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ABSTRACT

King, Michael Z. M.S., Purdue University, August 2013. Evaluating NO, Sources and
Oxidation Pathways Impacting Aerosol Production on the Southern Ute Indian
Reservation and Navajo Nation Using Geochemical Isotopic Analysis. Major Professor:
Greg Michalski.

Increased emissions of nitrogen oxides (NO, = NO + NO,) as a result of the development
of oil, gas and coal resources in the Four Corners region of the United States have
caused concern for area American Indian tribes that levels of ozone, acid rain, and
aerosols or particulate matter (PM) may increase on reservation lands. NO, in the
atmosphere plays an important role in the formation of these pollutants and high levels
are indicators of poor air quality and exposure to them has been linked to a host of
human health effects and environmental problems facing today's society. Nitrogen
oxides are eventually oxidized in the atmosphere to form nitrate and nitric acid which
falls to earth's surface by way of dry or wet deposition. In the end, it is the removal of
NO, from the atmosphere by chemical conversion to nitrate that halts this production of
oxidants, acids, and aerosols. Despite the importance of understanding atmospheric

nitrate (NO3™ = HNO3 (g), NO3 (aq), NO3'(5)) production there remains major deficiencies in

estimating the significant key reactions that transform NO, into atmospheric nitrate.



Xiii

Stable isotope techniques have shown that variations in oxygen (*°0, 0, *®0) and

nitrogen (*N,

N) isotope abundances in atmospheric nitrate provide significant insight
to the sources and oxidation pathways that transform NO,. Therefore, this project
applied this resolution using high pressure liquid chromatography and isotope ratio
mass spectrometry to determine the chemical and isotopic composition of particulate
nitrate (PM,s and PM ), collected on the Southern Ute Indian Reservation and Navajo
Nation. It was determined that the observed particulate nitrate concentrations on tribal
lands were likely linked to seasonal changes in boundary layer height (BLH), local
sources, meteorology, photochemistry and increases in windblown crustal material. The
Southern Ute Indian Reservation indicated higher §'°N values in comparison to the
Navajo Nation study site. The offset accounted for a 9.7%0 mean difference and was
likely associated with higher NO, inputs from anthropogenic sources. It was determined
both sources and NO, chemistry attribute to &N seasonal variations in coarse
particulate nitrate (PMyg). The observed 50 values and AY 0 values measured in PM 1,
nitrate on both tribal lands exhibited a seasonal trend similar to observed values in
particulate nitrate collected at mid-latitudes (Michalski et al., 2003). Elevated values
were observed during winter compared to summer, reflecting changes in NO, oxidation

pathways. This thesis project provides insight into the sources of NO, and the oxidation

pathways that convert NO, into nitrate on these tribal lands.



CHAPTER 1. INTRODUCTION

The Four Corners region is home to four federally recognized American Indian
tribes: Navajo (UT, AZ, NM), Southern Ute (CO), Ute Mountain Ute (CO), and the Jicarilla
Apache (NM). These Reservation lands lay atop some of the United States largest
deposits of coal, uranium, and natural gas (BIA, 1955; Baars, 1995; Baars, 2000). Within
the past decade, these lands have seen a rapid industrialization and an increase in
emissions of primary air pollutants as a result of the development of oil, gas, and coal
resources in the region (FCAQTF, 2007). Both the Navajo Nation and Southern Ute
Indian Reservation are home to numerous minor sources and several major sources of
air pollution in the Four Corners region.

The Southern Ute Indian Tribe and Navajo Nation emission inventories both
indicate that nitrogen oxides or NO, emissions contribute largely to total inventory
emissions. Recent studies (Michalski, 2003; Elliot et al., 2007; Freyer, 1990) have shown
that variations in nitrogen and oxygen isotope abundances in aerosol nitrate reflect
changes in atmospheric NO, oxidation pathways and provide insight into source
contributions versus transport in the NO, budget. This thesis aims to utilize this

resolution to supplement Tribal Air Quality Programs (AQP) and assist with their



continual development of policies and regional planning efforts to improve air

quality by assessing how expected increases in NO, emissions on reservation lands

might impact local tribal air quality, specifically ozone and particulate concentrations.

Table 1 2005 Navajo Nation Emissions Inventory

Category | CO NH; NO, PM, 5 PM g SO, VOC

(tons/yr) (tons/yr) | (tons/yr) (tons/yr) (tons/yr) (tons/yr) (tons/yr)
Point 7,525.5 301.9 80,918.4 | 7,157.3 12,367.5 16,610.4 | 906.9
Sources
Area 117,537.5 | 1,476.9 | 5,444.5 21,512.9 | 109,905 623 54,279
Sources
Total 125,063 1,778.8 | 86,362.9 | 28,670.2 | 122,272.5 | 17,233.4 | 55,185
Emissions

A detailed description of each source sector is available in Appendix A
Table 2 2005 Southern Ute Indian Tribe Emissions Inventory*

Category Cco NO, VOC PM o SO, HAP

(tons/yr) (tons/yr) (tons/yr) (tons/yr) (tons/yr) (tons/yr)
Point 6,114.6 4,860.7 2,087.8 44.4 9.0 413.6
Sources
Area 12,529.8 7,158.5 35,287.9 4.0 1.3 243.4
Sources
Mobile 5,842.9 618.2 515.5 33.2 20.8
Sources
Biogenic 66.7 4,417.6
Sources
Total 24,487.3 12,704.3 42,309.0 81.7 31.1 657.0
Emissions

*Preliminary SUIT 2005 El

To determine source contributions and chemical formation pathways of nitrate,

archival aerosol filters collected by tribal dry deposition air samplers were examined for

chemical and isotopic composition. The release of archival tribal aerosol filters to the

Purdue Stable Isotopes laboratory was accomplish through collaborative work with the

Navajo Nation Environmental Protection Agency-Air Quality Control Program, Southern

Ute Indian Tribe Environmental Programs Division-Air Quality Program, Southern Ute




Tribal Council, Inter-Mountain Lab, Inc., Tribal Air Monitoring Support Center and United
States Environmental Protection Agency. Depending on aerosol diameter (coarse or
fine), each aerosol filter was placed inside its own 50 mL or 15 mL centrifuge tube,
labeled with filter ID number and filled with ultrapure millipore water. Aerosol solutions
were then centrifuged for 30 minutes and sonicated for 30 minutes, respectively. Each
aerosol solution was then filtered at 0.22 microns (um) and the entire sample solution
pumped through a chromatographic column in which the absorbed anions were then
eluted using a carbonate mobile phase. lon-exchange chromatography separates
chloride, nitrate, nitrite, and sulfate, which were detected by conductivity, and the
nitrate peak collected for isotopic analysis using a fraction collector. This ion
chromatography has a detection limit of +0.014 ug/mL or 5 nanomoles (nMol) of nitrate.
The total isotopic composition of nitrate from tribal aerosols from the Four
Corners region was carried out using the “denitrifier technique” (Kaiser et al., 2007)
Nitrate in the filter extraction solution was purified and concentrated using preparative
ion chromatography (IC). The nitrate was then added to a solution containing a unique
strain of denitrifying bacteria that convert NO3™ into gaseous N,O (Casciotti et al., 2002).
The N,0O was collected using a headspace extraction device and gas chromatograph
before being passed over a gold reaction tube where the N,O was quantitatively
converted into N, and O,. Isotopic analysis on the product N, and O, was done using a
continuous flow isotope ratio mass spectrometer (IRMS) to determine the 6N, 80,

and A0 values of the original nitrate with precision of 0.7, 0.4, and 0.6 %o respectively.



All isotope measurements of nitrate extracted from tribal aerosols was carried out at
the Purdue Stable Isotopes Laboratory under the direction of Professor Greg Michalski.
The following sections in this chapter are intended to provide background
information to better understand tribal air quality control in the Four Corners region
and the sources and chemical formation pathways of nitrate from its precursor, NOy. In
chapter 3 this background knowledge will then be supplemented with isotopic
observations in particulate nitrate to qualitatively estimate sources and chemical
formation pathways leading to nitrate and reduce uncertainties regarding the NO

budget and impacts on atmospheric processes that control air quality over tribal lands.

1.1 Implementation of Clean Air Act by American Indian Tribes

The 1990 Clean Air Act (CAA) amendments authorized the United States
Environmental Protection Agency (EPA) to “treat Indian tribes as states,” allowing
American Indian tribes to develop and implement CAA programs in a similar manner as
states within tribal jurisdiction (42 USC §7601, 2006). On February 12, 1998, EPA issued
a final rule, also known as the Tribal Authority Rule (TAR), which specifies provisions of
the CAA which are applicable to tribes, and therefore appropriate to treat eligible Indian
tribes in a similar manner as states (40 CFR §49.1, 2010). Since tribes are not mandated
by the CAA statue to implement CAA programs, EPA determined that it is not
appropriate to treat Indian tribes in a similar manner as states for the purposes of
program submittals and implementation deadlines (Martineau, Jr. and Novello, 2004).

Instead, EPA set forth a “modular approach” providing Indian tribes the flexibility to



address important air quality issues as EPA is aware that Indian tribes often have limited
resources with which to address their environmental concerns (Martineau, Jr. and
Novello, 2004).

In order for an Indian tribe to be eligible, under TAR, for “treatment as state”
(TAS) status, EPA must complete a review of the Tribe’s pending authority to regulate air
pollution sources located within the exterior boundaries of the Reservation (42 USC
§7601, 2006). This means the tribe must demonstrate that: (1) It is a “federally-
recognized tribe;” (2) it has a “governing body carrying out substantial governmental
duties and powers;” (3) the functions to be exercised by the tribe “pertain to the
management and protection of air resources within the exterior boundaries of the
reservation or areas within the tribe’s jurisdiction;” and (4) it can “reasonably be
expected to be capable, in the judgment of the (EPA) Administer, of carrying out the
functions” for which it seeks approval, consistent with the CAA and applicable
regulations (42 USC §7601, 2006). If EPA finds that a tribe meets these four criteria then
the tribe is granted TAS approval for administering the CAA program for which the tribe
has made a TAS application. Of the four tribes in the Four Corners region, the Navajo
Nation and Southern Ute Indian Tribe (SUIT) have established AQPs under the TAR and
have “Treatment as State” status which allows tribes to develop what is called a Tribal
Implementation Plan (TIP), in which federally enforceable tribal air quality regulations
can be used to reduce air pollution on Reservation lands (Martineau, Jr. and Novello,

2004).



A misconception is “reservation lands” only include Tribal Trust and allotments;
rather all land within the exterior boundaries of a reservation, regardless of ownership is
referred to as "Indian Country." The term “Indian Country” is used to determine tribal
and federal jurisdiction for purposes of federal Indian law and is important to
determining the relative jurisdiction of the United States, the State, and Tribe over
activities conducted on those lands (18 USC §1151, 2006). Therefore, the
implementation of CAA programs in Indian Country is voluntarily accomplished by
Indian tribes, in cooperation with state air pollution control agencies, industry and EPA.
Tribal jurisdiction and authority to implement CAA programs is a process subject to
controversy and litigation. EPA currently administers air permits for most major sources
of air pollution in Indian Country, while hundreds of minor sources often go unregulated.

The Navajo Nation is the largest Indian reservation in the United States and it
encompasses 27,425 square miles to include parts of northern Arizona, New Mexico,
and southeastern Utah (Navajo Nation, 2011). The Navajo Nation is composed of Tribal
Trust, Tribal Fee, Public, Bureau of Land Management (BLM), Private, State, and Bureau
of Indian Affairs (BIA) Indian allotment lands. The Hopi Indian reservation is also located
within the Navajo Nation in northern Arizona and consists of 2,532 square miles. The
Southern Ute Indian Reservation is located in southwestern Colorado and expands over
680,000 acres which also includes Tribal Trust, Tribal Fee, Public, BLM, National Forest
and allotment lands (SUIT, 2013).

Both the Navajo Nation and Southern Ute Indian Reservation are home to

numerous minor sources and several major stationary sources of air pollution. Minor



sources are predominantly area sources and mobile sources with the potential to emit
less than 100 tons per year of any criteria pollutant. Major stationary sources or Title V
facilities are those that have the potential to emit over 100 tons per year and must
adhere to strict emission regulations and compliance inspections, monitoring and record
keeping. EPA sets pollution limits for six criteria pollutants: carbon monoxide (CO),
nitrogen dioxide (NO,), sulfur dioxide (SO,), ozone (O3), lead (Pb), and particulate
matter (PM) as well as 187 hazardous air pollutants to protect human health and the
environment. The delegation of authority from EPA to the Navajo Nation and SUIT to
implement CAA operating permit programs and regulations within the exterior
boundaries of reservation lands are first of its kind in Indian Country.

In 2004 and 2006, the Navajo Nation Air Quality Control Program (NNAQCP)
received delegation approval to administer a Part 71 Operating Permit Program (OPP) to
promulgate Navajo Nation Operating Permit Program Regulations and Navajo Nation
Acid Rain Deposition Control Regulations, respectively, to reduce air pollution from 14
Title V facilities. The NNAQCP also monitors for several criteria pollutants and
meteorology at five monitoring locations. The Nazlini monitoring site, located near
Nazlini, AZ (35.881974 °N, -109.434003 °W) was selected for the purpose of this thesis
project. The Nazlini monitoring site collects filter based PM and meteorological
parameters: wind speed (WS), wind direction (WD), relative humidity (RH), solar
radiation (SOL RAD), precipitation (PRECEP) and ambient temperature (TEMP).

The SUIT AQP received delegation approval to administer a Part 70 Operating

Permit Program in 2012. The SUIT/State of Colorado Environmental Commission is



authorized to develop air quality rules and regulations and coordinates with EPA and
Tribal AQP staff in administering the Part 70 OPP. The implementation of the Part 70
OPP is first of its kind in Indian Country, in which air quality regulations more stringent
than those mandated by EPA can be applied to reduce air pollution. Essentially, the SUIT
Part 70 OPP has allowed the tribe to gain local regulation over local sources, capturing
air emissions from 45 Title V facilities on the reservation. In addition, the SUIT AQP
monitors for several criteria pollutants and meteorology at two air monitoring stations
known as Ute 1, located in Ignacio, CO (37.136705 °N, -107.628768 °W) and Ute 3,
located in Bondad, CO (37.102627°N, -107.870148°W). Both Ute 1 and Ute 3 monitoring
stations were selected for the purpose of this thesis project. Ute 1 and Ute 3 collect
filter based PM along with the following gaseous and meteorological monitoring
parameters: O3, NO,, CO, RH, TEMP, SOL RAD, PRECEP, SOL RAD, WS, WD, and visibility.

Both the Navajo Nation and SUIR monitoring sites adhere to EPA citing criteria
and guidelines for monitoring, including 40CFR50, 40CFR53, and 40CFR58. The EPA
criteria and guidelines allow monitoring data to be regionally representative of
concentrations of ambient air pollutants in order to assess trends over time and space.
Each tribal AQP implements what is known as a Quality Assurance Project Plan (QAAP)
to ensure monitoring data meets specific data completeness, capture, quality assurance
and quality control requirements. Tribal air monitoring staff follow a structured and
documented management system describing the policies, objectives, principles,
standard operating procedures, organizational authority, responsibilities, and

accountability to ensure monitor data comparability and representativeness (USEPA,



2008). In addition, tribal AQP staff submit tribal air monitoring data to the EPA air
quality systems database and raw data can be publicly accessed via EPA datamart or
EPA AirNow websites.
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Figure 1 Filter based aerosol (PM) monitoring on tribal lands in the Four Corners Region:
Utel, Ute3, and Nazlini.

1.2 Tribal Air Quality Concerns in the Four Corners

Ambient air quality measurements in the Four Corner region are indicating
ozone levels approaching “nonattainment” with existing EPA National Ambient Air
Quality Standards (NAAQS). Ground level ozone can cause harmful human health effects
because it is an extremely strong oxidant even at low concentrations of 60 parts per
billion (ppb) (WHO, 2007). The current EPA ozone NAAQS is set at 75 parts per billion,
assessed as the 4th highest monitored ozone concentration value over a running

average 8-hour period, over 3 continuous years (Figure 3). In 2007, EPA proposed to
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lower the level of the 8-hour primary standard between 60 to 70 ppb to provide
increased human protection. This proposed draft rule which has been reconsidered for
further review would have put much of the Four Corners region out of attainment.
Increases in NO, emissions are known to increase O3 levels. In turn, Oz production is
also linked to the formation of PM in the atmosphere. Tribes are concerned over the
visual and health impacts of airborne PM. Furthermore, high concentrations of O3 and
PM smaller than 2.5 microns (PM, ) in diameter are indicators of poor air quality and
have been linked to an array of adverse health effects. These include decreased lung
function, resulting in increased hospital emergency room visits and hospital admissions
for respiratory complications during periods of poor air quality (Hwang, 2002). Other
possible health effects include cardiovascular and cardiopulmonary mortality in children,
the elderly, and people with respiratory ailments and chronic heart disease (Lippmann,

2007; Kampa and Castanas, 2008).
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Figure 2 Ozone monitoring locations in the Four Corners Region (Nydick, 2009).
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Southern Ute Indian Tribe, UTE 3 Bondad, CO
8-hour Ozone--3 Year Average of 4th Daily Maximum
2006-2011
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Figure 4 SUIT annual 4t daily maximum 8-hour ozone concentration averaged over 3
years, 2006-2011.

The development of oil, gas, and coal resources in the Four Corners region have
led to concerns that levels of O3, nitrates (formed from oxides of nitrogen) and PM may
increase. The Four Corners Air Quality Task Force (FCAQTF, currently Four Corners Air
Quality Working Group), a group of regulatory agencies, tribes and interested parties
focusing on air quality issues in the Four Corners region reported that while regulation
efforts have led to decreases in SO, across the west, nitrogen oxides or NO, emissions
are estimated to increase with population growth and energy demand (FCAQTF, 2007).
NO, (nitric oxide (NO) and nitrogen dioxide (NO;)) emissions are predominantly emitted
into the troposphere from anthropogenic sources and are highly reactive forms of
nitrogen (Jaegle et al., 2005). The conversion of this NO into particulate nitrate (NO3'(s))

may lead to even greater visual impairment in sensitive areas such as Mesa Verde
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National Park and Wiminuche Wilderness Area in Colorado, which are routinely
impaired by air pollution (FCAQTF, 2007) even though they are protected by EPA’s
Regional Haze Rule.

The 1984 EPA Indian Policy for the Administration of Environmental Programs on
Indian Reservations, stated that “in keeping with the federal trust responsibility,” it
would “assure that tribal concerns and interests are considered whenever EPA’s actions
and/or decisions may affect reservation environments (EPA, 1984).” In the Four
Corners region, EPA action becomes important as it may designate the region as being
“non-attainment” for ozone levels in the near future. However, transport of air
pollution from other regions can lead to elevated ozone, yet trans-boundary pollution is
poorly integrated into EPA non-attainment designations. While states are increasingly
trying to resolve trans-boundary problems through regional planning organizations,
most tribes do not have the staff and resources required to actively participate in them
(Milford, 2004). This non-attainment status will have direct implications on tribal

economic development, self-sufficiency, sovereignty, and human health.

1.3 Aerosols
Aerosols are tiny colloidal liquid or solid particles suspended in the atmosphere,

I”

in which common usage of the word “aerosol” refers mostly to the airborne particulate
component known as particulate matter. Aerosols can be emitted directly as particles

(primary aerosol) or formed in the atmosphere by way of gas-to-liquid or gas-to-particle

conversion processes (secondary aerosol) (Whitby and Cantrell, 1976). Efflorescence
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(process of aerosol droplets losing water and becoming solid particles) and
deliquescence (process of aerosol particles taking up water and become aerosol
droplets) are the two most important physiochemical processes of aerosol particles and
are highly dependent on relative humidity (Brown, et al., 2006). Aerosols take part in
many physiochemical processes and chemical species externally/internally mixed within
aerosol structures, allows their surfaces to act as catalysts, determining the rates of
chemical and photochemical reactions by way of heterogeneous chemical reactions
(Brown, et al., 2006).

Coarse aerosol particles, those larger than 10 microns in diameter (PM1g), may
arise from natural sources, such as volcanoes, windblown dust, and sea spray. Fine
particles (<2.5 microns) or PM, s are typically formed from anthropogenic activities, such
as combustion of fossil fuels (McKenna, 2008). More than 40 trace elements are
routinely found in PM (Seinfield and Pandis, 2006) where size and composition is
determined by condensation of vapor species, evaporation, or by coagulation with other
particles by chemical reactions or by acting as cloud condensation nuclei, playing an
important role in the atmosphere’s hydrological cycle (McKenna, 2008). PM, 5 are
efficient at scattering and absorbing sunlight causing visibility degradation and direct
radiative forcing, impacting both regional air quality and global climate (Liao and
Seinfield 2005; Hansen et al., 2005; Feng and Penner 2007; Bauer et al., 2007). Increased
NO, oxidation that forms aerosol nitrate has a “direct effect” by increasing planetary
albedo (reflectivity), cooling the planet (Andreae and Crutzen, 1997; Chuang et al., 1997).

On the other hand, black carbon aerosols can absorb solar radiation, heating the planet
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(Haywood and Shine, 1995). Aerosols play a key role in the atmosphere’s hydrological

cycle and radiation budget with indirect feedback mechanisms that are not yet fully

understood (Archer, 2010).
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Figure 5 Aerosol size distribution (Whitby and Cantrell, 1976; USEPA, 2013).

1.4 Nitrogen Oxides

The combustion of fossil fuels, biofuels, biomass and lightning fix inert nitrogen
(N;) into a highly reactive form known as nitrogen dioxides (NO, = NO + NO,)
(Alexander et al., 2009). Nitrogen dioxides can also be emitted from soils due to
microbial processes (nitrification-denitrification) as well as transported into the
troposphere from the stratosphere (Logan, 1983). Nitrogen oxides play a key role in
atmospheric chemistry, producing acid rain and leading to the production of secondary

oxidants, which lead to the production of secondary aerosols, such as nitrate, sulfate,
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and organic aerosols (Galloway et al., 2004). Anthropogenic activities are the dominant
source of NO, in the troposphere (Jaegle et al., 2005) and these activities have
influenced the global nitrogen budget over the past ~100 years as seen in increasing
nitrate concentrations found in Greenland ice cores (Mayewski et al., 1990).

Nitrogen oxides are oxidized in the atmosphere to a soluble form known as
atmospheric nitrate (NO3 = HNO3'(g), NO3 (sq), NO3'(5)), and regionally deposited to
Earth’s surface. The lifetime of NO, in the boundary layer varies from 1 day (in tropics
and summer) to 3 days (during winter) before its converted to atmospheric nitrate (Levy
et al., 1999). Nitrate is the main sink of NO, and is a nutrient to many ecosystems
(Galloway et al., 2008) and anthropogenic increases to deposition of nitrogen (N) has
been linked to ecosystem disruption, shifts in biodiversity, and exacerbation of wildfires
(Bobbink et al., 2010; Fenn et al., 2003; Galloway, 1995). Atmospheric deposition of
nitric acid (HNQO3) can cause acidification of soils and increases in introduced N
deposition leads to crop damage and deforestation (Likens et al., 1996; Fenn et al.,
2003). Furthermore, overabundances of N deposition to water systems increase the
growth of aquatic plants and algae leading to lacustrine and estuarine eutrophication
and poor water quality (Paerl et al., 2002). It is the removal of NO, from the
atmosphere by chemical conversion to atmospheric nitrate that halts this production of
oxidants, acid, and aerosols. Therefore, the processes that transform NO, into
atmospheric nitrate are important for understanding atmospheric chemistry, climate,

and health from a local to global status.
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During the daytime, ultraviolet (UV) radiation dissociates the O3 and NO,
molecule (R1.1). The photolysis of the O3 and NO, molecule creates either a ground-
state oxygen atom or an excited state oxygen atom, O (D). This single oxygen atom
reacts back 97% of the time with O, molecules and 3% with water (H,0) in the
atmosphere to produce ozone (R1.2) and the hydroxyl radical (OH), respectively (Pandis
and Sienfeld, 2006). The highly reactive hydroxyl radical, the most important reactive
species in the atmosphere, reacts with VOCs (extracting a hydrogen atom from organic
compounds) to produce organic radicals (Re) that react with O, to form peroxy
(hydroperoxy (HO;) and organic peroxy (RO,)) radicals (R1.4) (Sienfield and Pandis,
2006). The lifetime of OH in the atmosphere is less than a second and depends highly on
water vapor, giving it a low concentration in the atmosphere of about 8x10°
molecules/cm? (Seinfeld and Pandis, 2006). Peroxy radicals allow NO, to be
regenerated without destroying Os; therefore, allowing O3 to build up in the
atmosphere (Seinfeld and Pandis, 2006). In mid-latitudes, the NO, that is generated
undergoes photolysis every 3 minutes (Seinfeld and Pandis, 2006), allowing the
photochemical cycling of NO, and Os to restart with continual exchange of oxygen

atoms between the two species.

NO, + hv 2 NO + O (A<420 nm) R1.1
0+0,;2>0; R1.2
NO + O3 2 NO, + 0, R1.3
H (or Re) + O, = HO, (or VOC--OOQe) R1.4

NO + HO, (or VOC-O0¢) = NO; + OH (or RO®) R1.5
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Emission

Figure 6 Atmospheric Nitrogen Cycle (from Alexandar et. al., 2009).
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Figure 7 SUIT NO; and O3 photochemistry. The daily maximum 1-hour O3 ppmv increase
during the summer months and decrease during the winter months.

The three most important oxidizing species in the atmosphere are the hydroxyl
radical, nitrate radical, and ozone molecule. Once air pollutants or chemical compounds

are emitted into the atmosphere these oxidizing agents act as detergents, oxidizing
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them to a less volatile, water soluble form, by which they can be removed by
precipitation which is known as wet deposition. Without the aid of precipitation, gases
and dry aerosols can also be removed by dry deposition and it is the dominant form of N
deposition in arid climates, such as the western United States (Fenn et al.2003).
Oxidation is the loss of electrons, however in the atmosphere oxidation often involves
the reaction of a chemical species with an oxygen containing compound. In the daytime
NO, is oxidized by OH to form nitric acid (HNO3) which partitions between gas and

aerosol phase to form the nitrate aerosol.
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Figure 8 Atmospheric dry/wet deposition of nitrogen dioxides (NO,).

At night time, NO, is oxidized by O3 to form the nitrate radical (R1.6). The nitrate
radical leads to HNO3 through reactions with VOCs (H abstraction), but this pathway to
nitrate is relatively minor. However, during the night time, nitrate radicals can react

with NO; to form dinitrogen pentoxide (N,0s) which then reacts on an aerosol surfaces
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via heterogeneous hydrolysis to form nitric acid (HNOs) and is a major pathway to
forming particulate nitrate. The nighttime removal of NO, counteracts the daytime
photochemical production of O3 by depleting the two main ingredients (NO, and VOCs)
required for photochemical O3z production while consuming, rather than producing O3
(Brown et al., 2006).

Both the daytime and night time NO, removal pathways form HNO3; which is
followed by deposition on the surface of an existing aerosol. Aerosols rather serve as
sinks, in which reactions of NO,, NOs, and HO, on aerosol surfaces can reduce HNOj3, by
reducing NO, and HO, (HO,=0OH+HO,+R0,) concentrations (Liao and Seinfeld, 2005).
Furthermore, absorption of hydroperoxy (HO,) radicals by aerosols reduces OH from
HO; + O3 = OH+20, and HO, + NO - NO, + OH. Also, the absorption of NO, by
aerosols reduces O3 concentrations, leading to lower OH concentrations by reducing O3
photolysis (O3 + hv = O, + O) which would otherwise produce OH from O + H,0 = 20H
(Liao and Seinfeld, 2005). Heterogeneous gas-aerosol reactions play an important role in
the concentrations of O3, sulfate, nitrate, black carbon, primary and secondary organic

aerosols (Liao and Seinfield, 2005; Feng and Penner 2007; Bauer et al., 2007).

1.5 Heterogeneous Reaction of N,Os on Aerosols

The link between high ozone levels, NO,, and organic emissions is well established
in atmospheric chemistry (Sienfeld and Pandis, 2006), but recent studies have
highlighted that heterogeneous NO, removal mechanisms, which shuts down O3

production, are poorly understood (Brown, et al., 2006). The heterogeneous hydrolysis
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of dinitrogen pentoxide (N,Os) plays a key step in removal of NO, from the atmosphere
at night which has a direct effect on the formation of oxidants (O3, OH, NO3,) and PM

(Russell and Cass 1986).

I Indirect Loss Pathways I X = halogen Direct Loss Pathways

Figure 9 Indirect and direct N,Os loss pathways (Chang et. al., 2011).

N,Os has long been understood as a storage or sink for NO, through its reaction
with water (either in gas or particulate phase). During the night, N,Os is in rapid

equilibrium with the nitrate radical, a strong nocturnal oxidant in the atmosphere.

NO, + O3 2 NO3 + 0, R1.6
NOs3 + NO, > N,Os R1.7a
N,Os = NOs + NO;, R1.7b

N,Os is thermally unstable, so it dissociates back to NO3 and NO,, and the equilibrium
constant between NO,, NO3, and N,Os shifts, favoring N,Os during cool weather and
large NO, concentrations (R1.7a,b) (Brown et. al, 2006; Chang et. al., 2011). The

equilibrium between NO,, NO3, and N,Os is given by:



22

[N20s5] = Keq [NO2] [NO3] Eq. 1.1
where, K¢q is the temperature-dependent equilibrium constant (cm®/molecule). The gas-
phase reaction of N,Os with H,0 is slow and relatively constant, while the
heterogeneous reaction is more variable and can be quite rapid on aerosol surfaces that
contain water to produce nitric acid (HNO3) (Detener and Crutzen, 1993).

N2Os (g) + H20 (serosol) 2 2HNO3 (aq) R1.8

The hydrolysis of N,Os on and within aerosol particles, fog, or cloud droplets has
been found to be much faster under tropospheric conditions and is believed to be the
dominant pathway of N,Os removal (Russell et al., 1985; Dentener and Crutzen, 1993;
Hanway and Tao, 1998). Furthermore, the N,Os hydrolysis product, HNOj3, partitions to
the aerosol phase at low temperatures or when excess ammonia is present, therefore
N,Os directly influences the tropospheric aerosol budget (Stelson and Seinfield 1982;
Russell and Cass 1986). The tropospheric N,Os chemistry is not well known and the rate
of N,Os uptake by aerosols remains very uncertain and is determined by aerosol
composition and meteorological conditions (relative humidity and temperature) (Brown
et al., 2006; Bertram et al., 2009). The N,Os heterogeneous hydrolysis reaction can be
modeled as a pseudo-first order process (Heikes and Thompson, 1983; Chang et al.
1987):

d[N205]
dt

= -Kn205 [N205] Eq. 1.2

In which dt denotes an incremental change in time and Kn»os is the reaction rate

constant for the heterogeneous gas to surface reaction. The rate constant, based on the
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probability of the number of molecules striking a unit area per unit of time and
simplified using an N,Os reaction uptake coefficient (< 0.1), is expressed by (Riemer et

al., 2003):
1 * *
Kn2os = 2 Cn20s * Yn205 Eq. 1.3

Where Cnyos is the mean molecular velocity of N,Os, S is the aerosol surface area
density and yn20s5 is the uptake coefficient or reaction probability. The uptake coefficient
or reaction probability (gamma, y) is the ratio of collisions between N,Os and aerosol

surfaces that result in N,Os being up taken on aerosol particles to form HNOs.

B (# of reactions forming HNO3)
y= (# of theoretical collisions (N,05+H,0))

Eq. 1.4

Three dimensional transport modeling has shown that the global concentrations
of NO,, OH radicals, and O3 is affected by NO, removal via tropospheric aerosol
chemistry (Crutzen and Dentener, 1993). The model suggests that heterogeneous
reaction of N,Os on aerosols in the northern hemisphere can cause a reduction in NO,
and O3 concentrations by as much as 50% and 25%, respectively (Crutzen and Dentener,
1993). The modeled N,05 heterogeneous reaction rates were based on laboratory
determined N,O5s uptake coefficients and it was concluded that sulfate aerosols from
SO, emissions would have minimal influence on O3 concentrations because the
heterogeneous hydrolysis of N,Os would be saturated and go to completion on any
reasonable aerosol surface area (Crutzen and Dentener, 1993).

On the other hand, measurements of N,Os uptake coefficients, based on N,O5s

lifetimes, in the eastern U.S., were shown to be highly variable and are influenced by
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relative humidity, aerosol acidity, and aerosol composition, such as sulfate mass or
sulfate to organic ratio (Brown, et al., 2006). They suggested that “emissions of SO,,
followed by its conversion to particulate sulfate, can indeed decrease the lifetime of
NO, and therefore influence photochemical ozone production” (Brown, et al., 2006). If
true, this would mean the decreases in SO, emissions in the Four Corners region and
increases in NO, emissions could lead to elevated ozone levels. The N,Os uptake
variability has regional scale effects on both NO, and volatile organic compound (VOC)
oxidation, which then impacts the photochemical formation of ozone and atmospheric
nitrate formation rates (Brown, et al., 2006).

Furthermore, discrepancies between simulated and observed atmospheric
nitrate concentrations in the EPA air quality model CMAQ (Community Multiscale Air
Quality model) are currently attributed to “uncertainties associated with HNO;
production via heterogeneous pathways and its effects on simulated airborne total
nitrate” (Mathur et al., 2005). Widely different NO3" loading is predicted by global
chemical transport models (Bauer et al., 2004; Dentener and Crutzen, 1993; Feng and

Penner, 2007) depending on how heterogeneous chemistry of N,Os is parameterized.
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Figure 10 Poor agreements between observed summer NO3 and CMAQ predictions
(Mather et al., 2005).

Therefore, understanding aerosol nitrate formation pathways and NO, removal
mechanisms by N,Os is important for understanding O3 production and ultimately the
atmosphere’s oxidation capacity. This capacity in turn controls the production of
secondary aerosols and dictates a region’s over all air quality. In order to improve our
understanding of these chemical mechanisms and use this knowledge to help mediate
air pollution over tribal lands, | posed three important research questions and a guiding
hypothesis that has been the template for my graduate research:

1) How can we better constrain NO, sources and assess the relative importance

of NO, removal by N,Os to better understand the link between NO,

emissions and ozone and particulate formation in the Four Corners region?
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2) Can this new knowledge of NO, removal mechanisms by N,Os be combined
with regional air quality monitoring and modeling simulations to assist with
regional ozone mitigation strategies?

3) How can we use these results to assist tribal authorities in the Four Corners
region to develop polices and regional planning that will improve air quality,
and ultimately protect the health and welfare of tribal members and
residents?

1.5.1 Hypothesis

In order to address these questions we utilize the stable
isotopes 14N, BN, 16O, 70, and 80 in aerosol nitrate to provide insight into the sources
of NO, and the oxidation pathways that convert NO, into atmospheric nitrate. The
chemical and isotopic analysis of nitrate in particulate matter filters (PM,.s and PM 1)
collected from the Navajo Nation and Southern Ute Indian Reservation in the Four
Corners region coupled with photochemical box model simulations can help resolve
uncertainties regarding the N,Os production pathway. This resolution may help in
assessing how expected NO, emissions from power plants and increases in oil and gas
exploration on reservation lands might impact local tribal air quality, specifically ozone

and particulate concentrations.
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1.6 Isotope Theory

For any chemical element (X), the atomic number (A) refers to the total number
of protons in the nucleus and the atomic mass number (Z) refers to the total number of
protons and neutrons in the nucleus (Criss, 1999).

2X  (example: *2N or nitrogen-14)

An element that has the same number of electrons to balance the number of charged
protons in its nucleus is known as a neutral element. Even though the number of
protons may stay consistent within the nucleus, the atomic mass of an atom can vary
with the number of neutrons. Atoms that remain stable despite their varying number of
neutrons are known as stable isotopes. Stable isotopes are defined as atoms of the
same element with the same atomic number, but differing numbers of neutrons. For
geochemical research purposes it is common to drop the unchanging atomic number for
stable isotopes (e.g., *N, °N).

Isotope abundances can vary within a given compound and this change is

guantified in terms of a delta value (8) in parts per thousand (“per mil,” %o).

_ (R sample) _
0= [(R standard) 1] *1000 Eq. 1.5

Isotope abundances are measured based on the ratio of heavy to light isotopes in a
sample (R sample) relative to the same ratio of heavy to light isotopes in a standard
reference (R standard). For nitrogen, this value is a change in *>N/*N ratio in a sample
relative to the same ratio in a standard reference (N, in atmospheric air, BN/YMN =

0.0036765). For oxygen, this value is a change in *’0/*°0 and *®0/*°0 in a sample
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relative to Vienna Standard Mean Ocean Water (VSMOW, 70/*0 = 0.0003799, ¥0/*0
=0.0020052) (Coplen, 1994). The isotope delta value for any isotope standard is 0%o, so
a sample with a 60 value of -21.1%o, means the sample is depleted in the heavier
isotope by 21.1 parts per thousand relative to the VSMOW standard. The -21.1%o value
can also be interpreted as the sample having 2.1% less 80 than the reference material
VSMOW. The natural isotopic abundances for 1N and >N is 0.996337 and 0.003663,
respectively. The natural isotopic abundances for 16O, 17O, and 20 are 0.99757, 0.00038,
and 0.00205, respectively (Coplen, 2002). Therefore, for most stable isotopes, the ratio
for each minor isotope is close to its isotope natural abundance (e.g. 80/%%0 =
0.00205/0.99757 = 0.00205499 = 0.00205/1).

Biogeochemical processes involving compounds of light elements such as
hydrogen (H), carbon (C), nitrogen (N), oxygen (O) and sulfur (S), undergo kinetic and
equilibrium isotope fractionation effects (Freyer, 1990). Isotopic fractionation is the
separation of light isotopes from heavy isotopes during physical or chemical reactions
(Criss, 1999). Isotopic fractionation changes the isotope ratio causing variations in the
isotopic abundances of light elements and these variations can be used as indicators of
environmental change in natural systems (Criss, 1999). Therefore measuring stable
isotope ratios in compounds can be used to identify sources and sinks and provide
insight to better understand the physical and chemical reactions behind biogeochemical
processes.

Molecules with the same chemical formula but differ only in their isotopic

composition are known as isotopologues and these differences in masses influence their
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thermodynamic properties. The reaction rates of isotopologues are dependent upon
molecular velocities in which lighter isotopes move faster subsequently reacting faster.
Lighter isotopes have a higher molecular vibrational frequency forming weaker bonds
and breakage of these bonds leads to fractionation. The differences in bond strength
affect the kinetics of reactions and molecules with the lighter isotope react faster and
are concentrated in the products. The heavier isotopes then become enriched in the
reactants while the products are depleted, yielding a lower delta value.

Substituting an isotope near an atom where bonds are breaking or rehybridizing
can lead to a change in the rate of the reaction. This kinetic isotope effect can be
measured and is expressed as a ratio of rate constants (k,/K1): the rate constant for the
reaction with the heavy isotope over the rate constant for the reaction with the light
isotope.

Reactant = Product (k1 = reaction rate constant of light isotope)

Reactant = Product (k, = reaction rate constant of heavy isotope)

a = K3 (heavy)/K1 (iight) Eq. 1.6
Isotope fractionation is then based on the ratio of the rate constants expressed as alpha
(a), and is also known as the fractionation factor.

Isotopologues involved in biological (enzyme reactions) or physical processes
(diffusion, evaporation, freezing) are subject to kinetic isotope effects, where lighter
molecules will diffuse faster and evaporate faster. Isotope fractionation due to mass
differences in unidirectional kinetic reactions (e.g. open systems where products escape)

can be expressed using the following fractionation factor:
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ap-s = Rp/Rs Eq. 1.7
Where R is the isotope ratio, P is the product and S is the reactant and aps is the
fractionation factor of product relative to the reactant.

Isotope fractionation can also occur under chemical equilibrium reactions in
which molecules exchange isotopes of the same element in equilibrium such as the
exchange of 80 between nitrate and water. During equilibrium reactions the species
with the highest oxidation state tends to become enriched in the heavy isotope.

OONO (5 + H,™0 () € OON™0 (o) + H20 )

The species with the lower oxidation state then becomes depleted in the heavy isotope.
Equilibrium isotopic fractionation can be expressed as a fractionation factor (aas),
which is equivalent to the equilibrium constant (K): where A and B are different phases
such as gas and liquid.

oas=Ra/Rs Eqg. 1.8

Therefore, the isotopic fractionation factor (ono3-H20) for 80 exchange between
nitrate and water is written as:

o320 = (OON'*0/OONO)/(H,"*0/H,0)

If the NO3™ and H,0 did not discriminate between *°0 and 18O, then a would be equal to
unity (a = 1.00). However, if a > 1, this implies that NO3 prefers 0 and H,0 prefers *°0.
For both kinetic and equilibrium reactions, a is typically around one (1.00) and can be
expressed in permill as the isotopic enrichment factor, €:

gas (%o) = (0-1)*1000 Eq. 1.9
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The enrichment factor €45 is the enrichment of A relative to B for equilibrium reactions
and the enrichment factor €ps is the enrichment of product relative to reactant for

kinetic unidirectional reactions.

1.7 Nitrogen Isotope Variations in Atmospheric Nitrate

Variations of nitrogen isotopes (N, *°

N) in atmospheric nitrate may determine
which emission sources (mobile, stationary, and natural) are contributing to the
formation of nitrate aerosols or infer shifts in seasonal NO, oxidation pathways (Freyer,
1991; Elliot et al., 2007; Elliot et al., 2009). Atmospheric nitrate encompasses particulate
nitrate and nitric acid vapor (both commonly referred to as dry deposition) and nitrate
in precipitation (wet deposition) with seasonal trends of &N values ranging from -19 to
+14%o0, -14 to +10.8%., and -8.1 to +3.2%., respectively (Elliot et al., 2007; Elliot et al.,
2009). Recent studies have suggested that the variations in the 8*°N values in nitrate
aerosols are “fingerprints” of different NO, sources (Elliot et al., 2007; Elliot et al. 2009,
Felix et al., 2012). For example, 8°N values of NO, emitted from power plants range
from +6 to +13%o, whereas vehicle NO, has a much lower 8N value of +3.7 to +5.7%o

(Moore, 1977; Pearson et al., 2000; Ammann et al., 1999), with reports as low as -13 to

-2%o (Heaton, 1990).
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Table 3 &N of NO, Sources
NO, Source 615N (%o) Citation
Coal Fired Power Plants +6 to +13 Heaton, 1990
Vehicle Exhaust +3.7 to +5.7 Ammann et al., 1999; Moore, 1977; Pearson et
al., 2000; Middlecamp and Elliot, 2009
Vehicle Exhaust -13 to -2 Heaton, 1990
Simulated Lightening 0 to +2 Hoering, 1957
Biogenic -49 to -20 Middlecamp and Elliot, 2011; Li and Wang, 2008
Biomass Burning +14 Hastings et al., 2009

Measurements of natural sources of NO, are limited, but Moore (1977) have
found NO; in pristine air to have a 8N value of -9.3 + 3.5%. and laboratory simulation
of nitrogen fixation by lightning show a range from 0 to +2%. (Hoering, 1957). In
addition, studies have shown enrichment of 6"°N in polluted air with depletion occurring
during the summer and spring months (Elliot et al., 2007; Elliot et al., 2009; Hastings et
al., 2003). NO emitted from soils as an intermediate to the nitrification-denitrification
process show a §"°N range from -49 to -20%o (Middlecamp and Elliot, 2009). Large
kinetic isotope effects have been observed in both the nitrification-denitrification
reactions; contributing to the depletion of 8"°N in NO emitted from soils in summer
months (Freyer, 1978; Medina and Schmidit, 1982; Mariotti, et. al., 1981). These
comparisons suggest that natural and anthropogenic NO, sources could potentially
attribute to observed seasonal variations in 6N of atmospheric nitrate.

On the other hand, Freyer (1991) observed "N in aerosol nitrate (collected via
wet and dry deposition monitors in Germany and France) and suggests 8N variations
likely reflect seasonal shifts in NO, oxidation pathways that form aerosol nitrate rather

than differences in emission sources. Freyer (1991) suggests kinetic and equilibrium
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nitrogen isotope fractionation effects occur during chemical formation mechanisms,
therefore impacting observed "N values in aerosol nitrate. The two main pathways to
form aerosol nitrate is the absorption of nitric acid (HNO3z) into a water droplet (R1.9)
and the nighttime heterogeneous reaction of N,Os on a wet aerosol surface (R1.10).
Both pathways form HNO3 which can react with ammonia to form ammonium nitrate
(NH4NO3), a form of fine particulate nitrate. Ammonium nitrate is in dynamic
equilibrium with ammonia and nitric acid and is thermally unstable but formation favors

high RH and low temperature (R1.11).

HNO3(V3POF) éeNo?: (aerosol) T H+ R1.9
N,Os + H,0 (aerosol) - 2HNO3 - 2No?z(aerosol) +2H+ R1.10
NH3 + HNO3 €-> NH4NO; R1.11

Ammonium nitrate can be found in regions where sulfate levels are low and
ammonia and nitrogen oxide emissions are high (e.g., southern California and the
Mountain West) (NOAA, 2000). The nighttime exchange reaction between NO,, NOs,
and N,0Os are in thermal equilibrium (R1.7a, b) and subject to equilibrium isotope
fractionation and this leads to the enrichment of >N in the more oxidized species. The
nighttime formation mechanisms (R1.7a, b, R1.10) dominate the formation of winter
aerosol nitrate, due to low temperatures and decreased sunlight. Therefore, Freyer
(1991) suggests the enrichment of §°N values in aerosol nitrate would shift §°N values
higher in the winter.

The daytime oxidation of NO, by OH radicals is the main photochemical reaction

to nitric acid (HNO3) formation. Based on reduced masses, Freyer (1991) estimated a
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kinetic isotope fractionation of 0.9971 for the NO, + OH reaction to yield a 6°N value of
-3%o for HNO3, which compared reasonably to the observed value of -(2-3%o) with no
seasonal trend reported. Freyer (1991) suggested the dissociation equilibrium of
NH4NO3 during summer months would prefer the lighter 1N in HNOj3, therefore
masking any seasonal trend because the residual NH4NO3; would be enriched in )
Assuming no isotopic fractionation effects occurring in R1.9, the depleted 8N signature
in HNO3 would then be carried on to the formation of aerosol nitrate. Therefore, the
depleted 8N values in aerosol nitrate as a result of the NO, + OH reaction occur largely
during the summer months, due to higher solar radiation and higher OH concentrations
(Calvert et al., 1985).

Both Elliot et al. (2007) and Freyer (1991) concluded that variable anthropogenic
and natural NO, sources could contribute to seasonal variations in 8*°N in atmospheric
nitrate. Elliot et al. (2007) reported 6N (NO,) values emitted from stationary sources
and found no significant chemical contributions to >N variations. Therefore, a mixing
model can be applied to "N isotope distributions reported for NO, sources
supplemented with emission inventory data to estimate contributions from individual
NO, sources to atmospheric nitrate (Felix et al., 2012). The §"°N reported for NO,
maybe a new tool for assessing the relative effectiveness of NO, reduction technologies
and strategies as well as transport and fate of emissions across regions (Felix et al.,
2012).

Contrasting Elliot et al., Freyer (1990) suggests: 1) the temperature-dependent

isotopic exchange equilibria between atmospheric nitrogen species and 2) seasonal



35

changes in NO, oxidation pathways forming aerosol nitrate should also be considered
when assessing 8"°N seasonal variations. Both Elliot et al. (2007) and Freyer (1991)
agree more observations and analyses of §"°N values of NO, oxidation products and
NO, sources are needed to better interpret and understand the chemical and source
apportionment relationship to seasonal variations.

Major influences to variations in observed seasonal 6"°N values in atmospheric
nitrate include equilibrium and kinetic isotope fractionation effects occurring during
formation mechanisms, varying NO, source emissions, control technologies and
operating conditions (Freyer, 1991; Elliot et al., 2007; Felix et al., 2012). Therefore,
examining changes in the 8N of nitrate aerosols collected in the Four Corners region
over seasons may be an effective new tool for monitoring regulatory NO, emission
reductions from stationary sources as well as determining the relative importance of

source versus transport in the NO, budget over tribal lands.

1.8 Oxygen Isotope Variation in Atmospheric Nitrate

While 6N values in atmospheric nitrate may be useful for tracing NO, sources,
the oxygen isotope (*°0, *’0, *¥0) composition of aerosol nitrate has been shown to be
effective for elucidating NO, oxidation pathways (Michalski, et al., 2003). For most
stable isotopes participating in biogeochemical processes, nuclear mass differences
cause kinetic and equilibrium isotopic fractionations that alter the isotopic composition

of compounds. The 6'%0 values of a compound usually have a mass-dependent
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relationship (terrestrial fractionation line-TFL) with the §'/O that is quantitatively
defined using the equation (Matsuhisa et al., 1978; Miller, 2002):
670 =0.52 x 60 Eg. 1.10

The 0.52 defines the slope of the TFL and may range from 0.50 to 0.529 depending on
the molecular mass of the oxygen-bearing molecule and fractionation caused by
temperature and thermodynamics of reactions. Most oxygenated compounds in the
terrestrial environment lie on the TFL and include: surface and atmospheric water, air
0,, igneous and sedimentary rocks (Patris et al., 2007).

However, photochemically produced ozone has §'’0 values that do not obey this

mass dependent rule; and instead it has a large «t7

O anomaly”. This difference between
the observed 860 value and that expected based on 6'0 values is known as a mass
independent fractionation (MIF) (Thiemens et al., 2001; Thiemens and Heidenreich, I,
1983) and is quantified by the “cap delta” notation (Miller, 2002):

AY0=8"0-0.52x 60 Eq. 1.11
Ozone has high §'®0 and A0 values (Morton et al., 1990; Thiemens and Jackson, 1990)
and these enrichments are transferred from O3 to NO, and NO3 via oxidation reactions.
MIF occurs because of the differences in molecular symmetry and zero point energies of

05 which lead to the stabilization of the asymmetric (*"*?0, *°0, ¢

O) isotopomers over
- 16 16 16 - . H 17 18
the symmetric (7O, ~0, ~0) during formation, regardless of the substituted ~'O or =0

(Gao and Marcus, 2011). As a result, ozone has a near equal enrichment of Y0 and *®0

in spite of the 0.52 mass-dependent relationship.
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The A0 signal has become an important new tool for accessing how NOy is
oxidized in situ and then removed from the atmosphere (Michalski, et al., 2003; Morin
et al.,2008; Alexander et al., 2009). Nitrogen oxides are very important in the formation
and loss of tropospheric ozone. During the daytime, NO, react with VOCs in the
presence of sunlight to form ground-level ozone (R1.1-R1.5). NO is oxidized by O3 or
peroxy radicals (HO, and RO,) to produce NO, that can undergo photolysis (and form
ozone) or react with an OH to from HNO3 (R1.12). The formation of atmospheric nitrate,
defined herein as gas-phase HNO; plus particulate nitrate are enriched with *’0 and o)
and is removed by way of dry or wet deposition. The HNO3; formed by this daytime
pathway has a AY0 value of ~20%. (Alexander et al., 2009; Michalski et al., 2003).

NO+03 = NO, + OH = HNO3 g (670 ~20%o) R1.12

On the other hand, night time oxidation of NO, by ozone produces the nitrate
radical that has a higher AY0 value of ~32%o (Alexander et al., 2009; Michalski et al.,
2003). The nitrate radical is quickly photolyzed during the daytime, but at night it leads
to the production of HNO3 through reactions with VOCs or dimethylsulfide (DMS); but
this pathway to nitrate is relatively minor (R1.13). However, during the night time,
nitrate radicals can react with NO, to form N,O5 which then reacts on an aerosol
surfaces via heterogeneous hydrolysis to form HNO3 (R1.14) and is a major pathway to
forming particulate nitrate. The HNO; formed by this pathway is estimated to have a
A'0 value of ~28%. (Alexander et al., 2009; Michalski et al., 2003).

NO,+03 > NO3+0; = NO3 + VOC - HNO3 (A'0 value of ~32%0)R1.13

NO,+NO3 = N30s + H,0 (aerosol) = 2HNO3 (A0 value of ~28%0 ) R1.14
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Figure 11 The A0 values of atmospheric nitrate in the daytime and night time cycling
and removal of NO, in the atmosphere (MPIC, 2010).
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Figure 12 The terrestrial fractionation line (TLF) and observed AY0 ranges for a number
of oxygenated species from Earth’s surface and atmosphere (Michalski et al., 2003;
Kaieser et al., 2007; Morin et al., 2009; Patris et al., 2007).
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Figure 13 The terrestrial fractionation line (TLF) and observed A'’O values for mid-
latitude atmospheric nitrate. The approximate triple oxygen isotope composition for
tropospheric ozone (red star), water (blue oval), O, (green dot), and VSMOW (blue dot)
are also indicated (Michalski et al., 2003; Kaieser et al., 2007; Morin et al., 2009).
Michalski et al. (2003) observed A*O values for mid-latitude atmospheric nitrate
ranging from 20-30%o with seasonal trends showing maximum A'’O values occurring
during midwinter. The observed A0 seasonal trends were compared to a A0 isotope
fractionation model coupled with a photochemical box model, by which the shifts in
NO, oxidation pathways were found to be a result of temperature dependences, NOy
concentrations and hours of sunlight (Michalski et al., 2003). Therefore, qualitatively
observed increases in particulate nitrate AY0 values would suggest an increase in N,O5s
hydrolysis. The observed atmospheric nitrate A'’O values further supports the
assumption that the O atoms found in atmospheric nitrate are a function of the A0

anomaly found in ozone as this signature propagates into nitrate formation via NO,

oxidation pathways. By utilizing the difference in the transfer of A0 from ozone to
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HNO3 during different NO, oxidation reactions, isotopes of oxygen in particulate nitrate
collected on tribal lands can be used to trace degree of N,Os hydrolysis (Michalski et al.,
2003).

Furthermore, measured nitrogen isotopes in fixed nitrogen (NHs and NO3’)
species can be coupled with measured oxygen isotopes using the dual isotope technique
to better constrain sources and chemical pathway formation of nitrate. An example of
the dual isotope approach is seen in Figure 14. Since atmospheric nitrate is enriched
in 0 compared to other sources, it has gained acceptance as a tracer of atmospheric
nitrate (Kendall et al., 2008). Anthropogenic activities are predicted to double the
amount of naturally fixed nitrogen contributions by 2050 (Galloway, 2008), so it is
important to be able to identify sources and understand the fates of nitrate in order to

better understand the nitrogen cycle.
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Figure 14 Dual isotope 80 and N plot for known nitrate sources (Kendall et al., 2008).
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1.9 Modeling A0 in Atmospheric Nitrate-

The cycling and oxidation pathways of NO, to form HNO3 play a key role in
determining the A*’O values in atmospheric nitrate (Alexander et al., 2009; Michalski et
al., 2003). Observations of A0 values for atmospheric nitrate collected throughout the
world range from ~10-40%. (Kaiser et al., 2007; Kendall et al., 2008; McCabe et al., 2007;
Michalski et al., 2003; Morin et al., 2007, 2008; Savarino et al.; 2007). The A'’O observed
in atmospheric nitrate are attributed to the mass transfer of O atoms from tropospheric
ozone to NO, during oxidation reactions (see Section 1.9). Modeling of the A*O isotopic
composition must incorporate any possible dilution of the *’O anomaly by mass-
dependent mechanisms such as the addition of isotopologues or isotopic exchange with
different species.

In the summer, photochemistry increases the production of OH and thus
enhancing peroxy radical oxidation (HO, and RO,), consequently reducing the fraction
of NO being oxidized into NO, by ozone (R1.1-R1.15) (Michalski et al., 2003; Patris et al.,
2007). The NO, formed cycles rapidly between NO and NO, by way of photolysis. This
NO, photo-stationary state occurs much faster than NO, removal pathways (R1.12-1.14),
so the oxygen atoms in NO, reach equilibrium with O3 and HO, (RO,) fairly quickly.
Organic radicals (Re) typically obtain their O, from atmospheric O, (A0 ~-0.3%o); for
this reason the A0 of HO, (RO,) is estimated to be <1%o (Rockmann et al., 2001),
whereas tropospheric O3 has been calculated to have a A0 value of ~35%o (Lyons,

2001; Morton et al.; 1990).
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Therefore, the mass transfer of O atoms from ozone to NO, during oxidation can
become diluted by peroxy radical (HO, and RO,) oxidation; subsequently modifying the
amount of 0 excess found in atmospheric nitrate. As a result, the AY 0 value for NO,
(®(NO,) can be reduced into a two component mass balance isotope mixture expression:

N0, =X * %03 + (1-X) %0, Eq. 1.12
Where X is the mole fraction of NO oxidized into NO, by O3 and 1-X is the remaining
mole fraction that is oxidized by peroxy radicals, represented here by atmospheric O,.
Since organic radicals typically obtain their O, from atmospheric O, (A'’O ~0%o), the
expression is then simplified to (Michalski et al., 2003):

’NO, =a * %0, Eq. 1.13
Where %X can be read as the cap delta (A”O) of molecule X, in this case the AY0 of NO,.
The mole fraction (X) then becomes alpha (a) which is the proportion of NO oxidized

into NO, by ozone and peroxy radicals (HO,, RO,), observed as:

NO+03
o=—"-"
NO+HO, (RO3)

Eq.1.14

The NO, produced is a common reactant for each of the nitrate formation pathways

(R1.12-R1.14), transferring the ’O anomaly from O3 through reactive species during

NO, oxidation. Therefore, an isotope mass balance approach can be used to model NO,

oxidation and estimate the A'’O of the relative atmospheric nitrate formation pathways.
During the daytime NO,+OH oxidation reactions forming HNO3 are the major

pathway to atmospheric nitrate formation. A mass balance calculation can be applied to

determine the *HNO3 value by substituting Eq. 1.13 for NO, as follows:
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NO + 03 2 NO, + OH 2 HNO3 R1.12

*HNO3 (r112) = 2/3 * @03 + 1/3 * “OH Eq. 1.15
Where 2/3 of the oxygen atoms propagate from NO, and 1/3 from OH yielding a total of
3 oxygen atoms in the product HNO3. The isotopic exchange between OH and water is
rapid and eliminates any A'’O signature from photochemistry. For that reason,
tropospheric water is estimated to have a A'’0 of ~0%o, (Dubey et al., 1997; Lyons,
2001). Thus, the “OH becomes zero and the mass balance can be simplified to:

"HNO3 (r112) = 2/3 * a %03 Eq.1.16

The daytime NO, can also become oxidized by O3 to form the nitrate radical
(NO3). The nitrate radical is rapidly photolyzed during the day but at night it can react
with VOCs or dimethyl sulfide (DMS) to produce HNO3. A mass balance calculation can
be applied to determine *HNO3 from this pathway by substituting Eq. 1.13 for NO, as
follows:

NO; + O3 2 NO3 + VOC 2 HNO; R1.13

"HNO3 (r1.13) = 2/3 * @ %03 + 1/3 %03 Eq. 1.17
Since the NO3+VOC reaction leads to H abstraction, it is assumed that VOCs are not
responsible for any oxygen transfer; therefore the “HNOj is the same for “NO; (nitrate
radical). Thus, 2/3 of the total oxygen atoms in the product HNO; propagate from NO,
and 1/3 from ozone.

Although the nocturnal oxidation of VOCs by the nitrate radical leads to nitrate
formation, this pathway is relatively minor. Instead, nitrate radicals react with NO, to

form N,0Os which then leads to the second major pathway to nitrate formation, which is
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the N,O5+H,0 heterogeneous hydrolysis reaction on an aerosol surface. A mass balance
calculation can be applied to determine the “HNO; value by substituting E1.13 for NO,
and E1.17 for NO3 as follows:

NO,+NO3 2 N30s + H30 (geroso) = 2HNO R1.14

"HNO3 (r1.14) = [2/6 * a %03 +3/6 (2/3 * a 03 + 1/3 °03)] + 1/6 *H,0

Eq.1.18
Where, 2/6 of the oxygen atoms propagate from NO,, 3/6 from NO3 and 1/6 from H,0
yielding a total of 6 oxygen atoms in the product, 2HNOs3. Recall earlier, tropospheric
water has a AY0 of ~0%o, (Dubey et al., 1997; Lyons, 2001), therefore removing any
possibility of isotopic exchange between water and N,Os during the hydrolysis reaction.
Thus, the AHZO becomes zero and the mass balance can be simplified to:

SHNO3 (R1.14) = 1/3 * 203 + 1/2 (2/3 * 05 + 1/3 “03) Eq. 1.19
Where, 1/3 of the total oxygen atoms in the product 2HNO3 propagate from NO, and
1/2 from NOs. Using the mass balance approach, dilution by peroxy radical oxidation
can shift a and impact the “HNO; for each formation pathway. For example, assuming
AY0 = 35%, for O3, and if 15% of the NO, is formed from peroxy oxidation, then a =
0.85. The calculated A0 signatures for each HNO; formation pathway would then be
the following: A0 = 25.7%o. for N,Os hydrolysis pathway, A*’O = 19.8%o for NO,+0OH
pathway and A0 = 31.5 for NO3+VOC/DMS pathway.

In order to better constrain formation pathways and interpret seasonal
variations observed in A0 in atmospheric nitrate, Purdue Stable Isotope laboratory has

developed the “ISO-Regional Atmospheric Chemistry Mechanism” (ISO-RACM) model
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(Michalski and Xu, in review). ISO-RACM is essentially a photochemical box model that
incorporates the isotope mass balance mechanism to model the A'0 signature of the

three main nitrate formation pathways in terms of a and “05 (Michalski et al., 2003):

“HNO3 (r1.12) = 2/3 * 2 *0; Eq. 1.16
“HNO3 (r1.13 = 2/3 * @03 + 1/3°03 Eq.1.17
“HNO3 (r1.14) = 1/3 * @03 + 1/2 (2/3 * a*05 + 1/3°03) Eq.1.19

The AHNOg (Total) fOr each day is then calculated by ISO-RACM by simplifying the mass
balance mechanism and applying an atmospheric chemistry scheme to calculate the

mole fractions of HNO3 produced by each reaction pathway (Michalski and Xu, in

review):
"HNO; (r112) = 03 * (2a/3) (Beta, B) Eq. 1.20
"HNO3 (r1.13) = "03 * [(20+1)/3] (Eta, €) Eq. 1.21
"HNO3 (r1.14) = "03 * [(40+1)/6] (Chi, x) Eq. 1.22

SHNO3 (rotal) = B* “HNO3 (r1.12) + €* “HNO3 r1.13) + X* “HNO3 (r1.14) Eg. 1.23
The Beta (B), Eta (), and Chi (x) are the mole fractions of HNO3; produced by the

reaction pathways R1.12, R1.13, and R1.14 respectively. Each ISO-RACM simulation then
yields 2HNO; (Total) Value for each day that reflects shifts in nitrate formation pathways
(Eg. 1.23). In the winter, the N,O5s hydrolysis pathway becomes dominate due to limited
photochemistry and cold temperatures, thus yielding a high AY0 signature in observed
nitrate (Michalski et al., 2003). On the other hand, summer conditions limit the N,O5
hydrolysis pathway and the NO,+OH pathway to nitrate formation becomes more

relevant. The origin of the O atoms in atmospheric nitrate (i.e. O3, H,0, NO,, HO,, ROy),
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the o (proportion of NO oxidized into NO, by ozone and peroxy radicals), and %05 play
an important role in modeling the A0 value of nitrate formation pathways.

Experimentally derived A'’O values for tropospheric ozone on mid-latitude
experimental temperatures and pressures yields a “03 range from 33-37%o. (Morton et
al., 2007; Michalski and Bhattacharya, 2009). However, ISO-RACM is parameterized
using the AY0 = 35%o for ozone at 298 K to calculate the A*’O values for HNO3 for each
day based on experimental pressure and temperature dependent studies by Morton et
al. (1990). According to Morton et al. (1990), typical surface pressures have a minor
influence on %03, thus the %03 is dependent only on temperature (K). Therefore, ISO-
RACM simulations are run at 101.5 kPa, in which 03 is parameterized using (Michalski
et al., 2004):

AY0 (%o) = 10*[(0.0243*T(K) + 3.7667) - .52*%(0.035*T(K) +4)]  Eq.1.24
which yields a A0 value of 35%. based on Morton et al. (1990).

The current ISO-RACM model is not a multidimensional model in that it does not
include any fluxes (zero dimensional), so that only production pathways control the A'’0
of atmospheric nitrate. Furthermore, the ISO-RACM model does not incorporate
(dry/wet) deposition loss processes, explicit aerosol chemistry and chemical transport
mechanisms. Despite the absence of these features, ISO-RACM can explore which
reactions, conditions, and parameterizations that may have pronounced impacts on
controlling A0 values in atmospheric nitrate without large amounts of computation

(Michalski and Xu, in review).
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ISO-RACM is a second generation to the Regional Atmospheric Chemistry
Mechanism (RACM) (Stockwell et al., 1997), originally developed as the Regional Acid
Deposition Model (RACM1 and RACM2) (Stockwell et al., 1990). The ISOI-RACM model
has 238 atmospheric reactions with the most recent rate constants and product outputs
based on laboratory measurements verified against environmental chamber data. The
model uses trace gas mixing ratios, meteorological data, and chemical boundary
conditions to simulate the troposphere from the Earth’s surface through the upper
troposphere as well as simulating rural to urban conditions (Michalski and Xu, in review).
ISO-RACM, like RACM has included biogenic compounds such as isoprene and
anthropogenic hydrocarbons (alkane, alkene and aromatics) in its reaction schemes but
most notably the difference is the incorporating of isotope mass balance mixing and the
addition of heterogeneous N,Os uptake by aerosols (Michalski and Xu, in review).

ISO-RACM is an effective photochemical modeling tool to provide insight into the
importance of NO, oxidation, HNO; formation, heterogeneous reactions, and trace gas
chemistry. This becomes important as global 3-D chemical transport model (GEOS-
CHEM) simulations have shown the global mean inorganic nitrate burden to be
dominated by nitrate formation via NO,+OH (76%), followed by N,Os hydrolysis (18%)
and NO3+DMS/VOC (4%) (Alexander et al., 2009). Studies using the mass balance
approach have shown that the ozone oxidation of NO to higher oxidation states
produces positive A0 values in atmospheric nitrate (Savarion et. al., 2008; Michalski et
al., 2003; Lyons, 2001). Qualitatively, observed increases in observed AY0 values in

tribal particulate nitrate would suggest an increase in N,Os hydrolysis. Such increases
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might be regressed against other atmospheric pollutant data to look for correlations.
For example, heterogeneous uptake of N,Os5 should be proportional to aerosol surface
area, which is roughly proportional to PM mass, so there could be possible correlation
between nitrate A0 values and mass of PM. On the other hand, Brown et al. (2007)
suggested that aerosol composition is more important than simply surface area. In this

case, nitrate A0 values may be inversely correlated with organic loading.
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Figure 15 Southern Ute Indian Tribe PM, s mass concentrations (ug/ms), 2009-2010 (US
EPA Data Mart, 2010).

ISO-RACM model simulations can be initialized using tribal meteorological data,
aerosol mass concentrations, and trace gas mixing ratios. The photochemical and mass
balance schemes can then determine seasonal changes in the branching ratios for each
NO, removal pathway as well as the corresponding A*’0 value of the nitric acid product.
The model derived A0 values can then be adjusted to match observed A0 values,

therefore allowing for better parameterization of the N,Os uptake coefficient and NO,
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removal pathways which then lead to accurate predictions of trace gas concentrations

(Detener and Crutzen, 1993).
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CHAPTER 2. ION CHROMOTOGRAPHY INSTRUMENTATION FOR TRIBAL NITRATE
SEPERATION

2.1 Technical Note

This chapter details the procedures | have taken to request archival tribal aerosol filters
and the analytical and preparative ion chromatography system that | developed to

separate, measure and collect anions in aerosol samples.

2.2 Introduction

This project will examine the stable oxygen and nitrogen isotope composition of
particulate nitrate collected on the Southern Ute Indian Reservation and Navajo Nation
to provide insight into the sources of NO, and the oxidation pathways that convert NO
into nitrate on these reservation lands. Tribal Air Quality Programs (AQP) operate
particulate matter (PM,5 and PM1g) monitoring networks as part of USEPA PM national
monitoring network. Tribal AQPs monitor dry deposition particulates by collecting filter
based PM using hi-volume flow and low-volume flow air samplers operating on 24hr
sample durations every 1 in 6 days (EPA PM national monitoring schedule). Low-volume
samplers collect PM, s and hi-volume samplers collect PM1o. After sample exposure,
tribal PM filters are retrieved and properly packaged and sent to gravimetric

laboratories for determination of PM mass.
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For this thesis, coarse particulates from both reservations were collected using
the Anderson Instruments Graseby PM g hi-volume air sampler (GMW 1200) with a flow
rate of 1.13 m*/min (1,130 L/min). The fine particulates on the Southern Ute Indian
Reservation were collected using the PM, 5 single filter Anderson Reference Ambient Air
Sampler (RAAS2.5-100) with a flow rate of 16.7 L/min. The Navajo Nation fine
particulates were collected using the PM, s Thermo Electron Federal Reference Method
air sampler (FRM 2000) at 16.7 liters/min.

Air samplers draw greater than 270° of unrestricted ambient air at a constant
volumetric flow rate maintained by a mass flow controller coupled to a microprocessor.
Ambient air is collected at ~3 m above ground and directed into specially designed
inertial particle-size separators (i.e. cyclones or impactors) where the suspended
particulate matter in the PM, s or PM 1 size ranges is separated for collection on filter
media. Particulates are collected on non-reactive filter media which include: 46 mm
diameter polytetrafluoroethylene (PTFE, Teflon) filter membrane disks (particle

retention 0.3 pg) for PM, 5 and 8”x11"” quartz (SiO,) fiber filters for PM .
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Figure 16 Tribal dry deposition air samplers. (a) Anderson Graseby PMq air sampler, (b)
Thermo Electron Partisol PM, s air sampler, and (c) Anderson RAAS PM, s air sampler.
Each dry deposition PM filter contains common anions: nitrate (NO3’), nitrite
(NO5), sulfate (S04%) and chloride (CI). In order to measure the isotopic composition of
nitrate, other anions must be separated and the nitrate isolated in order to prevent any
possible interference in isotope measurements. For example, if NO,” and NO3™ are both
present in sample, the isotopic analysis of oxygen in NO3™ using the “denitrifier
technique” can produce inaccurate oxygen isotope values (Casciotti et al., 2007; Kaiser
et al., 2007). In addition, the bulk of the PM s filters are estimated to contain nitrate
below the 500 nanomole (nMol) requirement needed for IRMS analysis, therefore
nitrate from each filter must be separated and those below the requirement are
combined into a monthly nitrate composite. The following sections in this chapter
discuss the procedures taken for the release for tribal PM filters, extraction processes to

remove anions from filters, the analytical ion chromatography developed to measure
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anion concentrations and the preparative ion chromatography system used to isolate

the NO3™ anion in order to provide adequate composites for isotope analysis.

2.3 Requesting the Release of Archival Tribal Aerosol Filters

Both the Southern Ute Indian Tribe Air Quality Program (SUIT AQP) and Navajo
Nation Air Quality Control Program (NNAQCP) send exposed PM, s filters to the Tribal
Air Monitoring Support (TAMS) Center laboratory in Las Vegas, NV for gravimetric
analysis. The SUIT AQP sends PM filters to the Inter-Mountain Lab, Inc. in Sheridan,
WY for gravimetric analysis while the NNAQCP provided its own analysis in Fort Defiance,
AZ. As part of the USEPA’s quality assurance protocol, monitoring agencies are required
to archive filters for a year following sampling after collection (USEPA, 1998). After
which the national guidance becomes more flexible in which agencies quality assurance
project plans more stringent than the national guidance will take priority. Most
monitoring agencies discard filters that have exceeded archival requirements, but in this
case, the TAMS Center and Inter-Mountain Lab, Inc. retains all archival filters for tribes
unless tribes specifically request for their filters to be discarded or returned back to the
tribe.

A graduate research proposal outlining my proposed work and methodology
along with an official written request for the release of one (1) year of archival PM 1, and
PM, s filters was respectfully sent to the SUIT AQP, Southern Ute Indian Tribal Council,
NNAQCP, and TAMS Center. Both the Southern Ute Indian Tribe and Navajo Nation

agreed to provide one (1) year of archival PM g and PM, s filters from their monitoring
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sites for isotopic and chemical analysis. The chain of custody releasing archival tribal PM
filters to the Purdue Stable Isotopes (PSl) laboratory was accomplish through
collaborative work with the SUIT AQP, Southern Ute Tribal Council, NNAQCP, Inter-

Mountain Lab, Inc., TAMS Center and USEPA.

Research Proposal to
Tribal AQP/Council/TAMS
Center/USEPA
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Figure 17 Flow chart of steps taken for the release of archival Tribal PM filters.

2.4 Extraction of Anions from Tribal Aerosol Filters

Upon arrival to PSI laboratory each PM, 5 and PMq filter was inspected and filter
ID number and exposure date recorded. Field and trip blank filters were separated from
sample filters and each sample filter was divided into three groups based on aerosol net
weight and estimated nitrate composition: High, Medium, and Low. An aseptic
technique was applied prior to the handling of the PM 5 filters, where latex powder free
exam gloves (Microflex) were cleaned using lab detergent and ultrapure Millipore water
(Synergy 185). Stainless steel tweezers were cleaned using ethanol and non-abrasive,

low lint accu-wipes (Fort Howard). The PM, 5 Teflon filters were then removed from
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filter cassettes by tweezing support rings and each individual filter folded in half using
latex gloves and placed inside sterile (VWR polypropylene) 15 mL centrifuge tubes.

Each centrifuge tube was then labeled with corresponding filter ID number,
exposure date and filled with 15 mL of Millipore water using an air displacement pipette
(Thermo Scientific Finnpippette® I, 2-10 mL). The centrifuge tubes containing the Teflon
filter solutions were then placed into an ultrasonic sonicator bath (Branson 5210) for 30
minutes and centrifuged (International Equipment Co. IEC-HN-S) for 30 minutes at 2000
rpm, respectively to extract anions and separate supernate (Figure 18). While Teflon
filters remained in the initial centrifuge tubes, each aerosol solution was then decanted
into another sterile 15 mL centrifuge tube, properly labeled and weighed using an
analytical balance (Sartorius Research R200D) in preparation for analytical and

preparative mode ion chromatography (IC) analysis.

Figure 18 PM s filter extraction process. a) PM, s filter removal into aerosol solution, b)
ultrasonic sonication bath and c) clinical centrifuge.

Similarly, the PMy quartz filters were removed from filter sheet protectors using
clean latex powder free gloves and placed inside individual (128 oz., 1 gal) Ziploc bags

and labeled with corresponding filter ID number and exposure date. Sterile (VWR,
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polypropylene) 50 mL centrifuge tubes were then filled with 50 mL of Millipore water,
properly labeled and decanted into each corresponding Ziploc bag. The Ziploc bag
technique directs Millipore water onto PMy filter media, saturating the filter, and
allowing for anion extraction without contaminating the filter by lightly compressing the
Ziploc bag. The aerosol solution is then decanted back into its corresponding 50 mL
centrifuge tube and into a filtration system to remove any suspended organic
particulate matter.

A sterile, single use Steriflip (50 mL centrifuge tube) filter system (Steriflip®
Millipore Filter Systems) was used to filter aerosol solutions. The 50 mL centrifuge tube
containing the aerosol solution is attached to the threaded insert on the Steriflip, which
then creates a system of two 50 mL centrifuge tubes that are connected by a sterile
plastic housing containing a 0.22 um filter and a side port (Figure 19, b). When in use, a
pump is attached to the side port to create a vacuum and forces the sample through the
filter while collecting the filtrate in the second centrifuge tube.

An alternative filtration system was also utilized similarly to the Steriflip, but
instead (polypropylene) containers connected by O-ring fittings to a 0.22 um filter
housing, replaced the 50 mL centrifuge tubes (Figure 19, c). Each container was cleaned
using lab detergent and triple rinsed using Millipore water after each use. After filtration,

each PM g aerosol solution was then stored in a deep freezer until IC analysis.
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Figure 19 PM g aerosol extraction process. a) PMy filter removal into aerosol solution,
b) steriflip filter system, and c) vacuum filtration system.

A series of PM filters were extracted twice to determine the efficiency of the
extraction procedure using analytical ion chromatography (Alltech Associates Inc.). This
ion chromatography has a detection limit of 5 nMol of nitrate and it was determined
that the secondary extraction concentrations were below the detection limit of the IC
indicating that our procedure is effectively 100% efficient, within the uncertainty of the
IC. Field filter blanks were also extracted and were determined to be below the
detection limit of the IC as well. Before each aerosol sample solution undergoes IC
analysis, an estimate of the nitrate composition in PM mass must be determined in
order to mix standard solutions of NO3’, SO42', and CI" to concentrations that will bracket
each aerosol solution to determine anion concentrations, specifically nitrate.

The PM mass concentration over tribal air sheds is computed as the total mass of
collected particles in the PM, s or the PM g size ranges divided by the actual volume of
air sampled, and is expressed in ug/m3 at local temperature and pressure (LTP).

Therefore, the estimated amount of nitrate in PM filters was accomplished by first
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determining the actual sample volume (if not already known) using the following
expression:

Va=Qag xT Eq. 2.1
Where V, is the actual sample volume (m?), Qayg is the average sample flow rate
(m3/min) and T is the sample duration time (min), which yielded air sampling volumes
of ~24 m* and ~1627 m? for PM, s and PM g, respectfully.

The sampling volume and mass concentration was then use to determine the net
aerosol weight for each filter using the following expression:

N=MxV, Eq. 2.2
where N is the net aerosol weight (ug) and M is the mass concentration (ug/ma). The net
aerosol weight was then compared to Colorado Plateau aerosol composition
measurements which yielded ~5% nitrate composition (NARSTO, 2004). Five percent of
net aerosol weight was then used to estimate nitrate composition for each filter using
the following expression.

ng NO3 =N x5% Eq. 2.3

The molecular weight of NO3™ (62.0049 g/mol) was then used to convert pg into
nMol NOj3™ giving an estimated NO3™ composition for each individual PM filter. The
calculation (Eq. 2.1-2.3) yielded estimated NO3™ averages of ~85 nMol for PM, 5
and ~13,385 nMol for PM g collected on the Southern Ute Indian Reservation. And ~69
nMol for PM, s and ~19,565 nMol for PM 1, collected on the Navajo Nation. Each
individual nMol amount of nitrate in PM filters was then used to divide filters into

groups based on (High, Medium, and Low) nitrate composition. This becomes important
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in preparation for analytical anion measurements by ion chromatography. Determining
standard solutions of NO3’, 5042’, and CI" at known concentrations are needed in order

to bracket each group of aerosol solution to determine anion concentrations.

2.5 lon Chromatography

lon chromatography (IC) is the separation of ions or polar molecules in a solution
based on their size and charge. Each entire aerosol sample solution is pumped through
an ion-exchange analytical column where the anions are absorbed onto the column
based on ionic interactions with the column resin. The anions are then eluted off the
column and back into solution using a carbonate mobile phase. The anions do not
desorb back into solution all at the same time, rather each anion has a specific elution
time as the mobile phase passes through the column, changing the solution conductivity.
The change in conductivity is then measured using a conductivity detector. The time
interval between the sample injection into the column and the detection of the anion is
known as the retention time. Each anion retention time is then correlated with
conductivity detection to determine specific anions.

The IC instrumentation in the PSI laboratory was altered to separate chloride,
nitrate, and sulfate in each aerosol solution using a single analytical column. The anions
were then collected and the nitrate isolated for isotopic analysis using a fraction
collector. The IC instrumentation was altered to operate simultaneously in two modes:
analytical and preparative. The analytical mode measures the concentrations of each

anion by pumping a measured volume of aerosol sample solution onto the analytical
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column and referencing sample conductivity to those of standards mixed to known
concentrations. The analytical mode can send the sample volume to waste or direct the
solution into the preparative mode. The preparative mode utilizes a fraction collector
based on anion retention time to collect and then isolates the anions fractions from
each aerosol sample solution.
2.5.1 PM;slon Chromatography Instrumentation

The lon chromatography process in the PSI lab utilizes two high pressure pumps
(sample pump and mobile phase pump) to employ the High Pressure Liquid
Chromatography (HPLC) technique and circulate sample and mobile phase solutions
throughout the IC instrument. The IC instrument as a whole also consists of one
chemical suppressor, one analytical anion separation column, one sorbent column, a
mobile phase degassing system, one conductivity detector, one pressurized argon tank,
a 6-port electronic-actuated control valve, an autosampler and a fraction collector. The
IC instrument is coupled with a microprocessor and PeakSimple (SRI) chromatography

data system software to control instrumentation via a contact closure relay board.
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Figure 20 PSI HPLC instrumentation. Composed of: 1) sample pump, 2) mobile phase
pump, 3) housing for analytical and sorbent columns, 4) conductivity detector, 5) mobile
phase degassing system, 6) suppressor 7) 6-port control valve, 9) fraction collector, 9)
argon tank, 10) autosampler, 11) mobile phase, 12) reagent, 13) PeakSimple (SRI)
chromatography software, and 14) known anion standards.

The autosampler (Gilson, 222) is capable of holding 176, 15 mL centrifuge tubes
containing aerosol samples held into place by sample racks (Gilson Rack 23). The sample
pump is a single head pump (Alltech 426) with a pumping rate of 1 mL/min. Each aerosol
sample solution is pumped through a SPE sorbent C18 (Omnifit) chromatographic tube
to trap and remove organic particulate matter. The sample solution is then pumped
onto the analytical column (4mm Dionex lonPac AS14). The analytical column is

designed to separate inorganic anions such as: fluoride, chloride, nitrite, bromide,

nitrate, phosphate, and sulfate based on their affinity for the column resin.
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The mobile phase pump is a dual-head pump (Alltech 626) with a pumping rate
of 2 mL/min. The mobile phase or eluent is a 3.5 mM/1.0 mM, 2 L solution of sodium
bicarbonate/sodium carbonate (NaHCO3/Na,CO3), respectively. The mobile phase is
directed into a degassing system (Alltech Micro) to remove dissolved gases. Inside the
degassing system the mobile phase flows through a short length Teflon tubing held
inside a vacuum chamber where the dissolved gases are then expelled. The degassing
system removes any bubbles that may exist in the mobile phase that could potentially
cause poor pump performance and interfere with conductivity detection.

The mobile phase is then pumped to a 6-port electronic-actuated control valve
(SelectPro Fluid Processor) which directs flow into the analytical column to allow the
mobile phase to elute the anions at 2mL/min into a chemical suppressor (4mm Dionex
AMMS300), where a reagent, a 50 mN, 4L solution (two, 2 L tanks) of sulfuric acid
(H,S04) suppresses the mobile phase’s contribution to conductivity. The suppressor is
regenerated by H,S0, that flows into the suppressor at 3 mL/min from two pressurized
2 L tanks. The suppressor decreases mobile phase conductivity without removing any
sample from the solution by using a micro-membrane to exchange H" in the reagent for
Na® in the eluent, where the NaHCO3/Na,COs; is converted into H,O and CO, (Figure 21).
The micro-membrane suppressor reduces the background conductivity of the mobile
phase down to -22 microseimens (US), so that only the electric conductance of each

sample is measured by the conductivity detector.



63

Cation-Exchange :i.. A" Cation-Exchange Eluerd
Waste Mambrane 2 :J’)‘:_ Membrara Waste Flou P,ggmgnm
i Eluent i ' o
Na* HSO,” Na' HSO,” ‘
lon-Exchange Regenerant —»
Na* A Na'OH™ Screen
lon-Exchange —e ) 5\
Membrane
E : e lon-Exchange Eluent —= . Gasket
HSO, Na Na HSO, Seresn Material
H* A e OH™ H* lon-Exchange —= & ! \
< o - Membran
H'+ HSQy H,0 H "+ HSO, SRRXaNE
lon-Exchange Ragenerant —
= —= Screen
Ragenerant To Detector Regenerant

Figure 21 Internal construction of the micro-membrane (MMS 300) suppressor (Dionex,
2010).

After suppression, the conductivity detector measures the electric conductance
of each anion which is displayed on the detector’s front panel in microseimens (uS) and
integrated by the PeakSimple chromatograph software as a conductivity intensity curve
versus time (1S min™), also known as peak area. PeakSimple software is also
instrumental to the execution of programmable events as it initiates the contact closure
relay board to allow instrument control and the completion of analytical and
preparative analysis. Detailed instructions on how to use the IC in both the analytical

and preparative modes is discussed in Appendix B.

2.5.1.1 Analytical Mode
In the analytical mode, the sample volume loop (100 pL) was removed and the
entire sample volume analyzed. Therefore, each 15 mL aerosol sample was placed in a
Steriflip tube base and weighed before and after analysis using an analytical balance.

The initial (V;) and final (V¢) volumes are recorded in lab logbook to determine the
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sample volume (AV = V;-V¢) pumped through the IC instrument. Due to autosampler
instrumentation, typically the volume ranged between 11.00-11.02 mL, with an error

of ~2%.

Figure 22 Analytical balance and 15 mL centrifuge tube with tube base.

Each 15 mL centrifuge tube containing sample solutions are then loaded into
sample racks and placed on the autosampler. The sample solutions are individually
pumped into the sorbent column and onto the analytical column using a single head
sample pump. The 6-port valve controls the flow of the sample and mobile phase
solutions and operates in two positions: Position 1 and Position 2. The pump pressures
in Position 1 are as follows: mobile phase ~90 psi and sample ~1195 psi. The pump

pressures in Position 2 are as follows: mobile phase ~1230 psi and sample ~341 psi.
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Figure 23 Schematic of the HPLC 6-port control valve positions.

In Position 1, the sample solution is directed onto the two columns for
separation while the mobile phase goes to waste container. PeakSimple software
regulates the 6-port control valve in position 1 until nearly all of the sample volume is
pumped onto the analytical column before switching valves. In Position 2, the mobile
phase bypasses the sorbent column and is directed into the analytical column to elute
the anions. While in Position 2, the sample is eluted to the chemical suppressor and
onto the conductivity detector where each anion is detected by conductivity. The
PeakSimple software integrates and records peak areas for each detected anion and
peak areas are displayed on the PeakSimple chromatograph. The PeakSimple software
also allows users to manually integrate peak areas, which was applied consistently

during the analysis of PM, 5 aerosol samples.
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Figure 24 Integrated anion peak areas and peak retention times: 1) chloride, 2) nitrate,
and 3) sulfate (PeakSimple version 3.93, 2010).

After detection the sample is then sent to the fraction collector where individual
anions are collected as a function of retention time. Since the peak area is a function of
concentration and volume, each measured volume pumped onto the IC is normalized to

peak area intensity for each anion using the following expression:

Pe= () + 1] xP, Eq. 2.4

Vmax

where Vhay is the maximum sample volume pumped (mL) onto the IC, AV is the sample
volume (mL) pumped onto the IC, and P; is the corresponding sample’s initial peak area
intensity. The final peak area intensity, Py, is the normalized peak area. The change in
sample volume pumped onto IC for three replicate standards of 50 ppb, 100 ppb, 200
ppb, 300 ppb, 400 ppb, and 1ppm was plotted against peak intensity to observe for

change in conductivity intensity with change in volume.
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Figure 25 Peak area intensity vs. A volume. A 2% error in volume pumped onto the IC
allowed for minimal change in peak area intensity.

Calibration standards are placed before and after samples and analyzed by the IC
to determine anion concentrations. The standards produce calibration linearity curves
which bracket each division (High, Medium, and Low) of estimated nitrate composition.
The standard concentrations used to bracket filters containing nitrate in the High
division included: 600 ppb, 800 ppb, 900 ppb, 1ppm, 2ppm and 3ppm. The standards for
the Medium division included: 100 ppb, 200 ppb, 300 ppb, and 400 ppb. The standards
for the Low division included: 50 ppb, 100 ppb, 150 ppb, and 200 ppb. The overall
concentrations correspond to ~12-725 nMol of nitrate across the range of standards.
Concentrations in samples are then determined from the linear equation by substituting
the peak area for y and solving for x (Figure 26). A single PM s filter from each division
was selected for aerosol extraction and each aerosol solution was ran through the IC to
confirm calibration ranges. In addition, replicates of known standards (CI', NO3", SO,%)

ranging between 50 ppb to 1 ppm were measured on the IC to determine the overall
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range of uncertainty (detection limit) and % error of the IC instrument. The IC yielded a
5% error with a +14 ppb (+ 0.014 ug/mL) range of uncertainty (detection limit) for the
measured anions. The divisions of aerosol filter solutions based on estimated nitrate
composition and the bracketing of these divisions with calibration standards allows for
proper conductivity detection of anions at low concentrations and at high
concentrations. This bracketing technique also allows for the column to properly
separate anions and prevents saturation. Running a single sample in analytical mode

takes ~45 minutes.
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Figure 26 Linear calibration curves for PM; s filter divisions. a) Low division, b) Medium
division and c) High division.

The concentrations produced from the linear calibration curves are reported in ppb and
multiplied by 1000 to convert into ppm. The ppm values are equivalent to pg/mL and
converted to ug/m3 using air sampler parameters in the following expression:

[B] = [A] x Vi x l/Qavg X l/T Eq. 2.5
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Where [A] is the concentration of anion in ug/mL, V; is the initial aerosol solution
volume (mL), Qa\ is the average flow rate of air sampler (m3/min), and T is the sample
duration and [B] is then the concentration of the measured anion expressed in pg/m?>.

For PM, s filters the initial aerosol solution is constant at 15 mL.

2.5.1.2 Preparative Mode

The preparative mode of IC operation requires the entire sample volume to be
pumped onto the analytical column. Due to autosampler instrumentation the sample
volume pumped onto the column typically ranged between 11.00-11.02 mL. The
preparative mode of IC operation is exactly the same as the analytical mode where
chloride, nitrate, nitrite and sulfate are separated based on their affinity for the column
resin. The mobile phase conductance is suppressed and the anions are eluded from the
column to the conductivity detector for detection. In the preparative mode, the main
difference is the addition of the fraction collector. Instead of anions going to waste after
detection in Position 2 (Figure 27), the anions are sent to a fraction collector to collect
and isolate individual anions.

The fraction collector (Spectrum Chromatography, CF-1) is interfaced with the
PeakSimple software to direct the sample anions into individual collection vials. The
sample travels from the conductivity detector to the fraction collector via 36" x 1/6”” OD
Teflon tubing. The fraction collector is design to collect 174 individual sample fractions

in 5 mL (VWR polypropylene) vials. The fraction collector operates using timed collection
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windows based on the retention time (peak) of the anions or the time it takes for anions
to elude from the column and undergo complete detection.

A fraction collection window for each anion retention time is programmed into
the collector’s interface or is initiated by anion conductance through its peak detection
capability. The windows are programmed using two collection modes: collect and skip.
The collect mode actuates a 3-way control valve to direct sample flow from waste into
collection vials to separate and collect respective anion peaks. Whenever the fraction
collector is not in collect mode it remains idle in skip mode. The skip mode actuates the

3-way control valve to direct sample flow to the waste container.

Figure 27 The Spectrum Chromatography CF-1 fraction collector. A) 3-port control valve,
B) Teflon tube sample inlet, C) vial cartridge and vials, and D) Teflon tube waste outlet.
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The fraction collector was operated using time-based collection windows,
programmed through the fraction collector interface. Known standards of CI', NO3’, and
S0,% bracketing the (High, Medium, and Low) filter divisions (Figure 26) were ran
through the IC to determine retention times and the time based windows were
programmed accordingly. For example, the nitrate peak has a collection window
between 24 minutes and 26 minutes which corresponds to its retention time. The
fraction collector will initiate collect mode during this time and after collection advance
the collection cartridge to the next vial.

The fraction collector also includes a delay time that is programmed into the
interface. The delay time is the time it takes for the anion solution to flow from the
conductivity detector to the 3-way control valve via Teflon tubing. The fraction collector
delay time is set before each anion collection window to ensure efficient peak
separation and is determined using the following expression:

Time (delay) = 5.07 x ID* x (L/f) EqQ. 2.6
Where the constant 5.07 is a conversion factor converting inches to cm, ID is the tubing
inner diameter (in.), L is the tube length (cm) and f is the mobile phase pump flow rate
(mL/min).

The fraction collector has the capacity to hold 174 vials but the collection
window size may limit the number of samples that can be separated and anions isolated.
Each collection cartridge has the capacity to hold 6 (5 mL) vials in case the collection
windows may exceed the time it takes to fill a 5 mL fraction. Therefore, the fraction size

is programmed to 250 drops per vial to prevent loss of anion fractions. For example, the
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collection window for sulfate lasts 3 minutes, subsequently consuming two 5 mL vials at
250 drop per vial. The sulfate anion is also eluded late from the column causing an
empty vial after collection of the nitrate fraction. As a result, only 27 samples can be
placed on the IC for preparative analysis. In addition, when running samples there is
always a risk of missed fractions due to closely spaced collection windows.

Despite these potential drawbacks, the sample pump and mobile phase pump
rates remain constant over several days of analysis so that the anion elution times also
remain consistent unless another column is introduced or significant contamination of
the analytical column occurs. Therefore, the preparation mode is reliable across
multiple sample runs over several days and provides a relatively convenient and

efficient method to collect and isolate anions from aerosol solutions.
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Table 4 PeakSimple Analytical and Preparative Timed Events

Event Time (minutes) | Purpose

6-Port Control Valve Switch | 0.01 Position 1 — sample directed onto column

Fraction Collector On 0.01 Power on fraction collector

Sample Pump On 0.05 Begin pumping sample onto column

Fraction Collector Off 0.08 Close relay contact closure. Fraction
collector remains on

Sample Pump Off 12.333 Stop pumping sample onto column

Autosampler On 12.433 Move autosampler needle from sample to
rinse container

Autosampler Off 12.453 Turn off autosampler and needle stays in
rinse container

Sample Pump On 12.543 Begin pumping from rinse container

Sample Pump Off 17.043 Stop pumping from rinse container

Autosampler On 17.143 Move autosampler needle from rinse
container to sample

Autosampler Off 17.163 Turn off autsampler and needle stays in
next sample

6-Port Control Valve Switch | 17.543 Position 2 — mobile phase elutes column
to detector

ZERO 41.00 Conductivity detection set to zero

2.5.1.3 Collection Efficiency and Isotopic Integrity

The analytical and preparative IC operations were tested to ensure isotopic

integrity and fraction collection efficiency from the aerosol solution. The fraction

collection efficiency test is conducted to determine if the measured anions were

properly separated and eluded off the analytical column and collected in the fraction

collector. The isotopic integrity test is conducted to determine if isotopic fractionation
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occurred during the separation and collection processes. To determine the collection
efficiency and isotopic integrity, a lab calibrated isotopic working standard of Hoffman
nitrate (Hi-Yield Nitrate of Soda Chilean fertilizer) was mixed into solution and ran
through the IC in both the analytical and preparative modes. A bulk Hoffman solution
was mixed containing 50 ppm of Hoffman nitrate in 1 L and serial diluted (M1V1=M,V,)
to make 1 ppm of Hoffman nitrate in 1 L..

Twelve aliquots of 15 mL Hoffman solution were pipetted from the 1 ppm
Hoffman into 15 mL sterile centrifuge tubes to mimic sample solutions and ran through
the IC. The ppm value is equivalent to pg/mL, so the nMol of nitrate [NO3] collected in
each 5 mL fraction vial was determined by using the following expression:

[NO3] = [A] ¥ 1/MW * AV Eq. 2.5
Where [A] is the concentration of nitrate in pg/mL, MW is the molecular weight of
nitrate (ug/nMol), and AV is the sample volume (mL) pumped onto the IC. From Eqg. 2.5
it was determined that each 5 mL vial contained 177 nMol of nitrate, roughly twice the
estimated average nitrate composition for tribal PM, 5 filters.

The isolated nitrate fractions were then collected and every 3 fractions decanted
into a sterile 15 mL centrifuge tube to yield four, 531 nMol nitrate composites, enough
for isotopic analysis using the bacterial denitrifier technique. Since (PM,s) aerosol
sample solutions are estimated to have very low amounts of nitrate, the 4 nitrate
composites were also used to mimic the decanting method to produce monthly
composites of nitrate. The nitrate composites were placed into a Savant centrifugal

evaporator (SpeedVac SC200) connected to an external Labconco freeze dryer system
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(Freeze dryer 4.5) and freeze dried. The freeze dryer system operates at -40°C with a
vacuum pressure of <100 microns Hg (13.33 kPa). The centrifuge operates at 1000 rpm
to concentrate the nitrate which was then rehydrated to 1mL for isotopic analysis.

The recovered composites of Hoffman nitrate were analyzed using the denitrifier
method (Sigman et al., 2001; Casciotti et al., 2002) for 85N, 6180, and A0 values. The
average isotope values for the (4) collected NO3" composites were compared to the
average isotope values from (4) replicates of the Hoffman isotopic working standard
calibrated to VSMOW and atmospheric air N,. (Table 5).

Table 5 Hoffman standard compared to collected NO3™ (n = 4)
Standard Isotope Measurement Value from NOj; Fraction

BN P A70 BN B4 AT0
Mean: 1.7 61.2 21.9 1.2 60.6 211
St. Dev: 0.3 0.2 0.5 0.6 1.2 0.4

The four replicates of the Hoffman standard each contained 500 nMol of nitrate and
showed an average value of 1.7%o. for 5N, 61.2%. for 6'20, and 21.9%. for A70. The
nitrate composites showed an average value of 1.2%. for 8"°N, 60.6%. for 6'20, and
21.1%o for A 0. There is good agreement between the bulk Hoffman standard and that
of the collected nitrate fraction. Therefore, the test indicates no significant fractionation
occurring during the separation and collection processes. Furthermore, the test
indicates the column effectively eluded the anions and the fraction collector successfully

isolated the nitrate anion.
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2.5.2 PMjyo lon Chromatography Instrumentation

The PM g aerosol solutions were analyzed using a standard analytical IC
instrument (Dionex-Thermo Scientific Inc.) located in Purdue’s Civil Engineering
laboratory. The analytical IC operation employs the HPLC technique and uses only a
portion of the aerosol sample to determine anion concentrations. Preparative analysis
was not conducted on the PM 4 aerosol solutions since NO, anions were not detected
and each sample solution contained adequate amounts of nitrate for isotopic analysis.
The analytical IC is composed of: one mobile phase pump, one anion self-regenerating
suppressor coupled with a detection stabilizer, one analytical separation column, one
guard column, one conductivity detector, one pressurized nitrogen tank, a 6-port
control valve, and an autosampler. The IC instrument is coupled with a microprocessor

and PeakNet chromatography software to remotely control instrumentation.
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Dionex -Thermo IC

Figure 28 Purdue Civil Engineering Lab HPLC instrumentation. The IC is composed of: 1)
PeakNet chromatography software, 2) autosampler, 3) conductivity detector, 4) mobile
phase pump, 5) 6-port control valve, 6) analytical and guard column, 7) suppressor and
detection stabilizer, 9) nitrogen tank, 9) sample vial cartridges.

The autosampler (Dionex AS40) currently has the capacity to hold forty two, 5
mL sample vials or eighty, 0.5 mL sample vials (Thermo Scientific Polyvials). For PM g
anion analysis, 0.5 mL of the 50 mL aerosol solutions were pipetted (Fisherbrand
Finnpippette® I, 100-1000 uL) into 0.5 mL sample vials which were cleaned using an
aseptic technique. The sample vials were then filter capped (Thermo Scientific 0.20 um
filter caps) and placed into sample vial cartridges and loaded onto the autosampler. The
autosampler is equipped with a positive displacement piston which plunges into each
sample vial against a backpressure of up to 600 kPa (100 psi) to deliver and load the

sample into a 25 pL analytical loop without the need of an external sample pump. The

PeakNet software actuates the 6-port valve from load position into detect position and
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the 25 pL sample is injected into the mobile phase and sent into a single guard column
(4mm Dionex lonPac AG11) to remove organic particulate matter. The sample is then
pumped onto the analytical column (4mm Dionex lonPac AS11), where the anions are
separated based on their affinity for the column resin.

The mobile phase pump is a dual-head pump (Dionex GP40 Gradient Pump) with
a flow rate of 1 mL/min and the mobile phase solution is a 2.5 mM of NaHCO3 and
Na,CO;in 2 L. The mobile phase elutes the anions off the column into an anion self-
regenerating suppressor (Dionex 4mm ASRS 300) and detection stabilizer (Dionex DS3-1),
where electrolysis is applied to suppress mobile phase conductivity. The suppressor’s
micro-membrane then exchanges the H' created during electrolysis for Na® in the eluent,
where the NaHCO3/Na,COs; is converted into H,0 and CO,. The micro-membrane
suppressor reduces the background conductivity of the mobile phase down to <0
microseimens (uS), so that only the electric conductance of each anion is measured by

the conductivity detector (Dionex CD20 Conductivity Detector).

Guard Column Guard Column
u u »

. Detect Position

Load Position Electrolysis

Electrolysis -~ —
Mobile Phase
Mobile Phase 2 1 .
Suppressor
Eluent (in) 2 1 o Suppressor Eluent(in) P
Detector 3 Detector
3 6 6
- -25 L loop
B Waste (out)
Waste (out) s .
4 5
Auto sampler (in)
Auto sampler (in)

Figure 29 Schematic of the 6-port control valve positions and IC instrumentation
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The conductivity detector measures the conductivity of each anion and
conductance is displayed on the detector’s front panel in microseimens (uS) and
integrated by the PeakNet chromatograph software as a peak area. The very same
analytical IC method used to determine anion concentrations in PM, s aerosol solutions
was applied to PMyq IC analysis (Reference Chapter 2, Section 2.5.1). Except, the only
major difference between the two methods is in regards to the sample volume pumped
into the IC. Since the sample volume loop remained constant at 25 L, there was no
need to record sample volumes in order to normalize peak areas.

PM g filters were separated into two divisions (High and Low) based on
estimated nitrate composition (Eq. 2.1-2.3). Calibration standards were mixed to
produce calibration linearity curves to bracket each (High and Low) division of estimated
nitrate composition in order to determine anion concentrations.

Linear Calibration Curve - Min Division Linear Calibration Curve - High Division

Peak Area (us min't)
Peak Anea [uS min')
\
\
|
"
|

(2] kil &0 80

2

BS | min| 5% | 10% | 50% {USP} 5| [USP)
&8 860 020 | 037 | 008 490 151 021 142
21126 031 | 027 | 013 813 163 2602 153
3 | 15655 051 | 043 |03z na 17 3206 134

ECD 1

140

Figure 30 Linear calibration curves for PM, s filter divisions. a) Low division, b) High
division and c) PeakNet anion chromatograph
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Replicates of known standards (CI', NO3", SO,%) ranging between 1 ppb to 70 ppm were
measured on the IC to determine the overall range of uncertainty (detection limit) and %
error of the IC instrument. The IC yielded a 1.6% error with a +1 ppm (+1 pg/mL) range of
uncertainty (detection limit) for the measured anions.

The measured anion concentrations were then scaled back into ug/m3 using air
sampler parameters and applying Eq. 2.5. The nitrate concentration is used to
determine the volume (mL) needed from each 50 mL aerosol solution to produce 500
nMol NOj3™ for isotopic analysis using the following expressions:

B=[A] * 1/MW Eq. 2.5

V =500 nMol * 1/B Eq. 2.6
Where [A] is the concentration of nitrate in pg/mL, MW is the molecular weight of
nitrate (ug/nMol), B is nMol NOs/mL and V is the volume (mL) needed to make 500
nMol NOj3". Each volume (V) of aerosol solution was then placed into a Savant
centrifugal evaporator connected to an external Labconco freeze dryer system and
freeze dried. The centrifugal evaporator and freeze drier system concentrate the nitrate
which was then rehydrated to 1mL for isotopic analysis. The main drawback in preparing
nitrate for isotopic analysis using this technique is the possible introduction of nitrite
into the bacterial reduction method. This nitrate preparation technique was applicable
since nitrite was not observed in any of the chromatographs for tribal PM ¢ aerosol
solutions. As mentioned, depending on the analytical method, oxygen isotope analysis

of nitrate in the presence of nitrite or sulfate can interfere with oxygen isotope values.



The analytical IC instrument is a fast and effective way of determining anion
concentrations in aerosol solutions. Running a single sample through the IC takes 10

minutes.
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CHAPTER 3. OBSERVATIONS OF N, 0, AND A0 IN ATMOSPHERIC NITRATE

3.1 Technical Note

Due to unforeseen freeze dryer system malfunction, PM s nitrate did not undergo
isotopic analysis. Particulate matter anions in both the coarse and fine aerosol filters
were measured using the analytical and preparative IC methods described in Chapter 2.
The aerosol anions and measured & *° N, 6180, and A0 of nitrate in PM ;g collected from

the Navajo Nation and Southern Ute Indian Reservation will be discussed in this chapter.

3.2 Isotope Analysis of NO3” using the Denitrifier Technique

The 6 total isotopic composition of nitrate in PM 4o was carried out using the
“denitrifier technique” (Sigman et al., 2001; Kaiser et al., 2007). The nitrate was added
to a solution containing Pseudomonas aureofaciens, a denitrifying bacteria that converts
NOs" into gaseous N,O (Casciotti et al., 2002). Bacteria solutions were placed in 12 mL
glass screw top septum vials (LabCo) and purged with helium at 40 mL/min prior to
introduction of nitrate sample. Each sample contained ~500 nMol of nitrate and were
incubated in bacteria solution for 2 hours. The N,O was collected using a headspace
extraction device and gas chromatography before being passed over a gold reaction

tube where the N,O was converted into N, and O,. After thermal decomposition, the



product N, and O, was then directed into a continuous flow isotope ratio mass
spectrometer (Thermo Delta V) to determine the §*°N, §'0, and A0 values of the
original nitrate with a precision of 0.7, 0.4, and 0.6 %o, respectively. Lab calibrated
isotopic working standards (Hoffman-20, NC32, Hoffman-10, and Antarctic) were used
to obtain linear calibrations which were then used to correct sample peak areas and

determined measured results

3.3 _Results
3.3.1 Navajo Nation — Nazlini Study Area

Particulate matter (PM, s and PM o) were collected from the Nazlini monitoring
site on the Navajo reservation (Apache County, AZ). Nazlini is a semi-arid region of the
Colorado Plateau located in northwestern Arizona (35.88 °W, -109.43 °N). The Nazlini
site elevation is 1,902 m ASL and is located near the Nazlini community (pop: 489; US
Census 2010), on the Defiance Plateau and sited by NNAQCP to represent air quality
conditions at a general/background location. Prevailing winds at Nazlini blow from the
south to the north, with 30.8% of the wind speeds between 3 — 6 m/s (Figure 31).

Over the coarse of a year, daily mean temperatures range from -13°C — 28°C,
with a daily mean summer temperature of 21.4°C and winter temperature of -1.9°C.
PM, s concentrations have been 10% of the NAAQS (35 ug/ma) with no violations since
monitoring began in 2008. PM, 5 was collected for a 1-year period beginning June 2009

and ending June 2010. PM o was collected for a 1-year period beginning January 2006
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and ending December 2006. Only PM and meteorological parameters are monitored at

the Nazlini site, therefore trace gas monitoring was not observed for the Nazlini site.

T NoRTH - Wind Class Frequency Distribution
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Figure 31 Navajo Nation — Nazlini annual wind rose. The wind rose depicts frequency of
occurrence of winds using wind direction sectors (blowing to site) and wind speed
classes measured at 10 m.

3.3.1.1 Navajo Nation Seasonal Particulate Matter and Nitrate

Both coarse and fine particulate matter mass exhibited a seasonal trend. The
measured PM, s mass concentration (hereafter denoted PM; s [mass)) at the Nazlini site
had a mean of 3.5 pg/m? for the year with seasonal mean concentrations higher in the
summer and fall (PM5 s = 4.1 pg/m>) compared to spring and winter (PM,s = 2.8 pg/m?>).
PM 10 [mass) had an annual mean of 15 ug/m3 with higher seasonal mean concentrations
in the fall and winter (PM1o = 17.6 pg/m?) compared to spring and summer (PMyo = 13
ug/mS). Both PM3 5 (mass and PM 1o [mass) displayed a bimodal distribution (Figure 32 and
34) with profound PM3 5 (mass) peak in April (15.4 ug/ms) and two high PM1g [mass) peaks in

April (46.8 pg/m?®) and November (58.1 pg/m3).
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Measured PM; s nitrate concentrations (hereafter denoted PM; s (no3j) had a
mean of 0.12 ug/m3. PM3 s (no3 had higher seasonal mean concentrations in the spring
and summer (PM,s = 0.14 pg/m?) compared to fall and winter ( PM,s = 0.10 pg/m°)
(Figure 33). Profound PM 5 (no3j peaks were observed in January (0.59 ug/m?3), April
(0.37 ug/ma) and May (0.38 ug/m3). Nitrate in PM (hereafter denoted PM g no3;) had a
mean concentration of 0.70 ug/m3 with higher concentrations in the fall and summer
(0.9 ug/m?) compared to spring and winter (0.5 ug/m?>) (Figure 34). The fraction of
Nazlini PM3 s (no3)/PM2 s [mass) ranged from 1.1% — 18% with a mean of 3.8% and the

fraction of PM1g (no3)/PM10 [mass) ranged from 0.9% — 22% with a mean of 6.8%.

Table 6 Navajo Nation, Nazlini — Seasonal Mean PM Nitrate
*PMys oz (mg/m’) **PMionos (H8/M’)
Winter 0.09 0.4
Spring 0.15 0.6
Summer 0.13 1.0
Fall 0.10 0.8

*PM, s collected June 2009 thru June 2010
**PM, collected January 2007 thru December 2007
Bold = elevated seasonal mean concentrations
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Figure 32 Navajo Nation — Nazlini PM, 5 versus anion concentrations. The PM, s mass
(blue rectangles) corresponds to the secondary y-axis.
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Figure 34 Navajo Nation — Nazlini PM 4 versus anion concentrations. The PM, s mass
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3.3.1.2 Navajo Nation 8"N values of Nitrate in PM;,

The 8N values of coarse particulate nitrate (PMq nitrate) exhibited a seasonal
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trend (Figure 35) similar to observed 6"°N values in coarse particulate nitrate collected

in Germany and France as well as in rain water collected from the Midwestern and

Northeastern United States (Freyer, 1991; Elliot et al., 2007). The measured 8N values

at Nazlini had a mean of -0.15%o. for the year and indicated elevated values during the

winter (-2 — 9.8%o) relative to summer (-4.2 — 1.7%o). The maximum 6N values

occurred in fall and winter (9.3%.0 and 9.8%o) with minimums occurring during the spring

and summer (-4.8%o and -4.2%o), respectively.
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Figure 35 Navajo Nation — Nazlini 5N of PM 10 [no3)
Table 7 Navajo Nation, Nazlini — Seasonal Mean of &N
Nazlini  *PMio o3 8N (%o)
Winter 2.8
Spring -04
Summer -1.5
Fall 0.1

*PM, collected January 2007 thru December 2007
Bold = elevated seasonal mean concentration

3.3.1.3 Navajo Nation §'®0 and A™0 values of Nitrate in PM;,

The observed 60 values and A0 values measured in of PM g nitrate both
exhibited a seasonal trend (Figure 36) similar to observed values in particulate nitrate
collected in La Jolla, CA (Michalski et al., 2003). The measured 50 values at Nazlini had

a mean of 76.4%. for the year with a large isotopic enrichment relative to VSMOW (57 —
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86%o). The 6'°0 values were elevated during the summer and spring (6*20 = 78.1%o)
compared to fall and winter (6§'0 = 74.4%.) (Figure 36). The maximum &0 values
occurred in spring and fall (86%o. and 86.4%o) with minimums occurring during the
winter and summer (57.4%o and 61.7%o), respectively. The measured A0 values at
Nazlini had a mean of 29%. for the year with large *’O excess ranging from 20 to 35%.
Elevated A'0 values were observed during the spring and winter (A0 = 30.2%o)
compared to summer and fall (A0 = 28%o) (Figure 36). The maximum AY0 values
occurred in spring and winter (32.8%o and 34.7%.) with minimums occurring during the
winter and summer (20.2%o and 20.6%o), respectively. The observed 8§20 and A0 of
PM o nitrate indicated a mixing line between the isotopic composition of O, and H,0
(intercept is 6*30 = 33.3%o, A'’0 = 0%o), as these two species take part in atmospheric

nitrate formation (via NO, oxidation by HO, (RO,) and N,O5s hydrolysis) (Figure 37).
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Figure 36 Navajo Nation — Nazlini 50 and AY0 of PMy, [NO3]



Table 8 Navajo Nation, Nazlini — Seasonal Mean of 60 and A0
*PM 10 nos] §"°0 (%o) A0 (%o)
Winter 74.8 30.4
Spring 79.9 29.9
Summer 76.3 27.6
Fall 73.9 28.4

*PM 4 collected January 2007 thru December 2007
Bold = elevated seasonal mean concentrations
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Figure 37 Navajo Nation — Nazlini PM g (no3; 50 versus A0 (intercept is 80 = 33.3%o,

AY0 = 0%o).
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3.3.2 Southern Ute Indian Tribe — Ute 1 and Ute 3 Study Area

Particulate matter (PM,s and PMy,) were collected from the Ute 3 monitoring
station on the Southern Ute Indian Reservation near Bondad, CO (La Plata County), atop
the eastern rim of the Animas River Valley (37.10 °N, -107.63 °W). The Ute 3 site is at an
elevation of 1,966 m ASL and is located off State Highway 550 and stationed on the
Southern Ute Indian Reservation approximately 11 miles south of Durango, CO (pop.
17,200; US Census, 2010) and 25 miles northwest of Farmington, NM (pop. 45,900; US
Census, 2010). The Ute 3 area is characterized as primarily an agricultural area, with
various surrounding stationary, area, and mobile sources. Two megawatt coal fired
power plants are located in northern New Mexico approximately 35 miles to the
southwest of Ute 3. Population density and land use maps indicate the Ute 3 area is
more densely populated than originally thought, however, the housing is rural with the
presence of some oil and gas development. Over the coarse of a year, daily mean
temperatures at Ute 3 range from -9.5°C — 25.8°C, with a daily mean summer and daily
mean winter temperature of 20.9°C and -1.9°C, respectively. Prevailing winds at Ute 3
blow to the site from NE, with 44.8% of the wind speeds between 0.5 — 2 m/s (Figure

38). Higher velocity winds blow from the SW to the NE.
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‘Wind Class Freguency Distribution

A

Figure 38 Southern Ute Indian Tribe, Ute 3 annual wind rose. The wind rose depicts
frequency of occurrence of winds using wind direction sectors (blowing to site) and wind
speed classes measured at 10 m.

Additional PM, s was collected from the Ute 1 monitoring station, approximately
20 miles east of the Ute 3 site, and located near the population and commercial center
of the reservation in Ignacio, CO (pop. 708; US Census 2010). The Ute 1 area is made of
the Pine River Valley with the La Plata Mountains and San Juan National Forest to the
north. The Ute 1 site is dominated by low-velocity drainage flow winds blowing from the
NE to the SW with higher velocity winds blowing to the site from SW (Figure 39). Both
Ute 1 and Ute 3 PM .5 mass) have been 12% of the NAAQS (35 ug/mg) with no violations
since monitoring commenced in June of 2009. Currently, the reservation is classified as
attainment/ unclassifiable for all criteria pollutants. PM, s was collected for a 1-year
period at Ute 1 and Ute 3 beginning June 2009 and ending June 2010. PM was

collected at the Ute 3 site for a 9 month period beginning January 2006 and ending in
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September of 2006. In addition to PM and meteorological monitoring, Ute 1 and Ute 3
stations also monitor the following gaseous parameters: O3, NO, NO,, NO,, and CO.

Isotopic analysis was conducted only on PMy filters collected at Ute 3.

Wind Class Frequency Distribution
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Figure 39 Southern Ute Indian Tribe, Ute 1 annual wind rose. The wind rose depicts
frequency of occurrence of winds using wind direction sectors (blowing to site) and wind
speed classes measured at 10 m

3.3.2.1 Southern Ute Indian Reservation Seasonal Particulate Matter and Nitrate

The measured PM3 s mass) at the Ute 3 site exhibited a seasonal trend. The PM 5
(mass] had @ mean of 4.5 ug/m? for the year with seasonal mean concentrations higher in
the summer and winter (PM;s = 5.2 ug/m3) compared to spring and fall (PM; s = 3.9
ug/m3). PM 3.5 mass) displayed a bimodal distribution (Figure 40) with PM3 s [mass) peaks in
August (11.8 ug/m?3), January (11.1 pg/m?3), and May (11.4 pg/m?>). PM1o (mass) had a 9

month mean of 10.2 pg/m3 with high seasonal mean concentrations in the summer and
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spring (PM1o = 10.6 pug/m?) compared to the fall and winter (PM1o = 9.4 pg/m?>). PM 1o
(mass] displayed peaks in April (24 ug/m?3) and May (19 pg/m°).

PM3 5 (no3) had @ mean of 0.33 ug/m3 for the year with seasonal mean
concentrations higher in the spring and winter (0.63 ug/m?) compared to summer and
fall (0.069 ug/m3). Profound PM s no3j peaks were observed beginning in December
and ending in March (Figure 40) with maximums occurring in January (3.7 ug/m3) and
February (2 ug/ma). PM 10 [no3) had @ mean of 0.22 ug/m3 with higher concentrations in
spring and winter (0.27 ug/m3) compared to summer and fall (0.16 ug/m3) (Figure 41).
The fraction of Ute 3 PM; s (n03)/PM 2.5 [mass) ranged from 0.7% — 33% with a mean of 5.8%
and the fraction of PM 10 [n03)/PM 10 [mass) ranged from 0.8% — 10.6% with a 9 month mean
of 2.5%. Measured NO, concentrations (year 2006) exhibited seasonal trends at the Ute
3 site with daily average maximums for NO, NO, and NO, occurring during the winter

(0.0097 £ 0.002, 0.0214 + 0.004, 0.0304 + 0.006 ppmv, respectively).
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Figure 40 Southern Ute Indian Tribe, Ute 3 PM, 5 versus anion concentrations

mass (blue rectangles) corresponds to the secondary y-axis.
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Figure 41 Southern Ute Indian Tribe, Ute 3 PM, versus anion concentrations. The PM, 5
mass (blue rectangles) corresponds to the secondary y-axis. Chloride not reported due

to detection limit of IC instrument.
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Table 9 Southern Ute Indian Tribe — Seasonal Mean PM Nitrate
Ute 1 Ute 3
*PMysnoz (mg/m’) *PMasios (M8/M°) | **PMiopnos  (ug/m’)
Winter 1.01 1.08 0.25
Spring 0.16 0.17 0.29
Summer 0.07 0.08 0.16
Fall 0.06 0.05 0.16

*PM, 5 collected June 2009 thru June 2010
**PM 4 collected January 2006 thru September 2006
Bold = elevated seasonal mean concentrations

The Ute 1 site also exhibited a seasonal trend in PM 5 imass)- The PM 2.5 mass) had a
mean of 4.4 pg/m? with higher mean seasonal concentration in the summer and winter
(PM5s = 5.0 pg/m?>) compared to spring and fall (3.6 pg/m?>). The Ute 1 site exhibited
high PM3 5 (mass) Peaks in August (8.5 ug/m?3), January (9.7 ug/m°), and February (7.8
ug/ma). The Ute 1 site PM; 5 (no3) had @ mean of 0.33 ug/m3 with higher concentrations
in spring and winter (0.59 pg/m?®) compared to summer and fall (0.13 pug/m>). Similar to
Ute 3, profound PM s no3) peaks were observed for Ute 1 beginning in December and
ending in March with maximums occurring in January (4.1 ug/m?) and February (2 pg/m°)
(Figure 42). The fraction of Ute 1 PM3 5 no3)/PM 2.5 [mass) ranged from 0.7% — 33% with a
mean of 6%. Measured NO, concentrations had noticeable trends at Ute 1 with daily
average maximums for NO, NO,, and NO, occurring during the winter (0.01 + 0.001,

0.023 £ 0.004, 0.042 £ 0.006 ppmv, respectively).
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Figure 42 Southern Ute Indian Tribe, Ute 3 PM, 5 versus anion concentrations. The PM, 5
mass (blue rectangles) corresponds to the secondary y-axis.

3.3.2.2 Southern Ute Indian Tribe §"°N values of Nitrate in PM;q

The 6™N values in coarse particulate nitrate (PM1 nitrate) was not
representative of a complete yearly data set as the tribal AQP stopped PM1g monitoring
in September of 2006. The 6N values in PM 1 nitrate did exhibit a similar trend (Figure
43) to observed 6™N values in coarse particulate nitrate collected on the Navajo Nation,
Germany and rain water collected from the Midwestern and Northeastern United States
(Freyer, 1991; Elliot et al., 2007). The measured "N values at Ute 3 had a 9 month
mean of 9.4%. for the year and indicated elevated values during the winter (8.4 —
23.2%o) relative to summer (2.6 — 8.6%o). The maximum 8™N values occurred in fall and
spring (16.1%o and 23.2%o) with minimums occurring during the summer and spring

(2.6%0 and 6.1%so), respectively.
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Figure 43 Southern Ute Indian Tribe, Ute 3 8N of PM 10 [NO3]

Table 10 Southern Ute Indian Tribe, Ute 3 — Seasonal Mean of §"°N
Ute3  *PMignog 5PN (%o)
Winter 15
Spring 9.5
Summer 6.2
Fall 7.7

*PM , collected January 2006 thru September 2006
Bold = elevated seasonal mean concentration
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3.3.2.3 Southern Ute Indian Tribe §'®0 and A"'O values of Nitrate in PMo

The observed 60 values and A0 values measured in of PM g nitrate both
exhibited a seasonal trend (Figure 44) similar to observed values in particulate nitrate
collected in La Jolla, CA (Michalski et al., 2003). The measured 620 values at Ute 3 had a
9 month mean of 62.5%. with a large isotopic enrichment relative to VSMOW (36 —
86%o). The 620 values were elevated during the winter and spring (630 = 68.8%o)
compared to summer and fall (6'%0 = 55.4%o) (Figure 44). The maximum &0 values
occurred in spring and winter (72.8%o and 86.2%o) with minimums occurring during the
summer and fall (36.6%o and 46.3%o), respectively. The observed 50 and A0 of PM1g
nitrate indicated a mixing line between the isotopic composition of O, and H,0
(intercept is 50 = 9%, AY0 = 0%o), as these two species take part in particulate nitrate

formation (via NO, oxidation by HO, (RO;) and N,O5 hydrolysis) (Figure 45).
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Table 11 Southern Ute Indian Tribe, Ute 3 — Seasonal Mean of §'¥0 and A0
*PM 10 nos] §"°0 (%o) A0 (%o)
Winter 72.3 27.2
Spring 65.2 25.8
Summer 55.7 21.3
Fall 46.3 20.8

*PMq collected January 2006 thru September 2006
Bold = elevated seasonal mean concentrations
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Figure 45 Southern Ute Indian Tribe, Ute 3 PM 10 no3 820 versus A0

3.4 Discussion
3.4.1 Comparison of Seasonal Nitrate Concentrations in PM on Tribal Lands

The bimodal distribution of PM mass concentrations and peaks in nitrate
concentrations on the Navajo Nation and Southern Ute Indian Reservation are likely
linked to seasonal changes in boundary layer height (BLH), NO, sources, meteorology,
photochemistry as well as increases in windblown crustal material. The observed
aerosol composition of PM; 5 collected from the Colorado Plateau has shown to have
large fractions of fine soils and organics relative to other measured species (NARSTO,
2004). These observations are applicable to tribal lands as they encompass the Colorado
Plateau and are subject to fugitive dust emissions from agricultural and mining activities.

Furthermore, tribal emissions inventories also indicate other impacting sources such as
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residential wood burning, prescribed burns, wildland fires, vehicle emissions, oil and gas

development and electrical generating units (EGU).
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Figure 46 Colorado Plateau PM; 5 concentration and chemical composition (NARSTO,
2004).

Elevated concentrations and spikes in fine particulate nitrate concentrations
(PM 2.5 no3]) Were observed in the winter and spring months on Southern Ute Indian
Reservation. These observed concentrations are likely associated with the nitric acid
reaction with ammonia to form sub-micron ammonium nitrate (R1.11). When ammonia
neutralizes the acidic components of aerosols it is transferred into the particulate phase
and therefore increases in nitrates and sulfates are typically observed (Seinfeld and
Pandis, 2006). The elevated PM, s no3) during the winter and spring is highly likely since
the dynamic equilibrium with ammonia and nitric acid is thermally unstable in which
formation favors high RH and low temperature.

Electrical Generating Units or power plant emissions attributing to the observed

spikes in PM .5 no3; seemed insignificant as there were no corresponding observed
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spikes in fine particulate sulfate (PM3.s(s04]). PM25 (sos; at Ute 1 and Ute 3 remained
constant throughout the year with mean concentrations of 0.52 pg/m?, respectively.
Furthermore, atmospheric mixing heights tend to be lower during the nighttime
(Seinfeld and Pandis, 2006), yielding a much smaller boundary layer volume during the
winter. A lower BLH combined with winter inversions allows local NO, emission sources
to have a greater impact on nitrate concentrations. In addition, winter wind roses for
Ute 1 and Ute 3 indicate a higher frequency of low velocity winds blowing in from the

northeast, opposite of major NO, emission sources in the Four Corners.
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Figure 48 Spring wind roses for Ute 1 and Ute 3 (CO) and Nazlini (AZ).

Increases in carbon monoxide and nitrogen dioxide concentrations were also
observed during the winter months on the Southern Ute Indian Reservation (Figure 49).
Therefore it was determined that the spikes in winter PM; s no3) Were affected by
seasonal changes in BLH and contributions from local activity such as automobile traffic
and residential wood burning. These sources are likely contributors to winter and spring

PM3 5 (no3) measured at the Ute 1 and Ute 3 monitoring sites.



105

Southern Ute Indian Tribe, UTE 1 & UTE 3
Daily Average CO, NO, vs PM; 5 ino3j 15041
450 0.08
4.00 0.07
AA a
&
350 f A 0.06
&

m .00 A A &
£ Iy >
S E

250
S g

2.00

1.50

1.00

0.50

0.00 -

o o o2 o A0 A0 ol A0 a0
1957 9% 5% 6% 0% 9% a7 9 09, 9 9
——NO3 O 504 2 CO (scaled down to 1/10) NOZ

Figure 49 Southern Ute Indian Tribe CO, NO, and PM, 5 anion concentrations.

The Navajo Nation Nazlini site also indicated profound PM, s no3; spikes in winter
and spring. No trace gas data was reported for the Nazlini area during these seasons but
similar inferences can be applied regarding nitric acid reactions with ammonia to form
ammonium nitrates. On the other hand, Nazlini indicated somewhat opposing seasonal
PM: 5 (no3) Wwhen compared to those observed at Ute 1 and Ute 3. Nazlini reported
elevated concentrations in the spring and summer rather than the winter and spring
which may suggest seasonal changes in BLH and increase photochemistry resulting in
higher concentrations.

To the contrary, the Nazlini site is characterized as a rural pristine area and
therefore predicted to be less impacted by anthropogenic sources in comparison to the
Southern Ute sites (Hobbs et al., 1985). Since combustion of fossil fuels and industrial

processes are linked to PM, s formation; the PM s no3) is likely to reflect observed
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seasonal NO, concentrations (Figure 50). Therefore, the fraction of Nazlini PM; s
N03]/PM2 5 [mass) Was compared to those on the Southern Ute Indian Reservation in order
to estimate anthropogenic contributions. The mean fraction of Southern Ute PM; 5
N03]/PM 2.5 [mass) Was ~6%, whereas the mean fraction of Nazlini PM3 s no3)/PM2.5 [mass]
was 3.8%. Therefore, it was determined the Nazlini area had lower anthropogenic

contributions to PM; s no3; Which then can influence PM3 5 no3)-
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Figure 50 Southern Ute Indian Tribe, Ute 3 O3, NO; versus PM3 s nos3;

The Nazlini site also exhibited PM g nitrate concentrations (PM 1o no3)) OppoOsite
of that observed at the Ute 3 site. Nazlini reported elevated PM g no3; during the
summer and fall whereas Ute 3 reported elevated PM 1o no3) during the spring and
winter. The Nazlini annual mean PMq [no3) was 0.70 ug/m3 which is over 3 times of that
reported at Ute 3 (0.22 ug/m?). Rural aerosols have been reported to contain large

fractions of windblown crustal material (dust), pollen, and plant waxes (Deepak and Gali,
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1991). Therefore, both dust and pollen may account for the high peaks observed in
PM 10 [mass] in April at both Nazlini (15.4 ug/m?, Figure 34) and Ute 3 (24 pg/m?, Figure 41).
While fine particulate nitrate is the result of nitric acid/ammonia reactions
forming ammonium nitrate, coarse particulate nitrate is the product of nitric acid and
sodium chloride or crustal material reactions. More than half of aerosol nitrate is found
in the coarse mode (Seinfeld and Pandis, 2006). Elevated concentrations of nitric acid
vapor typically occur during the summer due to increase photochemistry and high
summertime temperatures (Seinfeld and Pandis, 2006). At this time, the Nazlini area is
impacted by higher wind velocities compared to Ute 1 and Ute 3 sites. The summer
prevailing winds blow from the south to the NE and NW with dominate wind speeds
between 3.6 — 5.7 m/s. These high wind velocities can increase as well as transport
windblown alkaline dust and other air pollutants into the Nazlini area, thus enhancing
the nitric acid and crustal material reactions and consequently leading to elevated PM g

nitrate concentrations.
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Figure 51 Summer wind roses for Ute 1 and Ute 3 (CO) and Nazlini (AZ).

On the other hand, summer increases in BLH would allow pollutants to mix
higher in the atmosphere which may dilute both surface aerosol concentrations and
PM1o [no3), @s this may be the case for the Ute 3 site. The July maximum of 0.04 in of
precipitation recorded at Ute 3 indicates the summer monsoon (July — August) season in
the Four Corners region. Coarse particulates are highly soluble and more efficiently
removed by cloud and rain drops, thus monsoon events can lead to PM wash out as well

as shallow mixing heights consequently impacting surface aerosol concentrations and

PM 10 [nO3)-
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3.4.2 Comparison of Seasonal 8N of Nitrate in PM1o on Tribal Lands

Although both Nazlini and Ute 3 indicate similar seasonal trends in observed
8N values of PM 1 nitrate, a stark contrast is the 9.7 %o mean difference between the
two sites, with Ute 3 exhibiting higher values relative to Nazlini. The Nazlini site had a
mean 6N of 0.15%o. for the year, while Ute 3 revealed a 9 month mean of 9.4%o.. Both
tribal sites show different ranges of §°N values and this may indicate nitrate sources
from different origins. Recent studies have suggested that the seasonal variations in the
8N values in nitrate aerosols are “fingerprints” of different NO, sources (Elliot et al.,
2007; Elliot et al. 2009, Felix et al., 2012).

If this is the case, then the higher 8N values at the Ute 3 site is likely associated
with higher NO, inputs from anthropogenic sources relative to the Nazlini site. For
example, the 8°N values of NO, emitted from power plants (+6 to +13%o), vehicle
exhaust (+3.7 to +5.7%o0) and biomass burning (+14%o) are significantly higher than
biogenic emissions (-49 to -20%o). As a result, the higher 8°N values in PMy nitrate at
Ute 3 suggest a greater anthropogenic influence. On the other hand, variations in
observed seasonal 8"°N have also been suggested to reflect seasonal shifts in NO,
chemistry that form aerosol nitrate rather than differences in emission sources (Freyer,
1991). Freyer, 1991, suggests kinetic and equilibrium nitrogen isotope fractionation
effects occur during chemical formation mechanisms; therefore, impacting observed
5N values in atmospheric nitrate.

To address the questions whether seasonal §°N values of atmospheric nitrate

provide insight into the sources of NO, or reflect shifts in seasonal NO, chemistry, an
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emission model and an isotopic exchange equilibrium model was applied and compared
to the observed 8N values in PMy nitrate. A mass balance model using mean observed
8N values from NO, sources (Table 3) coupled with a NO, emission inventory for the
Four Corners region was used to determine the fraction of NO, from each source and
calculate the 6°N of NO, on tribal land. The model approach assumes the 6N of NO,
mirrors that of atmospheric nitrate. Model results and observed 8N values were also

supplemented with seasonal wind roses to estimate air mass trajectories.

Table 12 Four Corners Region NO, Emission Inventory (tons/year) (ARS, 2010)
*Environ 2005 Four Corners % of Four Corners Region
Emission Inventory NO, Due to Source
NO, VOC NO,

Biogenic 8,447 213,050 3.7

Oil & Gas (area & 68,831 122,273 30.1

point)

EGU 72,668 281 31.8

Other ** 78,532 70,607 34.4

Total Emissions 228,478 406,211 100

*Emission inventory encompasses state, federal, and tribal inventories.
**Includes on and off road, aircraft, forest and prescribed fire, wood burning, cooking, solvents,
surface coating, fuel combustion, structure fires, other point sources.
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Figure 52 Four Corners Enivron emission inventory area (FCAQTF, 2007).

The 2005 Environ NO, emission inventory for the Four Corners region (150 x 156
km area) was used to determine the fraction of NO, emissions by source which was
then applied to the following isotopic mass balance equation to determine the §"°N of
NO,:

&"°Nnox = feou(6"Negu) + fron-road (8 “Nion-road) + Froad (6 Nroad) + foiogenic(8'*Nbiogenic)

Eq. 3.1
where fis the fraction of NO, by source and 5N is the mean value for each NO, source
(Table 3). The mass balance equation yielded a 5N yox value of 4.5%.. The NNAQCP did
not report NO, emissions for the Chinle Agency (location of Nazlini site) and neither

tribe reported seasonal emissions (Table 1). For this reason, the USEPA National
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Emission Inventory (NEI) data base was used to gauge whether the calculated 8™ Nyox

would potentially change with seasonal emissions.
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Figure 53 La Plata County, Colorado 2005 Emission Inventory (US EPA NEI, 2005)

The La Plata County (location of Ute 3) emissions and sources remain relatively
constant through the course of a year (Figure 53). Therefore, the observed seasonal
variations of the §'°N isotope were not supported by the emission model. Furthermore,
the summer wind roses for the Nazlini and Ute 3 site indicates higher velocity winds
blowing from the south and southwest to the north and northeast during spring and
summer (Figure 48 and Figure 51). Since power plants and large cities (Flagstaff,
Holbrook, Winslow, Phoenix, Farmington) are located downwind of both the Nazlini and
Ute 3 sites, one would suspect higher 8'°N values at this time, but rather the opposite is
observed, yielding a summer 8"°N mean values of -1.5%. and 6.2%o, respectively. The

spring 8">’N mean value for Nazlini and Ute 3 PM 1 nitrate is slightly more enriched
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relative to the summer but lower than the winter values of 2.8%. and 15%., respectively
(Table 7 and Table 8).

The alternate hypothesis in determining variations in atmospheric nitrate §°N
values on tribal lands is shifts in seasonal NO, chemistry. For example, the gas-particle
phase dissociation equilibrium of ammonium nitrate would prefer the lighter **N
isotopes in HNO3 (g during the summer months leading to an enrichment of *°N in the
residual fine particulate nitrate. Unfortunately, isotopic analysis of PM, s was not
conducted to observe this fractionation effect but one would suspect higher values in
the summer, yet studies have shown this not to be the case (Freyer, 1991).

Secondly, the nighttime exchange reaction between NO,, NO3, and N,Os are in
thermal equilibrium (R1.7a, b) and subject to equilibrium isotope fractionation and this
can lead to the enrichment of N in the more oxidize species. This enrichment is then
carried onto atmospheric nitrate via nighttime heterogeneous formation mechanisms
(R1.7a, b, R1.10) which dominate during the winter, due to low temperatures and
decrease sunlight. As a result, this enrichment of 8N values in PMyq nitrate on tribal
lands would shift >N values higher in the winter.

Thirdly, the isotope exchange equilibrium between gaseous NO and NO, can
occur (R3.1, R3.2) if the exchange timescale happens faster than the daytime and
nighttime NO, removal mechanisms (R1.12, R1.13, R1.14).

>NO + **NO; = **NO + NO; R3.1

“No +°NO, = NO + ¥*NO, R3.2
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The daytime NO, removal pathway NO,+OH forming nitric acid occurs on a similar scale
as that of the nighttime removal by N,O5 heterogeneous hydrolysis. Therefore a ratio
between the isotopic exchange reaction and the NO,+OH removal reaction can be
determined using the equilibrium constant for the two reactions, observed NO and NO,
concentrations, and the estimated OH concentration (Sharma et al., 1970; Prinn et al.,
1992). The equilibrium constant is derived from experimentally determined rate
constants and expressed as:

Keq = ki/ks Eq. 3.2
Where K4 is the rate constant for reaction R3.1 (K; = 8.13x10.** molecules/sec at 296 K)
and K3 is the rate constant for the removal reaction (K3 = 1x10H molecules/sec at 298
K), yielding the equilibrium constant, Keq = 8.13x107° (Sharma et al., 1970). It was
determine that complete isotope exchange between NO and NO, does occur in
environments where NO concentrations are in parts per billion rather than parts per
trillion (Riha and Michalski, 2013 in review).

Since the Nazlini site does not monitor for NO,, it was assumed that NO, isotope
exchange does occur on both the Navajo Nation and Southern Ute Indian Reservation
based on observed daily averages (ppmv) of NO, at Ute 1 and nearby state and federal
NO, monitoring networks. Thus, the 5N of NO, was determined for the Ute 3 site by
applying the following isotopic mass balance and equilibrium enrichment expressions:

8" Nnox =fno (6°No) + froz (6" Nno2) Eq.3.3

8"Nno = -€(T) + 6"Nno2 Eq.3.4
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where fis the fraction of NO, as NO or NO, observed at Ute 3 and £(T) is the enrichment
factor which is temperature dependent and calculated using the NO-NO, isotopic
equilibrium constant (K¢q) derived from reduced partition functions (Richet et al., 1977;
Michalski et al., 2004; Teffo et al., 1980; Henry et al., 1978).

The enrichment factor for NO-NO, isotopic exchange ranges linearly from 37%o
to 45.8%0 when plotted against a temperature range of 46°C to 7°C, yielding a slope of
0.233 (%o/°C) (Riha and Michalski, 2013 in review). The enrichment factor can then be
determined from the linear equation and by applying observed ambient air
temperatures into the following expression:

g(T) = (AT*0.233) + 37]/-1 Eq. 3.5
Where AT is the change in temperature (46°C — observed) and 37%o is the y-intercept.
Using the calculated enrichment factor, the 8*°N of NO, can then be determined by
substituting Eqg. 3.4 into Eq. 3.3 and solving for §"°N of NO, as shown in the following
expressions:

8" Nnox = fo (-&(T) + 6°No2) + froz (6 Nnoz) Eq. 3.6

8" Nno2 = [fno (€(T)] + 6 Nyox Eq. 3.7
The 6"°N of NO, in the Four Corners was estimated at 4.5%o (Eq. 3.1) and using Eq. 3.3
thru Eq. 3.7, the calculated "N of precursor NO, was found to exhibit a similar
seasonal trend to the observed 6'°N of PM 1 nitrate with a weak (r* = 0.41) but
significant correlation. Other fractionation processes occurring during NO, oxidation

reactions may contribute to the deviations between the observed and calculated.
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equilibrium between NO and NO, in the Four Corners region is playing a key role in the

observed seasonal trends. On the other hand, the significant 9.7%. offset in the ranges

of 8N values observed on tribal lands is likely attributed to nitrate sources from

different origins. The elevated 6N values observed at Ute 3 site in comparison to the

Nazlini site indicate the tribal air shed on the Southern Ute Indian Reservation is

influenced more by anthropogenic sources relative to the Nazlini site. Therefore it can

be determined that both seasonal changes in NO, chemistry and sources are the two

main processes controlling the observed 8°N of PMq nitrate on both the Southern Ute

Indian Reservation and Navajo Nation.
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3.4.3 Comparison of Seasonal 50 and A0 of Nitrate in PMy, on Tribal Lands

Both Nazlini and Ute 3 indicate similar seasonal trends in observed A*’O values
of PMyq nitrate, with higher values in spring and winter compared to summer and fall.
This observation is in agreement with observed A O values for atmospheric nitrate
collected at mid-latitudes with seasonal trends showing maximum A'’0 values occurring
during midwinter (Michalski et al., 2003). A profound contrast is the range of excess }’0
at Ute 3 versus Nazlini, with Ute 3 exhibiting a larger range (14 — 32%o) relative to
Nazlini (20-35%o). Observed mid-latitude A*’O values typically range from 20-30%o,
where seasonal variations in the A'’0 values are attributed to shifts in the cycling and
oxidation pathways of NO, to form HNOs. Therefore, a qualitative approach can be used
to provide insight into NOx oxidation pathways by evaluating the A'’0O values in
atmospheric nitrate.

Observed A0 seasonal trends compared to model observations found shifts in
NO, oxidation pathways to be a result of temperature dependences, NO,
concentrations and hours of sunlight (Michalski et al., 2003). Therefore, qualitatively
observed increases in particulate nitrate A0 values would suggest an increase in N,Os
hydrolysis during the winter, whereas lowered values would suggest an increase in
daytime NO,+OH reactions during the summer. Furthermore, since NO; is also
influenced by peroxy radical oxidation, the mass transfer of O atoms from ozone to NO,
become diluted by peroxy radical (A'’0 <1%o) oxidation; subsequently modifying the
amount of 0 excess found in atmospheric nitrate (Rockmann et al., 2001). As a result,

lower A0 values observed during the summer and spring at the Ute 3 site can be
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caused by increases in peroxy radical oxidation, further suggesting that the Southern
Ute Indian Reservation is influenced by greater anthropogenic inputs in comparison to
Nazlini.

Due to the low observed A0 values in PMyq nitrate at the Ute 3 site, a dual
isotope approach was applied using both the observed 6'30 and 6"°N from Ute 3 and
Nazlini to gauge whether values were representative of published isotope
measurements using the denitrifier method (black box, Figure 55). Since atmospheric
nitrate is enriched in %0 compared to other sources, the dual isotope approach has

gained acceptance as a tracer of atmospheric nitrate (Kendall et al., 2008).
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Figure 55 Dual isotope 80 and N plot of tribal PM g nitrate

The dual isotope approach determined that PM nitrate collected at the Nazlini site
exhibited good agreement with observed 60 and 6*°N values of atmospheric nitrate
processed using the denitrifier method. The 580 values at the Ute 3 site were in

between the range of observed 620 values in atmospheric nitrate derived from the
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denitrifier method and values obtained using the silver nitrate method (Figure 14). The
dual isotope plot suggests the Ute 3 measured 620 values are adequate to provide
insight into NO, oxidation.

Lastly, it has been suggested the nighttime heterogeneous removal pathway of
NO, forming nitric acid is more variable and can be quite rapid on aerosol surfaces that
contain water to produce nitric acid (Detener and Crutzen, 1993). Furthermore,
measurements of N,Os uptake coefficients were shown to be highly variable and are
influenced by relative humidity, aerosol acidity, and aerosol composition, such as sulfate
mass or sulfate to organic ratio (Brown, et al., 2006). Therefore, the observed A'’0
values at Nazlini were compared to measured anions to qualitatively assess the N,Os

uptake with aerosol composition.
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The N,O5 heterogeneous hydrolysis mechanism is dominant during the winter
months since the dissociation equilibrium between NO,, NO3 and N,O5 favors N,Os
formation under cool temperatures (Brown et. al., 2006; Chang et. al., 2011). On the
other hand, anion concentrations at Nazlini increase during the summer due to increase
photochemistry and decrease during the winter, whereas the A0 is elevated during
the winter. One would suspect N,Os hydrolysis to increase with sulfate concentrations,
but sulfate elevates in the summer and fall (1.3 ug/m>) whereas A0 decreases
indicating a shift toward the daytime NO, oxidation mechanism.

Particulate nitrate also inhibits N,O5 uptake, suggesting a relatively small N,Os
uptake occurring when elevated concentrations are observed (Brown et. al., 2006).
Changes to relative humidity and the addition of organic coatings to particles can also
inhibit N,Os uptake (Brown et al., 2006). As a result, observations of A0 can be used
both qualitatively and quantitatively to constrain the N,Os uptake coefficient and NO,
oxidation pathways. A qualitative approach based on a mixing line between the daytime
(AY 0 ~20%o) reaction and nighttime (A0 ~32%o) reaction versus temperature can
estimate the seasonal occurrence of these two NO, removal pathways to nitrate

formation (Figure 57).



121

Navajo Nation - Nazlini, AZ PM 4 no3;
40 35
30
;\g 35 * 25 5‘-__),
o NO, . 20 g.
50:50 Aat L\\fV 10
.. —_— === ==/= AP -04 -& - -—=
Mixing M _" o * 5
. 25
line 0
\/JW o
20 * * NO,+OH =2 HNO, 10
-15
15 -20
J F M A M J J A S o} N D
+ D170
Date (2007) Temp
7 per. Mov. Avg. (Temp)

Figure 57 Navajo Nation — Nazlini, AZ A*O versus temperature (°C) with mixing line
(dash line) indicating NO, removal by N,O5 hydrolysis dominate in winter months.
Another qualitative approach involves observing the 50 and A0 composition
of PM g nitrate to derive the mixing line between O, (6180 = 23%o, A0 = 0%o) and H,0
(6180 = -10%o, A0 = 0%o, Bowen and Ravenaugh, 2003), which then gives qualitative
insight into NO, removal pathways and formation mechanisms of nitrate. Both O, and
H,0 influence NO, removal via NO, oxidation by HO, (RO;) and N,Os hydrolysis,
respectively (Figure 58). The y-intercept (5§20 = 9.6%o) of the observed mixing line
between O, and H,0 from tribal PM 1, nitrate would suggest a shift favoring daytime
NO, removal pathway to nitrate formation (Figure 58). Low relative humidity and
increase photochemistry indicative of the southwestern U.S. may be contributing factors

to this shift toward daytime NO, removal.
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Figure 58 Navajo Nation — Nazlini, AZ 6'80 vs A0 vs temperature (°C) with mixing line
(dash line). The intercept at 6'®0 = 9.6%. indicates roughly two-third O, contributions to
PM o nitrate formation relative to H,O.

On the other hand, a mass balance approach can be applied to quantitatively
determine the A0 signature of each NO, removal pathway leading to nitrate formation
as seen in Chapter 1. Constraining NO, oxidation pathways would then involve the
coupling of this mass balance approach with the photochemical model, ISO-RACM. The
model can then determine seasonal changes in the branching ratios for each NO,
removal pathway as well as the corresponding AY0 value of the nitric acid product. The
model output A0 values can then be adjusted to match observed A0 values,
therefore allowing for better parameterization of the N,Os pathway which then leads to
accurate predictions of trace gas concentrations (Detener and Crutzen, 1993). The ISO-
RACM modeling results for the Ute 3 site is currently pending and the discussion of

those results are outside the scope of this thesis project.
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CHAPTER 4. CONCLUSION

4.1 Seasonal Nitrate Concentrations in PM on Tribal Lands

Both the Southern Ute Indian Tribe and Navajo Nation monitoring sites indicated
spikes in PM .5 no3; and seasonal trends in PM g no3) throughout the respective
sampling years. Estimated air mass trajectories, observed trace gas monitoring, and
PM3 5 no3) on tribal lands determined that the spikes in winter were affected by
decreases in BLH and contributions from local activity such as automobile traffic and
residential wood burning. It was also determined the Nazlini area had lower
anthropogenic contributions to PM; s [no3) relative to the Southern Ute monitoring sites,
thus influencing PM3 s no3j. The ammonia and nitric acid reaction was also associated to
fine particulate nitrate formation during winter months or when sulfate levels are low
and ammonia and nitrogen oxide emissions are high (NOAA, 2005).

On the other hand, increases in BLH and photochemistry during the summer
months can also result in higher seasonal PM 1o no3j. Furthermore, estimated air mass
trajectories indicate higher wind velocities during the summer which may increase
windblown crustal material and contributing to an increase in PM1g [no3) Via the nitric
acid and sodium chloride or crustal material reactions. To the contrary, increases in BLH

can cause pollutants to mix higher in the atmosphere which can lead to a dilution effect
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therefore decreasing PM g no3; at Ute 3. The seasonal trend in PM nitrate
concentrations on the Navajo Nation and Southern Ute Indian Reservation are likely
linked to seasonal changes in boundary layer height (BLH), local sources, meteorology,

photochemistry and increases in windblown crustal material.

4.2 Seasonal 8"N of Nitrate in PMyq on Tribal Lands

The 6"N seasonal variations in aerosol nitrate have been hypothesized to be a
result of changing NO, emission sources or reflection of changing NO, chemistry (Elliot
et al., 2007; Freyer, 1991). For example, the 5N values of NO, emitted from power
plants (+6 to +13%e.), vehicle exhaust (+3.7 to +5.7%o) and biomass burning (+14%o) are
significantly higher than biogenic emissions (-49 to -20%o.). Therefore, variations in NO,
origins are hypothesized to lead to 6*°N variations in aerosol nitrate. On the other hand,
8N variations have also been suggested to reflect seasonal shifts in NOy chemistry that
form aerosol nitrate rather than differences in emission sources (Freyer, 1991). Freyer,
1991, suggests nitrogen isotope fractionation occurs during the gaseous NO and NO,
equilibrium (R3.1, R3.2), leading to the enrichment of >N in the more oxidized species.
It is assumed the exchange timescale happens faster than the daytime and nighttime
NO, removal mechanisms, and this enrichment is then carried onto atmospheric nitrate.

To test these two hypotheses, a mass balance approach was applied to an
emission model and an isotopic exchange equilibrium model to determine the 8N of
NO, which was then compared to the observed 8N values in tribal PMyg nitrate. Both

models assume the 8"°N of NO, mirrors that of atmospheric nitrate. Model results and
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observed 8N values were also supplemented with seasonal wind roses to estimate air
mass trajectories. Even though both the Ute 3 site and Nazlini site exhibited a stark
offset of 9.7 %0 mean difference between the two sites, both had similar seasonal
trends in 8N values. Therefore, it was determined the higher 8"°N offset observed at
the Ute 3 site was likely associated with higher NO, inputs from anthropogenic sources
relative to the Nazlini site. The seasonal §"°N trends correlated closely to the model
results derived from the isotope exchange equilibrium, indicating the seasonal
variations are driven by chemistry rather than sources. As a result, it was determined

that both sources and chemistry influence 8N seasonal variations in tribal PM o nitrate.

4.3 Seasonal A'0 of Nitrate in PM;o.on Tribal Lands

Both Nazlini and Ute 3 indicated similar seasonal trends in observed A'’O values
of PMyq nitrate, with higher values in spring and winter compared to summer and fall.
This observation is in agreement with observed A O values for atmospheric nitrate
collected at mid-latitudes, where seasonal variations in the A'’0 values are attributed
to shifts in the cycling and oxidation pathways of NO, to form HNO3 (Michalski et al,
2003). Therefore, a qualitative approach was used to provide insight into NO, oxidation
pathways over tribal lands by evaluating the A0 values in PMyq nitrate.

Qualitative observations indicated increases in particulate nitrate A0 values
during the winter which suggested an increase in N,Os hydrolysis, whereas lowered
values observed during the summer suggested an increase in daytime NO,+OH

reactions. Furthermore, low A*’O values observed during the summer and spring at the
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Ute 3 site were likely linked to increases in peroxy radical oxidation, which further
suggests that the Southern Ute Indian Reservation is influenced by greater
anthropogenic inputs in comparison to the Nazlini area.

The nighttime heterogeneous removal pathway of NO, forming nitric acid is
highly variable and measurements of N,Os uptake coefficients were shown to be
influenced by relative humidity and aerosol composition, such as sulfate mass or sulfate
to organic ratio (Brown, et al., 2006). Furthermore, aerosol acidity and the addition of
organic coatings to particles can inhibit N,Os uptake (Brown et al., 2006). As a result,
observations of A'’O can be used both qualitatively and quantitatively to constrain the
N,Os uptake coefficient and NO, oxidation pathways

A mass balance approach coupled with a photochemical box model (ISO-RACM)
can be applied to quantitatively determine A0 values which can then be adjusted to
match observed A0 values in tribal PMyq nitrate. This quantitative approach can better
parameterize the N,O5 pathway in chemical modeling schemes which then leads to
accurate predictions of trace gas concentrations (Detener and Crutzen, 1993). The I1SO-
RACM modeling results for the Ute 3 site is currently pending and the discussion of

those results are outside the scope of this thesis project.

4.4 Broader Impacts

This thesis utilized the chemical and stable isotopic composition of particulate
nitrate to determine source contributions and chemical formation pathways of aerosol

nitrate on tribal lands. This resolution can supplement Tribal Air Quality Programs (AQP)
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and assist with their continual development of policies and regional planning efforts to
improve air quality in several ways. First of all, it was determined increases in local NO,
emissions on reservation lands impacts fine particulate nitrate concentrations, with
increases during the winter months. The winter increases were attributed to local
residential wood burning combined with meteorological conditions. The tribal AQP’s can
use this baseline knowledge to gauge whether an EPA residential wood stove change
out campaign may be implemented to improve air quality. After implementation a
follow up study can also be conducted to monitor progression.

Secondly, the observed 8"°N values in PM nitrate can be used as an effective
new tool for monitoring regulatory NO, emission reductions from stationary sources.
The observed "N values can also help constrain the relative importance of source
versus transport in the NO, budget over tribal lands. For example, a follow up study
after the removal of a major anthropogenic NO, source should reveal a reduction in the
enrichment of §"°N values, whereas increases would suggest the transport of NO, into
the area or the addition of new NO, sources.

Lastly, the A0 signature of PM nitrate can help constrain NOy oxidation
pathways and predict regional air quality by adjusting photochemical (ISO-RACM) model
outputs of A¥0 values to observed values. This technique allows better
parameterization of the regional N,Os uptake coefficient to better predict NOy
oxidation, which then dictates the oxidation capacity of the atmosphere and regional air
quality. In addition, the chemical model scheme is portable into widely used 1-D, 2-D,

and 3-D chemical transport models. The photochemical model, ISO-RACM can be
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parameterized using tribal A0 values and air quality data to predict trace gas and
particulate concentrations that are currently of high concern for tribal air quality
managers. The ISO-RACM modeling results for tribal air quality monitoring stations can
also be used to assist in future EPA criteria pollutant attainment/non-attainment

designations.
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Appendix A Tribal NO, Emission Inventory Source Sector Descriptions

Table 13

Tribal NO, Emission Inventory Source Sector Descriptions

Category

Detail Category Names

Point Sources

Title V Stationary Sources (>100 tons/yr)

Electric Generating Units

Natural Gas Compressor Stations

Natural Gas Plants

Area Sources

Minor Sources (<100 tons/year)

Oil and Gas Wells

Well-Head Minor Source Compressors

Fireplace and Wood Burning Stoves

Propane Use

Airports

Wildland Fire and Prescribed Burning

Mobile Sources

On/Non-Road - Gasoline

On/Non-Road - Diesel

Biogenic

Soils
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Appendix B lon Chromatography Single Column Separation Instructions

To make acid solution, use a clean 50 mL centrifuge tube and add 5.6 mL 18M
H,SO4 to 25 mL Millipore water. Decant into 4 L reservoir and fill with Millipore
water to the line set at 4 L (8000 mL) making a 50 mN H,SO,4 solution.

To make mobile phase (eluent), use 20 mL of concentrated eluent stock solution
to 2 L (2000 mL) Millipore water making a 3.5 mM/1.0 mM Na,CO3/NaHCO3
solution.

Adjust the argon tank regulator to ~90psi (Figure 59, a) and release pressure by
selecting the “relay F” on the relay switch icons located on PeakSimple monitor

(Figure 59, b). Should here the gas enter the acid tanks.

Figure 59 Argon tank (a) and PeakSimple (SRI) software relay selection (b)
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4) Adjust the pressure system gauge found below the acid bottles to ~3 psi.

Figure 60 Acid pressure gauge

5) Let acid flow to suppressor for approximately 5 — 10 minutes. Observe acid flow
by removing the large Teflon tubing which sends the acid to waste.

6) Turn on mobile phase pump by pressing the on/off button on the front panel of
the eluent pump (should hear pump pistons engage).

7) Allow eluent to run for approximately 10 minutes. Be sure the 6-port valve is in
position 2. Adjust the 6-port valve between position 1 and 2 by selecting the “E
relay” icon. Position 2 directs the eluent into the analytical separation column to
elude any remaining anions.

8) On the auto sampler controller (found on the right side of the IC) select “pause”
and “home” to return the auto sampler needle to its home position if it’s not

already there.
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Figure 61 Auto sampler controller

9) Select the autosampler “C relay” switch icon twice to move auto sampler needle
into the rinse reservoir.

10)  While auto sampler needle is in the rinse reservoir, use 3 mL syringe to
purge/prime the sample pump (Alltech 426). Unscrew purge/prime port and
insert syringe and draw back on syringe very slowly to remove any air bubbles

and allow water to be introduced to sample pump.

- A

Figure 62 Sample pump purge/prime port
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After purge is complete and no air bubbles present inside sample line, turn on
sample pump and allow to run for 10 to 15 minutes. At this time switch the 6
port valve to position 1 so that Millipore water is pumped through the C-18 and
analytical separation column for a thorough rinse.

Continue to switch between position 1 and position 2 by selecting the “E relay”
to allow for thorough rinsing and elution of columns.

After rinsing is complete, return the auto sampler needle to its home position by
pressing “pause” and “home” on the auto sampler controller.

Before actual auto sampling begins, be sure the 6-port valve is in position 2.

The IC is now prepared to analyze samples.

PeakSimple (SRI) Software Sample Run Setup

From the desktop open the folder named “Control File.”

Within the “Control File” open the “C18 Single Column Separation” folder.

Copy all files inside the “C18 Single Column Separation” folder. Do not alter any
of the files (event files and .con files) inside this folder.

Make a new folder with your name and date of sample run. Place the copied files
into this folder.

Open up PeakSimple software and under the “view” toolbar select “auto
sampler.” This should open up the auto sampler que dialog box. While in the
auto sampler que, select “add” and navigate to your folder you just made and

add the “default.con” file (Figure 63, a). You should then be returned to the auto
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sampler que and then select “edit all.” Another dialog box should then open up
and there you want to select “add copies” (Figure 63, b). You will then be
prompted to add files. Always add one less than your total number of 15 mL

sample tubes.

el
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Figure 63 PeakSimple (SRI) software auto sampler que

6) Name the newly created .CHR files to correspond with the sample list or number

of sample tubes set up on the auto sampler tray.

7) After .CHR files have been renamed appropriately, select “update control files.”
8) Then exit out of dialog box, returning back to the auto sampler que.
9) Once again select “edit all”, and this time just close out the dialog box that

appears. You should return back to the auto sampler que. The number of files
that you added should then appear as .con files
10)  Add the “end.con” file by selecting “add “in the auto sampler que and navigating

to your folder containing the “end.con” file.
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Setup sample racks on auto sampler tray and go to auto sampler control panel
and select “edit/file/save,” then select “enter” twice, then “start.” This should
place the auto sampler needle into the first 15 mL tube, which should always be
a water blank (to rinse the columns). Be sure each tube has 15 mL of sample
solution and volumes recorded in log book. The event file is programmed to turn
the sample pump on and pump a volume of 11 mL through the columns at 1 mL
per minute.

Once the auto sampler needle is setup, turn on faction collector. Be sure the 6
port valve is in position 2 (select E-relay). Then select the “start” on the auto
sampler que.

Be sure to adjust fraction collector windows to the anion peak retention times
you want to collect by selecting “programs” and “fractions” on the collector’s
program menu. Remember, the number of sample separations is limited by the

fraction collector rack capacity.

Figure 64 Fraction collector main program menu
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Appendix C Southern Ute Indian Tribe Agreement

A legal agreement was established with the Southern Ute Indian Tribe regarding
research, writing, and publication on April 20, 2011 and March 20, 2013. Therefore, all
correspondence shall only be obtained by written approval with consent of release from
the Southern Ute Indian Tribe. All correspondence with the Navajo Nation will also be

obtained by written approval with consent of release by the Navajo Tribe.

AGREEMENT REGARDING RESEARCH, WRITING, & PUBLICATION

THIS AGREEMENT is entered into the day of , 2011, by and
between the SOUTHERN UTE INDIAN TRIBE, P.O. Box 737, Ignacio, Colorado,
81137, hereinafter referred to as the “Tribe,” and Michael King, Department of Earth and
Atmospheric Sciences, Purdue Stable Isotope Lab, Purdue University, Civil Engineering
Building, 550 Stadium Mall Drive West, Lafayette, IN, 47907-2051, hereinafter referred
to as “Author.”
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