (Sorooshian et al., 2011).

5.5. Discussion

5.5.1 Nitrate concentrations in PM, s and PM,o

The cause for the bimodal distribution in the aerosol concentrations and seasonal
variations in [NOjs ]py are most likely twofold: an increase in windblown dust and pollen
during spring and a seasonal change in BLH. Across southern Arizona between April
through July, a large fraction of PM,s and PM;( is comprised of fine soil, which is

attributed to agitated soils from agricultural activities, vehicles, construction, and mining
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operations (Sorooshian et al., 2011). In the Tucson metropolitan area, O’Rourke et. al.
observed a 4 fold increase in pollen concentrations during April (O'Rourke, 1990). While
intact pollen grains are typically 15 — 40um or larger (Monn, 2001), pollen allergens have
been detected in the PM; 5 size fraction (Rantio-Lehtimaeki et al., 1994; Solomon et al.,
1983; Spieksma, 1990; Spieksma et al., 1995) possibly due to the release of subpollen
particles (0.5 — 4.5um) upon hydration of pollen grains (Bacsi et al., 2006; Monn, 2001).
Both dust and pollen would lead to increased PM concentrations and can explain the
observed spring time peak in PM that begins in April and continues through the
beginning of July (Figure 5.2). Changes in the amount of surface level PM, s, PM;, and
[NOsJpm are also likely influenced by a change in BLH, from winter to summer. The
estimated BLH exhibits a general seasonal trend, changing from ~1.5km during the
winter to ~3.5km in the summer. The predicted BLH in July and August was suppressed
relative to the other summer months and is probably due to large amounts of precipitation
associated with the summer monsoon during this period (Figure 5.6). Evaporation of
rainfall (both during transit and at the surface) results in an increased surface relative
humidity, which in turn creates an artificially shallow cloud height in the BLH
calculation, when in fact these are periods of intense convective mixing. The seasonal
increase in BLH from winter to summer would causes pollutants to mix higher into the
atmosphere diluting surface aerosol concentrations and [NO;3]py and vice versa in the
winter, consistent with our observed trend. This mechanism is supported by a comparison
of [NOj],.5 concentrations at the valley surface with those in the surrounding mountains.
Matichuk et. al.(2006) observed that levels of [NO; o at Mt. Lemmon (2.7km above

Tucson) in the summer are similar to those in Tucson (Figure 5.6, bottom). In the winter,
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however, the [NO;3 ], at the high elevation site are significantly less than in Tucson.
Similar seasonal changes were observed in PM, elemental carbon, and organic carbon,
changes that could not be explained by source changes but were instead driven by
convective mixing in boundary layer. Thus, changes in BLH is prohibiting vertical
mixing and can, in part, explain the observed seasonal trend in aerosol concentrations and

[NO3]pm at the surface in Tucson.
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Figure 5.6. (top) Calculated change in boundary layer throughout the year with an
artificial suppression in August due to the summer monsoon (bottom) Demonstration of
change in boundary layer throughout the year in which vertical mixing induces equal
loading of NOs™ in Tucson (751m) and Mt. Lemmon (2700m) during summer months and

increased at surface in the winter. Mt. Lemmon data taken from (Matichuk et al., 2006).
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Figure 5.7. 2005 EPA NOy Emission Inventory for Pima County, AZ indicating relatively

constant NOy emissions and little source variation throughout the year.

It is unlikely that increases/decreases in NOy emissions are the cause of seasonal
[NOslpm, but shifts in atmospheric chemistry may be playing a role. The major NOy
sources surrounding Tucson (U.S.Environmental Protection Agency, 2012b) vary by less
than 3 — 6% throughout the year (Figure 5.7) and thus cannot account for the observed
10 fold changes in [NO;3 ]pm. Likewise, since seasonal NOy emissions do not significantly
vary, the observed seasonal trend in NOy concentrations, which are similar to the
[NOs]25 and [NOs ] trends, are most likely due to dilution caused by changes in BLH
and seasonal photochemistry that partitions NOy into different forms of atmospheric N
that were not measured (organic nitrate, PAN, HNOs3). Chemistry associated with
regional increases in alkaline dust, typically found in southwestern AZ during April

through July (Sorooshian et al., 2011), could increase the production of [NO; |pm by two
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mechanisms. First, the higher aerosol concentrations should enhance aerosol nitrate
formation by heterogeneous hydrolysis because this depends linearly on aerosol surface
area (Riemer et al., 2003). A weak (r2 = 0.57 for PM,5) but statistically significant
correlation between aerosol mass and nitrate content indicates higher winter nitrate
concentrations can be explained, in part, by increased heterogeneous reactions driven by
enhanced aerosol surface area during the winter. Second, the uptake of HNOj; on alkali
particles is a neutralizing reaction, trapping NOs" into the solid phase, enhancing surface
[NOj3]pym during dust storms (Sullivan et al., 2007). Further discussion of the importance
of HNOj; formation pathways are beyond the scope of this paper, but will be the focus of
a forthcoming paper examining oxygen isotopes in Tucson atmospheric nitrates.

The ratio PM; 5/PM also provides insight into aerosol mechanisms in the Tucson
basin. The PM, s/PM ratio remains relatively constant throughout the year but is lower
during the dry seasons (0.17 £ 0.04) compared to the monsoon seasons (0.23 + 0.08).
This would suggest that during the dry season, mechanisms producing PM; s and PM;
coupled. However, during the monsoon season, the ratio increases, which is likely due to
washout efficiency of different sized PM. Because of droplet-aerosol impaction, the
effectiveness of PM;y washout is 100 times higher compared to PM, 5. Suppression of
dust entrainment because of wet soil during the summer monsoon (June — September)
may be playing a role in increasing the ratio. However, since the ratio goes down during
latter stages of the monsoon, when dust suppression should be highest, it appears that size

dependent washout in the primary mechanism for enhancing the PM; s/PM ratio.
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5.5.2 Nitrate 3"°N values of PM, s and PM,

In order to test the competing hypotheses that atmospheric nitrate 8'°N values
change due to either increases/decreases in a particular NOy source or because of shifts in
seasonal NOy chemistry, an emissions model and simple isotopic exchange equilibrium
model were compared. The isotope mass balance model used the fraction of NOy from
each major source (U.S.Environmental Protection Agency, 2012b) and the mean
observed (Ammann et al., 1999; Felix et al., 2012; Heaton, 1990; Li et al., 2008; Moore,
1977; Pearson et al., 2000) ranges of 8'°N values for those sources and assumed the 8'°N
of atmospheric nitrate mirrored the 8'°N of the NO,. It should be noted that the number
of direct 8'°N measurements for all NO sources, across different regions and conditions,
is sparse and should be a priority for future research. Given this caveat, the isotope mass
balance equation: 8’ Nxox = figu 8 NEGU + fronroad O Nuonroad + froad © Nroad + fhiogenic
815Nbi0genic, was applied to calculate the expected nitrate 8'°N values in the Tucson basin
(Figure 5.8), where f is the fraction of each NOy source normalized to total NOy
emissions, and 8'°N; the mean value for each NOy source (i). Because Pima County’s
seasonal NOy emissions and the NOy source proportions are relatively constant (Figure
5.7), the predicted 8'°N of both [NO3]o.s and [NOs ] 0 is also constant (mean -3.4 + 0.4%o)
(Figure 5.8). This is in stark contrast to the observed seasonal variation observed in both

8'"°N of [NO;3T».s and [NO5 10, (£5%o).
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Figure 5.8. Expected 8'"°N of NO, (triangles) from emission mass balance and observed
8'"°N of [NOs],s (circles) and [NOsT]yo (squares). 8"°N values of NOy from coal fired
power plants (EGU’s): 6 — 13%o (Heaton, 1990) and 9.8 — 19.8%o (Felix et al., 2012),
vehicle NOy exhaust: 3.7 — 5.7%0 (Ammann et al., 1999; Moore, 1977; Pearson et al.,
2000) (negative values have also been reported (-13 — -2%o) (Heaton, 1990)), biogenic
NOy emissions: -50 — -20%o (Li et al., 2008). Triangles are the median calculated values
of 8"’ Nyoy emissions from the literature and the error bars represent the range of literature
values given, this leads to a + 0.2%o spread that could be expected from the isotopic mass

balance however no variations would be observed.

The hypothesis that nitrate 5'°N values arise because of the 5'°N of NO, sources
is also not supported by the back trajectory analysis. They indicate that the majority of
the surface air (where aerosol sampling occurred) recirculated within the Tucson Basin

(Figure 5.1) suggesting local emissions were primarily responsible for the observed
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[NO;]pum and their 8'°N values. There was also no seasonal trend within the remaining
sectors at the surface that would account for the variations observed in [NOs],s and
[NOs]10. The seasonal trend at 2000 ASL that originated from Sectors D and E, which
includes the populated cities of Los Angeles, CA and San Diego, CA, both of which have
large NOy emissions could be influencing 8'°N values of Tucson NOj". Studies have
shown, however, that HNO; produced in downtown Los Angeles was removed from the
atmosphere within 242 km (Allen et al., 2009; Fenn et al., 2003a; Rao et al., 2009). Since,
Tucson is located 775km from Los Angeles, it is unlikely that any HNOj or particulates
could be effectively transported and mixed to the surface (Fenn et al., 2003a). Mixing
from this height over Tucson would be challenging through an inversion layer by
turbulent diffusion and would be minor relative to local urban NOy loading within the
basin. Lastly, California NOy emissions are dominated by road vehicles (86% of yearly
NOy budget (U.S.Environmental Protection Agency, 2012b)) which if transported to
Tucson, AZ would cause more depleted nitrate 5'°N values, which is opposite the
observed 8'°N increase. To obtain the higher nitrate 8'°N values that are observed in the
winter, NOy emissions would have to come from EGU, which are sparse in California
(0.92% of the yearly NOyx budget (U.S.Environmental Protection Agency, 2012b)).
Therefore, NOy emitted outside the Tucson basin and transported to it are not likely the
cause of this seasonal 8'°N trend in the aerosol nitrate.

The influence of NOy sources on the 8'°N value of atmospheric nitrate is also not
evident in Tucson during seasonal forest fires. In late April (2006), a spike in CO
concentrations (Figure A5.3) suggested that regional biomass burning (Galanter et al.,

2000) may have impacted Tucson’s air quality. We found this corresponded to a major
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wildfire 420km north of Tucson. Increases in [NOs o5 and [NO;3];o (Figure 5.3) also
occurred during the period, yet on-site monitoring showed no increase in [NOy] and there
was no significant change in atmospheric nitrate 8'°N values (Figure 5.4). This would
suggest that the increase in the [NO; [py was due to increased NOy reactions occurring on
wildfire soot/aerosols prior to its arrival in Tucson, but that the 8'°N value of that NO,
source was indistinguishable from the value of Tucson’s regional NOy. Thus, the data
suggest that biomass burning NOy also cannot explain the seasonal variation in
atmospheric nitrate 8'°N values in Tucson. The alternative hypothesis used to explain the
seasonal 8'°N variations observed in atmospheric nitrate is seasonal changes of NOy
chemistry.

A chemical reaction that could be controlling the seasonal trend in the '°N of
[NOs]25 is the gas-particle equilibrium of NH4NO;(s) <> HNO;(g) + NHs(g). This could
help explain the [NO3 ], s winter maximum and summer minimum, because NH4NOs(s) is
thermodynamically favored at cold temperatures while the gaseous phase is favored at
warmer temperatures (Seinfeld et al., 2006). However, this hypothesis is not supported by
the observed 8'°N values (Figure 5.4) or aerosol concentrations. At equilibrium, N is
usually preferentially in the particle phase (as suggested by (Freyer, 1991)) so the
expected [NOs3 a5 8'°N seasonal trend would be inverse of what was observed in Tucson
(Figure 5.4). Also, NH4NOs( is usually found in the PM 5 fraction of the total aerosol
mass because gas to particle conversion produces sub-micron particles (Khoder, 2002).
However, due to the high soil contribution to aerosol concentration (20% in PM, s and
90% in PMjp) (Malm et al., 2007), studies have shown that in the southwest US [NO;3 ], 5

is mainly found as sodium or calcium nitrate resulting from the reaction of nitric acid
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vapor with sea salt or soil dust (Malm et al., 2003). Sorooshian et. al. observed that PM; s
mass was mainly fine soil (32%) and organic carbon (29%, dust and biological aerosols
such as bacteria and pollen) throughout the course of the year in Phoenix, AZ
(Sorooshian et al., 2011). This suggests that in Tucson there is too little [NO3],5 as
NH4NOs; to significantly alter its concentrations because of temperature driven phase
partitioning. Therefore, it is concluded based on isotopic and mass considerations that
gas-particle equilibrium of NH4;NOj is not the main chemical process controlling the 8'"°N
of [NO; ]2s.

Another possibility that might explain the seasonal change in atmospheric nitrate
8'"°N values in Tucson is a gas phase isotopic equilibrium. The isotope exchange

equilibrium between gaseous NO and NO, (Freyer, 1991):

NO + N0, — "NO + °NO, (R1-k;)
“NO + N0, — "NO + "NO, (R2 — k)
Keg = 2 EQ 5.1

€q ks ( Q . )

can occur if the exchange timescale is faster than the timescale of nitric acid formation
through NO, + OH — HNOs3 3. Using published rate constants (k; = 8.13x107*
molecules/sec at 296K and k; = 1x10™"! molecules/sec at 298K, Keq = 8.13x10™) (Seinfeld
et al., 2006; Sharma et al., 1970), the observed Tucson [NOy] and an estimated [OH] of 1
x 10° molecules/cm’ for polluted atmospheres (Prinn et al., 1992) the ratio of exchange-

to-reaction ranges from 400 to 3500 indicating complete isotopic exchange equilibrium



84

occurs in this environment. Additional NOy removal, by hydrolysis of N,Os during
nighttime, occurs on a similar timescale as OH + NO, and thus would also not limit
complete isotope exchange. We note that NOy isotope equilibrium might not be attained
in unpolluted environments where [NO] are at parts per trillion levels rather than the parts
per billion that is observed in Tucson’s urban atmosphere.

Isotopic mass balance and equilibrium enrichment was used to determine the 8'°N

of NO, in the atmosphere assuming equilibrium with NO and using:

8" Nno2 = [6" Nnox - fuo(8 Nxo) 1/ fuoz (EQ5.2)

8" Nno - 8" No2 = &(T) (EQ5.3)

where fis the fraction of NOy as NO or NO, (observed) and the enrichment factor ((T))
is calculated from the NO-NO, isotopic equilibrium constant K.,, that was calculated
from reduced partition functions (Richet et al., 1977) using known vibrational
frequencies (Henry et al., 1978; Michalski et al., 2004b; Teffo et al., 1980). The &(T)
factor for exchange is temperature dependent and ranges linearly from 37 to 45.8 %o over
a scale of 46 to 7°C. The ES]SNNOx 1s the expected value of NOy emissions (-3.4%o) based

on the emission inventory and using isotopic mass balance (Figure 5.8).
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Figure 5.9. Calculated 8'°N of NO, (diamonds) undergoing isotopic equilibrium
exchange compared to 8'°N of [NO3],5 (open squares) (top) and 8'"°N of [NOs 7], (open

circles) (bottom)
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The calculated "°N of the precursor NO, using EQ 5.2 and 5.3 has a similar
seasonal trend to the observed §'°N of [NO;s]25 and [NOs]yo (Figure 5.9). The small
offset and deviations between the observed and calculated 3'°N values could be attributed
to a second fractionation occurring during NO, — NOj reactions. The calculated 8!°N of
NO, suggests that the isotope exchange equilibrium between gaseous NO and NO,, and
not NOy source apportionment, is the main process controlling the observed 3'°N of both
[NO3].5 and [NO3]1o seasonal trends in the Tucson basin.

It has been determined that seasonal changes in NOy sources had little influence
on [NOs]py its 8°N values in the Tucson metropolitan area. Instead, seasonal changes in
boundary layer mixing and chemistry largely control [NO; ]py and isotope exchange
equilibrium between NO, and is controlling its 5'°N values. NOy sources must play some
role in atmospheric nitrate '°N values in regions where significant shifts in source
apportionment occur. However, interpreting seasonal nitrate 8'°N changes solely as
source changes without accounting for meteorological and ambient atmospheric
chemistry conditions is not justified. The problem should be approached by incorporating
stable isotopes into regional 3D chemical transport models that can factor spatial and
temporal changes in meteorology, chemistry, and NOy sources. Stable isotopes may then
provide insight not only into possible NOy budgets but as an additional observational

constraint for understanding oxidation chemistry in the atmosphere.
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CHAPTER 6: LINKAGES BETWEEN THE ATMOSPHERIC AND BIOLOGIC

NITROGEN CYCLES IN SEMI-ARID URBAN ECOSYSTEMS

6.1. Introduction

Arid and semi-arid regions are the most prevalent terrestrial ecosystem
representing one third of the Earth’s surface (Ezcurra, 2006) and are experiencing
disproportionate increases in population growth and land use changes (Ezcurra, 2006).
These alterations are straining already scarce water resources (Norman et al., 2009) and
likely changing nitrogen biogeochemistry (Fenn et al., 2003a; Fenn et al., 2003b; Hall et
al., 2011). How urbanization affects the biotic response to the reallocation of water and
nitrogen in desert ecosystems is unclear (Lovett et al., 2005). Understanding interactions
such as nitrification, N deposition, and N leaching, and their feedbacks on ecosystem
function and services, will be critical to for developing science based management
strategies to sustaining these limited resources.

Nitrate is often the main N compound in many ecosystems, is believed to be
primarily from nitrification with only a small amount of nitrate deposited from the
atmosphere. Urbanization in semi-arid regions may alter this proportion due to increases
in N deposition in response to rapid increases in population and expanding urban areas

(Fenn et al., 2003b) as well as increased impervious surfaces (Arnold et al., 1996) and the
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emergence of catchment connectivity provided through stormwater infrastructure (Carle
et al., 2005; Hatt et al.,, 2004). However, differentiating between biologic and
atmospheric nitrate is impossible simply measuring changes in NOj3  concentration in
soils or streams. Therefore, it has been difficult to quantify the contribution of
atmospheric relative to nitrification NOs™ to an ecosystem, or to assess how the
importance of these NOj; sources change under water limitation or urbanization.
However, many studies in semi-arid ecosystems have suggested an increase of microbial
processing upon soil wetting, leading to an accumulation of nutrients between runoff
events and subsequent flushing (Austin et al., 2004; Welter et al., 2005), but they were
not able to distinguish between biologic NOs™ inputs versus atmospherically derived NO5
. Other studies have proposed increased dry deposited nitrate within urban catchments
and due to limited soil water required for microbial processing, there is increased
mobilization of nitrate during runoff (Lewis et al., 2007; McCrackin et al., 2008), but
likewise these studies were unable to conclusively distinguish atmospheric from biologic
NOj3". Yet, another study suggested that both processes are working together leading to
high NO;™ concentrations across a gradient of urbanized catchments (Gallo et al., 2012a),
but again quantification of the two sources was lacking. These studies highlight that there
needs to be better understanding on and quantification of the N cycle particularly related
to N deposition and a better technique which can be used in semi-arid urbanized
ecosystems (Adams, 2003).

Stable isotope abundance variations in nitrate can be useful in N biogeochemical
studies as they can be used to infer changing NO;™ sources or biogeochemistry. The small

amount of research on tracing atmospheric NOj3™ deposition that has been done is mainly
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in forested ecosystems (e.g. Durka et al., 1994; Mayer et al., 2002) using the dual isotope
approach of §'°N and 8'%0 (where 8 = (Rsample/Rstandara — 1)*1000). Most forested studies
suggest no atmospheric NO3™ deposition despite high N deposition rates but this could be
due to the high variability of the 8'°0 values of biologic and atmospheric NO;™ which is
often times a limiting factor is using the dual isotope approach in mixed systems
(Michalski et al., 2004d). Triple oxygen isotopes are a new way to quantify the
atmospheric fraction. Atmospheric NO;™ is known to be anomalously enriched in ''O
(Michalski et al., 2003a). This '"O enrichment is denoted by A'’O, where A'’O = §'70 —
0.52(5'*0) (Miller, 2002b). Atmospheric NO3” A'’O values have only been measured in
coastal and ocean environments and they range between 20 and 32 %o. In contrast, NO3
produced by nitrification has a A'”O = 0 and NO;" loss by denitrification/assimilation
obey the mass dependent fractionation law, leaving the A'’O signal unaltered (Michalski
et al., 2004a). Therefore, A'’O can be used as a conservative tracer of atmospheric NO3”
and can be used to better understand the fate of atmospheric deposition in semi-arid
urbanized ecosystems. It also can provide insights into the rate on microbial N turnover
via the assimilation-mineralization-nitrification cycle.

The overall purpose of this research is to use stable isotopes in NOj;™ to understand
how urbanization of desert biomes impacts coupled hydrologic — N biogeochemical
processes. In particular, the following research questions were addressed: 1) How do
precipitation NOs™ isotopic abundances in semi-arid urban ecosystem compare to
previous studies? 2) Do semi-arid urban streams have atmospheric NOs™ present in

waterways and if so does it compare to forested watersheds? 3) Are 5'*0 and A'’O
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equally effective as an atmospheric tracer and can additional information be obtained
through the coupled used of these two methods? 4) Can A'’O be used to obtain a gross
nitrification rate in semi-arid urban catchments?

We hypothesized that urban streams would have higher atmospheric nitrate
contributions because of augmented N emissions. In addition, impervious surfaces would
reduce the N residence time in urbanized catchments’ stream beds therefore limiting
nitrate loss by microbial cycling during transport and creating a smaller reservoir of soil
nitrate.

6.2. Study Catchments
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Figure 6.1. Location of the six study catchments (LD, CM, MD, MX;, MX;, and NU),
rainfall gauges from Rainlog.org volunteer network (black dots), rainfall sampling
locations nutrient and isotopic analyses and percent impervious cover within the Tucson

Basin in south-eastern Arizona.
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Study catchments are situated within the Tucson metropolitan area, AZ located in
the southwestern United States (Figure 6.1). The Tucson metropolitan area is bounded by
the Santa Catalina, Rincon, and Tucson Mountain ranges which form an alluvial basin.
The basin is drained to the northeast by the ephemeral Santa Cruz River and its
tributaries, the Canada del Oro, Rillito Creek, Pantano Wash and Tanque Verde Creek
(Davidson, 1973). Climate in the Tucson basin is semi-arid with a mean annual
temperature of 20°C (maximum 30°C in July and minimum 10°C in January). Mean
annual precipitation is approximately 310mm and the region is affected by the North
American Monsoon system in which precipitation occurs during two distinct rainy
seasons. Between November and March, lingering, sparse winter rains originate out of
the Pacific Ocean accounting for roughly half the annual precipitation. Whereas, between
July and September, intense and confined summer-monsoon storms originating from the
Gulf of Mexico and the eastern tropical Pacific Ocean as well as the Gulf of California
(Gelt et al., 1999). Summer monsoonal rainfall is short in duration, high in intensity and
highly spatially heterogeneous (Garcia et al., 2008; Morin et al., 2006; Syed et al., 2003).
The current population of the Tucson metropolitan area is ~1 million residents and is
projected to increase by 20% by 2030 (U.S.Census Bureau, 2012). Annual NOy emissions
(anthropogenic and biogenic) total 32,000 tonnes (U.S.Environmental Protection Agency,
2012b), modeled annual total N deposition was estimated at 7.5 — 15 kg Neha™ eyr”" (Fenn
et al., 2003b) and measured annual total N deposition in nearby Phoenix, AZ was 4 — 7

kg Neha'eyr of which 1 kg Neha'eyr' was estimated to be NO;™ (Lohse et al., 2008).
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Table 6.1. Land cover characteristics of the study catchments.

Catchment
LD MD MX, CM MX, NU
Catchment Area (km®) 4.44 0.45 4.7 0.33 25.30 26.98
Impervious Cover (%) 21.84 40.64 45.78 90.70 50.63 2.92
Catchment Slope (%) 5.60 1.20 1.90 1.50
Land Cover (%)
Residential Housing
Low Density 87.56 0.13 11.08 0.32 3.92 3.29
Medium Density 0.09 80.57 43.27 2.15 52.24 1.85
High Density 7.26 16.70 17.28 0 11.22 0.75
Commerical (office, retail, roads) 5.00 2.59 19.76 95.65 27.36 1.66
Open Space (parks, undeveloped) 0.08 0 2.78 1.87 5.26 92.45
Agriculture 0 0 5.54 0 0 0
Stream Channel Length (m) 12479 881 18634 1457 70496 146474
Impervious Channel Length (m) 1102 881 15021 1457 44748 1649
Pervious Channel Length (m) 11377 0 3613 0 25748 144825

Four of the urban catchments used in this study have been previously described
and characterized by Gallo et. al. (Gallo et al., 2012a). Catchments were delineated and
characterized for land cover properties in ArcMap 9.0 as described by Gallo et al. (2012a)
using the stormwater drainage system, which encompasses engineered and natural,
impervious and pervious attributes and does not share any infrastructure with sewer
system. All of these catchments are hydrologically isolated and do not receive
contributions from other sources (2012a). Land cover characteristics for each study
catchment are summarized in Table 6.1 and vary in land use type, percent impervious
cover, size, slope, and stream channel network and described in detail in Gallo et. al.
(2012a). Briefly catchments consist of: a 4.44km?, majority low density housing (LD)
catchment, a 0.45km”, majority medium density housing (MD) catchment, a small mixed

density (MX) catchment (4.7km?) with relatively equal contributions from all land uses,
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a 0.33 km” commercial land use catchment (CM), a large mixed density (MX;) catchment
(25.3km?) with relatively equal contributions from all land uses and a 26.98km” non-

urban (NU) catchment of which 92% of the land use is open space.

6.3. Methods

6.3.1 Rainfall and runoff sample collection and analyses

Rainfall data (rainfall depth, duration, time since last rainfall) was obtained from
4 Pima County Flood Alert system monitoring sites (2380, 2350 6180 and 6190;

http://rfcd.pima.gov/wrd/alertsys/index.htm) which were located in close proximity to the

study catchments. Rainfall samples for isotope and inorganic N analyses were collected
using a citizen scientist network of 21 people located throughout the Tucson Basin (see
Gallo et al. (Gallo et al., 2012b)) as well as rainfall collectors at the outlet of the
catchments from the 2007-2010 summer monsoon seasons.

Runoff samples were collected during the 2007 and 2010 summer monsoon
season and analyzed for isotopes and geochemistry. Runoff was collected using
automatic water samplers (ISCO 6712, Teledyne Technologies) installed at the outlet of
each catchment. In 2007 they were programmed to collect a discrete sample every 20
minutes (for 4 hours), and in 2010, once stage height exceeded Icm samples were
collected every 10 minutes the first 40 minutes and every 20 minutes thereafter. Runoff
samples were collected in acid washed combusted 1L glassware (2007) or plastic bottles
with ProPak disposable sample bags (2010) retrieved within 24 hours of a storm event,
placed in a dark cooler (~4°C) and immediately taken to the University of Arizona for

processing. A split of the sample was filtered through a pre-combusted 0.7um glass fiber
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filter (Whatman GF/F) for nutrient and isotopic analyses. Aliquots for nitrate isotopic
analysis were frozen shipped with ice packs overnight to Purdue Stable Isotope Facility
(West Lafayette, IN). Ammonium-N analyses were carried out on a SmartChem Discrete
Analyzer with a detection limit of 0.002 mg/L. Nitrate-N analysis was carried out on a
Dionex lon Chromatograph ICS-5000 with a detection limit of 0.005 mg/L. All
concentrations are reported with respect to N (i.e. NO3-N and NHy4-N). Nitrate samples
were stored frozen until they were isotope analysis (8N, §'’0 and §'%0) was performed
using the denitrifier gold tube thermal reduction (Casciotti et al., 2002; Kaiser et al.,
2007; Riha et al., 2013) technique for, where 6 = (Rsampie/Rstandara — 1)*1000 and R is the
ratio of the rare isotope relative to the abundant isotope of the sample and the standard.
Isotope ratios were measured using the Delta V Plus ratio mass spectrometer that was
calibrated using internal working reference standards that were previously calibrated to
international standards USGS32, USGS35 and USGS34 (Riha et al., 2013). All
subsequent 8'°N values are reported versus air N, and oxygen values (5'°0 and A'’O) are
reported with respect to VSMOW. The anomalous 'O enrichment, denoted by A'’O, was

determined using (Miller, 2002b):

A0 = |1 1+6170 0.52-1 1+5180 1000
I 1000, 0! 1000

Precision of the 8'°N values were +0.4%o, 5'%0 values were +1.0%o, and A0 values

were +0.3%o based on replicate analysis of the working standards and calibrations.
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6.3.2 Isotopic mass balance

The fraction of atmospheric nitrate in urban runoff samples was determined using
two mixing models, the first using A'’O values and the second using the 8'°0 values. The
first model employs the use of runoff NOs;™ A'O values to determine the fraction of
atmospheric (f,.,) and biologic (f;,) nitrate in a sample through the use of isotope mass
balance:

A" Orunofr = fiio (A" Obio) + foum (A" Ouim)
where A17Orun0ff, A”Obio, and A”Oatm are the isotopic compositions of NO3™ in the urban
runoff sample, biologically produced NO;, and atmospherically produced NOj;
(precipitation), respectively and f;;, + frio = 1 are the NOs™ mole fractions. Atmospheric
NO;™ is known to be anomalously enriched in 'O (Michalski et al., 2003a) while NO5~
produced by nitrification has a A'”O = 0 and NO;" loss by denitrification/assimilation
obey the mass dependent fractionation law leaving the A0 signal unaltered (Michalski
et al., 2004a). This allows the isotopic mass balance is reduced to:

Saim = A" Orunof/ A" Ogem and fiio = 1 — foum.

The second approach to determining fraction of atmospheric nitrate in runoff uses
the 8'%0 value as the atmospheric NOs™ tracer (Chang et al., 2002; Durka et al., 1994;
Kaushal et al., 2011; Kendall, 1998a; Mayer et al., 2002). A two component isotope
mixing model yields:

S = (8" Orunofr — 8 *Onie) / (8"* O — 8"*Opie).
where SISOmnoff, 6]8Onit, and 8]8Oatm are the isotopic compositions of NOj™ in the urban

runoff, produced from nitrification and by atmospheric chemistry (precipitation),
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respectively. A variety of models have been used to evaluate the 8'°0 value of
nitrification. The simplest assumes that O atoms from atmospheric O, (8'*0 = 23%o and
A0 = -0.15%o0) and soil water are incorporated into NO;™ in a 1:2 ratio (Mayer et al.,
2001). This ratio value has been recently challenged (Snider et al., 2010) suggesting that
oxygen exchange between H,O and NO,™ controls the water to air incorporation ratio. It
is likely that oxygen exchange between H,O and NO, would be minimal in these
catchments due to the neutral to slightly basic soil conditions (7.5 £ 0.5) which limits the
pH dependent exchange rate (Bunton et al., 1959) and the relatively small timescale that
soil water is available in semi-arid systems. Precipitation during this study had a 3'°0 =
-5.6 + 4%o (unpublished data), which would result in a §'*0,;; value of 4 £ 2.6%o.

These two mixing models were evaluated to determine f,, (and fp,) three
different ways depending on the availability of isotope data for precipitation NO;™ during
a particular storm. If the runoff event had a single corresponding precipitation NOs’ A0
and 5'°0 value, then that data were used in the isotopic mass balance model. Runoff
events in which multiple precipitation NO;” A'’O and 8'°0 values were available, the
averaged A0 and 8'"0 values were used. In the case where no precipitation NO3 A0
and 8'°0 values were available owing to the highly spatially heterogeneous distribution
of rainfall, the seasonally averaged values were used. For example, while all catchments
contained at least one rainfall collector at the outlet of the catchment, it was quite
possible for it to rain at the upper portion of the catchment but to be dry at the outlet
precipitation collector. Uncertainties arising because of the assumptions in these three

approaches are detailed in the discussion.
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Nitrate fractional contributions (f;,, and fy,) can be used to remove the
atmospheric nitrate contribution from runoff samples (Dejwakh et al., 2012; Michalski et
al., 2004d) and allow better constraint on the biological NOs™ dual isotope plot. Since
5'%0 values of atmospheric NOs™ are elevated but 8'°N values are similar to terrestrial
sources, even a small £, would lead to scatter in the dual isotope plot. Removing the
atmospheric 8'°0 and 8'°N components from runoff NO;™ allows assessment of other
NOs™ sources or losses by assimilation or denitrification. To assess biological NOs’
sources and NOj™ processing, runoff NOs™ samples were transformed with the A'’O and
8N and 8'%0 values of atmospheric NO3™ to obtain 8N and 5'%0 values of biologic
NOs™ (Dejwakh et al., 2012). This isotope transform (40) is applied to find the biological
8N and 8'%0 values of NO;™ were obtained from the following isotopic mass balances:

8'"Otio = (3" Orunot - faun(8""Oum)) / foio

8" Nbio = (8" Nrunofr - farm(3 " Natm)) / foio
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6.4. Results

6.4.1 Precipitation NO;” A'’O and 8"%0 values
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Figure 6.2. A0 (open circles) and 8O (closed diamonds) values of NOs; in

precipitation collected throughout the Tucson Basin during the study period.

The A'’O and '®0 values of NO5™ in precipitation varied spatially within storms
and between consecutive storm events in Tucson during the study period (Figure 6.2).
Between July 2009 and September 2010 (n=12), rainfall NO;” A'’O values ranged from
20.3 — 30.6%o and averaged 24.5%o. The 8'°0 values had a wider spread and ranged from
55.2 — 89%o, averaging 57%o. There was a significant correlation between precipitation
NO5™ 8'%0 and A'70 values (r = 0.85, slope = 0.25). There was a large spatial variation in
the NO3™ 8"%0 (63.1 — 89%0) and A'’0 (22.1 — 30.6%o) values within the same storm from
samples collected at different sites across Tucson. The inter-storm NOs 8'*0 and A''O

correlation was significant and similar to the seasonal (r = 0.83, slope = 0.21). Isotope
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data for precipitation NO; was not obtained for all storms during the summer because of
either limited rainfall or low NOs™ concentration resulted in insufficient NOs” for isotopic

analysis. Rainfall NH; /NO;  ratios ranged from 0 — 2 (mean = 0.9 = 0.7).

6.4.2 Atmospheric NOs’ fractional contribution based on A'’O
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Figure 6.3. [NOsamo (black) and [NO;ui, (grey) runoff samples from each urban
catchment ([NO3 Jatmo = farm[NO3']) (Top) and the £, (fraction atmospheric NOs™ - left y-
axis) and fj, (fraction biologic NOs™ - right y-axis) for runoff samples from each urban
catchment (Bottom). Quantile box plots, where the whiskers represent the minimum and
maximum, box is the 25" and 75™ quartiles, and the horizontal line is the sample median.
Box plots sharing the same letter are not significantly different from each other (p <

0.05).
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The fum were similar between catchments and storm events. For all catchments
fam ranged from 0 — 0.82 (mean = 0.38, o = 0.16, n = 179) and differed slightly
depending on which model (A'’O average, storm specific) was used to calculate fim.
Individual catchment f,.,, are shown in Figure 6.3, with the highest atmospheric NOs’
fractions observed in the CM and LD catchments and the lowest observed in the NU
catchment. The MD, MX; and MX, catchments all had similar f,;, in runoff. However,
total the f,m variation from the six catchments were not significantly different from each
other (t-test, p<0.05) (Figure 6.3).

Whereas fym were similar amongst catchments, the corresponding fraction
weighted NOs™ concentrations varied substantially among catchment to catchment (Figure
6.3). Fraction weighted NO3 is [NO3 Jatmo = fam[NO3] and [NO3 Jvio = f5io[ NO3]. Highest
[NOj3 ]atmo Were found in the CM and LD catchments and the lowest in the NU catchment.
The MD catchment tended to have higher [NO3Jamo than both MX; and MX,. Highest
[NO3]bio Were observed in the MD catchment. The CM, LD, and both MX; and MX,
catchments had similar [NOj ]y, with large variations whereas the NU catchment had the

lowest [NOs ;o of all study catchments.
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6.4.3 Biologic NOs’ sources and processing

Table 6.2. Mean (+SD) 8"°N and 8"0 values of biologic NOs™ (obtained by isotopic
transform) and corresponding NO;3 source and slope of the dual isotope plot
representative of NOj3™ processing (assimilation (slope = 1 (Granger et al., 2004a)) and
denitrification (slope = 0.5 (Kendall, 1998b))). Mean (+SD) of runoff NH;" and DOC
concentrations used in the interpretation of biologic NO3™ processing. Means sharing the

same superscript across variables are not significantly different from each other (p <

0.05).

Catchment | §'%0 (%o) 8"°N (%) | Source evegozzsw NH," (mgN/L) | DOC (mg/L)
LD 163 (+14.8)" | 47 67" |NH, /soil|-1.44-1.09] 029 *0.19° | 157 *7)°
MD 16.8 (+23.7)*" | 137 16.7)° |NH, Jsoil | 0.12 - 1.13 | 0.59 (= 0.41)* | 15.9 (= 10.5)"
MX, 8.9 (+ 6.9)° 9.3 ( 6.5)° soil |-0.23-135]020=0.19°| 9.9 7.8)"
CM 13.5 (= 11.6)* | 0.5 & 11.5)*" | NH, /soil | -0.39 - 1.07| 0.65 (£0.33)* | 30.1 (= 18)"
MX, 44 13.4)° | 24 @& 6. |NH, /soil|-1.31-0.89| 0.18 (= 021)° | 22.2 (+ 13.4)*
NU ~0.11 (£6.2)° | =5.6 (+12.5)® | NH, Jsoil | 0.29 - 0.43 | 0.02 (£0.03)° | 18.6 (= 5.4)*"

Nearly all transformed 8'°N and 8'*0 values fell within the range of nitrate
derived from nitrification in soils (i.e. NH4" and soil N) with a few event based 8'°N and
8'%0 values falling within the fertilizer NOs™ range (Table 6.2). Highest '°N enrichments
were observed in the MD and MX, catchment, whereas '°N depletions were seen in CM
and NU catchments. The highest transformed 8'°0 values were observed in MD and LD
catchments whereas MX, and NU showed low transformed 8'*O values. NO; processing
was detected in CM, LD and MD catchments and was primarily assimilation with minor

contributions of denitrification.
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6.5. Discussion

6.5.1 Precipitation NO;” A'’O and 8'%0 values

The precipitation NO;” A'’O and 8'®0 values are similar to other reported values
but the high degree of inter-storm spatial variation and intra-storm variation over the
monsoon season was not expected. The precipitation NOs~ A'”O and §'°0 values are in
similar to annual PM; (particulate matter <10 mm diameter) collected in Tucson during
2006 (Riha et al. in preparation). The PM o NO3 §'*0 and A'’O values (n= 57) were
highly correlated with the same slope as the precipitation NO5™ 80 and A'7O values
(slope = 0.25, r=0.94). PM;y NO;3™ had an annual average 880 value of 70.9%o (+ 13.5)
and an annual average A'’O value of 27.2%o (+ 3.7), and summer (n= 11) 8'°0 values of
55.2%o (£ 10.9) and A'7O values of 22.3%o (+ 2.4). Precipitation NO3~ A'’O and §'°0
values reported here are also similar to those reported in Southern California (Michalski
et al., 2003b; Michalski et al., 2004d), and 8'%0 values are also comparable to those
observed in the Northeastern United States (Burns et al., 2009; Elliott et al., 2009). The
small scale 8'°0 and A'’O variation (in time and space) in atmospheric NO;™ has not
previously been reported at other locals. However, these studies did not collect spatial
and temporal sets of precipitation samples and therefore variability amongst precipitation
NO;™ A0 and 8'"0 values could not have been observed and cannot be compared to the
current dataset.

Possible reasons for this variation include contamination of dry deposition in wet
deposition samples or heterogeneity of storm centers causing fractionations during

washout of nitrate. Due to the unpredictability of the summer monsoon rains (short in
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duration, intense and spatially heterogeneous) precipitation collectors were left out in
between storm events and therefore are considered a combined sample of wet and dry
deposition. This combined sample can, in part, explain some of the variability observed
in the precipitation NO;~ A0 and 80 values. In between precipitation events dry
deposited collects particulate NOs') and HNOjq) could volatilize due to high
temperatures therefore causing the residual NOs s to become enriched in '*O. This
enrichment followed by a precipitation event could cause a mixture of fractionated dry
deposited NO;(p) and current wet deposited NO3 (aq) whose NO3” A'’O and 8'°0 values
would be a function of 1) dry deposition rate (how much NOs'(p) is deposited in the
collector), 2) the time between precipitation events (how much fractionation has
occurred), and 3) wet deposition rate (how much NO;3(aq) is deposited). However, this
explanation would not justify the variation in A'’O as any post-depositional processing
would likely obey the mass dependent fractionation law, leaving the A'’O unaltered
(Michalski et al., 2004d). Therefore, this variation most likely is a reflection of localized
changes in chemistry based on the position of the precipitation collector (near road versus
residential area) and its location within the Tucson Basin. The range of precipitation NO3’
A0 values reported here suggest site specific varying importance HNO; formation
pathways (Michalski et al., 2003b). This is most likely due to heterogeneity of NOy and
VOC emissions within the Tucson Basin (Diem et al., 2001), such that during a
precipitation event the time scale from local emissions to conversion to HNO; and
subsequent deposition is too short to allow for a homogenized mixture across the Basin
therefore resulting in different precipitation NO;” A'’O and 8'°O values. Unfortunately

there was not enough data (n=12) to determine if there were trends in precipitation NO5
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A"0 and 8"0 values throughout the course of the summer monsoon season. As a result,
these variations can cause uncertainty in the calculated f5;, and f,,, when averaged
precipitation NO;~ A'O and 8'®0 values are used in the absence of actual event based
data in the isotope mass balance model. Fractional contribution errors induced by
utilization of seasonal averaged precipitation NO;~ A'’O and 8'%0 values versus event

based can be both large and variable (A'’O: +3 to -10% and §'*0: -9 to -45%)).

6.5.2 Atmospheric NOj;~ contribution

The fraction of atmospheric NOj3 exported from all the urban catchments,
throughout the study period, were substantially higher (regardless of A'’O or §'°0
approach), than in nearly all other ecosystems. Most studies trying to quantify
atmospheric NO;3~ export have attempted to use elevated 8'°0 values (50 — 90%o) in
atmospheric NOj;™ as the tracer, and have focused on forested and alpine ecosystems and
have shown almost little to no contribution of atmospheric NOj3™ to total N. Throughout
16 major watersheds in the northeastern U.S., atmospheric NOs™ contributions were
considered negligible because high microbial N cycling erased the atmospheric 8'°0
tracer (Mayer et al., 2002). In more humid forested systems, atmospheric NO3™ accounted
for 1 — 30% of total stream NOj3™ (Barnes et al., 2008; Campbell et al., 2006; Spoelstra et
al., 2001; Williard et al., 2001). Unlike these forested catchments, all but one of our
urban catchments have a significant fraction of atmospheric NO;  during the entire
hydrograph (averaging 34 to 53%) and does not recede at the end of the storms as is

observed in forested systems. The NU catchment, which is non-urbanized and majority
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open space (92%), had low f,,, similar to forested catchments, however, unlike forested
catchments f,,, did not recede at the end of the storm event.

The high f,,» NO3™ in runoff observed in Tucson (Figure 6.3) has been found in
several ecosystems with perennial waterways, but often as transient pulses during peak
discharge with low f,,, NOs™ observed during baseflow conditions. During peak snowmelt
flows, 45 — 48% of the nitrate load was determined to be atmospheric NO3™ in forested
watersheds in the Eastern US. However, low atmospheric NOj3™ contributions, <7% were
observed during the majority of flow conditions (Goodale et al., 2009; Pardo et al., 2004;
Sebestyen et al., 2008). In northeast Bavaria, significant amounts of atmospheric NO3
contributions (14 — 46%) were also observed in forest spring water (Durka et al., 1994).
High £, values were found in declining forests, and it was suggested that acidic forest
soils were inhibiting nitrification. A'’O was used to detect high atmospheric NO;’
fractions (4 — 40%) in Southern California (Michalski et al., 2004d), a semiarid climate
similar to Tucson. While this range is closer to those found in Tucson, the highest £,
were observed during peak discharge and they quickly diminished during baseflow
conditions. These high peak flow atmospheric NOj3;  concentrations were primarily
attributed to flushing of atmospheric NOj;  deposition (e.g. plants and soil) during
prolonged dry periods.

The difference in the amounts of atmospheric NOs™ in Tucson relative to other
mainly forested ecosystems must be a function of N deposition and N cycling rates. NO3
deposition in northeastern US watersheds were estimated at 4 — 8 kg Neha™eyr" (Mayer

et al., 2002), which is higher than both the modeled NO;3™ deposition rate
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(4 kg Neha'eyr") in Tucson (Fenn et al., 2003b) and the measured rate(1kg N°ha'1°yr'1)
in nearby Phoenix (Lohse et al., 2008), which should be similar to Tucson. Therefore,
major differences in atmospheric NOj3 deposition rate between Tucson and eastern
forests cannot explain higher atmospheric NO3™ in Tucson’s runoff. It is hypothesized that
in urban catchments imperviousness limits N residence time and reduces the amount of

exposed soil, thus decreasing the rate of assimilation/denitrification of deposited N and

reducing nitrification rate.

6.5.2.1 Assessing fy, using 3'°0 versus A'’O

Fraction Atmospheric (6120)

o
N
o
s
©
N

0.4 0.6 0.8 1 1.2

-0.2
Fraction Atmospheric (A70)

Figure 6.4. Mass balance estimates of the fraction atmospheric NO;™ in runoff samples
using an average NO3 amo 8'%0 = 57%0 and A'’O = 24.3%o and a nitrification NO5 5'%0
of 4%o and A'’O = -0.1%o. Solid 1:1 correlation line represents if the §'°0 method and
A0 method gives the same fraction of atmospheric NO; contribution. Error bars

represent the possible range of nitrification 8'*O values.
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Comparing of the A0 and 80 mass balance approaches to determine fj,
(Figure 6.4) yields additional information about the varying importance of nitrification
within urban catchments. There was a strong correlation (r* = 0.71) between methods,
and this suggests that the primary mechanism controlling runoff NO; 8'*0 and A'’O
values in Tucson runoff are likely the same, i.e., deposition of atmospheric NO;".
However, the &0 method overestimates f,, by approximately 10% and
overestimations/underestimations of f,,, were ubiquitous and could be quite large (+40%)
and suggests secondary mechanisms are altering the isotopic composition of runoff NOs
880 values (Figure 6.4). In catchments where f,,, was high (CM, LD, MD), the 80
method often over predicts f,;,. In catchments where f,,, was low (MX; and MX5;), the
80 method was comparable to the A'’O method, and in the non-urbanized NU
catchment, the 8'*0 method underpredicted f,;,. Deviations from the 1:1 are not likely
caused by variability of 81803tm. The atmospheric §80/A0O ratio remains relatively
constant during the summer monsoon season (Figure 6.2) suggesting that any inter-storm
deviation in the SISOatm value would also change the A”Oatm value and thus alters the f,,
by the same amount. The deviation from the 1:1 line in the £, plot suggests that there is
varying importance of nitrification within each catchment that is being reflected in the
NO;™ §"°0 values.

We hypothesize that the deviations are most likely due to seasonal variability in
the 618Onit values themselves. The 8'°0 values of NOs™ produced from nitrification is

mainly controlled by the oxygen sources participating in the oxidation reaction and it is
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believed to occur in a 2:1 ratio of H,O and O, in a mass balance (Bohlke et al., 1997,

Durka et al., 1994; Kendall, 1998a; Mayer et al., 2001; Wassenaar, 1995):

58 0no3 = = (6%0p20) +3 (51802) (EQ. 1)
Tucson precipitation 8'*O values vary seasonally particularly during the transition to the
monsoon seasons (Wright, 2001) and the §'0 of O, is taken as a constant of 23.5%o
(Horibe et al., 1973; Kroopnick et al., 1972). The variation if H,O 5'%0 values is a
function of moisture sources (Pacific versus Gulfs of Mexico/California), storm size
(large — sourced outside basin, small — recycled within basin) and rain magnitude
(Wright, 2001). If nitrification occurs after a previous storm with a lower precipitation
880 value relative to the precipitation generating the runoff, then f,, would be
overestimated because improperly calculating the 8'°Op; value (EQ.1). Conversely,
evaporation leads to elevated water 8'°0 values (Gazis et al., 2004), so if nitrification
occurs after evaporative loss of soil water, f,,, calculated using 8'*O values would be
underestimated because the H,O §'*0 value used in EQ. 1 would be too low. One test of
the hypothesis is that the variance in the 1:1 plot should increase in watersheds where
higher fractions of soil nitrification might be expected. The urbanized catchments had
lowest variance (MD — 1> = 0.82, MX; — r* = 0.80, CM — r* = 0.72, LD — r* = 0.77),
whereas the two sites with the largest open space land cover contribution (NU and MX3)
had the greatest variance (NU — r* = 0.10, MX, — r* = 0.52) and had the largest
underestimations of f;,, (NU — 0.27, MX,; — 0.15). This increase in variance with

increasing soil surface area supports the hypothesis that variability in the 8'*O,; values is

contributing to deviation in calculated f;,, when using runoff NOs 8'*0 values instead of
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the A'’O values. This indicates that nitrification is more important in catchments with a
large fraction of its surface area as exposed soil (relative to impervious surfaces). This
supports our hypothesis that nitrification rates in urban environments are a function of

impervious surface area that decrease N turnover rate.

6.5.3 Biologic NOj contribution

While the presence of a significant fy, nitrate across all catchments is not
surprising, it is remarkable that this holds true for the CM catchment, where 90.7% of the
land cover is impervious (Figure 6.3). We hypothesize that this is due to nitrification
occurring in soil particles deposited as dust between storms. The f3;, could be derived
from grass medians in the parking lots and a few small areas of exposed soil (0.006 km?)
located within the watershed. However, these potential nitrification sources are scattered
throughout the watershed and should appear as biogenic NO; “pulses” in runoff,
depending on their hydrologic connectivity to the remainder of the watershed (i.e. runoff
arrival time to the sampler). This is not the observed, rather there is consistent ~30%
biologic fraction that suggests that the biologic source of nitrate is evenly distributed
across the watershed. This nitrification contribution may be nitrification occurring on
dust previously deposited on the impervious surfaces. It has been shown that ammonia
oxidizing bacteria (Prosser, 2011) can attach and colonize soil aggregates, thus
nitrification could proceed if there is NH; within the dust. NHy  may have been
concentrated on soil particulate matter after its entrainment in the atmosphere by reacting
with atmospheric NHj, and then nitrified. If true, the ratio of NH;/NOs in wet

deposition should be higher compared to the ratio in runoft (wet + dry deposition) due to
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loss of NH4" during nitrification occurring since the last storm. For the CM catchment,
the average ratio of NH,4/NO; in wet deposition was 0.96 whereas in runoff it was 0.75,
the 0.21 difference nearly matching the 0.30 nitrification fraction observed, suggesting
that nitrification is occurring between storm events. This is consistent with results from
other studies in the region (Sullivan et al., 2012). Volatilization of NH4sNO;3 from the
surface would not decrease the ratio since HNO; is also lost during volatilization.
Decreases in the NH,/NO; ratio as a function of stream length in semi-arid, urban
watersheds has been interpreted as in-stream nitrification (Welter et al., 2005). If true at
the CM site, we would expect to see an increase in the biologic fraction as a function of
runoff arrival time. However, this was not observed in CM or in any of the study
catchments, and is consistent with the finding by Gallo et. al. (Gallo et al., 2012¢) who
showed that storm runoff residence times are not long enough for water column processes
to significantly alter runoff hydrochemistry. We conclude then that the most robust
explanation of a substantial f;;, is nitrification of intra-storm dry deposited dust. Thus
while impervious surface area may limit water soil interactions and retard N cycling, it

does not completely eliminate it.

6.5.4 Biologic NOj sources and processing
To improve the understanding of nitrogen cycling dynamics in semi-arid urban
streams, it is important to know the source of N that is generating the biologic nitrate.
This is possible by utilizing the dual isotope technique, where the nitrate 8'°N and 8'°0
values are used in an isotope mixing plot (Kendall, 1998b). The majority of biologic

nitrate was sourced from nitrification (i.e. NH; or soil N range) with minimal
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contributions from fertilizer (Table 6.2). This is not surprising as the stormwater and
sewer system infrastructure are separate entities and do not share infrastructure therefore
septic or manure derived NO;” would not be expected in these catchments. Also, only one
catchment (MX;) has agricultural land use (0.26km?); however, unexpectedly this
catchment was not representative of any of the events that contain fertilizer NO;.
Fertilizer NO;~ was within catchments that had the greatest amounts of low residential
and ranch land uses (MX;) suggesting citizen lawn fertilizer application contamination.
While other catchments (LD and CM) had elevated 8'°N and 8'°O values that could be
indicative of fertilizer, these values occur at peak discharge and then at the recession of
the hydrograph biologic nitrate has isotopic signatures representative of nitrification
(NH;" and soil N). A possible explanation is volatilization of NH4" in between runoff
events and then nitrification of this enriched NH," during dry periods and subsequent
flushing (peak discharge) and then the lower values during the recession can be attributed
to nitrification of current NH," in rainfall with current H,O incorporation from rainfall
inputs.

The dual isotope approach can also be used to differentiate between
denitrification and assimilation loss of nitrate (Boettcher et al., 1990; Sebilo et al.,
2003b). Understanding nitrate loss by denitrification is important because it removes
nitrogen from the system, which reduces downstream contamination potential of
recharged groundwater. If denitrification is occurring both the 8'°N and '°0 of the
residual nitrate will increase along a trend line with a slope of 0.5 (Chen et al., 2005;
Kendall, 1998b). Conversely, assimilation by plants or microbes acts as a temporary

holding reservoir for nitrate, which can then be regenerated by mineralization/
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nitrification downstream. If assimilation is taking place, both the 8"°N and 8'*O of the
residual nitrate will increase along a trend line with a slope of 1 (Granger et al., 2004a).
The relative importance of these two loss processes can be inferred using these two
different isotope slopes. Nitrate processing was mainly evident in smaller catchments
(MD, CM, LD and MX) (Table 6.2). NO5 assimilation was prevalent in cases where
there was a runoff event the previous day. The first rainfall-runoff event could have
caused a growth of microbial populations between events causing nutrients to become
depleted (Austin et al., 2004). While [NH;'] remained relatively constant between the
two events [DOC] increased (Table 6.2), this would have increased C:N ratios causing
microbial populations to assimilate nitrate to sustain growth during the following water
pulse event (Austin et al., 2004). Events showing evidence of denitrification were from
catchments with majority pervious stream channels and lower catchment slopes (MX;
and NU) and were recently preceded by another rain event. It is often observed in semi-
arid landscapes that areas of low elevation (e.g. riparian zones, ephemeral washes)
provide patchiness in soil resources and microbial biomass due to pooling of resource
availability (i.e. water retention and NO3') and provide ‘hot spots’ and ‘hot moments’ of

potential denitrification (Harms et al., 2008).

6.5.5 Gross nitrification

6.5.5.1 A'’O mass balance to estimate watershed gross nitrification

Here we show that A'’O values can be used to estimate the gross nitrification rate
at the catchment scale. Since the main NOj; removal mechanisms, denitrification,

assimilation and nitrification, are all mass-dependent isotope processes, the NO;” A'’O
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values remain unchanged under their influence. In essence, using A'’O to assess gross
nitrification is analogous to "N isotope dilution techniques, but where the tracer is
naturally applied. On the contrary, residual NO;™ 8'°0 values increase after NO5™ loss by
these processes and can be used to assess the importance of NO; removal (net
nitrification). In order to determine gross nitrification, an isotopic mass balance was
calculated similar to that previously used to determine the NOj;™ fractional contributions:
A" Orunofr = Ohio (A "Obio) + Quim (A" Outm)

where Op;, and Q,;, are now the gross rate fractions in units of ngO3'~km'2°day'1:

Obio = Gross Nitrification rate / (Gross Nitrification rate + Deposition rate)

QO.m = Deposition rate / (Gross Nitrification rate + Deposition rate) = A17Omn0ff /A”Oatm
and therefore QOpi, + Qum = 1. This model assumes that rainfall depth is heterogeneous
across the study catchment and that all biologic NO3™ in runoff is from dissolution and
transport of near surface soil salts and therefore representative of nitrification occurring
in the active layer since the last runoff event. It also assumes that there is sufficient
exchange with the soil surface such that runoff would be representative of soil water
(nitrification derived NOs3’) and precipitation (atmospheric derived NO3') however, if
overland flow is occurring then poor exchange would be occurring and therefore GNR
would be underestimated. The Q. (deposition rate) is both dry and wet deposition. A
constant dry deposition rate of 1.2 kgNO;*km™ +day"' was used (Fenn et al., 2003b). The
amount of NOs™ from daily wet deposition was obtained from the precipitation [NOs'] and
normalized to time between precipitation events. Substituting Qp,, and Q. into the

original mass balance and solving for the Gross Nitrification rate yields:
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Gross Nitrification Rate (GNR) = Deposition ratee[ 1 / (A17Orun0ff /A”Oatm )—1]

6.5.5.2 Gross nitrification results

Table 6.3. Mean (£SD) of event based gross nitrification rates calculated using average

fractional atmospheric contribution, where n is the number of events per catchment. NO5

dry deposition rate was assumed to be constant (Fenn et al., 2003b). NO;™ wet deposition

was obtained from event based precipitation [NOs'] and normalized time between rain

events. Means sharing the same superscript across variables are not significantly different

from each other (p < 0.05).
Dry Deposition| Wet Deposition TOta.ll. . Grc.)ss
Catchment | n (ng/kmzd) (ng/l<m2d) Depos1t1;)n N1tr1ﬁcat10n2Rate
(kgN/km'd) | (kgN/km'd)
LD 3 1.2 2.8 (+2) 4.0 (£2) 4.68 (£2)°
MD 5 1.2 2.0 (£2) 3.2 (£2) 6.21 (+2)°"
MX, 3 1.2 1.3 (+1) 2.5 (£1) 5.87 (£4)°
CM 5 1.2 1.9 (£2) 3.1 (£2) 3.04 (+2)°
MX, 4 1.2 1.8 (£0.3) 3 (£0.3) 6.22 (£5)"P
NU 2 1.2 1.3 (£0.3) 2.5 (+0.3) 10.15 @&D)*

The GNR support the hypothesis that soil surface area and N residence time are

the key factors controlling nitrification in Tucson. The highest GNR is in the NU

catchment (10.15 £ 1 ngO3'°km'2°day'1) whereas CM statistically had the lowest (3.04 +

2 kgNO;*km?eday™") (Table 6.3). This would be expected based on our hypothesis: NU

has highest soil surface and CM has the least. And while MX; has a soil surface area in-
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between these two extremes, it has a GNR similar to NU, which must be related to
catchment characteristics which enhances nitrification. The remaining three catchments
(LD, MD, and MX1) all have low soil surface area and similar GNR. In semi-arid
systems, minimal studies have reported gross nitrification rates and focus has been on net
nitrification rates. However, those that have been measured were conducted using the °N
dilution method on intact soil cores in fields and there it has been shown that GNR is
dependent on water pulses, depth to wetting, and time since wetting on gross nitrification
rates (Dijkstra et al., 2012; Saetre et al., 2005). In the semi-arid Central Plains
Experimental Range (Colorado), gross nitrification rates were highest after 3 days
following an initial wetting (220 — 360 kgNO; *km™2+day ") and rates were near negligible
after 10 days (Dijkstra et al., 2012). These GNR are similar to those observed GNR in
forested ecosystems in New Mexico and Oregon which ranged from 25 — 300 kgNO3
«km>+day”' (Stark et al., 1997). The GNR in forested and natural, semi-arid systems are 5-
100 times larger than those observed in these semi-arid, urbanized study catchments.
Whereas the reported GNR in the urban study catchments are similar to those reported in
a Japanese mineral forest soil (0 — 61 kgNO; *km™2eday") (Kuroiwa et al., 2011). And
while C:N ratios were not reported in for those studies in natural semi-arid and forested
ecosystems, the urban study catchments have C:N ratios ranging from 10 — 13
(unpublished data). This suggests that similar competition mechanisms could be
occurring in Tucson due to carbon limitations and that upon NH," availability it will be
immobilized rather than available for nitrification. A notable difference in these study
catchments from other studies reporting GNR are that they are urbanized which could

greatly alter GNR and these effects have yet to be studied. However, in near-by urbanized
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Phoenix, it has been shown that urbanization and its subsequent land conversion from
desert to lawns will significantly increase soil N,O emissions (by-product of both
nitrification and denitrification) and speed N cycling (Hall et al., 2008). Similarly,
throughout the Tucson metropolitan area, some of the highest ever reported N,O fluxes
immediately following wetting of ephemeral streambeds (3121ug N,O-Nem?+hr™") (Gallo
et al., 2013). It has also been shown in semi-arid landscapes that areas of low elevation
(e.g. riparian zones, ephemeral washes) provide ‘hot spots’ and ‘hot moments’ of
potential denitrification due to patchiness in soil resources (e.g. pooling of microbial
biomass, nutrient resources, and water) (Harms et al., 2008). These studies combined
with the low GNR suggest that less nitrified NOj3™ is present in urban catchments due to
competing N cycling processes or that nitrification processes are ‘leaky’ in which
complete conversion of NHj3 to NO;™ does not occur. These much higher GNR are further
evidence of the lack of atmospheric nitrate contributions in forested ecosystems where
microbial turnover is higher therefore ‘erasing” atmospheric 'O contributions. Whereas
in Tucson, gross nitrification rates are significantly lower and therefore atmospheric

nitrate contributions prevail.

6.6. Conclusion

In this study we show conclusively for the first time, in semi-arid urban
environments, the fractional contributions of atmospherically versus biologically derived
nitrate. Urban runoff showed a significant fraction of atmospherically derived NO5™ from
all catchments (0 — 0.82, mean = 0.38) with higher fractions from more impervious

catchments and lower from non-urban catchments. Our results are in agreement with the
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previous “build and flush” model for both nitrate fractions. It was observed that during
dry periods, atmospheric nitrate was depositing and accumulating on surfaces and
biologic nitrate (produced via nitrification) in soils as well and were subsequently flushed
to waterways following the next rainfall/runoff event. The results presented here suggest
increased impervious surface area allows for more atmospheric NOj3™ to reach urban
waterways due to inefficient N cycling within the catchment. Whereas, increased soil
surfaces in catchments allows for nitrification and therefore atmospheric NO3™ deposition
is not as prevalent. The continued urban sprawl and further modification of ephemeral
streams to augment a limited water supply in semi-arid regions will continue to modify N

cycling.
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CHAPTER 7: CONCLUSIONS

The research presented in this dissertation focused on developing an improved
technique for multiple isotope analysis of nitrate and used that technique to measure
nitrates from a range of environments to understand the relative importance of different
nitrate sources in order to better understand the N cycle. The denitrifier method coupled
with gold tube thermal decomposition has been shown to be a fully compatible method
for the simultaneous measurements of N/'*N, 70/'°0 and '0/'°0 of nitrate. New
isotopic references have been made and encompass the isotopic range of environmental
samples, this eliminates the need to extrapolate calibration curves and helps reduce error.
Linearities and offsets were observed amongst all isotope values and therefore it is
important to bracket samples within the desired ranges of references to obtain proper
calibration. Also, the importance of consistent NO3™ sample size during analysis to further
eliminate errors as different sample sizes yield different isotopic values for the same
sample of interest, and while this can be corrected for by a linearity correction, it should
be avoided. Pre-concentration of nitrate samples using evaporation methods has been
proven to have minimal effects on isotopic values provided that samples are neutralized.

This method has been used to analyze atmospheric nitrate (aerosols and

precipitation), synthetic fertilizers and soil extracts in order to constrain nitrate sources



119

utilized in the dual isotope approach as well as the development of a three isotope mixing
model approach. While measured nitrate source isotopic values (3'°N and 8'*0) from this
study fell within the range of those previously published, they had a narrower range.
Previously published values have likely lead to the underestimation of atmospheric
nitrate contributions. These new values will lead to better separation between sources and
also allows for more accurate isotopic values for studies conducted outside of forested
and coastal regions. However, there is still the chance that deconvoluting original sources
will be difficult due to mixing of sources or processing. Here we presented the use of the
triple oxygen isotope composition (A'’O) and developed a three isotope mixing model
approach to better allow for better separation of nitrate sources.

These NO; source constraints and mixing models have been used in a case study
to determine the effects of urbanization on the coupled nitrogen hydrologic cycle in the
semi-arid urban city of Tucson, AZ. It was found that, contrary to an abundant amount of
literature, variations in atmospherically derived NOs~ was not controlled by changes in
NOy source emissions but rather by shifts in meteorological conditions and atmospheric
chemistry. This has important implications for environmental policy specifically
regarding emission reduction. Previous studies, which have saturated the literature,
suggest NOy source emissions caused variations in atmospherically derived NOj3  and
have also suggested that 8'°N can be used to monitor progress toward NOy stationary
source reduction goals. Previous studies, which have saturated the literature, suggest NOy
source emissions caused variations in atmospherically derived NOj3; and have also
suggested that 8'°N can be used to monitor progress toward NOy stationary source

reduction goals. However, these studies do not take into consideration local atmospheric



120

chemistry and even with NOy emission reduction it is unlikely that these variations will
change since it is possible that local isotopic exchange will ‘erase’ any individual NO
emission isotopic signatures.

We show conclusively for the first time, in semi-arid urban environments, the
fractional contributions of atmospherically versus biologically derived nitrate. Urban
runoff showed a significant fraction of atmospherically derived NO3™ from all catchments
with higher fractions from more impervious catchments and lower from non-urban
catchments. Our results are in agreement with the previous “build and flush” model for
both nitrate fractions. It was observed that during dry periods, atmospheric nitrate was
depositing and accumulating on surfaces and biologic nitrate (produced via nitrification)
in soils as well and were subsequently flushed to waterways following the next
rainfall/runoff event. The results presented here suggest increased impervious surface
area allows for more atmospheric NO;™ to reach urban waterways due to inefficient N
cycling within the catchment. Whereas, increased soil surfaces in catchments allows for
nitrification and therefore atmospheric NOs™ deposition is not as dominant. The continued
urban sprawl and further modification of ephemeral streams to augment a limited water
supply in semi-arid regions will continue to modify N cycling.

Future research needs include determining the degree of isotopic inter-storm
spatial variation and intra-storm variation of precipitation of NOs". The high degree of
observed variation over the monsoon season during this study was not expected nor has
any other study presented similar results. This is mainly due to previous studies
examining atmospheric NOs  (precipitation or aerosols) utilize existing monitoring

networks (e.g. NADP, CASNET) which do not collect at the high resolutions (spatially
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and temporally) in which we have presented here and therefore the isotopic signatures
would have been diluted out. Also, many N biogeochemical studies also rely on these
monitoring networks or if precipitation sampling occurs they do not collect at the high
resolutions. These large variations, if not unique to monsoonal systems, have likely led to

large over/underestimations of atmospheric contributions.
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Figure A5.1. Daily average temperature (°C) and daily average relative humidity data for

sampling period.
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Figure A5.2. Prominent seasonal trends in monitored NO, NO; and Total N Oxides, with
higher concentrations during the winter compared to summer, at the aerosol collection

site.
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Figure A5.3. Noticeable seasonal trends in monitored CO and Os; at the aerosol collection

site. Higher concentrations of CO were observed in the winter compared to summer due

to temperature inversion layers and inhibited vertical mixing. Whereas, higher

concentrations of O3 were detected in the summer compared to winter due intense

sunlight and heat as well as abundance of precursor pollutants (NOy and VOCs). The

increase in CO during April corresponds to the Sand fire, just north of Tucson, which had

a perimeter of 5.2km” and began on April 21, 2006 and was suppressed April 30, 2006.
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variation that PM, (mean 2.5% + 1.3). Anonymously high March PM, 5 value of 27%

removed from graph to avoid a skewed scale.
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Figure AS5.5. The constant ratio of PM,s/PM;y during the dry seasons suggests that the
same production mechanisms are controlling both PM fractions. Whereas, during the

monsoon seasons, higher ratios are indicative of washout of predominately PM .
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