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Abstract

This work presents new methods for and measureméotscentrations and dry
deposition of atmospheric mercury. Chapter 2 rispam measurements of gaseous
elemental mercury (GEM), gaseous oxidized mercG®WN), and mercury bound to
particles (PBM), mercury soil flux, and mercurygrecipitation at two locations in
northern Nevada, U.S.A. Concentrations of GEM wefleenced by both local substrate
emission and transport from regional source ar€mcentrations of GOM and PBM
were within ranges reported for other rural sitag] mercury wet deposition rates were
similar to other sites in the arid West. In Cha@emultiple methods were used
simultaneously at the same sites to estimate doggigon of atmospheric mercury. The
ratio of dry to wet deposition was between 10 ad#h9and varied with season and with
the methods used for dry deposition approximations.

Chapter 4 reports on two years of measuremerdgsmdspheric mercury fractions
in Reno, Nevada. Concentrations of GEM and PBMewaftuenced by emission from
local sources and meteorological conditions. Cotraons of GOM were higher during
periods with higher temperature and lower dew paanfirming the findings of others
that warm, dry air from the free troposphere isarse of GOM to the surface. Chapter
5 details work focused on development of a suregatface for estimating GOM dry
deposition. Deposition of mercury to surfaces wal correlated with GOM
concentrations t= 0.84, p < 0.01, n = 326) and was not signifiainfluenced by
temperature, humidity, or ozone concentrationse Jirrogate surface is not able to

mimic natural surface variability, but it is usefalmeasure the maximum potential for



and spatial and temporal trends of GOM dry depmsitiChapter 6 reports on the
development of a passive sampler for characteri@@d/ concentrations. Uptake of Hg
by the passive sampler was correlated with measairédOM concentration {= 0.89, p

< 0.01, n = 22), and did not appear to be signifilyaaffected by changes in temperature,
humidity, or ozone concentration, but sampler pennce did appear to be slightly

dependent on wind speed. The detection limit fb#4 @ay sample was ~5 pg’m
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Chapter 1. Introduction

Mercury is ubiquitous in all compartments of theriesnment (c.f. Watras and Huckabee,
1994), but most toxic exposure of humans and viddb mercury is through

consumption of methylmercury in fish (Myers et @D00; Mergler et al., 2007).

Mercury in water is typically present at concentnas below the threshold for direct
toxicity (Ullrich et al., 2001; WHO, 2005), and weatconsumption is usually a minor
contributor to the total mercury burden of humangiQ©, 2005). However, bacteria,
especially sulfate-reducing bacteria in wetlands$ subomerged sediments, can methylate
inorganic mercury (Gilmour et al., 1992; Morel & 4998; Grigal, 2002), increasing its
toxicity and bioavailability and allowing it to meagnify in aquatic food chains (Morel et
al., 1998).

Many of the biochemical mechanisms of methylmerdaxycity are poorly
understood, but symptoms of poisoning include nugsbnloss of motor skills and
sensory perception, and death (from nervous sykgune; Clarkson and Magos, 2006).
Fetuses and children are thought to be especiadigeptible to permanent neurological
damage from methylmercury exposure, and a numbsiudfes show an association
between methylmercury loadings from fish consumphbyg pregnant mothers and young
children and adverse health outcomes (Mergler.e2@07), though contradictory data
exist (e.g. Myers et al., 2003).

Methylmercury production in aquatic systems depemdenvironmental and
chemical characteristics of the system and on inputorganic mercury to the system

(Ullrich et al., 2001). What is more, since depiosi of mercury from the atmosphere



comprises a major source of inorganic mercury teatq systems (Fitzgerald et al.,
1998), knowledge of mercury dynamics in the atmesphnot just knowledge of aquatic
cycling and chemistry, is important and necessauyitigate mercury contamination
problems in aquatic systems. Moreover, atmosphieposition rates and processes for
mercury are species-dependent (Schroeder and Muri8), so understanding the
speciation and chemistry of mercury in the atmosplseas critical as understanding
deposition processes.

Mercury in the Atmosphere. Mercury exists in the atmosphere as gaseous elament
mercury (GEM), as particle-bound mercury (PBM), asdyaseous oxidized mercury
compounds (GOM; Schroeder and Munthe, 1998). Eimhenercury has a relatively
high vapor pressure (0.18 Pa at 20°C) and is diglgts/ soluble (Henry’'s Law
Coefficient of 729 Pa fimol* at 20°C, Schroeder and Munthe, 1998). The average
global atmospheric lifetime of GEM is thought toliween six months and two years
(Lin and Pehkonen, 1999), though some speculatettmay be lower (Gustin et al.,
2008).

Particle-bound mercury has been shown to constktdfcelemental mercury and
oxidized mercury compounds (Feng et al., 2004)e lifetime of PBM in the atmosphere
depends on particle size (Zhang et al., 2001),ghdaw measurements of the size
distribution of PBM have been made. One studyrban Detroit showed that PBM
existed primarily in the fine mode (0.@&n average fine mode diameter; Keeler et al.,
1995).

The chemical species that make up GOM are not knsinoe the technology to

measure individual GOM compounds in the ambienbaphere doesn't yet exist.



Gaseous oxidized mercury has been hypothesizesh&ist of compounds such as HgCl
HgBr,, HgO, Hg(OH), and/or HgBrOH (Lindberg and Stratton, 1998; Limd&ehkonen,
1999; Holmes et al., 2006). Among these compourd€ and HgO are the best
characterized, and both are semivolatile (vaposqunes of 8.99x1dPa for HgCl at

20°C and between 2.53x%@nd 9.20x18? Pa for HgO; Lin et al., 2006) and water
soluble (Henry’s law coefficients of 3.69x1@nd 3.76x18* Pa nf mol™ for HgCh and
HgO at 20°C and 25°C, respectively; Schroeder andthk, 1998). Because of these
properties, GOM has a short atmospheric lifetinm (& 2 weeks; Selin et al., 2007).
Sources of Atmospheric Mercury. Mercury is emitted to the atmosphere from natural
and anthropogenic sources. It is often assumeataral emissions of mercury are
mostly GEM (Schroeder and Munthe, 1998), but emissif dimethyl mercury from
oceans has been reported (Kirk et al., 2008), agmassion of GOM from soils (Engle
et al., 2005). Active volcanic and geothermal\aistiare important sources of mercury
to the atmosphere (Gustin, 2003; Nriagu and Be@&#3; Engle et al., 2006), and
mercury is also emitted from geologically mercunyiehed soils (Gustin, 2003).
Unenriched soils (Ericksen et al., 2006; Gustialgt2006), vegetation (Lindberg et al.,
1998), oceans (Fitzgerald et al., 1984; Gardfdldi.e2003) and fresh water (Schroeder
et al., 1992; Vette et al., 2002) can emit merc¢arthe atmosphere, but each of these
environmental compartments can take up mercury(&@sstin et al., 2006; Ericksen et
al., 2003; Mason and Sheu, 2002; Vette et al., R00fIeed, a significant component of
mercury emitted from natural surfaces is thoughid¢ae-emission of previously
deposited mercury (Lin et al., 2006). The net merdlux direction for many

unenriched natural surfaces is unclear, since émnissd deposition processes happen



simultaneously and can be extremely dynamic, magergeralization difficult (Vette et
al., 2002; Gustin et al., 2006). Vegetation aghale appears to be a net mercury sink,
not a source (Gustin et al., 2008), but wildfiresébeen shown to release sequestered
plant mercury back into the atmosphere (Friedélget2003; Turetsky et al., 2006).
Burning of fossil fuels, especially coal, releasesrcury that was sequestered by
vegetation in the ancient past (Joensuu, 1971)caalfired power plants are the
world’s largest anthropogenic source of mercurtheatmosphere (Pacyna et al., 2006).
Other major anthropogenic mercury sources inclaheent production, waste
incineration, mining and metals processing, andbuarindustrial processes (Schroeder
and Munthe, 1998; Pacyna et al., 2006). Many aptbgenic sources release GEM,
PBM, and GOM. Significant fractions of emissionsnh coal-fired power plants, ore
processing, waste incineration, and cement prooleie known to be GOM (Pacyna
and Pacyna, 2002; Nevada, 2007; Pacyna et al, Zidipj, 1997). Overall, emissions of
mercury to the atmosphere are estimated to be bat6@00 and 7000 Mg yrand
between 36 and 57% are primary emissions from aptigenic sources (Lindberg et al.,
2007)
Atmospheric Mercury Transformations. The chemical and physical transformations
of mercury in the atmosphere are somewhat poordgrstood. Gaseous elemental
mercury can be oxidized to GOM, but the oxidizimgnpounds involved and the reaction
products are not known definitively. Reactionshwtzone (Pal and Ariya, 2004a), OH
radical (Pal and Ariya 2004b), nitrate radical, logen peroxide (Lin and Pehkonen,
1999), and halogen radicals (Lindberg et al., 200&gecock and Pirrone, 2004;

Holmes et al., 2009) have been proposed and/osfigeded. Measurements show that



the upper atmosphere can have high GOM concentgat{Swartzendruber et al., 2006;
Sillman et al., 2007), and halogen radicals andr@dical have both been implicated as
potential oxidizers of GEM there (Sillman et alb0Z; Holmes et al., 2006). Gaseous
oxidized mercury is thought to build up in the upaenosphere because of the relative
paucity of removal processes there (Selin et @D72Sillman et al., 2007). Since
different oxidants of GEM are likely to producefdient GOM compounds (Lin and
Pehkonen, 1999), definitive answers about GOM proda pathways may prove elusive
until a method to measure individual GOM speciethenatmosphere is developed.
Some evidence suggests that GOM may be redod8&M in power plant
plumes (Edgerton et al., 2006), and,3©hypothesized to be the reducing agent
(Lohman et al., 2006). Reduction of oxidized meyalso occurs within cloud droplets,
with various mechanisms proposed (Lin et al., 20863 GOM taken up by cloud water
may quickly be converted to (less soluble) GEM esidased back into the gas phase
(Sillman et al., 2007). Like other semivolatil€&)M can partition dynamically to and
from the particle phase (Rutter and Schauer, 20G&s-particle partitioning depends on
the available surface area of particulate matteryapor pressure of the compound of
interest, and the ambient temperature (Finlaysdtis-8nd Pitts, 1999).
Methodsto Measure Atmospheric Mercury. While several methods exist to measure
mercury fractions in the atmosphere (Ebinghaus. e1299; Munthe et al., 2001), the
Tekran 2537A/1130/1135 system is the most widegdudn this system, ambient air
passes through an elutriator and particle impaotoemove large particles, then passes
through a KCl-coated quartz annular denuder, whatlects GOM compounds but

allows fine particles and GEM to pass through (liard al., 2002). After removal of



GOM by the denuder, the airstream passes thropgit&ulate filter assembly to remove
fine PBM. Next the airstream (which now contaim$ydGEM) is pulled into a mercury
analyzer, where mercury is collected on dual tapgaining gold beads. At regular
intervals the traps are heated to volatilize caatumercury, which is then passed into an
analytical cell and analyzed by cold vapor atorhiofescence spectrometry. The system
alternates between this sampling mode and a desormpbde, wherein the denuder and
particulate filter assembly are flushed with meyefree air and heated sequentially to
thermally desorb the mercury they contain, anddégsorbed mercury is pulled into the
analyzer to quantify GOM and PBM.

Some custom-built atmospheric mercury measurenystgss exist, but most are
methodologically similar to the Tekran system (Ehiaus et al., 1999; Munthe et al.,
2001). An automated atomic absorption spectronfetanufactured by Ohio Lumex Co.)
has been used to measure total mercury in ambrefitim et al., 2006), but the
detection limit is too high for atmospheric mercamgasurements in air unimpacted by
sources, and the system doesn’t differentiate ltv&EM and GOM
(http://www.ohiolumex.com). Alternative methods f8OM measurement include
collection on cation-exchange membranes (Ebingbktak, 1999) and KCl-coated quartz
fiber filters (Rutter et al., 2008), though neitloéthese methods is widely used.

Concentrations of GEM or total gaseous mercury (TGHEM + GOM)
measured by the Tekran system in Northern Hemigphegrthat is not impacted by local
sources range from 1.32 to 2.35 ng,ifine mode PBM concentrations in unimpacted air
range from O to 42 pg th and GOM concentrations in unimpacted air rangmf2 to 24

pg m° (Valente et al., 2007).



Atmospheric Deposition of Mercury. Multiple deposition pathways exist for GEM,
GOM, and PBM. All three fractions may be takenbypcloud or rainwater and removed
from the atmosphere as a component of rainfallough GEM is only slightly soluble,
aqueous oxidation pathways exist by which it magdmverted to a more soluble form
after dissolution in cloud water (Lin and Pehkonk999). Since GOM is extremely
soluble, it is expected to be easily removed bydasoor rain (Bullock, 2000; Seigneur et
al., 2004). Particulate matter is also efficiersityubbed from the atmosphere by rainfall,
and PBM has been shown to be a major componeneafury in rainwater (Mason et al.,
1997). Deposition of mercury in precipitation (vaefposition) is measured by collecting
precipitation in trace-cleaned containers and amadyit for mercury content (Vermette
et al., 1995), and wet deposition of mercury is snead at more than 100 sites
throughout North America by the National Atmospbdeposition Program’s Mercury
Deposition Network (MDN; http://nadp.sws.uiuc.eddim). Low-volume rain events or
the first part of rain events tend to have the éggimercury concentrations in rainwater
(Glass et al., 1991), and mercury in rainfall cagioate from local or regional
anthropogenic sources (Keeler et al., 2006) or foadation of GEM from the global
mercury pool (Selin and Jacob, 2008). About 10%xidized mercury in wet deposition
may be rapidly reemitted to the atmosphere aftehimg the surface (Hintelmann et al.,
2002; Ericksen et al., 2005).

In addition to wet removal, GEM, GOM, and PBM maythken up by surfaces
via dry chemical and physical processes (i.e. épogition). Gaseous elemental
mercury undergoes dynamic two-way exchange withynsanfaces. For soils, the

direction and magnitude of this exchange dependsdmercury concentration, solar



radiation, temperature, atmospheric turbulencé nsoisture, and precipitation (Carpi
and Lindberg, 1998; Engle et al., 2001; Gustin,2@ustin et al., 2003; Gustin and
Stamenkovic, 2005; Lindberg et al., 1999). Uptak&EM by vegetation is traditionally
thought to occur primarily via the stomatal pathwayt research has shown that GEM
may also be taken up by leaf cuticular surfacesni®nhkovic and Gustin, 2009). Some
modeling studies have neglected GEM surface ex@hfrig et al., 2006), but even if the
net GEM flux to or from vegetation and soils is diiamay prove significant at regional
and continental scales (Gustin et al., 2006).

As is true for particulate matter in general, measims and rates of PBM dry
deposition depend on particle size (Schroeder andtiv, 1998; Zhang et al., 2001).
Large particles deposit relatively quickly becatisgy are strongly influenced by
gravitational settling, and ultrafine particles aieposit quickly because they are small
enough to be efficiently transported by Browniaffugion (Seinfeld and Pandis, 1998).
Particles of 0.1-um in size, in contrast, are thought to have reddyilow deposition
velocities because they are not strongly influermgdither forcing mechanism (Seinfeld
and Pandis, 1998). Unfortunately, research on REf® distribution is sparse. In urban
settings PBM may exist primarily in the fine modeéler et al., 1995), and some
research points to coarse sea salt aerosols asoiesdor oxidized mercury formed in
marine air (Engle et al., 2008; Holmes et al., J0Mirect measurements of PBM dry
deposition are even rarer, with only one studyate Poissant et al., 2004).

Because GOM is soluble and reactive, it is expettateposit rapidly and
irreversibly, though measurements of GOM emisslanse been reported (Engle et al.,

2005; Skov et al., 2006). Also, dry depositiorsoluble and reactive gases is expected to
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depend mostly on the turbulent transfer rate oftiheosphere and not (primarily) on the
chemical properties of the surface to which thedggmosits (Wesely, 1989). Only a few
direct measurements of GOM dry deposition have lpedtished (Lindberg and Stratton,
1998; Poissant et al., 2004; Skov et al., 2006),thase measurements utilized either
Modified Bowen Ratio or Relaxed Eddy Accumulatioethodology, both of which
require precise measurement of the difference tW&OM concentrations in two
separate but nearby air streams. The precisi@Qi measurements is relatively weak
(relative percent difference between replicate demsiis about 15%; Landis et al., 2002),
calling into question the statistical significarafeéhe unreplicated GOM gradients
reported (see Duyzer et al. (1992) for more digonssf this problem).

In the absence of reliable data, modelers use gjpgsition modules or values that
are largely unverified by measurements, often switisig parameterizations developed
for nitric acid deposition (Seigneur et al., 2004y et al., 2006). Surrogate surface
measurements of GOM and PBM may help bridge thesvkedge gap and have been
used (Sakata and Marumoto, 2005; Caldwell et @062Marsik et al., 2007), but
surrogate surfaces have limitations, even for d@gtesiting compounds, and surrogate
surface measurements should be considered caytiMiskely and Hicks, 2000).
ThisWork. In this work, new methods to measure atmosphericung concentrations
and deposition were developed and used along widbkshed methods, providing tools
for future studies and contributing to the bodknbdwledge of atmospheric mercury
dynamics.

Chapter 2 describes measurements of atmospheraungeghat were collected at

two rural sites in northern Nevada, where a vardtgnthropogenic and natural sources



11

of atmospheric mercury exist. Trends among atmaspimercury species, mercury soil
flux, mercury concentrations in rain water, and eoetlogical parameters were analyzed
to elucidate mechanisms that controlled observedumg concentrations.

Chapter 3 details the use of a variety of measunéanred modeling tools,
including soil flux measurements, cation-exchangemorane surrogate surfaces, leaf
surfaces, and resistance-scheme models, to estinesteiry dry deposition at three sites
in northern Nevada. Dry deposition estimates werapared to wet deposition
measurements to understand the relative contrisiod wet and dry deposition and to
estimate total mercury loading to northern Nevauzsgstems.

Chapter 4 reports on two years of atmospheric angnmeasurements in Reno,
Nevada and on multiple regression analyses and sthistical tools that were applied to
determine sources and controlling factors for mgrauthe Reno airshed.

Chapter 5 describes work to further develop theogate surface method utilized
in Chapter 3, including determination of optimapbig'ment methods and
characterization of its performance in a varietgo¥vironmental and chemical conditions.
Surrogate surfaces were deployed at four field sitdocations throughout the United
States in long term (3 months to 1 year) campaagrswere deployed in a laboratory
chamber where temperature, humidity, ozone conatmtis, and gaseous mercury
concentrations were manipulated.

In Chapter 6, a passive concentration samplerdsasloped for GOM. The
sampler was deployed at several sites througheutthited States and in a laboratory

chamber where meteorological and chemical conditieare manipulated. Optimal
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sampling techniques were determined and the ovyaedibrmance of the sampler was
assessed.
Chapter 7 summarizes major findings and placesrédsearch in a broader

scientific context.
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Chapter 2. Speciation of Atmospheric Mercury at Two Sitesin

Northern Nevada, U.S.A.

Seth N. Lyman* and Mae Sexauer Gustin*
*University of Nevada, Reno, Department of NatlRakources and Environmental

Science/MS 370, Reno, Nevada, 89557

(Published imAtmospheric Environment, 2008, vol. 42, pp. 927-939

Abstract. Gaseous elemental mercury (GEM), reactive gaseausury (GOM), and
mercury bound to particles (PBM) were measurednguseasonal one- or two-week data
collection campaigns at two Mercury Deposition Natkvsites (NV02 and NV99) in
northern Nevada, U.S.A. The sites are rural beii@ated in an area of diverse natural
and anthropogenic mercury sources that includestunttied and mining-disturbed
enriched substrates, coal-fired power plants, ooegssing facilities, and industrial
facilities. Concentrations of GEM averaged overcathpaigns were 3.0 + 1.7 ng’rat
NV02 and 2.5 + 3.1 ng that NV99, higher than has been reported for othie sites.
GEM concentrations at the sites were found to Beenced by both local substrate
emission and transport from regional source ar€mcentrations of GOM and PBM
were within ranges reported for other rural site® £ 18 pg rit and 9 + 7 pg M at

NV02, 7 + 8 pg it and 13 + 12 pg Mat NV99, respectively). Mercury wet deposition
rates measured over three years (2003-2005) waikasto other sites in the arid West

(3.0 £ 0.7 ug i yrt at NV02, 3.9 + 0.4 pg iyr* at NV99).
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I ntroduction

Mercury exists in the atmosphere as three majongogaseous elemental mercury
(GEM), reactive gaseous mercury (GOM), and parlidand mercury (PBM) (Shroeder
and Munthe, 1998). Measurement of air mercuryigfiea is necessary to understand
the overall transport and fate of atmospheric nmgr@and speciated mercury
concentrations have been measured in a variegtohgs (e.g. Temme et al., 2003;
Weiss-Penzias et al. 2003; Lynam et al., 2005;9Ra0iset al., 2005; Caldwell et al., 2006;
Hall et al., 2006; Liu et al., 2007; Valente et 2D07).

A number of measurements of total gaseous merdi@) have been made in
Nevada, U.S.A. (e.g. Gustin et al., 1996; Naclal e2004; Ericksen et al., 2005;
Stamenkovic et al., 2007), and average concemisitanged from 1.3 to 2.5 nghfor
sites remote from sources (note that these measutswere made at different heights).
Speciated mercury measurements for rural sitdsermniand western United States have
been reported by Hall et al. (2006), who colledath at Yellowstone National Park for
10 days in summer 2003 (GEM range: 0.7 to 2.5 Rg®&OM range: <d.l. to 5 pg th
PBM range: <d.l. to 30 pg M, and Caldwell et al. (2006), who made limited
measurements in southern New Mexico in 2001-20@M@ange: 1.1 to 2.3 ng'h
GOM range: 2 to 25 pg th PBM range: 1 to 7 pg /). Additionally, Engle et al. (2006)
measured GOM concentrations as high as 261 pgtrgeothermal areas in Yellowstone
National Park.

This paper reports on concentrations of GEM, GO, BBM collected in northern
Nevada, U.S.A. Northern Nevada contains a vaoétyercury sources, including

undisturbed and mining-disturbed enriched subsraetensive geothermal activity, a
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coal-fired power plant, and gold ore processingifass (Figure 2-1). Among these
potential sources, naturally enriched substrateargarimarily in zones of hydrothermal
alteration, which make up about 7% of the surfaea af Nevada (Zehner and Gustin,
2002). Zehner and Gustin (2002) estimated anareege mercury flux for Nevada
(enriched and unenriched areas) to be 4.2 + 1mhpr* (mean + standard deviation),
or about 10 000 kg ¥k though in a subsequent paper Gustin et al. (2G@R)ced that
estimate to 3600 kg yrbased on evidence that the flux applied to unBedcsoils was
too high (a value of 3.5 ngfrhr* was used by Zehner and Gustin for unenriched soils
and was revised to 0.5 ng’rhr* by Gustin et al.). Engle et al. (2001) measumld s
fluxes at the lvanhoe Mining District in Nevada,aea of mercury enrichment and
historical mercury mining, and calculated an averfigx of 17.1 ng nf hr?, or 87 kg yr

! for the 586 krharea. The average flux from the open pit of dsehic mercury mine

in the district was 27 600 nghhr’. Mercury emissions have been estimated for other
mercury-enriched areas in the region, includingrmitlimited to Flowery Peak, Nevada
(37 kg yi* from a 251 krharea), and Peavine Peak, Nevada (10 Kgrngm a 108 krf
area) (Engle and Gustin, 2002).

Active geothermal areas are often enriched in nrgrand may also be sites of
atmospheric mercury emission (Varekamp and Busgt®6, Engle et al., 2006).
Mercury emissions from geothermal areas in nortiNgwada and the surrounding region
were measured by Coolbaugh et al. (2002) at then@ieat Springs geothermal area near
Reno, Nevada (estimate of 12 kg'jrom an 8 kri area), Engle et al. (2006) at the Dixie

Valley geothermal area in Nevada (estimate of 043« yf* from an 84 krfiarea), and
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Engle and Gustin (2002) at the Long Valley Calder@alifornia (estimate of 110 kg yr
from the 946 krharea).

Mercury emitted from enriched substrates is mastM (Gustin, 2002), and
emissions tend to increase with increasing tempexasunlight, atmospheric turbulence,
soil moisture, and substrate mercury concentrgt@arpi and Lindberg, 1998; Engle et
al., 2001; Gustin, 2002; Gustin et al., 2003; Guanhd Stamenkovic, 2005). Wetting of
dry soils tends to significantly enhance mercuryssion (Lindberg et al., 1999; Gillis
and Miller, 2000; Engle et al, 2001; Gustin andn&takovic, 2005).

Anthropogenic mercury sources also exist in théregncluding coal-fired
power plants, mining operations, waste storagditias, and various industrial sources
(Figure 2-1). Notable among these are sixteen guhihg facilities in northern and
central Nevada, which reported total fugitive ammgsions of 38 kg (includes emissions
from equipment leaks, evaporative losses, and $osem ventilation systems) and total
point source air emissions of 2086 kg for year 2005. Environmental Protection
Agency (EPA) Toxics Release Inventory, http://wwpagov/triexplorer/). A 2006
study of gold ore processing facilities (Nevadd) 20showed that emitted mercury is 72
+ 30% GEM, 27 = 29% GOM, and 1 = 2% PBM, with siggant variability among
processing units and facilities tested. Mine ngdi and waste rock constitute another
source of mercury to the atmosphere, and it is thgsized that emission from these
sources would be controlled by the same factomtlaes enriched substrates.

Additionally, Valmy Generating Station, a 530 MWatdired power plant, is
located about 80 km southeast of Mercury Deposiletwork (MDN) site NV02

(Figure 2-1). According to the EPA Toxics Relelseentory, Valmy Generating Station
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released 5 kg of mercury into the atmosphere irb20dercury emissions from coal-
fired power plant exhaust streams have been reptwtbe 20-75% GEM, 25-80% GOM,
and 2-10% PBM, and speciation depends on the tiypeab used, combustion
characteristics, and control technologies in pl&teu and Porcella, 1995; Carpi, 1997;
Senior et al., 2000; Pacyna and Pacyna, 2002; Exfget al., 2006).

This study included short term (one or two weelks)ssnal data collection
campaigns conducted in 2005 and 2006 at NV02 angI\Nwvo National Mercury
Deposition Network (MDN) sites (http://nadp.swsagdu/mdn) in northern Nevada.
Atmospheric mercury species, meteorological pararegand mercury soil flux were
measured during each campaign. Precipitation wiescted on a weekly basis
throughout the study period at both sites and aealyor mercury content as part of the
MDN network. Trends among atmospheric mercury igsemercury soil flux, mercury
wet deposition, and meteorological parameters weadyzed. HYSPLIT, an
atmospheric transport model (http://www.arl.noag/ggady/hysplit4.html), was used to

further elucidate atmospheric mercury behavior.

M ethods

Mercury speciation and meteorological data wertectdd simultaneously at NV02 and
NV99 in spring (29 Mar — 4 Apr), summer (26 Jul Adg), and fall (22 — 28 Oct) 2005,
and at NV02 only in winter (24 — 30 Jan) 2006 duénhitations in availability of
sampling equipment. Mercury soil flux was measutedng all campaigns except NV02

in spring and was not measured simultaneously tht $ites.
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Site descriptions. NVO02 (41.56N, 117.56W, 1388 m) is located at Lesperance Ranch,
70 km north of Winnemucca, Nevada in a broad, rdeskert valley surrounded on three
sides by mountains. A historical mercury mine aederal known mercury occurrences
exist in the valley. Soil mercury concentratioNat02 was 56 + 53 ngy NV99
(41.55N, 115.22wW, 1806 m) is located at Gibbs Ranch, 80 km norgtwéWells,
Nevada in a narrow, remote river valley on the seast end of the Jarbidge Mountains.
Soil mercury concentration at NV99 was 32 + 13 g g
Atmospheric mercury speciation. Mercury speciation was measured using the Tekran
2537A/1130/1135 system described by Landis e2@DZ), which sequentially collects
GOM on a KCl-coated quartz denuder, PBM (<3 png negenerable filter assembly,
and GEM on gold traps within a Model 2537A Merctgpor Analyzer. The Model
2537A flow rate was 1 L mih and the total flow through the denuder and paleie
filter assembly was 7 L mih At this flow rate, the particle impactor on thestem inlet
had a cut point of 3.0 um. The sampling time wasibfor GEM and 2 hr for GOM and
PBM. Fresh denuders and clean particulate filtense installed at the beginning of each
sampling campaign. Sample train glassware andigubere trace-metal cleaned as
needed. The Model 2537A was calibrated every 24simg its internal permeation
source. Sampling heights were 3 m and 1.5 m atNaf@l NV99, respectively, during
the spring, summer, and fall campaigns, and wasl1abNV02 during the winter
campaign.

At the beginning and end of each field campaigeanaard additions were
performed to check instrument calibration and dadg efficiency by injecting a known

amount of GEM into ambient air being sampled by2687A. Also at the beginning and
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end of each field campaign, all 2537A analyzersevgat to sample the same air for
several days to determine inter-system precisidmese precision checks included the
2537A analyzer used to measure mercury soil flog, this analyzer was also used to
monitor inter-system precision for short periodsi(Br) in the field. Additionally, inter-
system precision checks of complete 2537A/1130/K&siation systems were
performed before and after the fall and winter caigps. Relative instrument drift
during campaigns was assessed based on thesatestiata were adjusted using the
percent change. Relative percent difference foMM@s 7.0 + 5.3% (n = 19
comparative periods) and relative percent diffeesrfor GOM and PBM in fall were 7.2
+37.7% and 41.4 £ 62.1% , respectively (2 hr sasph = 19). Measured GOM and
PBM concentrations were both consistently 0 pyduaring the winter comparative tests.
Blanks for the 2537A were measured during eachinatecalibration cycle and
were consistently 0 ng fhregardless of season, preventing the calculafiandetection
limit. The manufacturer’s reported detection lifioit 5 minute samples measured with
the 2537A is <0.1 ng th(http://www.tekran.com/). During the summer caigpathe
detection limit for GOM and PBM, calculated asr@és the standard deviation of the
1130/1135 system blank, was 5 pg.nDuring other campaigns system blank
measurements were consistently 0 pgand detection limits could not be calculated.
Thus, the level of quantitation for the instrumerdsied with season. Detection limits
for similar speciation systems were reported by elahl. (2006) and Weiss-Penzias et al.
(2003) as 0.88 and 1.6 pgrespectively.
Dynamic flux chambers. Field measurements of TGM soil flux were made with

cylindrical polycarbonate chamber of 10 cm radiug,volume, and 1.5 L mihflow rate
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(Engle et al., 2001). Inlet and outlet chambercaicentrations were measured at 10 min
intervals with a Tekran Model 2537A and a Model @ EBlynchronized Two Port
Sampling System. Flux (F) was calculated in ighn' as:

F =AC*Q/A,
whereAC is the difference in mercury concentrations itl@iwersus inlet air in ng th
Q is the flow of air through the chamber iff hr*, and A is the surface area exposed to
the chamber in m Flux chamber blanks were measured before aedfigtd campaigns
by placing the chamber on a clean polycarbonate plaring daylight for at least 3 hr.
Blank AC values were 0.04 + 0.03 ng°’mFluxes were not blank-corrected.
Meteorology. Wind speed and direction (Young Model 05103-5harsradiation (Li-
Cor Model LI200X), and relative humidity and temgterre (Vaisala Model HMP45AC)
were measured and recorded as 5 min averagesaiSiagipbell Scientific data logger.
Weekly total precipitation was measured at NV02 BmM99 as part of the MDN network,
and daily area precipitation was assessed usirzgfidanh the following sites of the
RAWS Climate Archive: Sho-Pai, Morey Creek, Anteddpake, Stag Mountain, and
Rock Spring Creek (http://www.raws.dri.edu/indemht
Soil mercury analysis. At NV02 and NV99, soil samples were collectethatcenter of
the study area (where all atmospheric measuremeressmade) and at 25 m and 50 m
from the center of the study area in the 4 cardanal 4 ordinal directions (n = 17 per
site). Samples were analyzed for total mercuryterdrusing a Milestone DMA-80
analyzer (EPA method 7473).
HYSPLIT wind trajectories. The HYSPLIT trajectory model was used to com@e

hr back-trajectories of air transport to the stadgs for each 2 hr mercury speciation
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sampling period during field campaigns (n = 410he Eta Data Assimilation System 40
km (EDAS40) dataset, which is composed of succes3inr meteorological forecasts
interpolated on a 40 km grid, was used as the magdat
(http://www.arl.noaa.gov/ss/transport/edas40.htriife start height for trajectories was
500 m, and a subset of trajectories were comput&@dtm and 1000 m start heights for
comparison with the 500 m trajectories (n = 52dach alternative start height).

Trajectories from the 100 m and 1000 m subsets wa@neidered to be similar to
the 500 m trajectories (thus confirming that usa cbnstant 500 m start height is
adequate to represent average transport conditifaihg) majority of a 100 m or 1000 m
trajectory path and the majority of the correspagd00 m trajectory path fell within the
bounds of two rays angled 30° from each other within at NVO2 or NV99. In cases
where the majority of a 500 m trajectory was nairmted by 30 directional degrees, 100
m and 1000 m trajectories were considered sinol@otresponding 500 m trajectories if
at least 80% of their trajectory paths were withinkm of the 500 m trajectory path. Of
the 100 m and 1000 m trajectories, 90% were foorzktsimilar to the 500 m
trajectories.

For purposes of analysis, trajectories were orgahgeographically by assigning
each trajectory to the directional quadrant in \wlee majority of its path fell (northeast
guadrant is 0 to 90 directional degrees with NVORY99 as center, southeast quadrant
is 90 to 180 directional degrees, southwest quaasak80 to 270 directional degrees, and
northwest quadrant is 270 to 360 directional degre&his quadrant method of trajectory
analysis admittedly provides low-resolution resaltsl may ignore smaller scale

phenomena. However, mercury sources in this regxist over broad areas, and a
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variety of source types often occur within the sarea, rendering problematic any
detailed analysis of the contributions of each sewr source type based on these data.
Therefore, a low-resolution analysis of trajectaggults that indicated potential source
areas rather than specific sources was thougle todst prudent.

Statistical analyses. Data were processed using Intercooled STATA BdMicrosoft
Office Excel 2003. Summary statistics were comghutsing Microsoft Office Excel

2003. Correlation analyses (Pearson product mgmaeme conducted using NCSS 2004.
Correlation analyses were first conducted using &faim each seasonal data collection
period at each site, then all seasonal datasetsawenbined for each site and correlation
analyses were again performed. HYSPLIT trajeetowere processed and analyzed

using ArcGIS 9.1.

Results and Discussion

Atmospheric mercury concentrations at NV02 and N¥%8ibited different patterns and
variability across seasons and sites. It shoulddbed that these data comprise limited
snhapshots in time, and observed trends may ngtreiresent average conditions.
During most seasons average GEM concentrationdd Pab) were higher than has been
reported for other rural North American sites, @M and PBM concentrations were
within the range of other rural sites (Valenteletz007). Average GEM concentrations
were highest in summer at both sites, and averBd§ ¢dncentrations were highest in
spring. Median GOM concentrations were highesiodh sites in summer, but average
GOM was highest in fall at NV02, where the GOM datavas dominated by a few large

peaks. Large spikes in GEM were often observdmbtht sites, as were periods of
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sustained elevated GEM concentrations (Figure 2-2).

GOM showed more diurnal variability at NVO2 relaito NV99 (Figure 2-3). At
both sites GOM was correlated with temperature@59, p < 0.01 at NV02; r = 0.54, p
< 0.01 at NV99 for combined datasets) and solaatia (r = 0.39, p < 0.01 at NVO02; r
=0.24, p < 0.01 at NV99) and negatively correlatetth relative humidity (r = -0.57, p <
0.01 at NV02; r =-0.43, p < 0.01 at NV99). GOMncentrations tended to be higher
during the afternoon, which could be indicativgpadduction via photooxidation (Liu et
al., 2007) or may be due to entrainment of GOM ftbmupper atmosphere as mixing
layer height increases during the day. GOM comaéinhs are thought to increase with
height in the atmosphere (Swartzendruber et algR00

GOM and PBM concentrations were correlated with G&avicentrations at both
sites (r = 0.19 for GOM, 0.23 for PBM at NV02; 043 for GOM, 0.26 for PBM at
NV99; using combined datasets, p < 0.01 for aMmospheric mercury species
composition did not change significantly duringipds with elevated GEM
concentrations (concentrations >2 standard deviat@dove the mean). On average at
NVO02, atmospheric mercury was 99.2 £ 0.7% GEM,#®6% GOM, and 0.3 + 0.4%
PBM. For periods with elevated GEM concentratittresscomposition was not
statistically different, with 99.5 + 0.5% GEM, (t3.6% GOM, and 0.2 £ 0.1% PBM.
At NV99, atmospheric mercury was 99.2 + 0.5% GEM,©0.2% GOM, and 0.5 +
0.5% PBM on average, and 99.5 + 0.2% GEM, 0.2 ¥0GOM, and 0.2 + 0.1% PBM
for periods with elevated GEM concentrations. Qorent peaks in GEM, GOM, and
PBM may indicate simultaneous release of all spgeft@n a source or may be due to

secondary production of GOM and PBM from GEM.
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In summer at both sites, sustained episodes oaldVGEM concentrations
corresponded with periods of thunderstorm acti(ftgure 2-4). This trend was
observed in summer at NVO2 in spite of the fact ttwaprecipitation fell at the
immediate study site, but only in the surroundirgpa. Elevated GEM concentrations
during these periods may have been caused by ezdhamercury emission from enriched
substrates in the region following rainfall (Lindgeet al., 1999; Gillis and Miller, 2000;
Engle et al, 2001). Also, higher relative humidityring periods of thunderstorm activity
may have enhanced mercury emission from soils (Eige4). Retention of volatile
organic pesticides by dry soils with low organictteacontent has been shown to
decrease with increasing relative humidity duendisplacement of volatile organics by
H,O on mineral surfaces (Chiou and Shoup, 1985; G&&3), and GEM may behave
similarly. Finally, lower atmospheric pressureasated with the thunderstorms may
have caused some flow of GEM-enriched interstéiafrom the soil into the atmosphere.

Wildfires have been shown to be sources of mertutige atmosphere in the
form of GEM and PBM (Friedli et al., 2003; Engleatt 2006). Several small (<900 ha),
short (<24 hr) fires burned in the region during tinst half of the summer field
campaign (Western, 2005). However, concentratidii3EM and PBM were not
uniquely high during periods when fires burned, BIMSPLIT analysis showed that
trajectories which passed through wildfire areasawmt consistently associated with
higher GEM or PBM concentrations (data not showit)us, wildfires are not thought to
have contributed significantly to atmospheric meyaoncentrations measured at NV02
and NV99.

Sail flux. Mean flux of mercury from soil was always postiwhen measured at NV02
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(Table 2-1). At NV99, however, the mean flux dtrec was positive during summer but
negative during spring and fall (Lyman et al., 2D0&t NV99, soil flux and GEM
concentrations were positively associated durimgeseeasons. For example, soil was
frozen and partly snow-covered during the firseéhdays of the spring campaign at
NV99 and mean mercury soil flux was negative, blaéwtemperatures increased rapidly
and the soil thawed soil flux and GEM concentratiboth increased (Gustin et al.,
2006). Also, mercury soil fluxes and GEM concetidrzs both consistently peaked at
midday during the second half of the summer canmpaid\VV99 (Figure 2-4). Although

a similar trend was not observed in fall, this sgjg that local substrate emission may
influence GEM concentrations at NV99.

In contrast, soil flux at NVO2 was inversely coateld with GEM during the
summer and fall campaigns (r =-0.42, p < 0.0lummmer ; r =-0.43, p = 0.10 in fall),
with maximum soil fluxes occurring at midday andxmaum GEM concentrations
tending to occur around midnight (Figure 2-4). Tinghttime increase in GEM
concentrations was observed only during the sunameétfall campaigns. This trend may
have been caused by a buildup of emitted GEM irskialow nighttime surface layer
followed by dissipation during the day when the mdary layer was well mixed. Soil
fluxes measured at the study site during summerahdere low (Table 2-1) and may
have been outpaced by much greater emission fluaesenriched substrates in the area
(an abandoned mercury mine is located 18 km from@2ldh the southern end of the
same valley). These patterns suggest that lotakiie emission may influence GEM
concentrations measured at NVO02.

HYSPLIT analysis. No consistent relationships between HYSPLIT ttey path and
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concentrations of GOM or PBM were observed at eshedy site. Higher GEM
concentrations, however, did tend to be associatidtrajectories that passed over
certain regions, and Figure 2-5 shows trajectaradsgorized by 2 hr average GEM
concentration. Some GEM peaks observable in Figtt@ppear to correspond with
transport over certain regions (e.g. NV0O2 in wihpter

During the spring campaign, air arrived at botbsgither from the northwest or
southwest quadrants, and GEM concentrations wemdasiregardless of trajectory
direction (Table 2-2; note that mean GEM concernatin spring were greater at
NV99). In summer at NVO2 GEM concentrations tenttede high regardless of wind
trajectory path. Potential sources of mercunhtmadtmosphere (historical mercury mines
and enriched substrates) exist <20 km from NVOZ;imzloser than the 40 km resolution
of the EDAS dataset used to compute HYSPLIT trajge$, and may have confounded
results. Also, trajectory paths were more conwaluth summer, making quadrant
analysis less useful. In spite of this, traje@smat NV02 that fell within the northwest
guadrant corresponded with periods of significahtbher GEM concentrations relative
to the remainder of the summer dataset (using paited t-test, p = 0.01). About 60 km
northwest of NVO2 is a region of mercury enrichmeith five historical mercury mines
which together produced >1 000 000 kg mercury (Bgt2003). Warm conditions with
frequent thunderstorms during summer may have &vemissions from enriched
substrates in this area. Trajectories that fethwwithe southeast quadrant during summer
at NV02 corresponded with GEM concentrations thettensignificantly lower than
others (p < 0.01). Conversely, in fall and wiraeNVO02 the southeast quadrant

corresponded with significantly higher GEM concahons (p = 0.01 for fall, p < 0.01
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for winter). The southeast quadrant for NVO2 corgta variety of mercury sources,
including gold mines, a coal-fired power plant, @amidiched substrates.

In summer and fall at NV99 trajectories from tlethwest quadrant
corresponded with significantly higher GEM concahans (p = 0.07 in summer, p <
0.01 in fall). The southwest quadrant at NV99 eord the same potential sources of
mercury as the southeast quadrant at NVO2 (lidbegte. It is not known why this area
appeared not to contribute to atmospheric mercongentrations observed at NV02 in
summer or NV99 in spring, but did appear to haveninence during other seasonal
campaigns.

During two periods of the study (8/2-8/3/2005 ad2B-10/24/2005) 24 hr
trajectories were oriented such that the end pdiattrajectory at one site corresponded
both temporally and geographically with the starinp of a trajectory at the other site,
making possible an analysis of the change in GEMentration as the modeled air
parcel traveled from one site to the other (Fit#®. Trajectory direction was west to
east during the first period and east to west duttiie second, but both periods show that
GEM concentrations increased as the air parcetkeawetween the sites, implying that
the area between the sites is a source of atmasphercury.

Wet deposition. Wet deposition of atmospheric mercury has beenitmied at NV02

and NV99 since February 2003 as part of the MDNold@2-3). In 2003 and 2005 total
deposition was 43% and 69% higher, respectiveld\é9 than at NV02 but was

slightly lower at NV99 in 2004. Total precipitatiavas also higher at NV99 in 2003 and
2005 but was similar at both sites in 2004, andtiserved differences between the two

sites may be largely due to precipitation amount.
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Wet deposition at these sites is similar to oth@®Nvsites in the inland western
United States. For comparison, the average faraotitand western sites is 5.1 £ 1.7 ug
m? yr! (using available 2003-2005 data from NM10, CO9@98, WY08, and MTO05).
Although concentrations of GEM are higher at NV0O2 &V99 relative to other rural
sites (Valente et al., 2007), it is possible thatdbserved elevated GEM concentrations
do not have a significant effect on local wet déjoms, since GOM and PBM are thought
to dominate depositional processes (Bullock, 2@#igneur et al., 2004). In a related
paper that utilized the dataset from this studynhwn et al. (2007) reported a likely
annual total atmospheric deposition (wet + dry)geaat NVO2 to be 5.0-13.5 pg’m

Log of mercury concentration in precipitation weegjatively correlated with log
of precipitation amount at both sites (see Figuie 2= -0.57, p < 0.01 at NV02; r = -
0.40, p < 0.01 at NV99), as has been found in adheties (e.g. Glass et al., 1991,
Lamborg et al., 1995; Mason et al., 1997). Studileerein precipitation was sampled
sequentially during rain events have found thatoomgrconcentrations are usually
highest at the beginning of an event and then dserever time as the event continues
(e.g. Ferrara et al., 1986; Bloom and Watras, 188ss et al., 1991). This “washout
effect” is attributed to scavenging of PBM and gasespecies (especially GOM)
(Poissant and Pilote, 1998; Schroeder and Mun®®8)1 Mercury concentration in
rainwater is high at NVO2 and NV99 (Table 2-3) atather arid sites (e.g. average from
2003-2005 (excluding dry weeks) for NM10 is 28.2G:9 ng L), which may be
because average precipitation amount is low (&83and 9.1 + 9.3 mm per week
(excluding dry weeks) at NV02 and NV99, respectiyand washed-out mercury in

collected precipitation is not diluted by continuashfall.
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Summary

Northern Nevada contains a variety of atmosphegcocory sources, and the dynamic
behavior of mercury at NV02 and NV99 is the resfitomplex interactions among local
and regional sources and meteorology. While GORteatrations appeared to depend
mostly on meteorological conditions, GEM concemndrat at the sites depended both on
meteorological influences, which mobilize mercurymh local and regional enriched
substrates, and on transport from various regisoatce areas. Enriched substrates in
the region appeared to be larger sources of metouhe sites during warmer months
when meteorological conditions would promote enmsissand local soil emission
appeared to influence GEM concentrations duringesseasons at both sites. Also,
though GEM concentrations were higher at these #ii@n is common at other rural sites
in North America (Valente et al., 2007), mercuryt weposition was low and similar to

other inland western sites.
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Tablesand Figures

Table 2-1. Statistical summary of parameters measured at NWviG2NV99 during

seasonal campaigns.

Hg Soil  Temp- Humid- Solar Wind

GEM GOM PBM Flux erature ity Rad. Speed

ngm® pgm?® pgm?® ngm*hrt <« % W m ms*

Spring NVO02 Mean 1.7 5 16 4.3 56 207 3.3
29 Mar - 4 Apr Median 1.6 4 14 3.6 54 18 2.7
2005 Max 3.7 25 39 16.8 100 1080 12.2
St.Dev. 0.3 4 8 5.0 22 302 2.3

NV99 Mean 2.2 2 27 -0.02 1.8 60 181 1.8

Median 2.2 1 26 -0.05 0.8 66 2 1.5

Max 4.4 15 65 2.11 14.9 94 1095 6.4

St.Dev. 0.6 3 15 0.60 6.6 23 295 1.6

Summer NV02 Mean 3.8 17 9 0.32 23.7 33 304 21
26 Jul - 8 Aug Median 3.5 13 8 0.23 24.6 28 78 1.8
2005 Max 11.2 72 39 2.26 36.1 85 1125 11.0
St.Dev. 15 12 7 0.59 7.3 17 363 1.3

NV99 Mean 2.9 10 12 0.47 21.2 42 217 12

Median 2.2 9 11 0.29 20.8 35 19 0.9

Max 106.0 74 49 5.50 35.5 95 1287 7.8

St.Dev. 4.2 8 7 0.77 7.8 25 336 1.1

Fall NV02 Mean 2.5 24 5 0.15 10.7 56 128 17
22 - 28 Oct Median 2.2 12 4 0.10 9.1 54 0 14
2005 Max 16.0 150 16 1.69 25.9 100 732 8.1
St. Dev. 1.6 30 3 0.43 6.9 25 210 1.3

NV99 Mean 2.0 4 3 -0.22 8.3 56 85 1.0

Median 1.7 3 1 -0.25 6.1 59 0 0.5

Max 5.3 14 19 1.03 229 94 757 4.7

St. Dev. 0.8 4 4 0.33 7.2 25 176 1.1

Winter NV02 Mean 2.8 2 4 0.11 17 79 78 19
24 - 30 Jan Median 1.7 0 1 0.10 15 83 0 13
2006 Max 10.7 42 23 1.31 12.8 98 691 9.4
St. Dev. 2.1 7 6 0.20 3.6 15 144 1.7

31
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Table 2-2. Mean concentrations of GEM for 2 hr sampling pa@sicorresponding with

HYSPLIT air back trajectories that fell within déffent quadrants. A trajectory was

assigned to the northeast quadrant if the majofitis path fell between 0 and 90

directional degrees (with NV0O2 or NV99 as centerthe southeast quadrant if its path

fell between 90 to 180 directional degrees, etd.Mdicates that < 3 trajectories fell

within the specified quadrant.

(ngm® Northeast Southeast Southwest Northwest
Spring NV02 N.D. N.D. 1.7+0.3 1.7+0.1
NV99 N.D. N.D. 2.3+0.6 23+02
Summer  NV02 3411 3.0+0.6 38+17 43+15
NV99 1.8+0.3 2415 4.2+4.0 2.3+0.7
Fall NV02 25%04 3.2+138 1.8+04 N.D.
NV99 1.8+0.2 1.5+0.3 25+0.9 N.D.
Winter NV02 N.D. 6.4+1.4 22+15 N.D.
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Table 2-3. Annual precipitation, annual mercury wet depositiamd average mercury

concentration in precipitation (excluding dry weesNV02 and NV99.

Total Average Total

Precip. Conc. Deposition

cm ng L*! pg m?
2003 NVO02 13.7 55.2+90.1 3.0
NV99 24.4 24.2£27.2 4.3
2004 NVO02 21.6 28.9+41.2 3.7
NV99 21.8 22.4+31.5 35
2005 NVO02 234 25.6 £62.9 2.3

NV99 28.7 22.6 £37.5 3.9
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Figure 2-1. MDN sites NV02 and NV99 and regional mercury sesrcindustrial
sources, coal-fired power plants, waste disposdlitias, gold mines, and other mining

facilities were taken from the 2005 EPA Toxics Reke Inventory.
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Figure 2-2. Time series of GEM measurements at NV02 and Nwi@®e(differences in

scale).
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Figure 2-3. Hourly GOM and PBM at NV02 and NV99 averaged fralirfield

campaigns. Whiskers represent standard error.
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Figure 2-4. Air GEM concentration, mercury soil flux, relatibveimidity (running
median), and days wherein area precipitation oeduat NV0O2 and NV99 in summer
2005. Note that GEM concentrations >10 rigane removed. See Figure 2-2 for the

full range of GEM values.
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Figure 2-5. 24 hr HYSPLIT air back trajectories from field caagns (500 m start
height). Each trajectory ends at NVO2 or NV99 dgra 2 hr mercury speciation
sampling period and is categorized on the map daupto the average GEM
concentration for that 2 hr period. Delineationsdquadrant analysis of trajectories are

shown with the Spring 2005 trajectories. Symbo¢sas in Figure 2-1.
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Figure 2-6. Sets of 24 hr trajectories that passed directignfNV02 to NV99 or from
NV99 to NV02. Trajectories are numbered conseelifrom the earliest to the latest

end time. Symbols are as in Figures 1 and 5.

Average

Trajectory End Time of GEMConc.
Numbers Trajectories ng m*

A 1-3 8/2/05 15:00-22:00 26+1.0
4-5 8/3/05 17:00-20:00 7.8+7.1

B 1-5 10/23/05 0:00-21:00 2.0+0.2
6-10 10/24/05 1:00-22:00 29+0.6
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Figure 2-7. Total mercury in precipitation (log scale) versueekly precipitation amount

(log scale) at NV02 and NV99.
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Chapter 3: Estimation of Dry Deposition of Atmospheric
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Seth N. Lymah Mae Sexauer GustinEric M. Prestbt Frank J. Marsik

tUniversity of Nevada, Reno, Department of Nat&esources and Environmental
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8University of Michigan, Department of Atmospher@geanic and Space Sciences, Ann

Arbor, Michigan, 48109

(Published irEnvironmental Science and Technology, 2007, vol. 41, pp. 1970-1976)

Abstract. Atmospheric models and limited measurements inelittaat dry deposition of
atmospheric mercury is an important process by kwvhiercury is input to ecosystems.
To begin to fill the measurement data gap, multipithods were used simultaneously
during seasonal campaigns conducted in 2005 an@l ®0&stimate dry deposition of
atmospheric mercury at two Mercury Deposition Netv@dIDN) sites in rural Nevada,
U.S.A. and in Reno, Nevada, U.S.A. Gaseous elaherdgrcury (GEM), reactive
gaseous mercury (GOM), and particulate-bound megr@BM) concentrations were
measured using Tekran 2537A/1130/1135 systemssel$@eciated measurements were
combined with on-site meteorological measuremenestimate depositional fluxes of

GOM and PBM using dry deposition models. Modelagdds were compared with more
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direct measurements obtained using polysulfon@mrakchange membranes and foliar
surfaces. Dynamic flux chambers were used to nmeasul mercury exchange.

GOM concentrations were higher during warmer moathall sites, leading to
seasonal variation in the modeled importance of G&3M component of total
depositional load. The ratio of dry to wet depositwas between 10 and 90%, and
varied with season and with the methods used fpddposition approximations. This
work illustrates the variability of mercury dry deption with location and time and

highlights the need for direct dry deposition measents.
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I ntroduction

Atmospheric deposition is thought to be an impdrgathway for the input of inorganic
mercury to aquatic and terrestrial environmenttz@érald et al., 1998). Mercury is
deposited by both wet and dry processes, and vpeistteon of mercury is monitored at
~90 Mercury Deposition Network (MDN) sites in NoAlmerica
(http://nadp.sws.uiuc.edu/mdn). Dry depositioesadepend on meteorological and
surface parameters, as well as the compositioneofumy species in the atmosphere.
Gaseous elemental mercury (GEM) is the most aburadarospheric mercury species,
comprising greater than 90% of total atmosphericcomy. GEM is less reactive and is
thought to have a longer residence time relativather atmospheric mercury species
(Schroeder and Munthe, 1998). Gaseous specieddfed mercury are referred to
collectively as reactive gaseous mercury (GOM) dbierg and Stratton, 1998). GOM
species are highly soluble in water (e.g. Hd@ls a Henry’s law coefficient of 1.4 x®10
M atni?) (Lin and Pehkonen, 1999) and are considered\e hashort atmospheric
residence time. Mercury bound to particles (PBBIS bn intermediate residence time
that depends on particle size (Schroeder and Muhe8s8).

GEM is known to exhibit both emission and depositibindberg et al., 1992;
Lindberg et al., 1995; Gustin et al., 1996; Schevexhd Munthe, 1998; Lindberg and
Meyers, 2001). Seigneur et al. (2004) reviewedrgety of studies of GEM deposition
and noted that bi-directional model simulationsulesl in an average deposition velocity
(V4) of 0.06 cm &, but they chose 0.01 crit 8s a constantMor GEM in their global
atmospheric mercury model, citing evidence thaakgtby vegetation may occur only

when atmospheric concentrations rise above a cosagien point. Estimates of GOM
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dry deposition obtained from vertical gradient meaments and application of the
modified Bowen ratio method provided depositioroegies ranging from 0.4 to 7.6 cm
s* (Lindberg and Stratton, 1998; Poissant et al.420@ study of mercury deposition to
forest foliar surfaces resulted in an estimatgdov GOM ranging from 0.1 to 0.5 crit's
(Rea et al., 2000). PBM depositional behavior ddpend on particle mass and size
distribution. Keeler et al. (1995) reported th@¥8of PBM in urban Detroit was in the
fine mode (<2.qum) and that the mean fine mode diameter was |68 Particles of
diameter less thandm have \4 in the range of 0.1 to 1.0 crit §Zhang et al., 2001).

In this study, concentrations of atmospheric mersypecies were measured and
direct (soil chambers, leaf washes, surrogate sesjeand indirect (dry deposition
models) methods were used to estimate dry depogifimercury species at two MDN
sites in rural Nevada, U.S.A., and one suburbanisiReno, Nevada. Estimates of dry
deposition obtained using different methods arepamed and the significance of dry

versus wet deposition as mechanisms of atmospimenicury input is considered.

M ethods

This study included one- to two-week intensivediehmpaigns at 2 MDN sites (NV02
and NV99) in Nevada, U.S.A. and long-term dataemibn at the Desert Research
Institute (DRI) in Reno, Nevada (Figure 3-1). ®mert-term field campaigns were
conducted in spring, summer, and fall 2005 at Ng06& NV99 simultaneously, and in
winter 2006 at NV02. Each short-term field campaitcluded measurement of

atmospheric mercury species and meteorologicahpetexs and deployment of cation-
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exchange membranes as surrogate surfaces to estiiyadeposition of GOM. Mercury
soil flux was measured during most short-term feddhpaigns and, due to equipment
limitations, was not measured at the two sites kanaously. The summer field
campaign included leaf wash measurements. Iniaddid seasonal field campaigns,
mercury speciation and meteorological data werlectald at DRI from November 2004
through February 2006, and cation-exchange memé&maaee deployed monthly.
Mercury soil flux was measured at DRI in Septenf@65, and leaf washes were
collected at DRI in August and September 2005.

Site Descriptions. MDN site NVO02 (41.56N, 117.56W) is located at Lesperance Ranch,
70 km north of Winnemucca, Nevada. It lies onribghern end of a broad, flat desert
valley. The area is rural with a mix of pasturelamd sagebrush-dominated native
vegetation. MDN site NV99 (41.88, 115.22W) is located at Gibbs Ranch, 80 km
northwest of Wells, Nevada. The site lies on thetern side of a narrow river valley
with irrigated native grass fields surrounded byetaush-dominated native vegetation.
The Desert Research Institute (DRI) (3914,7119.86W) is located about 5 km north of
downtown Reno, Nevada. The area is hilly and sudoumvith sage- and rabbitbrush-
dominated native vegetation. Prevailing windsfeoe the west at DRI, and wind
measurements were made on the east side of thirigudomplex. Due to possible
interference from the building complex, wind measoents at DRI may not be
representative of turbulent transfer conditions| amodeled deposition results from DRI
should be considered with caution. Despite this,authors feel modeled results may be
used to investigate seasonal trends in dry depositi the site. See Supporting

Information for more discussion of study sites.
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Atmospheric Mercury Speciation. Tekran automated mercury speciation systems were
used to measure concentrations of GEM, GOM, and R&Mum). The Tekran
speciation system is described by Landis et aDZ20and includes sequential collection
of GOM on a KCl-coated quartz annular denuder, RBM quartz filter assembly, and
GEM on gold traps within a Model 2537A Mercury Vagmalyzer. Collected mercury
is thermally desorbed and analyzed by cold vapmnat fluorescence spectrometry. A
detailed discussion of system operation and quedibirol procedures can be found in
Supporting Information.

Dynamic Flux Chambers. In situ measurements of mercury soil flux were masiag a
cylindrical polycarbonate chamber with a 10 cmuadB.5 cm height, 1 L volume, and
1.5 L min* flow rate(Engle et al., 2001). Air entering and exiting tember was
measured sequentially at 10 min intervals by a dekiodel 2537A with a Tekran
Model 1110 Synchronized Two Port Sampling Systéhux of Hg was calculated using
the equation:

F =AC*QIA,

where F is the surface flux of Hg in ng’rhr?, AC is the difference in mercury
concentrations in the outlet airstream versusritet airstream in ng i Q is the flow of
air through the chamber in*hr?, and A is the soil surface area exposed to thmbka
in m?. Flux chamber blanks were measured before ardfigdtd deployment by placing
the chamber on a clean polycarbonate plate duagtght for at least 3 h. BlankC
values were 0.04 + 0.03 ngm Sample flux measurements were not blank-cordecte
Meteorology. At NV02 and NV99, wind speed and direction (Youigdel 05103-5),

incident radiation (Li-Cor Model 190SA), and releihumidity and temperature (Vaisala
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Model HMP45AC) were recorded and averaged usingragbell Scientific data logger.
At DRI, meteorological measurements were colleete@ weather station operated by the
Western Regional Climate Centattp://www.wrcc.dri.edu/weather/nnsc.html).
Cation-exchange Membranes. Cation-exchange membranes (Pall Corporation, P/N
ICE45S3R) were deployed as surrogate surfacesdasarement of GOM deposition.
The cation-exchange membrane is constructed ottineggacharged polysulfone, has a
0.45um pore size and 14@n thickness, and has a non-woven polyester backing.
Membranes were deployed on trace-cleaned cleali@apftgtes with acrylic fasteners,
and the exposed surface of mounted membranes Wasnf0 Membranes were handled
only with PTFE-coated forceps and were deployedifoiday periods in quadruplicate at
1 m with the exposed face down to reduce contamimétom large particles or
precipitation and to reduce evasion of depositecturg in conditions of high solar
radiation.

At the end of each deployment period, membranes wafected into I-Chem
glass jars with PTFE-coated lids. At the same tifmer clean membranes were collected
in jars to serve as blanks. Samples were frozdrstored for less than 30 days before
analysis. Samples were digested in a 0.02 M bremmanochloride solution and digests
analyzed for total mercury in solution as descrilmeBPA Method 163{USEPA, 2002).
In unpaired t-tests, samples were always signifigagreater than blanks at= 0.01.
Standard deviations of replicates were 6-20% ofpdammeans. Depositional flux (D) of
mercury to membranes was determined in ffghrit by the equation:

D = [(S — BY/A]IT,
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where S is the total mercury recovered from a deggicample in ng, B is the average
total mercury in ng recovered from blanks, A is éxposed membrane area ifi, mnd T
is the time in hours the sample was deployed.

L eaf Washes. Mercury removed from leaf surfaces by rinsing waardified for aspen
(Populus tremuloides) and sagebrusi{emisia tridentata). Aspen were used during the
summer field campaign at NV02 and NV99, and aspehsagebrush were used at DRI
in August and September 2005. All plants werequbith low mercury (< 20 ppb) soils
and grown in a greenhouse for several months befepoyment. Immediately prior to
use, foliage of each plant (5 plants per deployineas rinsed with 1 L 18.2 8 cm™*
deionized water. Five sets of leaves (consistimgne leaf from each plant for aspen and
three leaves from each plant for sagebrush) wdlected immediately and rinsed in two
50 mL aliquots of 18.2 % cm* deionized watefFrescholtz and Gustin, 2004). The
two aliquots of rinse water were combined in Tefbattles and acidified with 1 mL
Optima HCI. At the end of the deployment periodiélys at DRI, 12 days at NV02 and
NV99), five sets of leaves were again collected mmgkd in the same manner. Rinse
water was analyzed for total mercury in solutiomdeascribed in EPA Method 1631
(USEPA, 2002). Depositional flux (D) of water-sble mercury to leaf surfaces was
calculated in ng i hr' by the equation:

D = (S/Ls — B/Lg)/T,

where S is the total mercury in ng recovered frorae water from a set of leaves
collected at the end of the deployment period, Bésaverage total mercury in ng from

rinse water from the five sets of leaves colle@ethe beginning of the deployment
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period, Lsis the total area in frof the leaves from S glis the average total area irf of
the leaves from B, and T is the time in hr the sdamere deployed.

Dry Deposition Models. GOM and PBM dry depositional fluxes were calcetbbased
on the resistance models of Zhang e{2603) and Zhang et 42001), respectively.

Most established dry deposition models assumeiffax to be unidirectiondWesely
and Hicks, 2000), and GEM dry deposition was notleted in this study because it
exhibits bi-directional surface flux. The GOM mobdalculates ¥ for gaseous species.
V4 is calculated by the equation

Vi=lU(R+ R+ R)

where R, Ry, and R are the aerodynamic resistance, quasi-laminaageablesistance,
and canopy resistance, respectively. The padiegposition model calculates; Yor
particles based on the equation

Va=Vg+ U(Ra+ R

where \j is the gravitational settling velocity . the aerodynamic resistance, andsR
the surface resistance. Venkatram and Pleim (198@X that the resistance analogy is
not appropriate for modeling particle depositioat toncede that this inconsistency may
have little effect on model results. These motalse been shown to produce reasonable
values that are within the range of measurgdéoYvarious gas species and for particles
(Zhang et al., 2001; Zhang et al., 2003). Addaianformation about model design and

implementation is available in Supporting Infornoati



50

Results and Discussion

Model Sensitivity Analyses. Model parameters with the most uncertainty and the
greatest potential to influence results were ingastd through sensitivity analyses. For
the GOM model, these included the scaling parametandf (chemical species-
dependent values used to scale ground and cutisiistance from established values for
SO, and Q, respectively), stomatal resistance, standardatiewi of wind direction, and
land use category. The standard deviation of wlinection affects R Ry, and R, while
a andp, stomatal resistance, and land use category affégtR.. For the PBM model,
investigated parameters included particle sizdjgadensity, standard deviation of
wind direction, and land use category. Sensitigitglyses were conducted using
datasets collected at NV99 in spring, NV99 and NW¥0&mmer, and DRI in November.
For the GOM deposition model, when the scaling ipatarso. andp were
increased from the values applied in the model base o= =2toa=pf=10 @ =f
=10 is recommended by Zhang et(2002) for HNQ), V4 increased by 120% (from
0.46 + 0.16 cm'$to 1.00 + 0.35 cm™Y. When stomatal uptake was eliminated from the
model GOM 4 decreased by only 1%. Due low humidity, low laeda index, and
extreme temperatures, the stomatal pathway wasnpatrtant to modeled deposition
rates during most seasons at these high desext 8ecause of the reduced influence of
stomatal uptake and the high reactivity and salytof GOM, modeled GOM deposition
was highly dependent on,&nd friction velocity (¥). The equations used in this study to
calculate Rand u depend on wind speed and standard deviation af direction,
which serve as estimates of atmospheric turbuleficetest the sensitivity of the model

to these parameters, standard deviation of wirettion was doubled, which caused u
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to increase by 100% relative to the base cagty RBecrease by 75%, and ¥ increase

by 103% (0.93 + 0.28 cni's  Changing the land-use category from broadleafgreen
shrubs to desert increased by 11% (0.51 + 0.05 cnmi’$ (the desert category assumes
no vegetation exists). For the PBM dry depositimodel, doubling the particle diameter
from 0.68um to 1.36um decreased PBM My 29% (from 0.12 + 0.04 to 0.08 £ 0.03 cm
s%), and changing the particle density from 1.5 ®@cni® increased PBM Yby 1%.
Doubling of standard deviation of wind direction ® a 98% increase in PBM;Y0.24
+0.09 cm &). Modeled PBM ¥ did not change significantly when land use catggor
was changed to desert.

These analyses show that model results were sengitenvironmental and
meteorological conditions observed during the stoelyods, and application of the
models to other land use categories or climatofdgionditions would likely yield
different results. Also, these analyses showtti@imodels were sensitive to the
chemical and physical properties of gaseous spaai@particles, and assumptions made
about these properties are likely to be an addectsemf uncertainty. Note that model
calculations for GOM and PBM used mean concentnatieo results do not reflect
measurement uncertainty, and that modeled deposi@mcities for GOM are on the
lower end of the range reported by others (Lindlzerg Stratton, 1998; Poissant et al.,
2004).

Field data. Table 3-1 summarizes results of field campaigié\&2 and NV99 and
periods of cation-exchange membrane deploymenRat [EEM concentrations were
greatest at the rural MDN sites, but DRI had cdastty higher GOM concentrations.

Since DRI is an urban site and is also closerrgelairban areas upwind (i.e. Sacramento
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and San Franciso), it is possible that the high@M3Xoncentrations reflect urban air
pollution, which is thought to enhance GOM format{@Veiss-Penzias et al, 2003).
GOM concentrations at all sites were highest irvthemer seasons, as was mercury
deposition to cation-exchange membranes. Averdgil @ colder months was low,
though it was significantly greater than the levkedjuantitation (See Supporting
Information). Trends in mercury soil flux variethang the study sites. Net emission
was always observed at NV02, while the net directibsoil flux changed with season at
NV99. Diel variation in fluxes was observed witiglner flux during the day and lower
flux during the night (Gustin et al., 2006).

Comparison of Methods. Mercury depositional flux calculated from catiexchange
membrane results was well correlated with mean Ghtentrations fr= 0.84, p <
0.001) (Figure 3-2), and addition of wind speedM=gbncentration, or PBM
concentration in a linear regression model didimgirove the correlation. Calculated
membrane deposition was well correlated with matl&®M deposition {r= 0.87, p
<0.001), though membrane deposition was, on averagee than five times greater than
modeled GOM deposition. The difference betweerod#ipon to membranes and
modeled GOM deposition was greatest at NV99, whadreor snow fell during all field
campaigns. The calculateq ¥f GOM to membranes that received rain was 3.2469
cm s', while the \4 to membranes that did not receive rain was 1.8%4 cm &,
indicating that contamination during rain evenkely led to artificially high results. The
mean \§ of membranes that did not receive rain was stadater than modeled GOMyV
by more than three times. It is thought that tleectige membrane surface presented little

resistance to GOM deposition, whereas modeled G@fAce resistance was
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considerable (755 + 1050 s’ When the GOM model was set to ignore surface
resistance, modeled GOMyWas 1.62 + 0.73 crmi‘sand similar to that calculated using
membranes. Because GOM may deposit to cation-egehaembranes more readily
than natural surfaces a surface resistance fastdd potentially be applied to membrane
results to estimate deposition to natural surfatks hypothesis warrants exploration via
collection of data in different environmental segs.

Cation-exchange membranes collected about 20 tinoee mercury than the
surfaces of simultaneously deployed aspen leaugar@-3-2), and no measurable
deposition of mercury to sagebrush leaves occurfée leaf wash data is limited and
differences in wash mercury concentrations fortthe leaf types may reflect a difference
in the surface area washed and/or leaf surfaceaeffifor mercury collection. Mercury
collected from leaf rinses is thought to reflectstipw GOM and PBM deposition (Rea et
al., 2000). Mean modeledyValues for PBM (Table 3-2) were near a “typicadiiue of
0.1 cm § for fine particles over land reported by Seignetal.(2004).

Relative Importance of Mercury Species. The field chamber/Tekran 2537A system
only measured TGM soil flux, and the contribution ofiindual species to the net flux
could not be determined using this method. Newedss, averagAC values used to
calculate flux were always greater than GOM conegions (GOM concentrations
averaged 8 + 6% oAC at NVO2 and 5 + 3% at NV99), indicating that mostthe
difference between inlet and outlet TGM concendragi was attributable to GEM.
Therefore, chamber-derived mercury soil flux is sidered to reflect predominantly
GEM exchange.

GOM comprised a larger component of modeled drydigen in summer and a
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smaller component in winter, whereas the inversaber was observed for mercury soil
flux, with net soil emission observed more ofterrily summer months (Table 3-1).
Although GEM vegetative flux was not measured, nedlestomatal resistance was
consistently high and thus, GEM stomatal uptake prabdably low. Estimates of the
relative contribution of GOM, PBM, and GEM to totdty deposition were explored
using three scenarios (Table 3-3, Figure 3-3). Gfdd the dominant depositing species
when scenarios 1 and 2 were utilized, but GEM wasidant in scenario 3 (Figure 3-3).
The relative contribution of each species was deégeinnot just on methods, but also on
site and season. For example, at NV99 in scenaR&M was responsible for ~69% of
total deposition during spring while GEM was resgible for 89% of deposition during
fall (Table 3-1). Figure 3-3 does not include amwpter field campaign data, and it is
noteworthy that total dry deposition was lowestinter at NVO2 for scenarios 1 and 2
(Table 3-4).

Wet and Dry Depositional Load. MDN mercury wet deposition data from spring 2005
through winter 2005/2006 were compared againsideéposition values for the different
scenarios (Table 3-4). Rainfall at NV02 and NV9®iratic, so wet deposition data from
the one- to two-week field campaign periods alorey mot adequately characterize
longer-term wet deposition behavior. To compareanel dry deposition, dry deposition
values for each period of data collection wereestalp by season by multiplying average
depositional fluxes from field campaigns by threenths time (winter = Dec.-Feb.;
summer = Jun.-Aug.; spring = Mar.-May; fall = S&mv.). These seasonal estimates of
dry deposition were compared against measured emsited mercury based on MDN

data for each season (Table 3-4). The percendejpsition was always higher at NV02
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relative to NV99 for all scenarios, which could dhe to the fact that precipitation was
higher at NV99 (annual rainfall was 25.9 cm at N\l 31.0 cm at NV99). Overall,
the relative importance of mercury dry deposition the different locations was
influenced by meteorological conditions and it mustnoted that Nevada has a semi-arid
climate with low precipitation (DCNR, 2006Thus, the results of this study must be
considered with respect to the climatic setting.

Estimation of the percent of total deposition thas dry was highly dependent on
the methods applied (Table 3-4). Scenario |, whiskd the net mercury soil flux for
GEM deposition, resulted in the lowest calculategdbposition percentage. Scenario 2
also used net mercury soil flux, but the high dépmsrates calculated using the cation-
exchange membranes led to higher estimated drysitepo Scenario 3 resulted in the
highest deposition estimates due to the applicaifanunidirectional deposition velocity
for GEM.

As shown above, underlying all these estimatescaresiderable uncertainties.
Sensitivity analyses showed that changes in impbrtendel parameters could change V
by 100% or more. In addition, the dry depositioad®l does not account for possible
reduction and subsequent re-emission of deposi@ml GDirect measurements of GOM
and PBM dry deposition are needed to validate mallts. Surrogate surfaces like the
cation-exchange membranes may be applied for measmt of GOM deposition, but,
because they are usually not chemically or phylsiGmilar to natural surfaces, data
obtained might not be directly applicable to natwavironmentgWesely and Hicks,
2000). The observed discrepancy between deposusbocity calculated for cation-

exchange membranes and modeled values may be dukigb affinity of GOM for the
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reactive membrane surface. As suggested, membigpasition may be representative
of GOM deposition in the absence of surface restgta The discrepancy between
depositional flux to foliar surfaces and membrames/ have been due to differences in
surface physicochemical properties, differencesurface area, or may reflect the fact
that the leaves were washed with water while thenbtanes were digested in a BrCl
solution. It is hypothesized that cation-exchangambranes may be a better surrogate
for GOM deposition, for they provide a homogeneaasisistent surface, whereas leaves
will vary with leaf age and species. Additionalbince dry deposition occurs to both
vegetative and solil surfaces, use of leaf wash ditlae to estimate GOM and PBM
deposition may result in underestimation of systewa! flux.

This research illustrates that the use of differarthods to quantify and model
dry deposition can produce different results. Ikertmethod development is needed for
accurate measurement of mercury dry deposition, dinect measurements of dry
deposition are needed to validate chemical modélfie different methods applied
showed similar seasonal and geographical variationthe depositional behavior of
GEM, GOM, and PBM, and each form of mercury wamtbto be a component of dry

deposition that needs to be considered.
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Tablesand Figures

Table 3-1. Twenty-four hour average temperatures, mercurgeotnations, and surface
fluxes of mercury species from field campaigns frath monthly six-day cation-
exchange membrane deployment periods at DRI. Sapets a, b, ¢, and d denote study
periods wherein data were collected at two sitesisaneously (except soil flux).
Superscript R denotes periods of cation-exchangebrane deployment with

precipitation. Values are given as mean + standawhtion, and negative sign indicates

deposition.
GEM GOM PBM Hg Soil Model Memb. ModelHg, Aspen
conc. conc. conc. Flux GOM Flux GOM Flux Flux Leaf Flux
Site  Month  Temp °c ngm® pg m* pgm? ngm?hrt  ngm?hrt ngm?hrt ngm?hrt ngm?hrt
NVO2 Mar 05% 42+50 17+030 5%4 16+8 -0.14+0.11 -048%0.12 -0.13+0.13
Julos?  235+72 42x16 1511 9+7 0.32+0.77 -0.34+043 -0.81+0.16 -0.05+0.05
Aug 05° 24273 33%13 18+13 10+6 0374035 -0.99+0.02 -0.07 +0.07
Oct05° 104+70 25+16 24%30 5+3 0.14+043 -0.34+029 -0.87+0.18% -0.02+0.02
Janoe? 17:36 28x21 27 4+6 0.11+£020 -0.02+0.08 -0.24+003% -0.02+0.03
NV99 Mar05% 1.7+66 22+06 2+3 27+15 -0.02+0.60 -0.03+0.06 -0.41+0.09% -0.11%0.15
Julos?  204:78 35%57 12+6 1246 0.17+0.23 -1.24+0.23% -0.04+0.04 0134008
Aug 05° 21.8%7.7 2417 9%10 1248  047+059 -011%0.11 -0.85+000% -0.04%0.04
Oct 05°¢ 82+72 20+0.8 414 3+4 -0.22+0.33 -0.02+0.04 -0.50+0.13% -0.01+0.01
DRI May 05 13.1+53 1.8%03 9+8 4+3 -0.12+0.15 -0.52+0.08% -0.02+0.03
Jun05 187%47 1303 43+25  10%21 -0.48+0.60 -1.88 +0.47 -0.03%0.06
Jul 05 21.9+42 16+16 64%27 4+3 -0.93+1.15 -4.54 -0.01+0.01
Aug 05 240%46 1705 51%43 7+8 0.75+1.11 -2.83+0.73 -0.02+0.03 -0.06+0.05
Sep 05 145+5.6 20+04 34 +27 6+3 -0.05+1.10 -0.31+ 040 -0.86+0.04 -0.02+0.01 -0.07%0.12
Nov 05 7.7+42 1.4+0.3 6+7 4+3 -0.10+0.14 -046+0.11 -0.02+0.02
Dec05 -13+16 2304 1+1 5+2 -0.02+0.02 -0.10£0.06 -0.01+0.01
Jan06? 37%32 1805 245 -0.03+0.09 0.448

Feb 06 42+46 16+0.3 13+6 12+4 -0.16+0.12 -0.39+0.17 -0.04+0.02
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Table 3-2. Modeled GOM and PBM deposition velocities andcakdted deposition
velocities of GOM to cation-exchange membranes thedsum of GOM and PBM to

aspen foliar surfaces. Cation-exchange membréua¢seceived rain were not used.

Deposition Velocity (cm s™)

NV02 Modeled GOM 0.78£0.11
GOM to membranes 1.72+£0.19
GOM + PBM to aspen
Modeled PBM 0.18 £ 0.03

NV99  Modeled GOM 0.30+£0.10
GOM to membranes
GOM + PBMto aspen  0.16 £0.10
Modeled PBM 0.08 + 0.02

DRI Modeled GOM 0.37 £0.07
GOM to membranes 1.52 +0.58
GOM + PBMto aspen  0.03 £0.02
Modeled PBM 0.10 £ 0.02
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Table 3-3. Methods used in three scenarios to calculatédoyadeposition. Dry
deposition for each scenario is the sum of defositf all mercury species. Where Hg
soil flux is indicated, field chamber-derived flwas used when net deposition was

observed over a study period.

Scenario GOM PBM GEM
1 Modeled Modeled Hg soil
flux
2 Membrgne Modeled Hg soil
deposition flux
3 Modeled Modeled V¢~ 901

cm/s
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Table 3-4. Total seasonal wet and dry mercury depositiontaagercent of total
deposition that was dry at NV02 and NV99 from spr2®05 through winter 2005/2006.
ColumnsDry 1, Dry 2, andDry 3 correspond with dry deposition scenarios in T&8&

* Note: winter data was not included in calculation

Deposition (ug m™) % of total that is dry

Site Season Wet Dryl Dry2 Dry3 Dryl Dry2 Dry3
NV02 Spring 0.82 0.60 1.34 1.91 42% 62% 70%
Summer  0.37 0.90 2.10 3.95 71% 85% 91%
Fall 0.57 0.79 1.96 2.75 58% 77% 83%
Winter 0.83 0.10 0.58 2.28 11% 41% 73%

% dry of total* 57% 75% 83%
NV99 Spring 1.03 0.36 1.18 2.06 26% 53% 67%
Summer  1.80 0.39 2.37 2.70 18% 57% 60%
Fall 0.65 0.55 1.59 1.64 46% 71% 72%

Winter 0.57
% dry of total 27% 60% 65%




Figure 3-1. MDN sites NV02 and NV99 and DRI in Reno, Nevada.
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Figure 3-2. Average GOM concentrations versus measured deposi mercury to

cation-exchange membranes and foliar surfaces bhasvenodeled GOM deposition.
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Figure 3-3. Relative contribution of GEM;0OM, and PBMo total dry deposition. Bars
represent the average contribution from the spsaogymer, and fall field campaigns, and
whiskers indicate standard deviation. Scenarid and 3 correspond with scenarios 1,

2, and 3 as described in Table 3-3.
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Supporting I nformation

Detailed Site Descriptions. NV02- Soil is loam with mercury concentrations of 56 + 53
g kg' (mean + standard deviation). Concentrationsmbapheric mercury species
were measured at 3 m during the spring, summerfadiniteld campaigns and at 1.5 m
during the winter field campaign due to a changkeild equipment availability. Wind
measurements were collected at 3 m.

NV99- Soil is loam to sandy loam with mercury concentnragiof 32 + 13 ug Kj
Concentrations of mercury species were measuréd ah, and wind measurements were
collected at 3 m.

DRI- Soil is stony loam with a mean mercury concentratib78 pg ki (average of two
samples). Measurements of mercury species welectad atop a 20 m tower on the
western edge of the DRI building complex. Wind sweaments were collected at a
developed weather station at 15 m on a rooftopeaetist end of the building complex.
Details of Speciation System Operation and Quality Control Procedures. The flow

rate into the Tekran Model 2537A analyzer wasrhiti®, and the total flow through the
denuder and quartz filter assembly was 7 L'miithese flow rates were lower than
suggested by Landis et al. (2002), and were appli¢ide recommendation of Tekran
personnel to adjust for altitude effects on insteatrmass flows. The lower flow rate
does not affect denuder performance, but it doegase the aerodynamic diameter cut
point of the impactor from 2.5 to 3in (Chow and Watson, 2006). Sampling time was
5 minutes for GEMind 2 hours for GOM and PBMI'he system inlet, tubing, glassware,
and other components were cleaned or replacedagulQuartz annular denuders were

cleaned and coated with KCI as described in Laedad. (2002), and fresh denuders
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were installed at the beginning of each field caigrmpat NV02 and NV99 and every
three weeks at DRI. Particulate filter assemhbiiese packed with new quartz filter disks
on the same schedule. The Model 2537A was setttoretically calibrate every 24
hours using its internal mercury permeation soukCalibration checks were performed
at the beginning and end of each field campaignaameast once per week at DRI by
injecting a known amount of gaseous mercury intbiant air being sampled by the
Model 2537A.

The 2537A analyzer quantifies total gaseous mer€L@M) and operationally
defined GEM, GOM, and PBM when the unit is operatét the speciation system, and
has a detection limit of <0.1 nghiTekran, 2002; Temme et al, 2003). Mercury
collected by in the denuder or particulate assenstisansported into the 2537A unit in
mercury free air. During summer months (June thihoBeptember), the detection limit,
calculated as three times the standard deviatidheo$peciation system blank measured
before and after each GOM and PBM analysis, wag B p During all other months the
blank measurements were 0 pg.nit is thought that the seasonal difference anks is
due to high temperatures in the summer, which naa ltaused mercury to be mobilized
from the sampling/analytical line. Thus the leesEfuantitation, or that constituent
concentration that produces a signal sufficientBager than the blank (Clesceri et al.,
1998), varies according to operating and atmospltemnditions. Detection limits
reported for two recent studies were 0.88 and @.6ip (Hall et al., 2006 and Weiss-
Penzias et al., 2003, respectively).

Before and after each simultaneous deployment ofung speciation systems,

both systems were operated at the same locatiosedrid sample the same air for
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several days to determine inter-system precisibt@M was measured during each of the
comparative experiments, and GEM, GOM, and PBM wegasured in October and
January. The Model 2537A used for mercury soi fkas also collocated and sampled
the same air during these periods. Based on thgs&iments, relative instrument drift
from the beginning to the end of field campaigns waantified, and field data were
adjusted using the percent change over this tilverage TGM relative percent
difference among instruments during all comparagixperiments was 7.0 £ 5.3%. GOM
and PBM were both below instrument detection lirditsing the January comparative
experiments, but in October relative percent defifee was 7.2 + 37.7% and 41.4 +
62.1%, respectively (n = 19 two hour measuremenile discrepancy between replicate
PBM measurements was possibly due to the low cdratemns in air. In a separate
comparative experiment at DRI, relative percerfediénce between systems for GOM
was 6.1 £ 28.1% (n = 10).

Model Details. GOM Dry Deposition Model- GOM was modeled using the method of
Zhang et al(2003), which does not explicitly outline a techuegfor calculating R
(aerodynamic resistance) og Ruasi-laminar sublayer resistance). In this gt was
calculated from measurements of wind speed andatdreviation of wind direction by
the equations

Ra = 4/[use’] (neutral and stable conditions)

and

Ra= 9/[ucy’] (unstable conditions)

whereu is wind speed ane is standard deviation of wind directi@ficks et al., 1987).

As suggested by Meyers et @l998), the atmosphere was assumed to be unstable w
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global radiation exceeded 100 W?mStandard deviation of wind direction was
calculated by the equation

o6 = sin’()[1.0 + 0.154%7

where

82:1_662+C8.2)’

s, is the average sine of wind direction, aqds the average cosine of wind direction
(Yamartino, 1984). Rwas calculated by the equation

Rp = (2ku+)(Sc/Pr§?

wherek is the von Karman constant (0.4),isithe friction velocity, Sc is the Schmidt
number, and Pr is the Prandtl number for air (O(FAR)ks et al., 1987). The Schmidt
number is the kinematic viscosity of air dividedthe diffusivity of a gas of interest.
The diffusivity of GOM was estimated from the squavot of the ratio of the molecular
weights of water and Hg&as outlined by Wese[}t989). Friction velocity () was
calculated from the equation

U = (WRy)Y?

as inferred from Hicks et g11987).

R. was calculated as described in Zhang €2AD3). Land use category 10
(evergreen broadleaf shrubs) was chosen becauste@ sites consisted predominantly
of sage, rabbitbrush, and other evergreen shrubespeleaf area index was estimated at
0.75 for NV99 and 0.50 for NV02 and DRNASA, 2006). Leaf angle distribution was
assumed to be spherical. The model calculatésR the equation
1/R; = (1 — Wy)/(Rst + Ry) + 1/Rxs

where
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1/Rns = 1/(Rac + Ry) + L/Reut

and W is a stomatal wetness parametegifRstomatal resistance,,is mesophyll
resistance, Ris non-stomatal resistance,.ks in-canopy aerodynamic resistancgjR
ground resistance, ang s cuticle resistance. ;Rvas given a value of zero for GOM,
as suggested in Zhang et(@002) for species with high solubility. y/&nd Ry are scaled
from land use category-dependent values fpa SQ by the equation

LR« = a()/[Rx(SC2)] + B(i)/[Rx(Os)]

where R(i) is Ry or Ry for gaseous specigsR(SO,) is Ry or Ry for SG, Ri(Os) is Ry
or Ryt for Os, anda(i) andf(i) are scaling parameters for spedie8ecause of their
contrasting chemical properties; @nd SQ are convenient compounds from which to
scale resistances of other species (Zhang et082; 2Vesely, 1989). The scaling
parameters andp depend on the species being modeled, and Zhaalg2002) provide
scaling parameters for a number of gaseous spethesy also outline a method for
choosing scaling parameters for any chemical spefimterest based on the effective
Henry’s Law constant (H*) and the negative log leicron activity for half-redox
reactions in neutral solutions fif&/)]. In this study, H* for HgGl and Hg(OH) were
calculated using available data (Lin and Pehkoh889; Seigneur et al., 1994). For
calculation of H* for HgGJ, [CI'] was assumed to be 0.2 mg,la typical value for
continental rainwatgDrever et al., 1997). p@V) was calculated for the half-redox
reaction

Hg""aq + 26 < Hg

using the equation

PE(W) = (1/n)[logio(K)] - 7n
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given in Zhang et a(2002), where n is the number of electrons in @léteaction, K is
the equilibrium constant of the reduction half-teat, and iy is the number of protons
exchanged per electron in the half-reaction. K walsulated from values of Gibbs free
energy of formatiofStumm and Morgan, 1996). The calculated valuesifaand

pe’ (W) were used to compare GOM to gaseous spected lis Zhang et a(2002), and,
based on evident similarity, the scaling paramdisted for nitrous acid (HONO) were
used to scale fand Ry for GOM (@ =f = 2).

PBM Dry Deposition Model- The model described in Zhang et(@001) was used to
infer PBM deposition. Rand u were calculated as described above, and land use
category 10 (shrubs and interrupted woodlands)usad. A particle diameter of 0.68

um (Keeler et al., 1995) and a density of 1.5 g°amere assumed.
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Chapter 4. Deter minants of Atmospheric Mercury

Concentrationsin Reno, Nevada, U.SA.

Seth N. Lyman and Mae Sexauer Gustin
University of Nevada, Reno, Department of Naturas®irces and Environmental

Science/MS 370, 1664 North Virginia Street, Reney&ta, 89557

Abstract: Concentrations of gaseous elemental mercury (Ggkgeous oxidized
mercury (GOM) and particulate-bound mercury (PBMYyevmeasured along with
ancillary variables 9 km east of downtown Reno, &ty U.S.A. from November 2006
through March 2009. Mean two year (February 200@ugh January 2009) GEM,
GOM, and PBM concentrations were 2.0 + 0.7 nj(mstandard deviation), 18 + 22 pg
m3, and 7 + 7 pg i, respectively. Data collected were compared wigasurements
collected at another location just north of thg eit 169 m higher elevation. At both
locations higher concentrations of GEM and PBM oemliin periods with little
atmospheric mixing, indicating that local sourcesevimportant for enhancing GEM and
PBM concentrations in Reno above that consideretireental background.
Concentrations of GOM were higher (maximum of 1§mp’) during periods with
higher temperature and lower dew point. Higher G&ivicentrations at the higher
elevation site with less urban impact relativene valley site, along with other data
trends, support the hypothesis that in northernadawarm, dry air from the free

troposphere is a source of GOM to the surface.
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I ntroduction

The atmosphere has been identified as a major pgtbywwhich mercury reaches and
contaminates ecosystems (Fitzgerald et al., 1988nospheric mercury is frequently
measured as three fractions: gaseous elementalimé€@BEM), gaseous oxidized
mercury (GOM, a.k.a. RGM), and particulate-boundaugy (PBM). Measurements of
atmospheric mercury fractions have been made ariaty of environments throughout
the world (c.f. Valente et al., 2007), but sigrgint gaps in our understanding of the
mechanisms that control mercury concentrationeeénatmosphere still exist (Lin et al.,
2006; Lindberg et al., 2007).

In urban or other anthropogenically impacted enviments concentrations of
GEM, GOM, and PBM may depend on releases from Bpeaaurces (Liu et al., 2007,
Edgerton et al., 2006; Manolopoulos et al., 206 rooxidation of GEM by
anthropogenic oxidants to produce GOM (Weiss-Pertial., 2003; Lynam and Keeler,
2005), though uncertainty exists regarding whicldamts play important roles (Lindberg
et al., 2007; Calvert and Lindberg, 2005). Reastiwvith ozone and OH radical have
been investigated (Pal and Ariya, 2004a; Pal angaAt004b; Calvert and Lindberg,
2005; Sommar et al., 2001), as have reactionsmititate radical and hydrogen peroxide
(Lin and Pehkonen, 1999). Oxidation of GEM by lg&lo radicals has been shown to
account for the dynamic behavior of atmosphericcongrin polar regions (Lindberg et
al., 2002; Ebinghaus et al., 2002), and may couieitbo formation of GOM in ocean
environments (Hedgecock and Pirrone, 2004; Holmek,e2009) and the upper

atmosphere (Holmes et al., 2006).
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Northern Nevada (U.S.A.) is a region with diversg¢unal and anthropogenic
mercury sources (c.f. Engle et al., 2001; Zehndr@ustin, 2002; Lyman and Gustin,
2008). Moreover, before measurements of GOM itheon Nevada had been published,
Selin et al. (2007) predicted that high elevatieseatts (like Nevada) would have high
GOM concentrations due to subsidence of GOM-ricliram the free troposphere.
Weiss-Penzias et al. (2009) recently reported @@ in Nevada and showed that
regional variation in GOM concentrations could Bplained by air mass transport from
a dry, high-altitude area of the atmosphere.

This paper presents an analysis of more than taosya atmospheric mercury
measurements collected on the Reno, Nevada védiey flt builds on the work of
Weiss-Penzias et al. (2009), who report on air orgrdata collected at three sites
(including the location of this work) in summer Z0@s well as the works of
Stamenkovic et al. (2007) and Peterson et al. (RQ@% describe observations of air
mercury concentrations made at 169 m above thew#tor in Reno from 2002 to 2005
and from 2005 to 2007, respectively. Detailedisiiatl analyses and comparison of data
collected at these two closely situated locatiaowige the basis for discussion of the
mechanisms that control atmospheric mercury conagors in northern Nevada, with

implications for the global mercury cycle.

Methods
Site Description. Data were collected from November 2006 through M&@09 at
Mercury Deposition Network (http://nadp.sws.uiucieddn) site NV98 in Reno, Nevada,

U.S.A (39.51° latitude, -119.72° longitude, elewatil340 m). This site is located on the
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University of Nevada, Reno Nevada Agricultural BExipeent Station approximately 9 km
east of downtown Reno and 4 km southeast of dommt®parks, Nevada (Figure 4-1).
The Reno-Sparks area is urban and suburban witip@algtion of approximately 400 000,
and does not have heavy industrial facilities or mu@rcury sources listed on the United
States Environmental Protection Agency’s ToxicseBsé Inventory
(http://www.epa.gov/triexplorer/). The metropolfitarea is situated in an arid valley
(average annual precipitation of 19 cm) betweertikera Nevada and Virginia
mountain ranges. This region includes some merenrighed areas, including but not
limited to Steamboat Springs (Coolbaugh et al. 2@hd Peavine Peak (Engle and
Gustin, 2002).

Atmospheric Mercury. Concentrations of GEM, GOM, and PBM (fine mode) ever
measured with a Tekran 2537A/1130/1135 system sided by Landis et al. (2002).
The flow rate through the denuder and particuliltier fassembly was 7 standard L min
(standard conditions of 0°C and 100 kPa), andltwve fate through the Model 2537A
was 1 standard L mith The system alternated between 2 h sampling geedad 1 h
desorption periods, and the Model 2537A was autizaidgt calibrated using its internal
permeation source every eight sampling cycles. démeider and the Oglm filter on the
particulate assembly were replaced every three sve€ke particulate assembly, sample
train glassware, and sample lines were removeci@ated every six months. The
accuracy of the permeation rate of the internaingation source was checked every
three months by repeated injections of a known arholisaturated mercury vapor into
mercury-free air being sampled by the instrumeddlibration checks were performed

weekly by injecting a known amount of saturatedaeugy vapor into ambient air being
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sampled by the instrument. Data were only incluide@nalysis if bracketed by
calibration checks that fell within the range 001010%.

Also, the Tekran system from this study and thatfthe higher elevation site in
Reno reported on by Peterson et al. (2009) wergaoad for 10 days in February 2008.
The systems were mounted side by side at the samgktland were programmed and
calibrated identically. The difference between GEdhcentrations reported by the two
systems was 11 + 4%, while the difference betwe@M&@nd PBM concentrations were
8 £40% and -71 + 41%, respectively (positive valumicate the system from this study
was higher).
Ozone. Ozone concentrations were measured using a Teledigh&lodel 400E ozone
analyzer. Calibration checks of the Model 400Eenszrformed weekly using a
Teledyne-API Model 700E Dynamic Dilution Calibraeguipped with an internal ozone
generator. The Model 700E was checked agains&d fithceable ozone standard every
6 months. Data were only included for analysisré&cketed by span calibration checks
that fell within the range of 100 + 10% and zerblration checks that were within the
range of 0 £ 2 ppb.
Meteorology. Wind speed and direction (Young Model 05305), hutyidnd
temperature (Vaisala Model HMP45AC), and solaratdn (LI-COR Model LI200X)
were measured and values were logged with a Cairfptiehtific CR1000 data logger.
Particulate Matter. Two DustTrak Model 8520 Aerosol Monitors were usaake with a
1 um impactor inlet and one with a 180 cyclone inlet, and they sampled outside air
through a 1.5 m grounded copper tube. DustTrak/aees measure particle scattering

and are factory calibrated for mass concentratusnsg a road dust standard. These
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instruments were zero checked each week, and dataamly included for analysis if
zero checks were within the range of 0 gglm®. Flow rates and instrument filters and
inlets were checked every three weeks, and fiiatsinlets were replaced or cleaned as
needed.

Also, measurements of PM2.5 were obtained fromashoe County Health
District Air Quality Management Division for Junedgust 2007 and June-August 2008.
These measurements were collected in downtown Berfitters deployed for 24 h every
third day.

Dataset Structure. The Tekran system returned one 2 h average measat@inGOM
and PBM every 3 h, but GEM, ozone, and meteoro&dgiarameters were collected as 5
min averages, so 2 h composite averages of GEMame concentrations and
meteorological parameters were calculated for &M and PBM measurement period,
and these composite averages were used for analysimposite 24 h averages were also
computed for all parameters and used to elucidadecampare trends at a coarser
temporal resolution.

Data Analyses. Data were processed using Microsoft Excel 2003&P8S 15.0.

Multiple linear regression analyses and Pearsorelation coefficients were developed
using SPSS. While Pearson correlation coefficiémtsllow for the assessment of the
degree of linear relationship between two variaffagner et al., 2004), multiple
regression analysis allows for assessment of theigiive value of each independent
variable on a dependent variable while taking atoount the effects of other
independent variables in the analysis (Foster.eP@06). In multiple regression analysis

r’ is a measure of the collective strength of alejmehdent variables in predicting the
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dependent variable, and standardized regressidhomeets for individual independent
variables indicate the predictive value of eactepehdent variable on the dependent
variable with the influence of the additional véies removed. Unlike metric
coefficients, standardized coefficients for indegiemt variables with different units or
scales are directly comparable with respect ta #féect on the dependent variable.
Similar to Pearson correlation coefficients, higstndardized regression coefficients (in
absolute value) indicate a better predictive valuthe independent variable on the
dependent variable.

Multiple regression equations were computed foire2 h and 24 h data sets and
with data divided by season (spring = March-Maynmser = June-August; fall =
September-November; winter = December-February) GEM, GOM, PBM, and ozone
as dependent variables. To allow wind directiobegaised in multiple regression
analysis, wind direction values were categorizéd faur directional variables (i.e. if
wind direction was between 45 and 135 directiorgrdes, a value of one was assigned
to the East variable and a value of zero was gioehe other variables, and so on). To
account for periods with low wind, a value of zeras given to all variables if wind
speed was less than 0.5 th.s

Ozone was only measured from February 2007 thrdaghary 2009, and this
two year period was used to compute summary statishd to perform most data
analyses. The effects of wind direction were ass@sising a subset of data from
November 2006 through August 2007. The DustTraltyaers only operated during
April 2008 and from December 2008 through March@@hd the relationships of GEM

and PBM with DustTrak measurements were assessagldegta from these periods.
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Results and Discussion

Figure 4-2 shows a time series of GEM, GOM, PBM| arone in Reno from February
2007 through January 2009, and Table 4-1 shows suyndata for this period.
Concentrations of GEM in Reno were higher thamtiean background concentration
given for the Northern Hemisphere of 1.5 + 0.2 ng(tindberg et al., 2007) , PBM
concentrations were lower than many rural sitesgeaof 6 to 42 pg mgiven in Valente
et al., 2007), and GOM concentrations were grehter has been reported for rural sites
(range of 2 to 24 pg thgiven in Valente et al., 2007) but in the rangedfan or
impacted sites (range of 6 to 121 pg given in Valente et al., 2007).

Also, GEM concentrations in this study were geligtawer than those reported
by Lyman and Gustin (2008) for a region of mercaimyichment in rural northern
Nevada (3.0 + 1.7 ng threported for Paradise Valley, Nevada; 2.5 + 3.hnigeported
for Wells, Nevada), but they were similar to tagakeous mercury (TGM) concentrations
reported by Stamenkovic et al. (2007) for the isiteorth Reno 169 m higher in elevation
than the location of this study (2.3 + 0.6 ng)mand higher than GEM measured atop a
20 m tower at the same north Reno location (TaldeHigure 4-3).

In addition, at the higher elevation location acréase in GEM or TGM
concentration was observed each morning with seiamsl attributed to light-induced
release of mercury deposited during the night@mfnaturally enriched substrates
(Stamenkovic et al., 2007; Peterson et al., 20@0&ernatively, movement of GEM-rich

air up from the underlying nocturnal boundary layes suggested (Peterson et al., 2009).
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In contrast, at the study location of this work GE&hcentrations declined with first
light (Figure 4-4), most likely due to dilution dag the breakup of the nocturnal
boundary layer.

Concentrations of GOM in this study were highemtthose obtained in rural
northern Nevada (13 + 18 ngneported for Paradise Valley, 7 + 8 n§’ meported for
Wells; Lyman and Gustin, 2008), and lower than ¢haeasured at the higher elevation
site in north Reno, especially during spring anchisier (Table 4-1). Mean GOM
concentrations in this work and in north Reno wegher in the summer and lowest in
the winter with intermediate spring and fall valué@¢o strong seasonal trends in PBM
concentrations existed in this data, nor were tepdsy Peterson et al. (2009) for north
Reno (Table 4-1).

Predictors of GEM Concentrations. For the 2 h dataset, concentrations of GEM tended
to be higher when wind speed and temperature wererland dew point was higher
(Table 4-2), indicating stagnant conditions wittosg surface influence. The 24 h
dataset (Table 4-3) showed similar results, exttegitno correlation with temperature

was observed when data were separated by seaberReno-Sparks area contains
natural and anthropogenic mercury sources, and G} builds up in the valley when
processes to dilute emitted GEM are less active,GiEM concentrations likely decrease
in high winds because they flush clean air throtihghvalley. GEM measurements
reported by Peterson et al. (2009) at the highearagion site in Reno were often lower
than those in this study (Table 4-1, Figure 4-8yvpling further evidence for local,

ground-based GEM sources.
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Since wind speed and atmospheric mixing are ushajher during daytime, this
phenomenon likely explains much of the diurnal aton in GEM concentrations
observable in Figure 4-4. Similar results havenlreported for the site in north Reno
(Stamenkovic et al., 2007; Peterson et al., 2008isWenzias et al., 2009), and in other
locations (e.g. Kim and Kim, 2001; Liu et al., 208®ck et al., 2005; Temme et al.,
2007). The stronger diel trend of GEM in sumnadative to winter likely reflects a
consistent summertime cycle between a deep daytixed layer and a shallow
nighttime surface layer, in contrast to winter dtiods wherein convective mixing is
typically weak. Oxidation of GEM to GOM may alse tesponsible for some of the
daytime decrease in GEM concentrations, but ttaivel importance of this phenomenon
could not be determined from this research.

Predictors of GOM Concentrations. Concentrations of GOM tended to be higher when
temperature was higher and dew point was lower tlaisdelationship was consistent
across all seasons for the 2 h and 24 h datasatée@4-2 and 4-3). Weiss-Penzias et al.
(2009) showed the same trends at three sites iaddem the summer of 2007 and
suggested that this was due to subsidence of waismGOM-rich free-tropospheric air.

In this work, GOM concentrations in summer 2007enaigher than in summer 2008
(Figure 4-2). Peterson et al. (2009) noted thatrear 2007 had higher GOM
concentrations than previous years and attribdtisddifference to abnormally warm and
dry conditions in the region. Weiss-Penzias e{Z4109) further attributed inter-annual
differences in GOM concentrations and differenaesrag sites in the region to

variations in the amount of transport of air frorhigh altitude source region.
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While some laboratory evidence indicates that ozoag be a significant
oxidizer of GEM, producing GOM (c.f. Pal and Ariy#)04a), ozone was a poor
predictor of GOM concentrations in the multiple negsion analyses (Tables 4-2 and 4-3).
Furthermore, temperature, solar radiation, dewtpaimd wind speed were all important
predictors of ozone concentrations in the 2 h @atdsit only solar radiation and wind
speed were important at the 24 h time scale, exneqtmmer when none of these
variables were significant. In contrast, dew paintl temperature were strong predictors
of GOM for both the 2 h and 24 h datasets, and sathation was not a consistent
predictor in either dataset. This difference betw&OM and ozone indicates that while
their hourly-scale patterns were similar (i.e. bigihded to be higher during daytime),
their concentrations were likely driven by diffetgmocesses.

The highest concentrations and strongest diel @fc®OM occurred in the
summer, when concentrations peaked at noon anditerased fairly rapidly (Figure 4-
4). This peak time was out of phase relative éodhserved pattern for ozone and more
similar to the expected trend for OH and other pgradicals (Monks, 2005), as was
observed by Peterson et al. (2009) for the higlexMagion site in Reno. However, the
weak predictive value of solar radiation on GOM @amtrations in both the 2 h and 24 h
datasets suggests that local oxidation by phot@mtgdmay not be a dominant factor
driving GOM concentrations.

The strong negative predictive value of dew poiitheOM (Tables 2 and 3;
also see Weiss-Penzias et al., 2009) and the deince of diel GOM highs with dew
point lows provide evidence that observed GOM cotregions were related to boundary

layer dynamics, since convective mixing is expedttebring dry air from the free
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troposphere to the surface. Moreover, ozone cdraté@ns on the valley floor were
higher than those at the higher elevation siteleMaOM concentrations showed the
opposite trend, especially in summer and fall (€abll; Figure 4-3). Higher ozone
concentrations on the valley floor indicate surfmes| production, while higher GOM
concentrations aloft further implicate the fregotssphere as a GOM source.

An additional driver of the strong relationshipween GOM and temperature
may be that since GOM compounds are semivolatdg ére more likely to exist in the
gas phase at higher temperatures, and tend téigrartito the particulate phase at lower
temperatures (Finlayson-Pitts and Pitts, 1999;eRattd Schauer, 2007). However,
GOM and PBM were not anticorrelated (r = 0.01, @.34), and the relationship between
PBM and temperature was positive or insignificalefpending on the season and dataset
used (Tables 2 and 3), providing evidence agamstypothesis. Even so, only the fine
fraction of PBM was measured, and the completeipodf PBM in the Reno atmosphere
is unknown.

These lines of evidence point to subsidence of G@Wair from aloft as a
source of GOM to the atmosphere in Reno. Othetham@sms, such as local oxidation of
GEM to GOM, are likely also contributors to obsav&OM concentrations, but this
analysis was unable to produce strong evidenctnén. Also, while the predictors of
GOM concentrations were consistent across all $sas80OM concentrations were
greatest in summer. Weiss-Penzias et al. (2008yeth that, even in summer, air masses
which experienced rain were not associated with bmncentrations of GOM, and a
modeling study by Sillman et al. (2007) showed tigh GOM concentrations tended to

build up aloft only in cloud-free air. Winter as@ring are relatively wet along the
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central Pacific Coast and in western Nevada, amaldgl or rainy conditions may inhibit
the buildup of GOM, effectively shutting off thee&-tropospheric GOM source.
Predictors of PBM Concentrations. The dominant predictor of PBM concentrations for
both 2 and 24 h averages was GEM, and this treisccavasistent across all seasons.
Though there may have been some causal relatiobshiyeen GEM and PBM (i.e.
GEM sorbs onto particles and becomes PBM), theoasittiypothesize that the
relationship was due primarily to GEM and PBM beamgitted together from valley
sources. When multiple regression equations wamgated for PBM without GEM as
an independent variable (data not shown), the comgistently significant (negative)
predictor of PBM concentrations was wind speedyigiog further support for this
hypothesis. Concentrations of PBM at the valleyffsite and the higher elevation site
were similar.

Analysis of Wind Direction. Multiple regression equations with wind direction
variables included were computed for a subset@®th dataset. In this analysis, larger
standardized regression coefficients would indieaséronger influence of winds from a
particular direction on observed concentrationeweler, no strong source direction was
found for any of the three measured atmosphericungfractions. Winds from the
north and east were weak negative predictors of GOMentrations (standardized
regression coefficients of -0.15 and -0.12, respelsf), while winds from all directions
were weak negative predictors of PBM concentratretetive to periods with wind less
than 0.5 m's (standardized regression coefficients ranging frorh5 to -0.18),
indicating that no particular direction was a seuof higher or lower PBM

concentrations, but instead concentrations wetedsigwhen wind speeds were low.
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Winds from the north had a slight negative effatfGEM concentrations (standardized
regression coefficient of -0.12).
Relationships of GEM and PBM with Particulate Matter. GEM was correlated with
<1 pm and <1Qum particulate matter measured with Dusttrak anasyge= 0.31 and
0.30, respectively), as was PBM £ 0.26 and 0.32, respectively), and particulaté&ena
measured with Dusttraks was included as an indegyendriable in multiple regression
analyses. Since gim and <1Qum particulate matter were well correlated with each
other (f = 0.80), multiple regression results were simiéyardless of which size mode
was used. For GEM, the standardized regressidfiaert of <1 um particulate matter
(0.41) was slightly stronger than that for windepp¢-0.33). Particulate matter gfin
was the strongest predictor of PBM concentratidsis, avith a standardized regression
coefficient of 0.54. These correlations suggest @M and particulate matter were
emitted together from valley sources and contrdtigdimilar meteorological
phenomena.

GEM and PBM concentrations were relatively low ataible during the summer
of 2007, but were higher with higher variabilityJnne and July 2008 (Figure 4-2).
Extensive wildfires in northeastern California Highmpacted the Reno airshed during
the summer of 2008 (Arnott et al., 2008), and mayehbeen sources of GEM and PBM
(Friedli et al., 2003). The Dusttrak analyzerseweot operating during either summer,
but 24 h PM2.5 samples were collected at a sitdogeaConcentrations of PM2.5 were
only weakly correlated with 24 h average GEM comegions (f = 0.20 and 0.22 for the
summers of 2007 and 2008, respectively), but thesewvell correlated with PBM

concentrations, especially during the summer oB2B@gure 4-5;7= 0.49 and 0.71 in
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2007 and 2008, respectively). Peterson et al.gp60mpared PBM concentrations
during wildfire events with concentrations in notroanditions and were unable to
determine an effect of wildfires on PBM concentyrasi in Reno. However, PBM
concentrations measured in this study in the sunah2008 (12 + 12 pg i) were 104%
higher than in the summer of 2007 (6 + 4 pg)nand concentrations in July 2008 (16 +
15 pg m°) were 163% higher than in July 2007 (6 + 5 pg niifferences were

significant ato. = 0.001).

Conclusions

Concentrations of GEM and PBM measured in Reno wepacted primarily by
atmospheric pollution from local sources and byeusilogical conditions that trapped
pollution in the valley. No strong sources or seudirections were detected for GEM or
PBM except wildfires in summer 2008. Emission&&M and PBM were likely mostly
from area-wide anthropogenic and natural sour&atistical relationships developed in
this study suggest that the processes controlli@fyiGoncentrations and ozone
concentrations were different and that GOM conegiatins were influenced by
downwelling of GOM-rich air from the free tropospbe Other processes likely also
contributed to observed GOM concentrations, b work was unable to produce strong

evidence for them.
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Tablesand Figures

Table 4-1. Seasonal summary statistics for atmospheric meiuayozone
concentrations and select meteorological paramétarsFebruary 2007 through January
2009. Values from Peterson et al. (2009) are fadmgher elevation site in north Reno,

and represent data collected from November 200¢btember 2007.

Temp- Dew-  Wind Peterson et al. (2009)
GEM GOM PBM Ozone erature point Speed | GEM GOM PBM Ozone
ngm® pgm® pgm® ppb T T ms* | ngm® pgm®* pgm®  ppb
SPRING Mean 1.8 16 5 38 10.7 -4.2 2.6 1.6 15 8 33
Mar-May Median 1.8 10 5 41 9.9 -4.1 1.9 1.5 13 7 33
St. Dev. 0.5 18 5 18 7.6 4.7 2.3 0.3 14 4 9

Max. 4.4 177 75 84 33.3 8.4 13.8
SUMMER Mean 2.0 36 9 41 22.4 1.6 2.3 1.3 51 8 39
Jun-Aug Median 1.7 29 7 41 22.8 1.8 1.6 1.3 52 6 40
St. Dev. 0.8 26 9 19 7.0 4.3 1.9 0.3 29 6 7

Max. 9.8 157 161 102 39.4 15.7 10.7
FALL Mean 2.2 15 7 25 11.3 -1.8 2.0 1.6 31 10 20
Sep-Nov Median 2.0 10 7 24 10.7 -1.7 1.2 1.6 27 9 18
St. Dev. 0.7 17 5 17 8.4 45 1.8 0.3 24 6 11

Max. 5.4 138 83 72 33.9 12.8 10.2
WINTER Mean 2.2 4 7 20 1.0 -5.6 2.0 1.8 7 9 13
Dec-Feb Median 2.1 2 5 19 0.2 -5.8 1.2 17 5 7 11
St. Dev. 0.6 6 5 16 5.6 3.9 2.0 0.5 7 8 10

Max. 6.2 68 69 56 19.1 6.9 13.0
ANNUAL Mean 2.0 18 7 31 115 -25 2.2 1.6 26 9 26
Median 1.9 10 6 32 10.7 -25 1.4 15 11 7 26
St. Dev. 0.7 22 7 19 105 5.2 2.0 0.5 35 10 20
Max. 9.8 177 161 102 39.4 15.7 13.8 6.4 401 180 99
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Table4-2. Pearson correlation coefficients (for the entmeadet) and’values and
standardized regression coefficients for multiplear regression (for the entire dataset
and for each season) for 2 h average data. $taligtinsignificant regression
coefficients ¢ = 0.01) are denoted as “insig.”

2 HOUR AVERAGED DATASET
M.L.R.r*> Temp. Dewpt. Sol. Rd. Wnd.Sp. GEM  Ozone

GEM Correlations -0.32 0.24 -0.30 -0.47
. AllData 0.36 -0.40 0.39 insig. -0.30
3E spring 026 -029 014 insig. -0.31
5 ¢ Summer 051 -0.34 045 insig. -0.21
£g Fal 037 -032 029 insig.  -0.31
= Winter  0.25 -0.11 0.24 insig. -0.42
GOM Correlations 0.69 0.17 0.43 0.15 -0.24 0.47
All Data  0.52 0.82 -0.23 0.05 -0.11 insig. insig.
Spring  0.44 0.73  -0.29 insig. -0.19 -0.07 insig.

: Summer  0.35 0.45 -0.22 0.21 -0.13 insig. insig.
Fall 0.43 0.77 -0.23 insig. insig. 0.26 insig.
Winter  0.46 0.89 -0.53 -0.20 insig. 0.15 -0.19

Multiple Lin.
Rearession

PBM Correlations 0.06 0.19 -0.05 -0.21 0.41
o AlDaa 021 027 006 insig. -0.08 0.47
5 sSpring 020 015 -0.13 insig. 0.10 0.51
2 ¢ Summer 022 0.5 insig. -0.10 insig. 0.42
e Fall 010 014 insig. insig.  -0.21  0.22
=%  Winter 044 018 -0.24 011 _ -0.19 0.59

OZONE correlations 0.67  0.00 0.54 0.57

All Data  0.67 0.60 -0.23 0.15 0.33
= Spring  0.64 0.44 -0.25 0.11 0.41
i Summer  0.65 0.59 -0.24 0.14 0.08

Fall 0.71 0.58 -0.14 0.11 0.34
Winter  0.59 0.24 -0.12 0.20 0.59

Multiple Lin.
Rearession
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Table 4-3. Pearson correlation coefficients (for the entméadet) and’values and
standardized regression coefficients for multiplear regression (for the entire dataset
and for each season) for 24 h average data. t8taliig insignificant regression
coefficients ¢ = 0.01) are denoted as “insig.”

24 HOUR AVERAGED DATASET
M.LR.r®> Temp. Dewpt. Sol. Rd. Wnd. Sp. GEM  Ozone

GEM Correlations -0.10 0.16 -0.23 -0.43
o AliDaa 027 028 038 insig  -0.38
S.2 Spring 0.05 insig insig insig -0.22
5 ¢ Summer 033 insig  0.47 insig -0.30
£g Fall 030 insig 042  insig  -0.43
2" \vinter 036 insig 025  insig  -0.54
GOM Correlations 0.76  0.39 0.61 0.05 -0.15 0.46

All Data 0.64 1.11 -0.37 insig insig insig insig
Spring 0.62 1.04 -0.53 -0.31 -0.24 -0.16 insig
. Summer  0.39 0.73 -0.47 insig insig -0.21 insig
Fall 0.52 0.82 -0.34 insig insig 0.31 insig
Winter  0.65 1.02 -0.72 insig insig insig insig
PBM Correlations 023 0.22 0.11 -0.26 0.52
All Data 0.37 0.46 -0.20 insig insig 0.57
= Spring  0.43 insig  -0.25 insig 0.21 0.62
: Summer  0.36 insig insig insig insig 0.54
Fall 0.28 0.58 insig insig -0.38 insig
Winter  0.73 0.30 -0.45 insig -0.21 0.74

OZONE correlations 0.58  0.26 0.69 0.50
All Data 0.64 0.20 insig 0.48 0.40
Spring  0.54 insig insig 0.32 0.56
: Summer  0.09 insig insig insig insig

Fall 0.60 insig insig 0.44 0.47
Winter  0.64 -0.20 insig 0.16 0.82

Multiple Lin.
Rearession

Multiple Lin.
Rearession

Multiple Lin.
Rearession
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Figure4-1. Map of the Reno-Sparks area, including the stutéyfom this work and the

site in north Reno (Peterson et al., 2009). Ligktading indicates higher elevation.

North Reno site (DRI)

Downtown Sparks

Downtown Reno
This work
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Figure 4-3. Time series of GEM and GOM in 2007 at the Renceydlloor and at the

higher elevation site from Peterson et al. (2009).
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Figure4-4. Seasonal mean hour-of-day plots of GEM, GOM, PBMJ ozone

concentrations and dew point derived from 2 h ayeata. Whiskers represent

standard error.
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Figure 4-5. Concentrations of PM2.5 versus PBM concentratiangd the summers of

2007 and 2008.
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Abstract. This paper describes the development and applicafia surrogate surface
for estimating gaseous oxidized mercury dry depmsit The response of surfaces to
gaseous oxidized mercury exposures and environimaoriditions was tested in
laboratory chambers and in diverse field environtsieieposition of mercury to
surfaces in the field was well correlated with gaseoxidized mercury concentrations (r
=0.84, p < 0.01, n = 326) and not with gaseousiefgal or particulate-bound mercury
concentrations. Laboratory tests showed thatuhfases collected HgglHgBrR, and
HgO with equal efficiency, and deposition to thefaces was not significantly
influenced by temperature, humidity, or ozone cotregions. Since deposition of

gaseous oxidized mercury to surrogate surfacesifigsrm and consistent, measured
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deposition is an oversimplification of expected @gpon to complex natural surfaces.
However, the surrogate surface method is usefudébermining the spatial and temporal

variability and maximum potential of gaseous oxadiznercury dry deposition.
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I ntroduction

Deposition of mercury from the atmosphere can teatbntamination of water bodies
and fish, posing a health risk to humans and viddhat consume fish (Fitzgerald et al.,
1998;Mergler et al., 2007). Methods for measurememhefcury deposition in
precipitation are relatively straightforward, andasurements are made routinely at
many sites throughout North America (c.f. http:dpaws.uiuc.edu/mdn/). However,
methods for measurement of mercury dry depositternat well developed and scientific
understanding of dry deposition rates and trentimiged.

Atmospheric mercury is typically measured as tliraetions: gaseous elemental
mercury (GEM), gaseous oxidized mercury (GOM, alR@M), and particulate-bound
mercury (PBM) (Landis et al, 2002). Among thes®NEis thought to be of particular
importance as a component of total mercury dry digioo because of its high solubility
and reactivity (Lindberg et al., 2007). Howevezcause of low concentrations and the
relatively low precision of GOM measurement methaodErometeorological methods to
measure GOM surface flux have proven difficult &iagde only been carried out in a few
studies (Lindberg and Stratton, 1998; Poissant,e2@04; Skov et al., 2006; deposition
velocities ranging from 0.4 to 7.6 crif)s Surrogate surfaces have been applied to
measure mercury dry deposition, including watefas@s (Sakata and Marumoto, 2005;
Marsik et al., 2007) and cation-exchange membrébakiwell et al., 2006; Lyman et al.,
2007). Surrogate surfaces are attractive becheyedo not have the strict siting,
precision, and measurement frequency requiremémscoometeorological methods,
and they are cheaper and less labor intensive. eMenythe depositional behavior of a

gas to a surrogate surface cannot be assumedhe Bame as depositional behavior to a
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natural surface (Wesely and Hicks, 2000), and giateosurface results must be weighed
in light of this uncertainty.

In this study, the cation-exchange membrane sudppéed by Lyman et al.
(2007), and first used by Prestbo et al. (2005} teated extensively with the intent to
answer the following questions: (1) What are optiprocedures for deployment and
collection of the surface? (2) How consistenthgs the surface perform in different
climatological and geographical settings? (3) Hos¥l does deposition to the surface
compare to expected GOM deposition to natural saga (4) How much statistical and
logical uncertainty exist in the surrogate surfamasurements? To answer these
guestions, long-term (1 yr) and short-term (3 mehptleployment campaigns were
carried out at four locations in the United States] surfaces were subjected to varying

chemical and climatological conditions in two catigd laboratory chambers.

M ethods

Surrogate Surface. Supported I.C.E. 450 membrane (Pall CorporatidN,IEE45S3R),
an acidic, negatively-charged polysulfone cationkege membrane, was used as the
surrogate surface. The supported membrane, whaislatibrous polyester backing, was
used because unsupported I.C.E. 450 membrane, whindists of an activated
polyethersulfone material, was more fragile andléehto have much higher mercury
concentrations in blanks.

Two types of mounts were used to hold membraneswbployed. The first was
a simple rectangular acrylic plate with an acrfdistener to hold the membrane against

the plate (107 cfsurface area). This mount was not aerodynamiciasdnot resistant
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to contamination from precipitation (Lyman et @007). The second mount was an
aerodynamic polyoxymethylene disc (104°surface area) which, when sealed on top
with petroleum jelly, shielded the deployed memlragainst precipitation except during
heavy, windy rain events. Both mounts were demloyih the exposed surface facing
downward in field deployments except as otherwised. Data from rain-contaminated
surfaces were not used. Rectangular mounts weublsed with soap and soaked in a
5% HNG; bath for at least 12 h between each use, and waeodc mounts were
scrubbed with soap and soaked in a 10% HCI bathZe24 h between each use.
Membranes were loaded into mounts on site in @nétd ambient air and were
only handled with PTFE-coated tweezers. After dgplent, membranes were collected
into trace-clean 125 mL I-Chem jars and store@@tC until analysis. Also, three or
four membranes from the same lot deployed werectaltl and used as method blanks.
Data were blank corrected using method blanksld Bikanks were collected by placing
surfaces in clean mounts and then immediately ciiig them, and field blanks were not
different from method blanks (p = 0.80). Membranalytical procedures and deposition
rate and deposition velocity calculations werenalsyiman et al. (2007).
Field Deployments. Samples were deployed at Mercury Deposition Ngti@iDN)
site NV98 in Reno, Nevada (39.51°N, 119.72°W, dieval340 m); MDN site NVO02 in
Paradise Valley, Nevada (41.50°N, 117.50°W, elevati388 m); Southeastern Aerosol
Research and Characterization (SEARCH) networkQiité in Pensacola, Florida
(30.55°N, 87.38°W, elevation 44 m); and SEARCH rtnsite YRK near Yorkville,

Georgia (33.93°N, 85.05°W, elevation 394 m).
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All field deployments occurred between October 2808 October 2008. All
deployments were carried out as sets of threewsrdamples, and deployments were for
one week unless otherwise noted. Regular deploigmdrsurfaces in aerodynamic
mounts were carried out for 64 weeks in Reno andi@éks in Pensacola and Yorkville.
Regular deployments in rectangular mounts wereezhaut for 66 weeks in Reno and 11
weeks in Paradise Valley, and all method and serfamparison deployments were
carried out in Reno. Surrogate surfaces wereddptoyed in rectangular mounts for
eight weeks in a network deployment effort in sumg@08 in Reno, Paradise Valley,
Wells, and Ruby Valley, Nevada.

A suite of ancillary data was collected at alldisites during surrogate surface
deployments except during the Nevada network depémy. Ancillary data included
GEM, GOM, and PBM concentrations measured with ael@537A/1130/1135 mercury
speciation systems (Landis et al., 2002) and stdndateorological data. Ozone
concentrations were measured in Reno. Morenmétion about field sites and field
data collection is available in the Supporting mnfation.

Comparisons of Different Surfaces and Deployment Methods. To compare mercury
deposition rates to different surfaces, cation-axge membrane surfaces were deployed
simultaneously with PTFE filters (n = 1 deploymeitI-impregnated quartz fiber

filters (n = 3), the unsupported version of thearaexchange membrane (n = 4), and the
cation-exchange membrane deployed with the badidgout (n = 8).

To determine the effect of deployment time on déjmosrates, the total amount
of mercury deposited to surfaces in rectangularnmtsun two consecutive one-week

sample sets was compared against the total amburgroury deposited to a sample set
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deployed for the entire two weeks. Also, the tatabunt of mercury deposited to
surfaces in two consecutive two-day sample setoandonsecutive three-day sample
set was compared against the total amount of mgdrposited to a sample set deployed
for the entire one week. Each of these deploymem tests was replicated.

To determine the influence of surface orientatiardeposition, surfaces in
acrylic mounts deployed down-facing were compagairest surfaces deployed up-
facing (n = 31). To determine the difference betmweount types, surfaces deployed in
rectangular mounts and aerodynamic mounts were a@d{n = 25). Tests to determine
the influence of deployment location on depositi@re also carried out, and information
about these tests is available in the Supportifgimation. All comparison tests and
method tests were carried out during periods werage GOM concentrations greater
than 5 pg .
Controlled Chamber Experiments. Surrogate surfaces were deployed in two different
chambers to determine whether air chemistry areffeironmental factors influenced
deposition. In Chamber 1, GEM concentrations veaaipulated in ambient air (n = 10
deployments) or in air scrubbed of all mercury vathactivated carbon cansiter (n = 13)
to determine whether the surfaces collect GEM. niliex 2 was used to determine how
deposition of GOM to surfaces varied with GOM cartcation, GOM species (Hg& |
HgBr,, and HgO), humidity, temperature, and ozone camagon (n = 3 or more
deployments for each unique chamber condition).reMiaformation about chamber
experiments is available in the Supporting Inforiorat
Data Analysisand Model. Data processing and summary statistics were caotédh

Microsoft Excel 2003. Correlation and linear reggien routines were carried out in
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SPSS 16.0, and Student t-tests (used to testrthikausiy of two datasets) were carried
out in Kaleidagraph 4.02. Unless otherwise spedifall statistical values and
comparisons were significant@at= 0.01. A dry deposition model (Lyman et al., 200
Zhang et al., 2003; constructed in Microsoft Ex2@03) was used to estimate GOM
deposition at field sites during surrogate surfdegloyments. More information about

this model is available in the Supporting Inforroati

Results

Detection Limit and Blank Correction. The detection limit for seven day deployments,
calculated as three times the standard deviatidreoiks, was 0.05 + 0.05 ngrh*

(mean + standard deviation) or 0.9 + 0.8 pg o GOM (derived from the mean
deposition velocity of GOM to surfaces deploye@d@nodynamic mounts). Calculating
the detection limit as three times the standardadiew of samples deployed during
weeks with GOM concentrations less than 1 phyielded a value of 0.07 + 0.04 ng°’m
h' or 1.2 + 0.7 pg i of GOM. In addition to method blanks, field sagmivere blank
corrected using the deposition rate from deploympeniods that had average GOM
concentrations less than 1 p& 10.20 ng nif h") to account for sampler contamination.
More information about blank corrections is avdeain the Supporting Information.
Comparisons of Different Surfaces. The PTFE filters collected 84% less mercury than
cation-exchange membranes (p = 0.02). Quartz filbers impregnated with KCI
collected 97 £ 0% less mercury than cation-exchangmbranes. Unsupported
membranes collected 15 + 8% less mercury than stggbmembranes (p = 0.11). In

Lyman et al. (2007), supported cation-exchange nnan@s were incorrectly deployed
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with the polyester backing side exposed. Membrant#sthe backing exposed collected
53 + 8% less mercury than correctly deployed memgsaand the surrogate surface
results of Lyman et al. (2007) are biased by tmsant.

Comparisons of Different Deployment Methods. Surfaces deployed for two weeks
collected 10 = 1% less mercury than the sum ofdammesponding sets of surfaces
deployed consecutively for one week each. Surfdeptoyed for one week were not
different than the sum of three corresponding skssirfaces deployed for shorter
periods (p = 0.70). The deposition velocity of G@up-facing surfaces was 9% higher
than to down-facing surfaces (p = 0.06). Depasitates for surfaces deployed in either
direction were not correlated with concentratioh&&M and PBM, but solar radiation
was a significant negative predictor for depositiomp-facing surfaces when added with
GOM as an independent variable in a multiple regioesroutine. The mean deposition
velocity of GOM to surfaces deployed in rectangufeunts (1.8 + 0.8 cm’3 was 60%
higher than to surfaces in aerodynamic mounts¥06 cm &). Deposition to surfaces
deployed in both mounts were well correlated withN&concentration fr= 0.90 and
0.91, respectively).

Field Results. At all sites, deposition of mercury to surfacessworrelated with average
GOM concentration and was not well correlated V@M or PBM concentrations
(Table 5-1, Figure 5-1). The correlation of defiosiin Yorkville with GEM and PBM
reflects the fact that GOM in Yorkville was corrield with GEM and PBM {r= 0.41 and
0.33, respectively). Deposition of mercury to aads was correlated with modeled
GOM dry deposition, but the strength of this catien varied with location (Table 5-1).

The deposition velocity of GOM to surfaces in agrainic mounts was 564 + 258%
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greater than modeled GOM deposition velocity in&and 182 £ 173% and 112 + 149%
greater than modeled deposition velocity in Pensamad Yorkville, respectively (Table
5-1).

To assess whether wind speed, temperature, or itynmfluenced deposition
rates, each of these variables was added with GOahandependent variable to predict
deposition to surfaces in multiple linear regressanalyses. All of these variables were
significant co-predictors of deposition in Renot tamperature (positive relationship)
and humidity (negative relationship) each only é@sed¥by 1%, and wind speed
(positive relationship) increasetlby 3%. Wind speed wasn't a significant co-presfict
in Pensacola or Yorkville (p = 0.32 and 0.48, resipely), but temperature and humidity
were; adding temperature increasely 8 and 7% in Pensacola and Yorkville,
respectively (positive relationship), and addingtiee humidity increased by 14% in
Yorkville (negative relationship). In Reno, ozomas not a significant co-predictor of
mercury deposition to surfaces.

The deposition velocity of GOM to surfaces in regialar mounts deployed in
Paradise Valley (3.7 + 0.9 crif)swas 84% higher than the deposition velocity to
surfaces in rectangular mounts in Reno during #meesperiod (2.0 + 0.4 cm's The
average GOM concentration in Paradise Valley (48 pg i) was 47% lower than in
Reno (48 + 8 pg i), and the amounts of mercury deposited to surféaesleposition
rates) at the two sites were not different (p =2Q.1The 2008 network deployment also
showed that sites across northern Nevada had sid@f#osition rates, especially Reno

and Paradise (Figure 5-2).
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Chamber Results. Surrogate surface deployments in Chamber 1 showaaleposition
to surfaces was dependent on the amount of GEMdaiddde chamber if inlet air was
scrubbed of mercury via an activated carbon canfste 0.70; TGM concentrations
ranged from 0.0 to 10.4 ng ¥ but deposition was not dependent on the amdunt o
GEM added if inlet air was particulate-filtered denit air (F = 0.06, p= 0.20; TGM
concentrations ranged from 2.2 to 12.7 rig)m

Deposition of mercury to surfaces in Chamber 2 iveesrly dependent on GOM
concentration within the chamber (Figure 523 0.95 for deployments with Hgg|
permeated and constant temperature and humiditg)nat dependent on GEM
concentration (r= 0.07, p = 0.25). The deposition velocity tofaoes exposed to HgO
(0.43 + 0.08 cm$ and HgBs (0.37 + 0.04 cm'$ was not different from the deposition
velocity of surfaces exposed to Hg@0.39 + 0.05 cm§ p = 0.29 and 0.24 for HgO and
HgBr, respectively). Deposition to surfaces in higlatige humidity (0.42 + 0.06 cni's
76 + 7% humidity) and high ozone concentrationd§® 0.16 cm$, 135 + 6 ppb ozone)
were not different from deposition in normal chaméenditions (HgG permeated, 22 +
6% relative humidity, 3 + 2 ppb ozone; p = 08881 0.15, respectively).

The deposition velocity to surfaces deployed in@ber 2 at low temperature
(0.88 £ 0.25 cm’S, -1.4 + 1.6°C) was higher than in normal chamimewitions (24.0 +
1.2°C). This negative relationship between depmsikelocity and temperature is in
contrast to field results, which showed a slighgipee relationship. Moreover, surfaces
deployed in Chamber 2 with an average temperahatentas slightly above freezing
(2.4°C) yielded deposition velocities that were diffierent (0.40 + 0.12 cmi’s p = 0.98)

from those under normal chamber conditions, indthgathat the chamber temperature
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effect was not linear. Surrogate surfaces weréogted close to the chamber air inlet,
while GOM measurements were taken from the outléhe other side of the chamber
(see diagram in Supporting Information), and thinans hypothesize that GOM
deposited on the cold, frosty chamber walls whideeling from the inlet to the outlet,
biasing GOM measurements low and giving surrogatiase deposition velocities the
appearance of being biased high.

The deposition velocity of GOM to surfaces deployethe chamber was 72%
lower than to surfaces deployed in rectangular rteoanthe Reno field site, and this
difference is thought to be due to differencesnbalent dynamics between the chamber
and field sites.

Surrogate Surface Resistance. The Lyman et al. model (2007) calculates deposition
velocity (Vy) as

Va=1/(R+ R+ R),

where R and R are the aerodynamic and quasi-laminar sublayestagses, respectively,
and R is the surface resistance, &d R are dependent on atmospheric turbulence,
while R; is influenced by a variety of meteorological andace conditions. Since;R
and R are not surface-dependent and the deposition itaelocsurrogate surfaces is
known, the surface resistance)Bf surrogate surfaces was calculated as
Re=1/V¢yg—-R—-R.

This resulted in a calculated surface resistankesvaf 0 + 113 s m for surrogate
surfaces deployed at field sites in aerodynamicntgyicompared with modeled natural
surface resistances of 614 + 214 §imReno, 147 + 44 s1in Pensacola, and 173 + 45

s mitin Yorkville.
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When modeled surface resistance was set to a comstavalue of 10 s fhas
recommended by Wesely (1989) for highly soluble saattive compounds, the model
more closely approximated the magnitude of meastepdsition to surfaces (deposition
to surfaces was 14 + 49% higher than modeled deposn Reno (p = 0.04) and 8 £
82% and 11 £ 75% lower in Pensacola and Yorkwvilepectively (p = 0.12 in
Pensacola)). What is more, the deposition velamfitg OM to surrogate surfaces
correlated much better with modeled GOM deposielocity when Rwas set to 10 s
m* (* = 0.83 for all sites combined) than if Ras calculated normally%(= 0.47).
Trendsin Deposition. Annual dry deposition of GOM to surrogate surfaces 6.8.9
m?in Reno (missing weeks were given seasonal aver@lges), 0.7ig m” in Pensacola
(90% less than Reno), and i mi? in Yorkville (73% less than Reno; Table 5-2).
Annual dry deposition of GOM to surrogate surfaceReno was 342% greater than wet
deposition measured at the site as part of the MBiNork (1.5ug mi?). An MDN site,
GA40, exists in Yorkville, but data through SeptemB008 are not yet available. Using
the average annual wet deposition for 2005, 2006 2807, annual dry deposition of
GOM to surrogate surfaces in Yorkville was 83% lgss annual wet deposition (10.7
ng m?). Using average annual wet deposition for 200862 and 2007 from MDN site
AL24 (122 km from Pensacola), annual dry depositb@&OM to surrogate surfaces in
Pensacola was 95% less than wet deposition (iBré?).

At all sites in the northern Nevada network depient, deposition to surfaces
was correlated to GOM concentrations measured iRé= 0.48 to 0.73; Figure 5-2).
Also, the deposition rate at each northern Nevédanss correlated with deposition

rates at other sites’(r 0.81-0.92). Similarly, deposition rates in Rertda and
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Yorkville were correlated fr= 0.38) during 49 weeks of simultaneous deployment
Deposition in Pensacola and Yorkville peaked ie lainter and spring (Figure 5-4;

Table 5-2), whereas deposition in Reno showed k ipespring followed by a greater
peak in mid-summer. As expected, the seasonstigthighest deposition rates also had
the highest GOM concentrations. However, the dépasvelocity of GOM to surfaces

in Reno was also higher in spring and summer x&dt other seasons (Table 5-2),

which enhanced the effect of increased GOM conagatr on the deposition rate.

Discussion

This work shows that the cation-exchange membrarface is a useful surrogate for
characterizing GOM dry deposition. Mercury deposito surrogate surfaces was
correlated with GOM concentration and with modeB@dM dry deposition at sites with
very different conditions. Surface resistance waltons showed that the surrogate
surface is extremely efficient at collecting GOKhamber and field data showed that
the effects of temperature, humidity, and GEM comr@tions on deposition to surfaces
were likely small or non-existent. The observdtience of temperature and humidity
on deposition of GOM to surfaces in Pensacola amdkvlle were likely statistical
artifacts, given that GOM concentration was welretated with those parameters at
those sites (data not shown). Moreover, depositi@urfaces was not dependent on
natural surface variability (i.e. with variabiliof R in the dry deposition model), and
differences in GOM deposition to surfaces weredbrgxplained by differences in

turbulent transfer rates (represented Rl R in the model).
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The weaker correlation between GOM concentratiahdeposition to surfaces in
Pensacola and Yorkville relative to Reno may haenbdue to limitations of the method
used to collect GOM data. Measurements of GOM niigd&ie Tekran system are not
continuous, and the systems in Pensacola and Mierkailized a 1 h sampling period
and a 1 h desorption period, measuring only 50%®fGOM experienced by surrogate
surfaces during each deployment period. The systdReno utilized a 2 h sampling
period and a 1 h desorption period, measuring GON6T7% of each deployment period.
Additionally, GOM in Reno exhibited relatively prethble, regular diel cycles with
periodic synoptic-scale enhancements (Weiss-Peptris, 2009), and the missing 33%
of data in Reno was probably fairly well represdritg the collected data. In Pensacola
and Yorkville GOM concentrations tended to be gjtginfluenced by plumes from
nearby point sources (Edgerton et al., 2006), ntptie GOM datasets at these sites
more skewed (i.e. less predictable; Pensacola ankivile weekly GOM datasets had
Pearson’s skewness coefficients that were 51% a#dt8gher, respectively, than in
Reno). Median GOM concentrations predicted dejwsihore poorly than mean
concentrations in Pensacola and Yorkville, showirag the surfaces detect mean GOM
deposition. Also, integrating the area under thee for GOM concentrations did not
predict deposition to surfaces better than mean GOMentration.

Limitations. The down-facing orientation of surfaces was desigoeminimize
deposition of coarse patrticles, but coarse PBMnaisneasured at field sites (the
Tekran system measures only fine mode PBM), scsthidy could not definitively
determine whether coarse PBM influenced deposdfanercury to surfaces. Fine PBM

did not correlate with deposition to surfaces, dlusites had low average PBM
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concentrations (5 + 4 pgfrfor all deployments at all sites), so it is unkmowhether
high concentrations of fine PBM would influence dsition.

While the uniform surface resistance of the sunegarface allows for easy
comparison of results among sites and across tinsejkely unrepresentative of GOM
deposition in the real world. Deposition of GOMn@atural surfaces will vary not just
with variations in turbulence (i.e. variations ig &d R), but with variations in leaf area,
vegetation, soil type, humidity, temperature, stefaetness, etc. (i.e. variations ig).R
Thus, surrogate surfaces likely oversimplify rgaliT his problem may be able to be
partially overcome by scaling surrogate surfacelteso leaf area or “calibrating” results
using micrometeorological measurements or models.

It is impossible for surface resistance to anyae&fto be less than the calculated
surrogate surface resistance of 0§ tut very few direct measurements of GOM dry
deposition to natural surfaces have been publifitrecomparison, so the extent to which
deposition to the surrogate surface over-represeatsy is unknown. Nonetheless, it is
safe to regard the surrogate surface as an uppieoli possible GOM dry deposition.

The higher deposition rate to surfaces in rectargubunts relative to
aerodynamic mounts was likely due to artificiabwlence created by the rectangular
mounts. However, even the aerodynamic mounts dhmtlbe expected to have
turbulent properties similar to natural surfaceshsas leaves, solil, or tree bark, so this
presents another deviation from real conditionsalfy, the surfaces measure only GOM
dry deposition, not total mercury dry depositioe.(GOM + GEM + PBM). Because

some collected mercury appears to be re-volatilimmu the surrogate surfaces if they



111

are deployed face up and exposed to high solaatradj the surfaces should not be
deployed face up to collect PBM in addition to GOM.

Applications. While the surrogate surface is unable to capghaenfluence of natural
surface variability, it can detect variability irO®M concentration and atmospheric
turbulence. Thus, it has utility for tracking clgas in GOM deposition over time and for
assessing regional or global trends in GOM dry ditjom.

The data collected in this study showed that, eesidering the uncertainty
inherent in surrogate surfaces, dry deposition @Man Reno is an extremely important
part of total mercury deposition. In contrast, a&pon of GOM in Pensacola and
Yorkville is a small component of total mercury dspiion, especially since the surrogate
surfaces may over-represent real GOM depositiaorrelations among different sites in
northern Nevada and in the Southeast showed tbairtdtesses leading to GOM
deposition are regional in scale. In future stadieng-term surrogate surface
deployments like those conducted in this work cdaddised in tandem with periodic
micrometeorological measurements to efficientlyeasdoth the spatial and temporal

variability and the magnitude of GOM dry deposition.
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Tablesand Figures

Table 5-1. Summary data for all sites. Regression coeffisiashiown indicate correlation
with deposition of mercury to surrogate surfacéssig.” means that a value is not
significant ato = 0.05. Surrogate surface deposition velocities @eposition rates are
for surfaces deployed in aerodynamic mounts, exoefaradise, where values from
surfaces in rectangular mounts were adjusted d@asedon comparisons of surfaces

deployed in aerodynamic mounts and rectangular msoun

Model Surrogate  Surrogate  Model R .=10

GOM GEM PBM Dep. GOM Surf. Dep. Surf. Dep. Dep. Model dep.

Weeks Corr. Corr. Corr.  Corr. Conc. Rate Velocity  Velocity Velocity
r r? r? r? pgm?® ngm?ht cms* cms™ cms*

Reno 64 0.84 0.04 insig. 091 22+16 1.0+0.8 14+05 02+01 11+0.2
Paradise 5 0.49 insig. insig. 0.61 25+10 2.0+0.4 22+05 03+00 15+01
Pensacola 49 0.53 insig. insig. 0.38 32 0.1+0.1 11+0.7 0502 09%03
Yorkville 49 0.53 0.10 0.26 0.25 7+5 02102 09+05 05+01 09%0.2
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Table5-2. Seasonal data summaries for Reno, Pensacola, akdid Values with

asterisks are three-year means from 2005-2007ad&#®N sites AL24 and GA40 for

Pensacola and Yorkville, respectively.

Surrogate  Mercury Surg. Surf.
Surf. Dep. Wet Dep. Precip. GOM Dep. Veloc.
pg m? season™ mm season”  pgm* cms™

Spring Reno 1.3 0.4 17 115 1604

Mar-May Pensacola 0.4 3.6* 233 4+2 1.1+£0.5

Yorkville 0.7 2.7* 331 10+6 09+04

Summer Reno 3.5 0.3 11 289 1.7+04

Jun-Aug Pensacola 0.2 5.5* 423 3+2 1.2+£0.7

Yorkville 0.3 4.2* 350 4+£2 0.9+0.7

Fall Reno 1.8 0.6 1 21+10 1.1+£0.3
Sep-Nov Pensacola 0.0 2.4* 681 1+1 0.6

Yorkville 0.4 1.9* 198 4+3 1.1+0.1

Winter Reno 0.2 0.3 30 4+3 0.7+0.7

Dec-Feb Pensacola 0.1 2.1* 454 4+3 11+£10

Yorkville 0.4 1.9* 296 9+3 0.5+0.3
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Figure 5-1. GOM concentration versus deposition of mercurguoogate surfaces in
aerodynamic mounts at all field sites. Depositiates for Paradise were adjusted down

based on comparisons of surfaces deployed in aeandig mounts and rectangular

mounts.

~—~9%7 +Reno

N,'; A Paradise +
c,4 1 e Pensacola

[ =

= | o Yorkville . +
831 R

@©

3 L a AL s .

2 A A

£ ES S : ¥% ++ it

s b AL

211 e TN

g 36+% ©

Q0+ . ; ; : ; )

0 10 20 30 40 50 60

GOM (pg m)



116

Figure5-2. Time series and map of network deployment of sat@gurfaces at four

sites in Nevada. Error bars show standard dewiatio
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Figure 5-3. GOM concentration versus mercury deposition toagate surfaces in

Chamber 2. Base case is 22 + 6% relative humidity2 ppb ozone, and 24.0 + 1.2°C.
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Figure 5-4. Time series of deposition of mercury to surrogatdaces in Reno,

Pensacola and Yorkville and wet mercury depositidReno. Error bars show standard

deviation.
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Supporting I nformation

Field Sitesand Methods. The Reno field site is about 9 km from downtown &en
Nevada in an urban desert valley just east of tee&ENevada Mountains. The Paradise
Valley site is in a rural desert valley surrounddgdnountains on three sides. The
Pensacola site is in a suburban area 20 km nottreddulf of Mexico. The Yorkville
site is a rural site 40 km west of Atlanta, Geordsurfaces were deployed at 3 m at all
Nevada sites and 5 m in Pensacola and YorkvillerfaSes in Reno and Paradise Valley
were deployed on independent sampling poles senestdrs from any buildings, and
deployments in Pensacola and Yorkville were on sagpooms that extended 2 m
from a building.

At all sites the accuracy of Tekran systems waslaeeregularly by injection of
a known quantity of mercury vapor into air beingigpded by the 2537A (weekly into
ambient air in Reno and Paradise Valley, quartetty zero air in Pensacola and
Yorkville). Ozone was measured in Reno with a dghe-AP1 400E, and calibration
checks were performed weekly. Temperature, hugidiind speed and direction, solar
radiation, precipitation, and leaf wetness weresuead in Reno, Paradise, Pensacola,
and Yorkuville.
Descriptions of Laboratory Chambers. Air entering all chambers was filtered with 0.2
um particulate filters, the chambers were coverethflight during deployment, and
chamber deployments were typically for 72 h. Chanibwas a 50 x 36 x 36 cm acrylic
chamber with a flow rate of 7 L mifn GEM was permeated (Dynacal HE-SR
permeation tube) into chamber inlet air to manifgi@EM concentrations. Temperature,

humidity, solar radiation, and total gaseous mer¢liGM) concentration were measured
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within the chamber. Total gaseous mercury was aredswvith a Tekran 2537A.
Surfaces in Chamber 1 were deployed in rectangutamts.

Chamber 2 was a 57 x 44 x 32 cm acrylic chamImel jtavas housed in a chest
freezer to allow temperature manipulation. A stilo$énlet (filtered ambient) air was
passed over a heated ultra-pure (182 &) water bath to manipulate humidity. A
subset of inlet air was passed through a temperamtrolled vial containing Hg&l
HgBr,, or HgO to manipulate GOM concentrations. Bekw&ching between different
GOM species, the chamber was heated and flushadawitintil residual GOM
concentrations were no more than 10-20% of conagotrs during GOM permeations.
The flow rate through the chamber was 7.5 L isOM and GEM were measured with
a Tekran 2537A/1130 system. A 1.3 cm (diametet) xm (length) PTFE tube heated
to 50°C connected the chamber to the Tekran 1T3&ne was generated with a
Teledyne-API model 700E and measured with a Teledyl model 400E. Surfaces in
Chamber 2 were deployed in rectangular mounts.

Dry Deposition Model. Details of model construction are available inrlan et al.
(2007). The evergreen broadleaf shrubs land usgagy was used for Reno and
Paradise Valley, and the short grass and forbgoatevas used for Pensacola and
Yorkville. Comparison of the Lyman et al. mode0(QZ) with the original Zhang et al.
(2003) FORTRAN code showed that the Lyman et adehproduced deposition
velocities that were not significantly differenbin the Zhang et al. model when no
precipitation occurred but were 11 £ 0% lower thiaa Zhang et al. model when
precipitation did occur. The discrepancy duringgipitation was due to a difference in

the way soil and cuticle resistance were calculdtgthg rain and dew events.
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Deployment Location Tests. To test whether proximity to a building affected
deposition, sets of surfaces were deployed in thepdoyments in Reno using
aerodynamic mounts on a free-standing sampling gradieon a 2 m boom projecting
from a building (9 m from the pole; all surfacesr&y8 m above ground level). The
deposition rate of GOM to surfaces deployed orfrie-standing pole was not different
from deposition to surfaces deployed on the boahghojected from a building (p =
0.35-0.95).

Blank Correction. Surfaces deployed in aerodynamic mounts during s/edien
average GOM concentration was less than 1 Pdiau a deposition rate of 0.20 + 0.04
ng m? h, three times higher than could be explained by Gdldosition alone (based
on mean deposition velocity of GOM to surfaces dggdl in aerodynamic mounts),
providing evidence that contamination influenceel deposition rate. Deposition to
surfaces deployed during low GOM periods did notelate with GEM or PBM
concentration, so it is unlikely that GEM or PBMme&enajor contributors to
contamination. The authors hypothesize that comiaon occurred as residual mercury
in mounts migrated to surrogate surfaces. Suchaodnation would not have been
detected in field blanks, since field blanks wergerted into mounts and then
immediately removed. All field samples were blagkrected using 0.20 ngfii?, and
samples with deposition rates less than this wenga value of zero (9% of data).
Before blank correction, the slope of the regreséime with deposition to surfaces as the
dependent variable and GOM concentration as theperadent variable was 0.050, and
the y-intercept was 0.161 (significantly differérdm zero; p <0.01). After blank

correction, the slope was the same but the y-iafgrnvas -0.033 (slightly different from
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zero; p = 0.06). Since the y-intecepts for sudaneaerodynamic mounts and rectangular
mounts were not significantly different (p = 0.78)rfaces deployed in rectangular

mounts at field sites were also blank correctedgiie same method.

Figure5-5. Diagram of Chamber 2.
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Mixing Fan
Figure 5-6. Surrogate surfaces in an aerodynamic mount (A) aarettangular mount
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Abstract. This paper reports on the development of a pagdiffesive) concentration
sampler for gaseous oxidized mercury and the gsfithis sampler in controlled
laboratory and field conditions. Atmospheric gaseoxidized mercury concentrations
calculated from passive sampler data were corickhatd those obtained using an
automated analyzer’(s 0.71, p < 0.01, n = 110 for one-week deployments 0.89, p <
0.01, n = 22 for two-week deployments). Sampld¢akg was not significantly affected
by changes in temperature, humidity, or ozone aainagon in field deployments, but
was slightly dependent on wind speed. As such ymsampler measurements were
corrected based on this factor. The detectiort ionitwo-week sampler deployments
was ~5 pg . Field data showed these samplers are usefinvestigating spatial and

temporal variability in gaseous oxidized mercurp@antrations.
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I ntroduction

Although mercury contamination is most often asstec with aquatic systems, the
atmosphere is a global reservoir for mercury anthgor source of mercury to
ecosystems (Lindberg et al., 2007). As such, wtdeding the spatial and temporal
variability in atmospheric mercury concentrationslifferent scales is necessary to fully
understand potential impacts. Atmospheric meraitypically measured as three
fractions; gaseous elemental mercury (GEM), gaserigized mercury (GOM; a.k.a.
RGM; thought to consist of a variety of Hg(ll) specsuch as HgglHgBr,, HgO, etc.),
and particulate-bound mercury (PBM). It is impattto measure these three fractions,
since each have different physical and chemicgigmtees and different transport,
transformation, and deposition dynamics (SchroaddrMunthe, 1998).

The Tekraff 2537A/1130/1135 system (Landis et al., 2002)dsramercially
available, automated instrument for measureme@t¥, GOM, and PBM in the
ambient atmosphere. Since its development eadyditade, this system has
dramatically increased scientific understandingtafiospheric mercury behavior (e.g.
Lindberg et al., 2002; Hedgecock et al., 2003; Seadruber et al., 2006; and others). It
provides automated high-quality, high-resolutiongdour or less) measurements.
However, because the Tekran system is expensive@ration is labor-intensive, few
long-term datasets exist for atmospheric mercwgtions (though the number is
growing), and the spatial coverage of measurememisor, especially outside of North
America and Europe (Valente et al., 2007).

This paper describes efforts to develop a passiviigive) sampler for gaseous

oxidized mercury. A passive sampler typically dstssof a collection surface that has a
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high affinity for the gas of interest and a bartieat eliminates turbulence and creates a
region of stagnant air between the barrier anattiection surface where only diffusion
occurs. Gas molecules are collected on passivplesby passing through the barrier,
diffusing through the region of stagnant air, aathég to the collection surface
(Namiesnik et al., 2005). After deployment, thenpker is disassembled and the
collection surface is analyzed to determine thesnashe compound of interest. This
value can then be used to calculate the concemrafithe gas of interest in the sampled
atmosphere.

Passive samplers require no electric power, arplsito deploy, and are usually
cheaper than automated analyzers, but they relguiger minimum sampling times
(hours to months, depending on the sampler anddb®f interest) and often have poorer
precision (Harper and Purnell, 1987). Severalipasamplers for ambient GEM or total
gaseous mercury (i.e. GEM + GOM) have been devdl@geletkus and Sakalys, 1994;
Masataka et al., 1999; Brumbaugh et al., 2000; $ta@l., 2007), but the authors of this
work are not aware of any attempts to develop aipasampler for GOM. This work
describes the performance of a novel GOM passivgpkea in diverse field and
laboratory settings, including its effectivenedatiee to other sampler designs and its

accuracy relative to automated measurements.

Methods
Sampler Design. The final sampler design consisted of an activatdgsulfone cation-
exchange membrane collection surface, a seriesrgli@plates as barriers to turbulence

(Figure 1), and a polycarbonate container as a&ptiwe housing and additional
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turbulence barrier. Lyman et al. (2009) showed tihe cation-exchange membrane used
is an extremely efficient uptake surface for GOM &not influenced by GEM
concentrations. The main barrier to turbulence ava2 cm thick acrylic plate situated
over the collection surface. This plate had 12@$10f 0.32 cm diameter through which
air passed from the atmosphere to the collectiolace. Placed over this plate was a
solid acrylic plate (i.e. external shield; 0.6 dmtk) that served as an additional
turbulence barrier. A gap of 0.6 cm existed betwthe plate with holes and the external
shield, allowing air to flow between the two paatl into the holes. To reduce
contamination from the sampler body, thin PTFE 8hgd1l mm thick) was placed
between the collection surface and the acrylicgslatThe assembled sampler was 14.9 x
11.1 x 4.2 cm, and the exposed membrane surfagena® 107 cf This design melded
the principles of a Palmes tube sampler (Palmak,et976; Plaisance et al., 2004) and a
badge-type sampler (e.g. Tang et al., 1997; Rabtaat, 2001), maximizing the
collection surface area and minimizing potentiglaigtion to the sampler body and gas
diffusion distance within the sampler.

During deployment, samplers were housed in 20 @médier x 19 cm deep
cylindrical polycarbonate containers painted wiglague, light colored paint, providing a
shield from precipitation, wind, and sun. Contasne@ere positioned with the opening
facing down, and the samplers inside were aligregdliel to the container top with the
collection surface facing down. Vel&straps secured the samplers to the tops of
containers.

Sampler Preparation, Deployment, and Analysis. Acrylic sampler parts were

immersed in a 5% HNgEbath for at least 12 hours between each use.PTRE liners
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were immersed for at least 12 hours in a 5% HK&h followed by 48 hours in a 90°C
50% HNGQ bath between each use. Samplers were assemldddiRA filtered

positive pressure hood, and sampler parts weretbgéther using Fisherbrahéabel
tape. The gaps between the diffusive barrier hackternal shield (see Figure 1) were
sealed first with PTFE tape and then with Fishert?dabel tape, and remained sealed
except during deployment. Samplers were storetbirble Ziplo€ bags when not in use
and were only handled with gloved hands.

All sampler deployments were for one week exceptfsubset of field
deployments in Reno that were for two weeks (ndeployments), and wind tunnel tests,
which were for between one and two weeks. Prepsagtplers were shipped between
field sites and the UNR laboratory each week, atedoperators followed a written
standard operating procedure for sampler deployiaeahicollection. Two or more
samples and one to three matrix blanks were deg@ldyeing each sampling interval.
Blanks were prepared and deployed exactly as saiplé their sampler openings were
kept sealed with tape during deployment. Sampmacentrations were corrected using
simultaneously collected blank data.

After deployment, samplers were disassembledHERA filtered positive
pressure hood and cation-exchange membranes veaedghto individual 125 mL I-
Chem jars and stored at -20°C until analysis. ddatixchange membranes were digested
in 100 mL of 1% HCI solution and 6 mL of BrCl satut and then analyzed according to
EPA Method 1631 (USEPA, 2002).

Blank Tests. Tests were performed to determine whether holdmg aind holding

temperature influenced blank values. For the Ingldime test, twelve samplers were
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prepared and sealed in double Zifldmgs. Four samplers were immediately
disassembled and their collection surfaces plaatedjars and frozen, while the other
eight samplers in the Zipl8dag were placed in a laboratory drawer. After amd four
weeks, four samplers were disassembled and calleéter the holding temperature test,
four samplers were placed for two weeks in an atetD°C, four were placed in a lab
drawer (~24°C), and four were placed in a refrigar&t2°C). Other Sampler Designs.
KCl-Impregnated Quartz Fiber Filters- KCl-impregnated quartz fiber filters were tested
as collection surfaces. These were prepared kttmg 7 mL of a 2.4 M KCI solution
onto the filters so the entire filter was saturathgling the filters, then heating the filters
at 500°C for 3 hours to remove residual mercurnjtefs were loaded into samplers
immediately after heating. After deployment sampleere immediately disassembled
and filters analyzed by placing in a quartz tubthimia Lindberg tube furnace and
heating to 500°C in a mercury-free air stream. dilesd mercury was quantified using a
Tekrarf 2537A. The Tekrdh2537A was calibrated external to the TeKRranftware by
injecting known amounts of mercury vapor into sagmgil and creating a four-point
calibration curve from the peak area output ofitts¢rument.

Preliminary Sampler Body Experiments- To develop a sampler body that shielded the
membrane from wind, potential designs were deplayednd tunnels described below.
These included n = 4 deployments using 4 wind tlsn@&ch time with the final sampler
including the cylindrical polycarbonate container 2 deployments for the final sampler
without the external shield but with the polycaratscontainer, and n = 1 deployment
using a diffusive canister modified from Wania et(2003). The diffusive canister was

an enclosed cylindrical polycarbonate housing \&iteries of 1 cm holes drilled along
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the top edge and through the bottom, and the hades shielded to restrict direct air
flow through the holes and into the canister. €ailbn surfaces were directly exposed to
air within the canister.

Field Deployments. Passive samplers were deployed for 37 weeks atuvierc
Deposition Network (MDN) site NV98 in Reno, Nevagagure 2; 39.51°N, 119.72°W);
for eight simultaneous weeks at MDN NVO02 in Paradralley, Nevada (41.50°N,
117.50°W), MDN NV99 near Wells, Nevada (41.55°N521°W), Ruby Valley,
Nevada (40.20°N, 115.50°W), and Southeastern AéRsgearch and Characterization
(SEARCH) network sites OLF in Pensacola, Florida%3°N, 87.38°W) and YRK near
Yorkville, Georgia (33.93°N, 85.05°W); and for foweeks in Dixboro, Michigan
(42.30°N, 83.66°W). Deployments in Reno were earout between May 2008 and
April 2009, and deployments at all other sites weaneied out between July and
September 2008.

Atmospheric mercury fractions (GEM, GOM, and PBRI5um) were measured
simultaneously with sampler deployments in RenmsBeola, Yorkville, and Dixboro
with TekrarP 2537A/1130/1135 systems. Tekran systems weraetkand calibrated
according to established standard operating praoesdar each site, and external
calibration checks were performed regularly byatijeg known quantities of mercury
vapor into sample air streams (in ambient air indend Dixboro, in mercury-free air in
Pensacola and Yorkville). Ozone was measured imRéth a T-APf Model 400E
ozone analyzer that was calibrated weekly with &Niraceable ozone standard.

Samplers at instrumented sites were deployed dtdtuht of Tekrafi system inlets (4 m
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in Reno and Dixboro, 5 m in Pensacola and Yorkyibed samplers at other sites were
deployed at 3 m.

Temperature, humidity, wind speed and directiokgrs@adiation, precipitation,
and leaf wetness were measured in Reno, Pensdaokyille, and Dixboro.
Meteorological data for Paradise Valley, Wells, &uby Valley were obtained from the
Remote Automated Weather Station (RAWS) Climatehive (www.raws.dri.edu).
RAWS data includes air temperature, relative hutpjavind speed and direction,
precipitation, and solar radiation. The Morey Gr8AWS site was used for Paradise
(12 km away from field site), Stag Mountain wasdiga Wells (16 km away), and Ruby
Lake was used for Ruby Valley (1 km away).

Chamber Deployments. Samplers (without polycarbonate containers) wepoyed in
a 57 x 44 x 32 cm acrylic laboratory chamber t@deine whether GOM concentration,
GOM species (HgG) HgBr,, and HgO), GEM concentration, temperature, humidit
ozone concentration affected uptake rates. Chamlegrair was filtered with a 0.2m
filter, and the chamber flow rate was 7.5 L thinThe chamber was housed in a chest
freezer, providing for manipulation of temperatuii® add humidity a component of the
inlet air stream was passed over a temperatureaileat water bath. Ozone generated
with a T-AP® Model 700E was added to the inlet air for someosxpes and measured
in outlet air with a T-AP! Model 400E. To add specific GOM compounds to the
chamber a component of the inlet air was passedatemperature-controlled PTFE
permeation tube containing HgCHgBN, or HgO. A Tekrafi 2537A/1130 system
connected to the chamber using a heated PTFE tabeised to measure GEM and

GOM concentrations. Five deployments were camigdvith HgCh permeated (varying
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concentrations), temperature at about 25°C, norwajgor added, and no ozone added.
Three deployments each were carried out with lonpierature, high humidity, HgBr
permeated, HgO permeated, and ozone added.

Wind Tunnel Tests. Samplers were deployed in polycarbonate contaldmérm
downwind of variable speed fans inside 46 cm diame 3 m PVC pipes that served as
wind tunnels (n = 3 deployments for the final saenplesign). Wind speed in each
tunnel was measured with a Yo(dn@103 wind meter at the beginning, midpoint, and
end of each deployment period.

Data Analyses. Data were processed using Microsoft Excel 2003relation and
regression analyses were performed using SPSSti6€s were performed in
Kaleidagraph 4.02, and wind direction analyses weréormed in Kaleidagraph 4.02.
All statistics were considered significantoat 0.01 unless otherwise noted. Where
applicable, values are reported as mean + startbadtion.

The uptake rate of mercury by passive samplersgonipg i) was calculated as
the mass of mercury collected on cation-exchangabnanes (blank-corrected) divided
by the length of the deployment. The empiricalgrided theoretical flow rate of GOM
into samplers (units of L mthor n h%) was calculated as the uptake rate divided by the
average GOM concentration measured by the T&8sgstem during the deployment
period.

Relative standard deviation (RSD) was calculaged a
RSD = 100xSD/M
where SD is the standard deviation and M is thenmé®elative percent difference (RPD)

was calculated as
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RPD = 100x|P — AJ/A
where P is the GOM concentration calculated fropassive sampler and A is the GOM

concentration measured with the TeKtaystem.

Results and Discussion

K Cl-impregnated Filtersas Collection Surfaces. Blanks for the KCl filters were
relatively low (60 £ 8 pg per filter), and the aysit method for KClI filters was more
simple and direct than that for cation-exchange brames. However, uptake of mercury
by samplers with KCI filters as collection surfagess not correlated with GOM
concentration r= 0.00, p = 0.94). This is in contrast to the kvof Rutter et al. (2008),
which showed that KCl filters were effective asaative collection surface for GOM.
The authors hypothesize that the KCI surface islgias a short-term collection surface
(for example, Landis et al. (2002) showed breaktghoon KCI denuders after 12 hours),
but not for the relatively long exposure periogpatsive sampler deployments.

Wind Tunnel Tests of Other Sampler Bodies. Wind tunnel tests allowed for
development of a sampler that minimized wind effdiit maximized GOM collection.
The slope of the relationship between tunnel wipeesl (m 3) and sampler flow rate

(m® ') was 0.081 for the diffusive canister and 0.07te final sampler without an
external shield, 260% and 249% greater, respeygtittehn the slope for a prototype
version of the final sampler (0.023). Thus, timalfsampler as described above was
used as the optimum design.

Blank Tests. The amount of mercury in blanks was linearly rela®holding time =

0.97) and holding temperaturé & 0.75) indicating that collection surfaces reeeliv
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contamination from the sampler body over time andarmer temperatures. Collection
surfaces from blanks contained 0.28 = 0.02 ng mgricomediately after assembly, and
gained 0.10 ng per week of storage at room temyreraBlanks stored at 40°C and 2°C
had 18% more and 20% less mercury, respectivedy, samplers stored at room
temperature. To correct for these effects, blame deployed, stored, and analyzed
with all samples and blank concentrations were tis@drrect all sampler data. The
relative standard deviation of replicate blanks waiscorrelated with temperature or
holding time (p = 0.73 and 0.69, respectively),idating that these factors did not affect
the precision of sampler results.

Chamber and Wind Tunnel Results. The uptake rate of mercury by passive samplers
deployed in the laboratory chamber was correlati¢l average GOM concentratiorf &
0.80) and not correlated with GEM concentratién=(0.06, p = 0.48). The theoretical
flow rate under typical chamber conditions (22.9.4°C, 23 + 6% humidity, 3 = 2 ppb
ozone, HgGl permeated) was 0.34 + 0.15 L MinThis was not different from the flow
rate when HgBrwas permeated (p = 0.29; 0.28 + 0.06 L hiar when HgO was
permeated (p = 0.23; 0.27 + 0.05 L M)n Though the flow rate in high ozone conditions
was not statistically significantly different frotypical conditions (p = 0.18; 0.74 + 0.63
L min™’; 166 + 3 ppb ozone), it was more variable. Thig/tave been due to an
interaction of the cation exchange membrane susaiteozone, since Lyman et al.
(2009) showed similar results for membranes expdgedtly to chamber air (i.e.
without a turbulence barrier), or this effect mayé been due to a change in the

performance of the Tekr@rsystem in high ozone conditions.
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The flow rate was significantly lower when the teergiure was low (0.13 + 0.06
L min™; -1.7 + 1.8°C), which may have been due to a GOd&snrement bias caused by
enhanced GOM wall loss in cold conditions. Lymaale(2009) reported higher than
expected uptake of GOM to cation-exchange membrad@ei®yed in the same chamber
used in this study when the chamber temperaturdoelasv 0°C. They hypothesized that
this was due to wall loss of GOM as it traveledtigh the chamber (chamber walls were
frosty during cold temperature deployments), wh@sed GOM measurements at the
chamber outlet low relative to the GOM experienbgdhe membranes, which were
positioned near the chamber inlet. The passivgkamin this work were deployed on
the opposite side of the chamber relative to Lymiaal. (2009; see Figure 3), and the
finding in this work that passive samplers deployethe chamber in cold conditions
collected significantly less mercury than thoseloggd in typical conditions supports the
hypothesis of Lyman et al. (2009). Also, the fleate to samplers deployed in high
humidity was slightly lower than in typical conditis (p = 0.06; 0.23 + 0.12 L min74
+ 6% humidity), and since condensation formed cemuber walls during high humidity
deployments, the same wall-loss hypothesis maya@xghis difference as well.

The flow rate for samplers deployed in wind tunneés linearly dependent on
wind speed (Figure 4).
Field Results. Automated measurements of GOM were correlated thvéghuptake rate
of mercury to samplers in one-week deploymentsufieié; f = 0.70) and were even
better correlated with the average uptake rateplfcate samplersi{= 0.78) and the
uptake rate of samplers deployed for two weeks (1.84). Unfortunately, only the Reno

site had a large enough range of GOM concentratmadgequately show the linearity of
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this relationship. No significant correlation deid between GOM concentration and
uptake rate when data from Pensacola, Yorkvill®igboro were considered

individually (p = 0.44, 0.73, and 0.48, respectjyelThe Tekrafi systems at Pensacola,
Yorkville, and Dixboro alternated between 1 h sampperiods and 1 h analysis periods,
allowing them to measure GOM only 50% of the tinvkijle the passive samplers
measured GOM continuously, and this difference am@punt for some of the scatter in
the dataset (see Lyman et al., 2009 for more dsson®f this problem).

The theoretical flow rate for all samplers deploggdield sites with automated
measurements was 1.21 + 2.41 L thirThe flow rate of samplers deployed at fieldssite
was not correlated with GEM, PBM, or ozone conadian (p = 0.40, 0.96, and 0.57,
respectively), nor was it correlated with tempemtthumidity, or solar radiation (p =
0.97, 0.75, and 0.73, respectively). The flow rva#es weakly linearly dependent on wind
speed when the entire dataset was used @t05), and more strongly dependent on wind
speed if one-week samplers deployed during pemottisaverage GOM concentration
less than 10 pg thwere removed (Figure 4% # 0.40).

Calculating GOM Concentrations from Passive Samplers. Concentrations of GOM
were calculated as

GOM = U/F

where U is the uptake rate (in pg)hand F is the calculated flow rate of air to the
sampler (in Mh?). Since the flow rate for passive samplers wassalily dependent on
wind speed, the relationship of wind speed withetmpirically-derived flow rate was
used to calculate a wind-dependent F for the alkquation as

F = 0.0362xWS % 0.54)
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where WS is the wind speed in i sThe y-intercept (0.017 i) for this equation was
not different from zero (p = 0.31). Samplers dgpbbfor two weeks and samplers
deployed in wind tunnels were used to establishehquation.

The regression slope of flow rate versus wind splsgived from wind tunnel
deployments was not different from that derivedrfrovo-week deployments (p = 0.99).
However, the slopes for these two data sets wigletlsi different from the slope for one-
week deployments, even if the data from deploymeitts GOM concentrations less
than 10 pg it were excluded (slope of 0.056, p = 0.03 and Gdshectively). The one-
week deployment data set included outliers thdwiémiced the slope, and it under-
predicted GOM concentrations relative to automatedsurements (slope of 0.89; p =
0.07). Because of this, these data were not usedl¢ulate flow rate.

Flow rates calculated based on wind speed werdiffetent from empirically-
derived flow rates of GOM to samplers (Table 1; .36, 0.68, and 0.75 for all one-
week samples, one-week samples with GOM greataertfag nt, and two-week
samples, respectively). Also, concentrations oM=d2rived from passive samplers
(with wind correction) were well correlated with GOconcentrations derived from
automated measurements (Table 1; Figure 6). Tpeslfor this relationship were not
significantly different from one (p = 0.82, 0.98,da0.99 for all one-week samples, one-
week samples with GOM greater than 10 pg) and two-week samples, respectively),
and y-intercepts were not significantly differerdarh zero (p = 0.43, 0.94, and 0.85 for all
one-week samples, one-week samples with GOM grésarl0 pg i, and two-week

samples, respectively).
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When GOM concentrations were calculated from passamplers using a flow
rate that wasn’t dependent on wind speed (i.eatleeage empirically-derived flow rate
of GOM to samplers), the slope between calculat®diiand GOM measured by the
Tekrarf system was still not different from one (p = 0a#®l 0.72 for one-week and two-
week samples, respectively), btivalues were weaker (0.70 and 0.84 for one-week and
two-week samples, respectively), and, more impdgtaBOM concentrations calculated
this way were non-randomly biased.

Detection Limits, Precision, and Accuracy. Because the theoretical flow rate for
samplers was dependent on wind speed, the detdichibalso depended on wind speed.
Calculated from three times the standard deviatfdmanks, the detection limit for two-
week samples was 7 pgf the average wind speed during deployment wasst, and

2 pg m® if the average wind speed during deployment wass3. The detection limit
was twice as high for one-week samples.

For both the one-week and two-week data setselhéwe percent difference
between automated and passive measurements irtregisalecreasing GOM
concentration (Figure 7). Samplers deployed f& week had a lower relative percent
difference and relative standard deviation if dagtected during weeks when the
average GOM concentration was less than 10 Pgvere excluded (Table 1). Data
collected from two-week deployments had a simigdative percent difference and
relative standard deviation compared to one-weék wdah GOM concentration greater
than 10 pg .

Analysis of GOM Concentrations. Passive measurements of GOM at field sites

showed that the passive sampler was able to resadyenal and continental-scale
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variation in GOM concentrations (Figure 8). Cortcations of GOM in the eastern
United States were mostly below the passive sarspdetection limit during the summer
of 2008, while GOM concentrations in Nevada wenestderably higher. Neither
temperature, dew point, solar radiation, nor wipdexl was a consistent predictor of
GOM at field sites in Nevada.
Samplers deployed in Nevada showed a decliningl to€ilGOM concentrations over the
8 weeks of deployment, and automated measureme@®M in Reno showed a similar
trend. In addition, surrogate surfaces used tosomeaGOM dry deposition (using the
same cation exchange membrane collection surfaiceths study) showed the same
trends as the GOM passive samplers (Lyman et@09)2

Concentrations of GOM in Wells were high relatioghe other sites in Nevada,
contrary to the findings of Lyman and Gustin (2Q0&hich reported GOM
concentrations of 10 + 8 pgfat the same site in the summer of 2005. Thigelsncy
may be due to different sample locations betweerstadies, since the data in Lyman
and Gustin (2008) were collected in a narrow riedtey, whereas measurements in this
work were collected on a hilltop 2.4 km away frond&5 m higher than the previous
site. Weiss-Penzias et al. (2009) showed that GOMentrations were higher in Reno
at a location about 150 m above the valley flotatiee to a location on the valley floor.
Such a GOM elevation gradient may be evidence afpgrer-atmospheric source of
GOM, as has been postulated by others (Swartzeedatlal., 2006; Selin et al., 2007;
Sillman et al., 2007; Weiss-Penzias et al., 20@9).alternative explanation is that the
environmental conditions during sampling in thisdst were significantly different than

those during which the previous study occurrede Iyman and Gustin (2008) study
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occurred during a relatively rainy period, whiletims work precipitation only occurred
on the first day of the eight week study. Thislddwave impacted formation, availability
and perhaps input of GOM to the area.

The Wells site is downwind of gold ore processiaglities that are known to
emit GOM to the atmosphere (Lyman and Gustin, 2068)wever the nearest such
facility, the Jerritt Canyon Mine (70 km west-sow#st of the Wells site), ended
operation August 8 to 12, 2008, and remained o# Into 2009 (McMurdo, 2008;
Harding, 2009). Based on this the higher GOM cabeattributed to this source. Other
potential GOM point sources are located more tH4hKIn southwest of the Wells site,
including ore processing facilities and a coaldipower plant (see map of area mercury
sources in Lyman and Gustin, 2008). The highesM@&0Oncentrations in Wells were
associated with average weekly surface winds flmersbuthwest (Figure 9). This could
indicate influence from anthropogenic point souticethat area or could be due to
transport from a non-anthropogenic source regiahseest of the site in the upper
atmosphere (c.f. Weiss-Penzias et al., 2009). Ahmoore detailed analyses of air
masses interacting with each site, as well as iadditsampler deployments, would

likely be necessary to definitively determine tberse of elevated GOM at the Wells site.

Conclusions
Field results showed that passive samplers codeé@M uniformly regardless of
temperature, humidity, or ozone concentration,uptake of GOM by the sampler did

depend on wind speed, a common problem for pasaiplers (e.g. Koutrakis et al.,
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1993; Plaisance et al., 2004), including other ipassamplers for semivolatiles (Pozo et
al., 2004; Sderstrm et al., 2004; Harner et alD32@ uduri et al., 2006). Wind
turbulence increases the theoretical flow rate déxyresing the depth of the diffusive
layer surrounding the sampler (Wania et al., 2608isance et al., 2004), and this effect
may be amplified for reactive compounds such as GSiMe a deeper diffusive layer
would allow more time for these compounds to béasoito the sampler body. Even
though wind speed had only a minor effect on theetation between passive and
automated measurements, the effect was importaatube it imparted non-random bias,
resulting in higher estimated GOM concentrationgSigier wind speeds. Also, the wind
effect may not be linear below the range of windeg{s measured in this study (as in
Plaisance et al., 2004 and Skov et al., 2007).

The detection limit for one-week deployments appéaibe too high to yield
meaningful data at some sites, but two-week sangsldsone-week samples had similar
theoretical sampling rates and regression slopaisl€Tl), indicating no loss from or
saturation of the collection surface over a two kveeriod, and a minimum deployment
period of two weeks is advised. The feasibilityafger sampler deployments should be
investigated.

In spite of some limitations, this sampler appednie to yield meaningful
measurements of GOM in real field conditions. Télative percent difference between
passive and automated measurements was withiauige found by Lyman et al. (2007)
for GOM measurements from two collocated automaystems, and the deployment
time for the passive sampler is shorter than minmnaeployment times for passive

samplers for other compounds with concentratiomsl@i to GOM (Shen et al., 2005;
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Santiago and Cayetano, 2008; Pozo et al., 2008¢. sempler was able to resolve spatial
and temporal trends in GOM concentrations, andsiraple enough to be deployed by

site operators with minimal training.
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Tablesand Figures

Table6-1. Summary of sampler performance. Slopes andlues are for linear
regression between GOM concentrations from thenaatted Tekrafi system and GOM
concentrations derived from passive samplers. tRRelpercent differences are
comparisons of passive and automated measureniealative percent differences were
computed for all individual samples, but relatit@slard deviations were only computed

for sample sets with three or more replicate sasaple

1 Week 1 Week
All Data GOM>10 2 Week

# of Samples 110 41 22
Emperical Flow Rate 1.40+2.32 1.24 +0.63 1.46 +0.63
Calc. Flow Rate 1.19+0.43 1.19+0.27 1.41+0.32
Slope 0.98 1.00 1.00

r’ 0.71 0.59 0.89
Rel. % Difference 95+181% 28+22% 31+23%
# of Sample Sets 16 4 5

Rel. Standard Dev. 83+60% 25+15% 27+19%



Figure 6-1. Expanded view of GOM passive sampler.
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Figure 6-2. Map of field sites




145

Figure 6-3. Schematic of chamber (modified from Supplementtdrmation in Lyman

et al.,submitted).
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Figure 6-4. Wind speed versus theoretical flow rate of passamplers at all field sites.
For the samplers deployed for one week, only thieggoyed in periods with average

GOM concentration greater than 10 pg are shown.
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Figure 6-5. Uptake rate of mercury to passive samplers vergdisl Goncentration.

Deployments for two weeks were carried out in Reno.
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Figure 6-6. Concentrations of GOM measured with automated Téksgstem versus
GOM concentrations derived from passive sampleith wind speed correction). The
line with long dashes indicates the detection limittwo-week samples, and the line

with short dashes indicates the detection limitdfioe-week samples (at 2 m wind

speed).
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Figure 6-7. Concentration of GOM (measured with TeKtaystem) versus relative

percent difference between GOM concentrations tatied from passive samplers and

automated GOM measurements.
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Figure 6-8. Concentrations of GOM from all field sites. Vatushown are averages of

duplicate samplers, and vertical bars show theageestandard deviation for each site.
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Figure 6-9. Wind rose diagram showing relationship betweeamdvdirection (degrees)

and GOM concentrations measured with passive sasple
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Chapter 7: Conclusions

New Methods. The cation-exchange membrane surrogate surfactharghssive
sampler for GOM concentrations are simple, rel&il@v-cost methods that can
increase understanding of GOM in the atmospheresd& methods are unique tools that
are well suited for particular applications, andwld not be considered replacements for
automated measurements.

As discussed in Chapter 5, since GOM depositidhésurrogate surface can't be
assumed to be similar to natural surfaces, sureogiaface measurements may not be
representative of the magnitude of GOM depositmnatural surfaces. In Chapter 3
deposition to surrogate surfaces was not well tated with deposition to leaf surfaces,
but this discrepancy may have simply been duegb and variabile pre-existing
mercury concentrations in leaves that made thesled&ice methods unable to detect
GOM dry deposition on a weekly time step.

Because of the uncertainties associated with gateosurfaces, they should be
viewed as a secondary or supplemental method te egiablished micrometeorological
methods such as modified Bowen ratio or relaxey eddumulation.
Micrometeorological methods are direct measuremaiise transport of gases from the
atmosphere to the surface, so they can more aetuddtermine the magnitude of dry
deposition. What is more, these methods genenallyg much better temporal resolution
than surrogate surfaces, allowing them to bettsesssshort-term temporal variability in
dry deposition. However, because of their low eost ease of use, the surrogate

surfaces may be more able than traditional micreoretogical methods to assess long-
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term temporal variability or spatial variability &OM dry deposition. Side-by-side
comparisons of micrometeorological measurementsangdgate surface measurements
in a variety of settings are needed to better éstathe effectiveness and accuracy of the
surrogate surfaces.

The passive concentration sampler for GOM has amaidlvantages — and similar
disadvantages — to the surrogate surface. Thalgtively simple to use, passive
samplers tend to carry more uncertainty than autednaeasurements (Chapter 6; Krupa
and Legge, 2000; Partyka et al., 2007). Passiasuarements are most useful in settings
or studies where automated measurements are sttléear affordable, such as studies
requiring simultaneous measurements in many diftdoeations. Shen et al. (2005)
used passive samplers at 40 locations throughorthMad Central America to assess the
prevalence of gas-phase persistent organic potkitarthe Western Hemisphere. This
number of study sites would have been prohibitsiag automated samplers, and the
protracted sampling time required for passive mesasants (1 yr in the Shen et al., 2005
study) can be seen as an advantage when assessnaigspatial trends because it reduces
the influence of short-time scale phenomena. Tlob&b Atmospheric Passive Sampling
(GAPS) network is another example of the uniqudiegipility of passive samplers for
assessing broad-scale spatial variability (Pozd.e2009).

Surrogate surfaces and passive concentration sesnp&y also prove useful for
characterizing spatial variability at the locallscaln fact, the first use of cation-
exchange membranes as surrogate surfaces was&otehnae local mercury dry
deposition around a coal-fired power plant (Pregtbal, 2005). Also, since

micrometeorological measurements of dry depositidmlly or mountainous terrain are
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problematic because of theoretical limitationsha&f method (Stull, 2004), and dry
deposition models are less reliable in mountainetrain (Wesely and Hicks, 2000),
surrogate surfaces may be useful in such terramthéy have no such limitations. Since
GOM concentrations appear to increase with altif@eartzendruber et al., 2006),
mountains may be subject to disproportionately I@ghM dry deposition rates, and
deployment of passive samplers and surrogate ssgfaanountain environments may
yield valuable data.

Atmospheric Mercury Concentrations. This work showed that GEM concentrations in
northern Nevada were strongly influenced by emrssioom local or regional natural

and anthropogenic sources (Chapters 2 and 4). widsdrue for rural sites, where high
mercury concentrations depended on transport fisorete natural and anthropogenic
source regions, on meteorological conditions scpracipitation and sunlight (which
control the rate of mercury release from substjagesl on wind conditions, which
control the amount of atmospheric mixing and debeenthe rate of dilution of GEM-rich
air. This was also true for the urban Reno sitegene GEM concentrations were higher
when atmospheric mixing was low and locally emifpetiutants built up in near-surface
air. In Chapter 4, whether the emitted GEM in Resas the result of emissions from
soil surfaces or direct anthropogenic sources wable to be determined.

Though stack tests have shown that a large pagermf mercury emissions from
northern Nevada gold processing facilities is GOWM\ada, 2007), Chapter 2 showed
that the ratio of GOM to GEM in air in northern Nela was extremely low, even when
air arrived from mine locations. Edgerton et 2D(6) reported lower-than-expected

GOM concentrations in plumes downwind of coal fipedver plants, and hypothesized
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that either stack emissions from power plants asterated GOM concentrations or that
GOM was reduced to GEM within plumes. This samengimenon may occur in
Nevada.

Chapters 2 and 4 presented little evidence thafi@@ncentrations in northern
Nevada were influenced by anthropogenic sourcekirestead supported the findings of
Weiss-Penzias et al. (2009) that GOM concentratiom®rthern Nevada are influenced
by down-welling of GOM-rich air from the free trogmhere. Although more work needs
to be done to confirm this hypothesis, it has iggdions for high elevation sites and
deserts throughout the world (Selin et al., 20018 may be an important component of
the global mercury cycle. Though this work did patvide strong evidence for local,
surface-level oxidation of GOM, this phenomenorljkoccurs in northern Nevada, and
is superimposed by the influence of down-wellings@®M-rich air from the free
troposphere.

Fires occurring in the summer of 2008 may haviiarficed GOM concentrations,
but any influence is difficult to elucidate sinagvamer is the time of year when elevated
concentrations occur. Elemental and particulateétgentrations both increased during
this time and would be influenced by biomass bugrikreidli et al., 2003). Ozone
concentrations would also be expected to increasdalbiomass burning because fires
emit ozone precursors, but similar to GOM, ozongceatrations were high during the
summer of 2007 also, and the direct impact of fmegoncentrations is not clear. The
fact that GOM concentrations in Reno rapidly inseghin June 2008 at the start of fire
activity (Figure 4-3), suggests that wildfires ntewe contributed to observed GOM

concentrations in Reno.
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Mercury Dry Deposition. Chapter 3 showed that dry deposition contribytentially

50 + 25% of total deposition (wet + dry) in rurarthern Nevada. Although deposition to
surrogate surfaces is most likely different thaat thccurring to natural surfaces, this is a
significant estimate because it is the first to disect measurements. Chapter 5 showed
that estimated dry deposition in Nevada was mughehn than at two sites in the
southeastern United States, due to higher GOM caratens in Nevada, but higher wet
mercury deposition inputs at the southeastern stmdted in higher total deposition for
latter. This highlights the need to better underdtthe processes that control dry
deposition on regional and local scales.

Since total mercury dry deposition may dependsfisoon GOM concentrations,
a better understanding of regional GOM concentnatis needed to accurately assess
mercury loading from the atmosphere. In ChapteéB&1 was not a major component of
total dry deposition, but PBM may play a largekerat urban locations with high PBM
concentrations. Also, since coarse-mode PBM wasggsured in this work, its
contribution to total dry deposition is not known.

Though GEM concentrations were orders of magnihigeer than GOM
concentrations, GEM surface fluxes were small atheon Nevada sites, and GEM dry
deposition (based on soil flux measurements) wesifaportant than GOM dry
deposition (based on the GOM dry deposition modsuorogate surfaces). Since GOM
at northern Nevada sites is not thought to be @dllorigin, despite the fact that there are
natural and anthropogenic sources of atmosphenicunein the region, dry deposition
in Nevada is a function of the availability of GOf¢h air from aloft (as well as some

surface-level oxidation of GEM). If, as hypothesidy Selin and Jacob (2008), wet
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mercury deposition is also influenced strongly lpud absorption and rainout of high-
altitude GOM, it may be that most of the total meycdeposition in Nevada, not just dry
deposition, is of distant origin, and locally emdtmercury has little regional effect.
Mercury models are often validated against wet diéjo;m measurements
(Bullock and Brehme, 2002; Selin and Jacob, 208&)this work shows that dry
deposition can be a major component of total dejposiespecially in arid regions, and
the performance of the dry deposition modules afcomy models needs to be compared

against direct dry deposition measurements.
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