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• Western USA National Parks had fish with Hg concentrations N those set for wildlife.
• Atmospheric deposition is an important pathway by which Hg enters ecosystems.
• We focused on investigating gaseous oxidized Hg (GOM) dry deposition.
• Surrogate surfaces and passive samplers were deployed from the Pacific to Nevada.
• Long range transport contributed 1 to 2 ng m−2 h−1, and the source of the Hg is global.
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TheWestern Airborne Contaminants Assessment Project showed that USA National Parks had fish mercury (Hg)
concentrations above threshold concentrations set for wildlife. Since significant areas of the Western USA are
arid, we hypothesized that dry deposition would be important. The primary question was whether sources of
Hgwere local and thus, easily addressed, or regional (fromwithin the United States), or global (long range trans-
port), andmore difficult to address. To investigate this, surrogate surfaces and passive samplers for the measure-
ment of GOM deposition and concentration, respectively, were deployed from the coast of California to the
eastern edge of Nevada. Meteorological data, back trajectory modeling, and ozone concentrations were applied
to better understand potential sources of Hg. Lowest seasonal mean Hg deposition (0.2 to 0.4 ng m−2 h−1)
was observed at low elevation (b100 m) Pacific Coast sites. Highest values were recorded at Lick Observatory,
a high elevation coastal site (1279 m), and Great Basin National Park (2062 m) in rural eastern Nevada (1.5
to 2.4 ng m−2 h−1). Intermediate values were recorded in Yosemite and Sequoia National Parks (0.9 to
1.2 ng m−2 h−1). Results indicate that local, regional and global sources of air pollution, specifically oxidants,
are contributing to observed deposition. At Great Basin National Park air chemistry was influenced by regional
urban and agricultural emissions and free troposphere inputs. Dry deposition contributed ~2 times less Hg
thanwet deposition at the coastal locations, but 3 to 4 timesmore at the higher elevation sites. Based on the spa-
tial trends, oxidation in themarine boundary layer or ocean sources contributed ~0.4 ng m−2 h−1 at the coastal
locations. Regional pollution and long range transport contributed 1 to 2 ng m−2 h−1 to other locations, and the
source of Hg is global and as such, all sources are important to consider.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Mercury (Hg) is thought to be present in the atmosphere as elemen-
tal Hg (GEM), gaseous oxidizedHg compounds (GOM), and that particle
bound Hg (PBM) (Schroeder and Munthe, 1998). Understanding the
chemical forms of Hg, and the spatial and temporal variability are
important for determining the sources and inputs to ecosystems. The
chemistry of GOM is uncertain and has been suggested to include a
.
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variety of compounds including mercury chloride (HgCl2), mercury
bromide (HgBr2), mercury oxide (HgO), mercury sulfate (HgSO4),
mercury nitrite (Hg(NO2)2), and mercury hydroxide (Hg(OH)2)
(Subir et al., 2011; Lin et al., 2006). Mercury is input to aquatic eco-
systems by land runoff, and/or direct and indirect (to land surfaces)
atmospheric deposition (wet and dry) (Munthe et al., 2007).Wet de-
position measurements in the United States (U.S.) and Canada are
made using a rigorous protocol developed by the National Atmospheric
Deposition Network-Mercury Deposition Program (Mercury Deposition
Network, 2012). Recentwork has shown that dry deposition is an impor-
tant pathway by which Hg enters ecosystems (Castro et al., 2012; Gustin
et al., 2012; Lyman et al., 2007, 2009, 2010; Peterson et al., 2012; Sather
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et al., 2013; Zhang et al., 2012). Data developed for the State of Nevada
and the southwestern U.S. have shown that GOM dry deposition, mea-
sured using surrogate surfaces, was 21 to 82% of total deposition, where-
as in Maryland and Georgia (eastern U.S. States), and Florida
(representing a coastal State), depending on the year, this process con-
tributed 30, 15, and 3 to 14%, respectively (Lyman et al., 2009; Sather
et al., 2013; Castro et al., 2012; Peterson et al., 2012).

Once an atom of Hg is input to the atmosphere it is incorporated into
the “global Hg pool” where it is continuously recycled between the at-
mosphere, and terrestrial, biotic, and aquatic surfaces. Currently, Asian
countries are estimated to contribute 47.6% of total global Hg anthropo-
genic point source emissions, followed by Sub-Saharan Africa and South
America, being approximately 16% and 13%, respectively (UNEP, 2013).
Worldwide, point source emissions based on the UNEP (2013) are esti-
mated to be primarily from coal combustion (24% power plants and res-
idential heating), and artisanal and small scale gold mining (37%).
However, based on Pirrone et al. (2010) artisanal mining constitutes
17%, and stationary combustion that includes coal, oil, and natural gas
is the major source. Pirrone et al. (2010) and UNEP (2013) quantify
emissions from stationary sources in North America at ~65 to
70 Mg/y, and Asia/China at 225 to 268 Mg/y. Other sources to consider
include cement production, oil processing, and ore processing andmin-
ing (lead, zinc, pig iron, steel, mercury, gold), as well as waste disposal
and caustic soda production (Pacyna et al., 2010). Natural sources
(degassing of volcanoes, oceans, and soils) and re-emission of previous-
ly emitted natural and anthropogenic Hg contribute ~70% to the global
Hg pool (Pirrone et al., 2010; Slemr et al., 1985). Gaseous oxidized Hg
may be directly emitted from point sources (Gustin and Jaffe, 2010;
Lohman et al., 2006), and produced by oxidation of GEM in the free tro-
posphere (Lyman and Jaffe, 2012;Weiss-Penzias et al., 2009) and in the
boundary layer (Gustin et al., 2013; Gustin et al., 2012). Once produced
or input into the free troposphere GOM may be transported long dis-
tances and input back to the surface by way of subsiding free tropo-
sphere air at high elevation locations as found in the States of Oregon
and Nevada, USA (Swartzendruber et al., 2006; Weiss-Penzias et al.,
2009).

A recent multidisciplinary study, the Western Airborne Contami-
nant Assessment Project (WACAP, 2008) evaluated contaminant
[persistent organic pollutants, semi-volatile organic compounds, and
metals] concentrations in multiple media in western North American
National Parks from Noatak National Preserve, Alaska to Big Bend Na-
tional Park, Texas (Landers et al., 2010). This study showed all parks
had fish exceeding the Environmental Protection Agency (EPA) pub-
lished methyl Hg (MeHg) threshold for birds (30 ng g−1); fish in 10
lakes from 8 Parks had Hg concentrations above threshold concentra-
tions set for river otters (100 ng g−1); and one exceeded human
(300 ng g−1) consumption advisory levels. Concentrations measured
in 11 of 14 lake fish were in between the small mammal (70 ng g−1)
and human advisory level (WACAP, 2008). Schwindt et al. (2008) sug-
gested that Hg is of concern in western U.S. National Parks from both
an ecosystem and individual fish perspective.

Methyl Hg is a subtle neurotoxin that is the primary form of
concern for humans and wildlife exposed primarily through consump-
tion of fish and rice. Methyl Hg is formed by microbial processes,
which convert inorganic Hg to MeHg, in aquatic ecosystems. In fish
and wildlife, MeHg has proven to have several significant negative
effects including behavioral and reproductive changes (Scheuhammer
et al., 2007). Human exposure toMeHg has been shown to lower neuro-
logical status, and slow psychomotor development in infants (due to in
utero exposure). This can lead to problems into adult life with
neurocognitive development (Jedrychowski et al., 2006; Mergler et al.,
2007).

A link between fish Hg concentrations and wet deposition of Hg has
been established (c.f. Hammerschmidt, 2011); however, dry deposition
measurements are too few to establish such a link. Arid ecosystems of
theWestern USA may be especially susceptible to inputs of Hg through
dry deposition and addressing this uncertainty was important for this
current study. Dry deposition of Hgmay be derived frommeasurements
of air concentrations of GOM and then applying a deposition velocity or
model to determine the amount of deposition; however, recent work
has indicated that the instrument used to determine GOM may be not
accurate and has interferences (Gustin et al., 2013; Huang et al.,
2013). Additionally, this instrument requires areas with electricity and
trained technicians. For these reasons, a surrogate surface method
developed for the measurement of dry GOM deposition, and passive
samplers for the measurement of GOM concentrations (Lyman et al.,
2007, 2009, 2010; Peterson et al., 2012) were deployed in this study.
These 1-week and 2-week integrated samples, respectively, are limited
by time resolution compared with instrumental methods, but allowed
for the comparison of Hg dry deposition across diverse pristine environ-
ments in the Western USA, from the California Coast to the Sierra
Nevada Mountains to the Basin and Range of Eastern Nevada. Sampling
sites were selected to include locations along the Pacific Coast (in the
marine boundary layer—MBL), at high elevation coastal sites above
the MBL (California Coast Ranges), locations in the western Sierra
Nevada Mountains, and one on the border between Nevada and Utah
(Fig. 1). The MBL is the layer of air in direct contact with the ocean sur-
face and thus, has higher relative humiditywith respect to that over the
land andmay be cloud capped. This layer exchanges heat, moisture, and
momentum with the ocean surface.

Our major goal in the collection of these data was to establish base-
line spatial and temporal trends in Hg dry deposition, understand the
importance relative to wet deposition of Hg, and to look for correlations
of dry deposition with other variables in order to validate Hg dry depo-
sition models (Zhang et al., 2009). The over-arching research question
was whether the source of Hg in fish in the Parks was local (within
50 km), regional (derived from within the Western US), or derived via
long range transport. The sampling locations along the coast would
allow us to understand GOM being derived from the marine boundary
layer, the high elevation coastal locations would be characteristic of
air moving over the MBL. The eastern Sierra Nevada and Great Basin
sites would provide an indication of inputs that were both due to re-
gional—United States, and global inputs. Our working hypothesis was
that Hg being deposited to Western National Parks was derived from
global sources due to lack of local sources.

2. Materials and methods

2.1. Site descriptions

Locations for sampling were situated along a longitudinal gradient
from the PacificOcean across California and intoNevada in areas removed
from immediate local sources. Sampling sites included locationswithin or
on, from west to east, Point Reyes National Seashore (PORE; ~100 m
above sea level (asl); 38.12280°N,−122.90800°W), Chalk Mountain, CA
(CHALK; ~490 m asl; 37.16050°N, −122.2901°W), Elkhorn Slough, CA
(EHSL; ~16 m asl; 36.818622°N, −121.7362222°W), Chews Ridge, CA
(CHEW; ~1400 m asl; 36.3216286°N,−121.58022°W), Lick Observatory
(LICK; ~1280 m asl; 37.341389°N, −121.642778°W), Yosemite Na-
tional Park (YOSE; ~1600 m asl; 37.71264°N, −119.70593°W),
Hetch Hetchy Reservoir in YOSE (HTCH; ~1100 m asl; 37.94773333°N,
−119.659133°W), Sequoia National Park (SEKI; ~1940 m asl;
36.56698°N, −118.77794°W), and Great Basin National Park (GRBA;
~2060 m asl; 39.0052°N, −114.216°W) (Fig. 1; Table 1). For the pur-
poses of this study reference to the coastal sites indicates PORE and
EHSL; high elevation coastal sites-LICK, CHEW, and CHALK; and the
inland sites are YOSE, HTCH, SEKI and GRBA.

Factors that impacted site selection included access and personnel
availability. Additionally, the availability ofmembranes for the samplers
also influenced sample timing. Because of these issues samples were
collected in the summer (June, July, August) and fall (September,
October, November) of 2010, spring (March, April, May) through fall



Fig. 1. Sampling sites,Mercury DepositionNetwork (MDN) sites, andHg emission sources across California andNevada, USA. Boxes represent eachbox discussed in back trajectory section,
labeled in upper left hand corner. Emissions sorted by kg of air Hg for 2011, from EPA Toxic Release Inventory.
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of 2011, and spring to early summer 2012 (Table 2). Since YOSE, SEKI
and GRBA are part of one or more of the following networks: Clean Air
Status and Trends Network (CASTNET), Interagency Monitoring of
Protected Visual Environments (IMPROVE), National Atmospheric
Deposition Program (NADP)-Mercury Deposition Network (MDN),
and U.S. National Park Service-Gaseous Pollutant Monitoring Network
(NPS-GPMN) (Table 1) temperature controlled environments and elec-
tricity were available. This made it possible for co-location of a Tekran®
air Hg speciation system. At these locations, and others, ancillary data
such as meteorological and continuous ozone (O3) data were collected
providing additional information for our study (Table 1). Wet Hg depo-
sition data was available for 4Mercury Deposition Network sites within
the sampling region (MDN CA20, CA75, NV02 and NV99, Fig. 1). Wet
deposition is calculated based on the concentration (ng L−1) and
precipitation amountmeasured for eachweek. For this study,wet depo-
sition data was obtained for the same weeks during which dry deposi-
tion was measured allowing for calculation of total deposition over
the sampling periods for corresponding areas. Areas compared were
as follows, the coastal sites, PORE and EHSL with MDN CA20, Sequoia
(SEKI) data with MDN CA75, and Great Basin National Park (GRBA)
with a combined mean from MDN NV02 and MDN NV99.

For the remaining sites meteorological data was chosen from the
Remote Automated Weather Station (RAWS) network that was closest
to and best represented a specific location based on elevation, site
characteristics, and distance (this is important to keep in mind when
discussing ancillary data for each locationwith respect to the samplers).
Continuous O3 data available at GRBA, YOSE, and SEKI along with rela-
tive humidity (RH), solar radiation (Rad),wind speed (WS),wind direc-
tion (WD—vector averaging), and temperature (Temp) were compiled
into weekly and bi-weekly averages over the same time period for
data collected with the surrogate surfaces and passive samplers. Since
a strong diel (day–night) pattern was observed at SEKI and YOSE, the
winddirection datawas sorted by day andnight (daytimeor diurnal pe-
riods were based on time when solar radiation N 40 w m−2). For the
remaining locations, wind directions were not as dependent on time
of day and were averaged overall.

Data were collected using a Tekran® 2537/1130 collocated with
samplers at GRBA during the summer of 2010 (~4 weeks of data); at
SEKI and YOSE sites during the summer of 2011 (4 and 3 weeks of
data, respectively); and a Tekran® 2537/1130/1135 system at HTCH
during the summer 2012 (~4 weeks of data) since this has been the
standard method for measuring GOM. Recent work has shown that
this system as currently configured does not measure all GOM (Gustin
et al., 2012, 2013; Ambrose et al., 2013; Huang et al., 2013), and the
presence of O3 can impact the collection of GOMon the denuder surface
(Lyman et al., 2010).
2.2. Sampler description

Previously tested and developed surrogate surfaces (SS) and passive
samplers (PS) (Lyman et al., 2007, 2009, 2010)were deployed at each lo-
cation. Surrogate surfaces measure potential atmospheric GOM deposi-
tion providing a homogenous surface that allows for comparison across
different landscapes, while the PS measure uptake and allow for a com-
parison of ambient GOM concentrations spatially (Peterson et al.,
2012). Although neither method has been fully tested or calibrated,
they are useful for comparing potential deposition and “relative” concen-
trations spatially. Both SS and PS were deployed in triplicate along with
one field blank (except at the HTCH transect where 2 samples and 1
field blank were deployed for SS). Surrogate surfaces were deployed
for 1-week intervals while PS were deployed for 2, due to detection
limit of the method (see Lyman et al., 2007, 2009 for more details).
Datawere collected simultaneously at each of theNational Park locations
where personnel were regularly assigned this duty (PORE, YOSE-
Turtleback Dome, SEKI-Lower Kaweah, and GRBA-Lehman). Data were
collected at different high elevation coastal locations as personnel avail-
ability changed and we moved from LICK to CHEW, and then CHALK.



Table 1
Description of sampling locations, samples taken, ancillary data available, and collaborators and personnel whom were relied upon to collect and deploy weekly/biweekly. Abbreviations include the following: PS (passive samplers), SS (surrogate
surfaces), IMPROVE (Interagency Monitoring of Protected Visual Environments), NADP (National Atmospheric Deposition Program)/NTN (National Trends Network), MDN (Mercury Deposition Network), NPS-GPMP (NPS-Gaseous Pollutant Mon-
itoring Program) , CASTNET (Clean Air Status and Trends Network), POMS (Portable Ozone Monitoring Station), RAWS (Remote Automated Weather Stations), NPS (National Park Service), SFPUD (San Francisco Public Utility District).

Site abbreviation
(elevation—m)

Proper site name Coordinates
(lat., long.)

Location description Samplers Height
(m)

Ancillary data available Collaborators RAWS

PORE (99) North District Ranger
Station

38.123,−119.811 Open clearing, IMPROVE site PS, SS, ozone 2.5 PM2.5 & 10, elements, sulfate, nitrate, organic and
elemental carbon. Met data RAWS

NPS Olema Valley
(38.0425, −122.7598)

EHSL (16) Elkhorn Slough 36.819,−121.736 Near Monterey Bay PS, SS, ozone 3 Mercury speciation data using Tekran®2537/ll30/1135,
Met data-National Estuarine Reserve System

UC Santa Cruz At site

CHALK (482) Chalk Summit 37.160, −122.290 Summit clearing in Santa Cruz
County

PS, SS 2.5 Met data-RAWS UC Santa Cruz Ben Lomand
(37.1316, −122.17)

CHEW (1421) Chews Ridge
Observatory

36.322,−121.580 Observatory of the Monterey institute
for Research in Astronomy (MIRA)

PS, SS 2.5 Met data RAWS UC Davis Hastings
(36.3886, −121.5516)

LICK (1279) Mt Hamilton. Lick
Observatory

37.341,−121.643 Open clearing, near viewing area for
telescope

PS, SS, ozone 3 Met data-RAWS Lickk Observatory
Staff

Rose Peak
(37.5019, −121.7355)

YOSE (1595) Turtleback Dome 37.713,−119.706 Rocky outcrop clearing, IMPROVE.
CASTNET site

PS, SS. ozone 3 Tekran® 2537/1130, PM2.5 & 10, elements, sulfate, nitrate,
organic and elemental carbon, met data

NPS At site

YOSE (2178) Glacier Point 37.730,−119.574 Look out point, mobile NPS-POMS
site

PS, SS, ozone 2.5 Ozone and met data NPS N/A

YOSE (611) El Portal 37.671,−119.810 Top of a grassy hill, clear, few trees,
near power line pole

PS, SS, ozone 2.5 N/A NPS N/A

HTCH (1148) Hetch Hetchy
Reservoir

37.9477,−119.659 On dam hanging out over reservoir PS, SS 2.5 Mercury speciation data using Tekran ®2537/1130/1115,
Met data RAWS

NPS, SFPUD Crane Flat Lookout
(37.7616, −119.82472)

SILA (2446) Siesta lake 37.852,−119.659 Clear and rocky outcrop ~200 m
from road

PS, SS 2.5 N/A NPS, SFPUD N/A

MMTG (2390) Mile Marker T-14 37.840, −119.258 Rocky outcrop ~100 m from road PS, SS 2.5 N/A NPS. SFPUD N/A
TIGA (3038) Tioga Pass Rd

Entrance
37.911,−119.258 Below canopy grassy area ~300 m

behind park entrance
PS, SS 2.5 N/A NPS, SFPUD N/A

SEKI (1942) Lower Kaweah 36.567,−118.778 Rocky outcrop clearing, NADP/NTN,
MON. NPS-GPMP site

PS, SS, ozone 2.5 Tekran® 2537/1130, Met data, ozone, wet deposition:
sulfate, nitrate, ammonium, cations, and mercury; dry
deposition sulfur dioxide, sulfate, nitric acid, nitrate, and
ammonium

NPS At site

GRBA (2062) Lehman 39.005, −114.216 Air monitoring shelter, IMPROVE,
NADP, CASTNET site

PS, SS, ozone 4.5 Tekran® 2537/1130. Met data, ozone, mercury wet
deposition: sulfate, nitrate, ammonium, cations, and mercury;
dry deposition; sulfur dioxide, sulfate, nitric acid, nitrate, and
ammonium

NPS At site

GRBA (2813) Mather Point 39.020, −114.275 Cleared area amongst trees. RAWS
location

PS, SS, ozone 3 Met data NPS At site

GRBA (1627) Baker 39.016,−114.124 Wide open area, old RAWS site no
longer functioning

PS, SS, ozone 2.5 Met data-RAWS NPS Baker Flat
(39.00194, −114.2175)
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Table 2
General summary of dry deposition and relative uptake alongwithmeteorological parameters for each year. Data shown asmean ± standard deviation (median in parenthesis) withmaximum shown below. Precipitation is a mean value calculated
from weekly totals. –, indicates no data available. Abbreviations are as follows: GOM, gaseous oxidized mercury. Where wind direction (WD) was not separated by day/night all hours are presented under day column.

No. of weeks
sampled

SS-GOM ng
m−2 h−1

PS-GOM uptake
pg h−1

Temp
°C

RH
%

Solar rad
Watts m−2

Ozone
ppb

Precip
cm week−1

WS
m s−1

WD
deg
(day)

WD
deg
(night)

2010
(Jul–Nov)

PORE 13 0.2 ± 0.1 (0.2) 0.4 ± 0.4 (0.2) 14 ± 2 (14) 84 ± 5 (84) 378 ± 122 (375) – 2.1 ± 1.9 (1.6) 1.7 ± 0.3 (1.8) 267
0.5 1.0 16 91 539 4.7 2.4

EHSL 11 0.3 ± 0.3 (0.3) – 13 ± 4 (13) 84 ± 1 (90) – – 0.62 1.9 ± 1.4 (1.6) 198
0.6 36 100 0.0 9.9

LICK 15 2.4 ± 1.7 (2.4) 1.6 ± 1.4 (1.5) 22 ± 1 (22) 50 ± 15 (55) 435 ± 160 (425) – 1.3 ± 1.3 (0.8) 3.1 ± 0.4 (3.2) 198
5.6 4.0 24 77 688 4.1 3.8

YOSE 15 1.1 ± 0.8 (0.8) 1.0 ± 0.7 (1.0) 15 ± 5 (15) 47 ± 13 (44) 218 ± 79 (202) 47 ± 10 (50) 1.1 ± 2.6 (0) 4 ± 0.3 (4) 211 68
3.2 2.6 21 75 342 61 8.8 4.5

SEKI 0.9 ± 0.3 (0.4) 1.1 ± 0.3 (0.4) 12 ± 5 (13) 54 ± 10 (55) 189 ± 77 (183) 42 ± 12 (41) 1.0 ± 1.7 (1.3) 1.7 ± 0.2 (1.7) 235 83
0.4 0.5 18 70 296 59 5.4 2.0

GRBA 11 1.8 ± 2.4 (0.8) 2.8 ± 3.1 (1.9) 13 ± 9 (11) 36 ± 24 (36) 214 ± 94 (167) 43 ± 6 (42) 0.8 ± 0.8 (0.8) 2.9 ± 0.6 (2.7) 220
8.7 10.1 25 54 342 52 2.5 3.9

2011
(Mar–Nov)

PORE 25 0.3 ± 0.1 (0.2) 1.0 ± 1.5 (0.5) 14 ± 2 (15) 83 ± 3 (83) 455 ± 153 (493) – 3.2 ± 4.0 (1.5) 1.8 ± 0.4 (1.9) 275
0.5 5.5 16 89 695 13.9 2.6

EHSL 9 0.2 ± 0.1 (0.2) 1.0 ± 0.4 (0.9) 13 ± 3 (13) 86 ± 13 (90) – – 0.82 2.1 ± 1.5 (1.8) 212
0.5 1.6 33 100 0.0 4.6

CHEW 9 1.7 ± 1.2 (1.5) 5.5 ± 5.4 (4.3) 23 ± 5 (18) 75 ± 12 (55) 538 ± 113 (398) – 0.7 ± 1.0 (0.06) 3.3 ± 0.3 (2.6) 342
3.6 11.4 15.9 56.0 376.5 2.8 2.6

YOSE 26 1.2 ± 0.8 (1.1) 1.4 ± 1.0 (1.2) 15 ± 6 (18) 50 ± 14 (46) 267 ± 83 (267) 49 ± 8 (48) 1 ± 1.8 (0.01) 4.1 ± 0.4 (4.3) 169 78
2.7 3.4 23 76 382 65 6.3 4.7

HTCH 6 0.4 ± 0.2 (0.3) 0.6 ± 0.3 (0.4) 9 ± 6 (8) 52 ± 15 (49) 366 ± 99 (362) – 1.1 ± 1.2 (1.1) 1.8 ± 0.3 (1.8) 162
0.7 1.0 16 76 480 2.0 2.1

SEKI 26 0.9 ± 0.2 (0.3) 1.6 ± 0.5 (0.5) 12 ± 7 (15) 61 ± 14 (58) 211 ± 83 (221) 46 ± 14 (51) 1.3 ± 2.9 (0.0) 1.8 ± 0.2 (1.8) 240 87
0.4 0.7 21 88 321 66 10.8 2.0

GRBA 24 2.2 ± 1.5 (1.9) 3.7 ± 2.3 (3.5) 14 ± 8 (18) 37 ± 13 (36) 262 ± 87 (252) 50 ± 5 (52) 0.6 ± 1.0 (0.2) 3.0 ± 0.4 (2.8) 226
5.6 10.0 24 60 409 57 4.8 3.9

2012
(Mar–Sep)

PORE 15 0.4 ± 0.2 (0.3) 1.2 ± 0.5 (1.3) 12 ± 2 (13) 78 ± 4 (78) 509 ± 143 (543) – 3.4 ± 6.1 (0.4) 2.3 ± 0.5 (2.3) 290
0.9 1.7 14 83 711 20.7 3.3

EHSL 3 0.3 ± 0.1 (0.3) 0.7 ± 0.1 (0.7) 11 ± 3 (11) 81 ± 15 (83) – – 0.40 2.7 ± 2.1 (2.1) 234
0.4 0.8 21 100 0.0 10.9

CHALK 5 0.8 ± 0.4 (0.7) 1.8 ± 1.3 (1.4) 16 ± 2 (16) 56 ± 13 (59) 623 ± 82 (640) – 0.6 ± 0.6 (0.2) 2.1 ± 0.3 (1.9) 335
1.5 3.8 18 70 703 1.3 2.5

YOSE 13 1.2 ± 0.6 (1.2) 1.2 ± 0.3 (1.2) 12 ± 5 (13) 49 ± 13 (47) 288 ± 84 (321) 52 ± 6 (51) 1.2 ± 2.5 (0) 4.1 ± 0.5 (4.2) 175 180
2.7 1.5 21 82 361 61 8.6 4.6

HTCH 24 1.4 ± 1 (1.2) 1.6 ± 1.5 (1.2) 14 ± 7 (15) 47 ± 19 (43) 655 ± 19 (708) – 1.7 ± 1.7 (1.6) 2.3 ± 0.6 (2.1) 188
3.3 4.3 24 97 834 6 4

SEKI 13 0.9 ± 0.2 (0.3) 2.1 ± 0.8 (1.9) 8.8 ± 5.5 (9) 63 ± 11 (60) 241 ± 70 (251) 47 ± 9 (46) 1.5 ± 2.7 (0.1) 1.8 ± 0.2 (1.8) 249 91
0.4 1.5 18 82 324 65 9.4 2.0

GRBA 9 1.5 ± 0.5 (1.4) 3.7 ± 1.5 (4.3) 11 ± 4 (11) 33 ± 10 (35) 286 ± 72 (278) 55 ± 6 (56) 0.1 ± 0.2 (0.03) 3.2 ± 0.5 (3.2) 206
2.4 4.8 17 48 378 61 0.5 3.8
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Additional datawere collected for at least 4 weeks simultaneously at
different elevations at YOSE, HTCH and GRBA (Table 1). For details on
these methods see the Supplemental information. Samplers were
assembled and taken apart in a HEPA® filtered clean hood and upon
arrival at UNR the membranes were placed in trace clean 125 mL
I-Chem® jars and stored at−20 °C until analyzed.

2.3. Sample and data analyses

2.3.1. Surrogate surfaces and passive samplers
The U.S. Environmental Protection Agency (EPA) method 1631

(Revision E) was applied to quantify the amount of Hg collected on
the membranes, for both the SS and PS measurements (USEPA
Method, 1631, R.E., 2002). Membranes were individually digested over-
night in their respective I-Chem® jars in 100 mL of MilliQ® with 1%
Optima HCl and 6 mL of 0.2 M bromine monochloride (BrCl) solution.
Just prior to analyses a hydroxylamine (NH2OH) solution was added
to the BrCl solution and the jar capped, inverted, and shaken, then
allowed to sit 6 min; this removes anyhalogens in the solution.Mercury
(II) in the solution was then reduced using stannous chloride (SnCl2).
Using pre-purified nitrogen, elemental Hg in solution was purged onto
a gold-coated sand trap for 20 min. Elemental Hg was thermally
desorbed from the gold trap using ultra high purity argon as a carrier
gas to a calibrated gold trap fromwhich Hgwas subsequently desorbed
onto a calibrated analytical trap and quantified using cold vapor atomic
fluorescence spectroscopy (CVAFS) (USEPA Method, 1631, R.E., 2002).

Both the SS and PS concentrations were blank corrected using the
average blank concentration that was obtained across all sites for each
sampling time period (0.46 ± 0.22 ng, n = 298 and 0.56 ± 0.26 ng,
n = 158 respectively). These values would include the potential for
contamination for handling from the lab to the field and back. All data
were sorted using the relative percent difference (RPD) to eliminate
any significant outliers (O) from the mean of two membranes (A),
where:

RPD ¼ 100� O−Aj jð Þ=A: ð1Þ

Outlierswere removed if RPD N 90% (see Peterson et al., 2012 for fur-
ther explanation of this method). Previous work included an additional
correction factor for the surrogate surface data of 0.2 ng m−2 h−1. This
was not used in this study because all membranes would have the
same factor applied and using the actual data was thought to be a
more accurate representation ofmeasureddeposition.With thismethod,
those samples with very low concentrations could be included in the
data set rather than being negated.

For the SS, deposition was calculated using the equation:

F ¼ S−Bð Þ= A�Tð Þ ð2Þ

where F is deposition in ng m−2 h−1, S is Hg concentration on sample
(ng), B is the average field blank Hg concentration across all sites (ng),
A is surface area of exposed membrane in m2 (0.0104 m2), and T is
time of exposure in hours (Lyman et al., 2009).

Passive samplers operate based on Fick's law

SR ¼ S�D=L ð3Þ

where S is the area of the diffusive path in cm2, D ismolecular diffusivity
cm2 s−1 (assumption of diffusivity of 0.163 cm2 s−1), and L is length of
diffusive path in cm (Plaisance, 2004). Since these have not been
calibrated relative uptake in pg h−1 are compared.

2.3.2. Tekran analyses
A Tekran 2537A, 1130 and 1135 system was used to measure con-

centrations of GEM, GOM, and PBM at select sites (EHSL, HTCH, YOSE,
SEKI, and GRBA) for a limited time period. The flow through the 1130
and 1135 was 7.0 STD L min−1 and 1.0 STD L min−1 for the 2537A.
Gaseous elemental Hg was collected onto gold traps in the 2537A
for 5 minute increments during which time GOM and PBMwere col-
lected for 2-hour increments on a KCl-coated denuder and a regener-
able filter assembly (Landis et al., 2002). Mercury was quantified
using Cold Vapor Atomic Fluorescence Spectrometer (CVAFS). In ad-
dition to the daily internal calibration checks within the 2537A, man-
ual injections, using a Tekran 2505 Mercury Vapor Calibration Unit
and a gas-tight microsyringe (Hamilton Co.), were performed at
the lab before going out to the site and again at the site or in the
lab upon returning. Data was used only when recoveries were
≥95%. The denuder and particulate filters were changed approxi-
mately every 4 weeks.

2.3.3. Data analyses
Statistical analyses were done using Minitab 15 (Tables 1 and 2).

ArcMap and ArcGIS were used to make maps.
Atmospheric back trajectories 10 days in length were calculated

using the NOAA-HYSPLIT v.4 model with input meteorology from the
Global Data Assimilation System (GDAS), a product from the National
Weather Service's National Centers for Environmental Prediction
(NCEP) program. Trajectories were initialized spanning the time pe-
riods of the Hg measurements for three sites (LICK, YOSE, and GRBA)
every six hours at nine evenly spaced horizontal locations in a
0.5° × 0.5° grid with the site in the center, and four vertical locations
(500, 1000, 1500, and 2000 m above modeled ground level). This re-
sulted in 144 trajectories per day and 1008 trajectories per week for
each of the three sites. Statistical analysis on trajectory data was accom-
plished with twomethods: gridded frequency distributions (GFDs) and
trajectory residency times (TRTs). Gridded frequency distributionswere
generated by averaging the intersection of trajectory points in each
1° × 1° grid cell along the paths of an ensemble of trajectories (Weiss-
Penzias et al., 2009, 2011). The fraction of trajectory points in a given
cell relative to the number of trajectory points in the most
populated cell was used to determine the parameter “location probabil-
ity” which was used to generate maps of air mass transport pathways.
Trajectory residence times were calculated by summing the number of
trajectory points that resided within predefined 3-D boxes for the pur-
poses of comparing the impacts of transport from suspected areas of
emissions. Boxes were configured to represent Asia (100 to 175°E and
50 to 20°N), the marine boundary layer (134 to124°W and 46 to
31°N), the San Francisco area (123 to −121°W land 39 to 37°N), the
San Joaquin Valley (−121 to −119°W and 37–35°N), the Los Angeles
Basin (−120 to −117°W and 35 to 32.5°N), and the Las Vegas area
(−116 to −114°W and 37 to 35°N) (Fig. 1). Also defined were two
high altitude boxes at 2 and 3 km above ground level (agl) (not all
boxes are shown in Fig. 1).

Trajectory residence time analyses were done for events designated
asweekswhen at least 3 sites had SS and PSmeasurements greater than
the overall mean for corresponding site (n = 23; SI Tables 1 and 2).
These weeks were chosen to represent regional events of high Hg
concentrations. In addition, the maximum daily 8-hour average
(MDA8) for O3 was compiled for 1-week time periods. TheMDA8 is cal-
culated using thefirst hour of an8-hour rolling average. Using this infor-
mation we defined two types of events. Events were considered Type 1
when there was high SS and PS GOM (as described above) and when
there was at least one day during the week at a site that measured O3

that exceeded the mean MDA8. Type 2 events represent those with
high SS and PS GOM only (see SI Table 3a and b for event rubrics used
for selecting events.). Of the 23 identified weeks there were 17 Type 1
events. Calculation of the relative proportion of time in a trajectory
box was done by dividing the number of trajectory points in a box for
event 1 or event 2 by the all event mean for that box at each site. A rel-
ative proportion N1 suggests that the event type is more likely to have
had transport from a given source region compared to the other event
type. A relative proportion values N1.3 was considered significant for
discussion.
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3. Results and discussion

3.1. Ancillary data general trends

The prevailing wind directions at the coastal locations were out of
the west-southwest. At the high elevation coastal sites CHEW and
CHALK winds were predominately from the NNW (Fig. 3; Table 2).
Based on these general surface wind patterns at these locations, air
was derived primarily from the Pacific Ocean. The coastal sites had sig-
nificantly (p b 0.01) higher relative humidity than the other sites due to
the marine boundary layer influence, while the values were lower at
CHEW and CHALK sites (the high elevation coastal sites) due to interac-
tion with drier air transported above the marine boundary layer.

Since surface flow patterns may be impacted by local topography, it
is important to consider synoptic scale patterns influence on air pollu-
tion transport. Based on synoptic patterns and flow in themiddle tropo-
sphere, air coming into the United States is predominantly derived from
the west (Anderson and Strahler, 2008).

In Yosemite National Park surface winds at Hetch Hetchy Reservoir
(HTCH) were derived primarily from the south, however, the meteoro-
logical data used for this site was collected about 21 km away (south-
west) and was located in terrain that was significantly different than
associated with the samplers that were positioned at the approximate
center of the dam (Table 1). At the Turtleback Dome location, designat-
ed as YOSE (because it was the primary location), windswere dominat-
ed by diel (day and night) patterns with surface air-flow moving up
Yosemite Valley (Fig. 2, Table 2) from the southwest during the day
and then down the valley from the east-northeast at night for 2010
and 2011. In 2012, when only spring (March–June) data were collected,
wind was predominantly from the west (Table 2). Air flow in the free
troposphere above the State of California is from the west or northwest
during most of the year (Western Regional Climate Center, 2013). Diel
trends in air movement at Sequoia National Park (SEKI) were similar
to YOSE with winds from the southwest dominating during the day
and those from the east at night. It is noteworthy that both these sites
were located well above the associated Central Valley of California
floor and would not be influenced by valley air at night due to develop-
ment of an inversion layer.

At Great Basin National Park (GRBA) the predominant wind direc-
tion was from the southwest. This is due to the setting of the site that
was located at the lower east end of a west–east trending valley that
is bounded to the south by a prominent west–east trending ridge
(Fig. 2, Table 2). Heating of the ridge during the day would result in
air transport down from the head of the valley during the day. In the
afternoon, downslopeflowwould continue due to heating ofmountains
on the west side of the valley to east of the Park. At night downslope
flow would continue due to collapse of the boundary layer.

Although there are natural sources of atmosphericHg across California
and Nevada (see Huang and Gustin, 2012 and Rytuba, 2003 for maps),
there were none in the immediate vicinity of any of the sampling loca-
tions. Since previous work has shown that air Hg concentrations mea-
sured outside of the immediate area of naturally enriched and mining
impacted areas are not typically elevated (Engle et al., 2010; Miller
et al., 2011), these as a direct local source impact are not of concern. How-
ever, because these types of sources contribute to the global atmospheric
pool theyultimately contribute a component ofHg that is deposited to the
area. There are some large anthropogenic sources of Hg in the San
Francisco and Los Angeles Boxes (Fig. 1), and their contributions cannot
be entirely ruled out.

Overall mean wind speeds during sample collection were lowest at
the coastal locations and Sequoia (SEKI) and Hetch Hetchy Reservoir
(HTCH), and higher at the highest elevation sites LICK, CHEW, YOSE
andGRBA.Mean temperatures (for time periods sampled)were highest
at the high elevation coastal locations, and were comparable for other
locations (Table 2). Mean relative humidity decreased from west to
east and was highest at the coastal locations. Mean solar radiation was
highest at the high elevation coastal locations and HTCH, followed by
the coast, and then the inland locations. These general trends are likely
due to the setting of the siteswith the coastal locations beingmoderated
by the marine boundary layer, and the high elevation coastal locations
having more constant daily radiation; while the inland locations were
influenced by shading by the co-located mountain ranges.

Mean weekly O3 concentrations at YOSE, SEKI and GRBA ranged
from 43 to 55 ppbv. At all locations, temperature and light were signif-
icantly (p b 0.05) positively correlated with O3, and negatively
correlated with relative humidity and precipitation as expected for
this photochemical oxidant that is highly soluble in water (SI Table 4)
(Finlayson-Pitts and Pitts, 1999). At SEKI, YOSE, and GRBA O3 was also
significantly positively correlatedwithwind speed. This indicates trans-
port into these locations instead of local production that would occur
under stagnant conditions, since increasing wind speeds would result
in atmospheric dilution. At SEKI, O3 was positively correlated with
wind direction during the day and negatively at night (both p b 0.05,
SI Table 1) indicating that a component was being derived from the ad-
jacent San Joaquin Valley as show in previous work (Bytnerowicz et al.,
2002). Alternatively, as convective mixing increases during the day free
troposphere input could be occurring.

Weekly mean values of O3 were significantly higher (p b 0.05) at
GRBA followed by YOSE then SEKI. In fall, winter, and spring values
were significantly (p b 0.05) higher at YOSE than SEKI (Fig. 2). This
latter trend could be explained by inputs from the free troposphere
(i.e. long range transport) as suggested by Cooper et al. (2010). In the
summer (June, July, and August) O3 concentrations at YOSE and SEKI
were similar. This could reflect long-range global transport due to
high convective mixing at this time or inputs from local anthropogenic
pollution. If the latter, one would expect the concentrations to differ.

3.2. Tekran® data

Data collected at Hetch Hetchy and GRBA had the highest concentra-
tions of mean GOM observed during Tekran® sampling with mean and
standard deviations of 24 ± 8 pg m−3 and 67 ± 50 pg m−3, respec-
tively (Table 3). Mean values at YOSE, SEKI, and EHSL were
15 ± 10 pg m−3, 6 ± 7 pg m−3, and 0.5 ± 1.2 pg m−3. The mean
GEM concentration was 1.0 to 1.5 pg m−3 measured at EHSL, HTCH,
YOSE, SEKI and GRBA (Table 3). At the two locations where PBM was
measured, EHSL and HTCH, values were 4 ± 5 pg m−3 and 25 ±
9 pg m−3, respectively. There were no consistent or strong correlations
between data collected using the Tekran® system with ozone
(Table 3). The strongest correlation between Hg concentrations was a
negative correlation between GEM and GOM at GRBA (r2 = 0.26,
p b 0.05). A notable trend observed when looking at the 2-hour data in
general (data not shown) was when O3 increased GOM increased and
GEM decreased, and vice versa (data not shown). At HTCH all correla-
tions between GEM, GOM and PBM were weakly positive (). A different
trendwas observed at SEKI where there were negative correlations with
GEM and GOMwith O3 (all insignificant).

3.3. Surrogate surfaces

Surrogate surface deposition had distinct (p b 0.01) seasonal trends
based on the data collected in the spring, summer, and fall. In addition,
therewas a distinct (p b 0.01) spatial pattern inmean ± standard devi-
ation of dry deposition with LICK (2.4 ± 1.7 ng m−2 h−1), GRBA
(2.2 ± 1.5 ng m−2 h−1), and CHEW (1.7 ± 1.2 ng m−2 h−1) N YOSE
(1.2 ± 0.8 ng m−2 h−1) N HTCH (1.4 ± 1.0 ng m−2 h−1) N SEKI
(0.4 ± 0.3 ng m−2 h−1), EHSL (0.3 ± 0.1 ng m−2 h−1) and PORE
(0.3 ± 0.2 ng m−2 h−1). Deposition at YOSE and HTCH was positively
correlated (r2 = 0.62, p b 0.05, SI Table 2). There was a positive corre-
lation between weekly deposition and O3 that was significant at
p b 0.05 at YOSE, HTCH, and SEKI, and at p b 0.1 for GRBA (SI
Table 1). This suggests that O3 is an oxidant forming GOM. Higher
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deposition at the higher elevation sites reflects the greater potential
for these locations to intercept air masses in the free troposphere
where there would be more O3 to produce GOM, more potential to
intercept polluted parcels of air, or more turbulence that would fa-
cilitate deposition.

Dry deposition was measured across 3 and 4 elevations at Yosemite
(in summer 2011 and 2012, respectively). For the southern transect
Fig. 2. Digital elevatio
that included YOSE, El Portal was the lower elevation site at 611 m
and Glacier Point the highest at 2178 m. Although only four weeks
of data was collected there was a notable difference in deposition
measured between the higher and lower elevation sites (Fig. 4).
Mean deposition for Turtleback Dome and Glacier Point during
the 4-week sampling period was 2.2 ± 0.4 ng m−2 h−1 and
2.1 ± 0.6 ng m−2 h−1 respectively (not significantly different)
n maps of sites.



Fig. 3.A.Weeklymean GOMdry depositionmeasured by surrogate surface samplers (ng m−2 h−1). B. Bi-weeklymean GOMvalues of passive samplers uptake (pg h−1). C.Weeklymean
ozone concentration for corresponding weeks of sampling where available (ppb). Average coefficient of variation for each site for SS and PS, GRBA (0.85, 0.65), HTCH (0.59, 1.09), YOSE
(0.65, 0.63), LICK (0.67, 0.77), CHEW (0.65, not enough data), CHALK (0.35, 0.62), SEKI (0.63, 0.71), EHSL (0.67, 0.52), and PORE (0.67, 0.97).
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compared to that of El Portal 1.2 ± 0.3 ng m−2 h−1, respectively,
which was significantly different from both Turtleback Dome and
Glacier Point (p b 0.05).
For the northern transect across the park, sampling sites spanned
from the O'Shaughnessy Dam (1148 m (HTCH)) up to the Tioga Pass
entrance, with higher elevation locations at Siesta Lake (2446 m
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(SILA)), mile marker T-14 (2390 m (MMTG)), and the Tioga Pass Rd
entrance (3038 m (TIGA)). The 8-week mean for HTCH was
2.7 ± 0.5 ng m−2 h−1, while values for SILA, MMTG, and TIGA
were 3.0 ± 0.7 ng m−2 h−1, 2.4 ± 0.7 ng m−2 h−1, and 1.3 ±
0.4 ng m−2 h−1, respectively.

The lower value for MMTG and TIGA, despite being highest eleva-
tion, may reflect deposition of GOM as air moved across the park. This
would be facilitated at the TIGA that was located in a forested area
(Table 1). Forest canopies are an important surface for Hg uptake
(Gustin, 2011) and O3 reduction, the latter would result in the oxidation
of leaf surfaces. This would also explain the consistently high values for
the YOSE samples relative to SEKI. During the day at SEKI air passed over
a large tract of forest prior to reaching the air sampling station. Foliar in-
jury and reduction in growth due to O3 has been reported for Jeffrey and
Ponderosa Pines at SEKI and the San Bernardino Mountains
(Bytnerowicz et al., 2002). In the case of the latter the O3 was attributed
to local sources. Comparing the 2-week O3 averages during our study,
collected by the National Park Service, for Ash Mountain that is located
at the park entrance (36.489444°N,−118.829167°W) at ~560 m, min-
imum and maximum concentrations were 34 ppb and 71 ppb, while
those at Lower Kaweah, perched above the valley at ~1900 m, were
30 ppb and 62 ppb (data from EPA CASTNET, www.epa.gov/airdata/
ad_maps.html; SI Fig. 1). In general, daytime values were higher at Ash
Mountain. The latter data suggests that O3 was deposited to the forest
canopy. Higher O3 concentrations were measured in the summer dur-
ing the night and the day at both locations ~40 to 100 ppbv, respec-
tively, demonstrating input from regional or California sources
during the day and from the free troposphere input at night.

Burley and Ray (2007) showed based onO3 data collected at 12 loca-
tions across YOSE in 2003 and 5 in 2005 that most sites showed similar
concentrations during the day but different values at night. They
showed that the highest elevation sites had fairly constant concentra-
tions of O3 of 50 to 60 ppbv during the day and night. The high elevation
Table 3
Summary of data collected using the Tekran® speciation system at each location. Mean ± stan
data are displayed as r2with p b 0.05when inbold. TheYOSEO3 datawas also used for statistica
at HTCH due to location and terrain.

EHSL HTCH

Dates sampled 3/1/11–11/30/11 7/20/12–8

GOM
pg m−3

0.5 ± 1.2 24 ± 8

GEM
ng m−3

1.4 ± 0.2 1.5 ± 1.0

PBM
pg m−3

4 ± 5 25 ± 9

Ozone
ppb

62 ± 9

Temp
°C

13 ± 3 22 ± 2

RH
%

86 ± 13 29 ± 7

Solar
Watts m−2

725 ± 10

Precip
cm week−1

0.01 ± 0.12 0.01 ± 0.

WS
m s−1

2.1 ± 1.5 4.0 ± 1.1

WD-day
deg

220 191

WD-night
deg

Correlation Coefficients GEM-GOM 0.000+ 0.175+
O3-GEM 0.003+
O3-GOM 0.023+
GOM-PBM 0.197+ 0.165+
GEM-PBM 0.001+ 0.073+
locations had higher concentrations than at the valley locations during
the night. Although the Burley and Ray (2007) data is limited and sam-
pling was not done simultaneously over time, we hypothesize that ob-
served trends in O3 and also Hg deposition at YOSE suggest that a
component of the O3 and Hg deposited to park surfaces are derived
from free troposphere air. Burley and Ray (2007) also noted that those
sites at the higher elevations had higher and more variable nocturnal
O3 concentrations. This could be because air mass concentrations are
not constant and this would explain the variability in measured Hg
dry deposition.

Surrogate surface deposition rates were positively correlated with
wind speed at some but not all sites. These samplers represent a homog-
enous sampling surface and have been shown to not be influenced by
wind speed (Lyman et al., 2009; Peterson et al., 2012). However, depo-
sition to these surfaces is driven by atmospheric turbulence and concen-
tration. Atmospheric turbulence is a category of wind or the “gustiness
superimposed on the mean wind.” (Stull, 1988). This will be influenced
by the interaction of the air with the ground surface, and will be influ-
enced by surface roughness and solar heating. The sampling locations
for this project were chosen to represent open areas; however; solar
heating and roughness would vary across sampling locations. Since
the samplers were generally placed in relatively flat open areas
(Table 1) data collected likely represents a minimum deposition to an
area. Thus surfaces with higher roughness, such as forest canopies and
complex terrain may experience more deposition.

Deposition was negatively correlated with relative humidity (RH) at
all sites (SI Table 1). This has been shown in previous studies (Lyman
et al., 2009; Choi et al., 2013; Mao et al., 2012). One hypothesis that has
been suggested is that GOM is reduced to GEM in the presence of water
vapor (Choi et al., 2013). The positive correlation, at most sites, with
solar radiation suggests that photochemistry plays a role in affecting pro-
duction. There was a positive correlation of depositionmeasured at YOSE
with all sites (p b 0.05) except PORE suggesting large regional periods of
dard deviation correlation coefficients for comparison of Tekran® derived data with ozone
l comparisonwithHTCHdata, although thismight not be truly representative of conditions

YOSE SEKI GRBA

/21./12 8/12/11–9/8/11 7/8/11–8/6/11 7/20/10–9/23/10

15 ± 10 6 ± 7 67 ± 50

1.3 ± 0.1 1.5 ± 0.3 1.5 ± 0.5

54 ± 10 55 ± 15 48 ± 9

21 ± 3 17 ± 4 20 ± 5

34 ± 7 61 ± 14 21 ± 14

0 314 ± 365 281 ± 360 313 ± 379

04 0.0 ± 0.1 0.02 ± 0.3

4.3 ± 1.3 1.8 ± 0.6 3.3 ± 1.5

176 250 140

201 84

0.139− 0.001− 0.261−
0.112+ 0.002− 0.040−
0.000− 0.000− 0.095+

http://www.epa.gov/airdata/ad_maps.html
http://www.epa.gov/airdata/ad_maps.html


Fig. 4.Mean values for transect shownwith elevation (m)next to location name. Error bars reflect standard deviationwhere available (n N 2). A—Surrogate surfaces (SS)were collected at
YOSE andHTCH transects and B—passive samplers (PS)were collected at all three transect locations. For YOSE (PS) therewere only n=2weeks of data for each location (thus no standard
deviation). The weekly mean values were for El Portal (1.5 pg h−1 and 3.0 pg h−1), Turtle Back Dome ( 3.4 pg h−1 and 1.7 pg h−1) and Glacier Point (2.5 pg h−1 and 1.3 1.3 pg h−1).

1109G. Wright et al. / Science of the Total Environment 470–471 (2014) 1099–1113
deposition due to inputs from sources outside of the western coast of the
U.S. (SI Table 2). This was also suggested for O3 by Jaffe (2010).
3.4. Passive samplers

The PS is a surrogate for concentration, and since they have been cal-
ibrated only using Tekran®measurements, this method allows only for
estimation of relative concentration across sites. Overall the passive
samplers showed spatial trends similar to the SS. Assuming that the
PS uptake does reflect air concentrations, the highest biweekly mean
uptake was measured with the PS at CHEW (5.5 ± 5.4 pg h−1) follow-
ed by GRBA (3.7 ± 2.3 pg h−1, Table 2). The remaining sites ranged be-
tween a low mean at PORE (0.4 ± 0.4 pg h−1) and high at SEKI
(2.1 ± 0.8 pg h−1).

Passive samplers were also used in elevation transect measurements
at YOSE and HTCH, and at 3 locations in GRBA for 4 weeks (Baker—
1622 m, Lehman—2062 m and Mather Point—2813 m). The southern
Yosemite transect had only two data points that showed the
following: El Portal, Turtleback Dome, and Glacier Point (2.3 pg h−1,
2.6 pg h−1, and 1.9 pg h−1 respectively). For the northern Yosemite
transect data were collected over 8 weeks. Mean values for HTCH
(1148 m), SILA (2446 m), MMTG (2390 m), and TIGA (3038 m) were
2.8 ± 1.4 pg h−1, 4 ± 0.6 pg h−1, 1.8 ± 1.2 pg h−1, and 0.9 ±
0.4 pg h−1 respectively. The GRBA transect had the following results
with uptake increasing as a function of elevation for Baker, Lehman,
and Mather locations of 3.7 ± 3.2 pg h−1, 4.5 ± 4.6 pg h−1, and
5.9 ± 1.8 pg h−1.
For the transect data the highest concentrations were measured at
the HTCH location and mean Yosemite values were lower than those
measured at GRBA. The lower mean relative concentration at the TIGA
location is likely due to deposition at this forested location and the
higher mean at HTCH due possibly to the open nature of this location.
Relative concentrations at GRBA supports the hypothesis of a free tropo-
sphere inputwith concentrations decreasing as airmassesmoved down
the eastern side of the mountain range and deposited GOM. For the PS
therewere no consistent correlationswith uptake as a function ofmete-
orological conditions. This has been shown in other work (Lyman et al.,
2010; Peterson et al., 2012). There was a significant weak correlation
between the SS and PS (r2 = 0.12, p b 0.05) when all site data were
combined (SI Table 2). The poor correlation is due to the fact that
these two samplers measure very different processes that is GOM
potential deposition and passive uptake, respectively (Gustin et al.,
2012).

The correlation of SS derived deposition datawith PS relative concen-
trations varied by site. With no correlation at EHSL, CHALK, CHEW, and
SEKI, and significant correlations at PORE (r2 = 0.43), LICK (0.60),
YOSE (0.31), and HTCH (0.63) (all p b 0.05). This variability in correla-
tion across all sites could be explained by the presence of different
forms of GOM in air that have different deposition velocities to the SS,
and possibly, uptake by the PS (see below) as suggested by Peterson
et al. (2012). Forms with lower deposition velocity or diffusivity would
be more slowly diffused into the sampler and take longer to reach
the collection surface. If this is true based on the r2 for HTCH = LICK N

PORE N YOSE, this would suggest that the form at HTCH and LICK were
more easily diffused and as such the correlation is better.
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Different forms of GOMmay stick to surfaces associated with the PS
as designed, for different forms of GOMwill have different affinities for
different surfaces (cf. Huang et al., 2013) and at the sites where the cor-
relations were best it is possible that the predominant form was one
that readily entered the PS, as designed; while at the other sites the
GOM forms present did not diffuse as efficiently through the diffusive
barrier. Molecular diffusivity will be influenced by size and mass of
themolecule, as well as the temperature and pressure, with differences
in molecular diffusivity between different GOM forms being 30% (data
not shown). Thus, different forms of GOM would have different
molecular diffusivity, and since Lyman et al. (2010) used a rate of
0.163 cm2 s−1 for Hg (II) from the USEPA Report to Congress (1997)
to calculate the sampling efficiency this may not adequately represent
the diffusivity of other GOM compounds.

Alternatively, it is possible that GEMwas being converted toGOMon
the SS surface (Gustin et al., 2012). This would be influenced by atmo-
spheric chemistry and may vary across locations. Recently, Huang
et al. (2013) demonstrated that the cation-exchange membrane used
in the samplers was a robust surface for the collection of HgBr2, HgCl2
and a HgO permeation tube derived form. Lastly, as suggested by
Gustin et al. (2012) it is possible that the SS is collecting some fine
aerosol based Hg that would not be collected by the passive gaseous
Hg sampler. However, Huang et al. (2013) suggested based on compar-
ison of data collected using cation exchange and nylonmembranes that
little PBM is present in the atmosphere.
3.5. Deposition measured during the course of this study

Wet deposition versus dry deposition was only compared over the
actual sampling periods (Table 4). Note this does not represent a true
calendar year of total deposition; however, allows for comparison
across sites during actual sampling time (Table 4). This is an important
consideration for the western U.S.A. that typically receives most precip-
itation during the winter and early spring. Given that there is only one
coastal wet deposition site (CA20) that is approximately 400 km
north of PORE, comparisons should be used with caution. Using data
CA20 dry deposition was 30% of total deposition at PORE. However,
since PORE received 45% less precipitation than CA20 (data not
shown), and dry deposition could contribute more than 30% (Table 3).
Furthermore, using the CA20 wet deposition to compare with EHSL
25% of total deposition was dry, again with the potential for more. The
only MDN site in central California that could be used for comparisons
was CA75 at Sequoia (SEKI). Based on data collected at this location,
SEKI dry deposition was approximately 42% of the total Hg deposition
to this site. Comparison of both MDN NV02 and NV99 (mean of both
Table 4
Cumulative dry and wet deposition in μg m-2 measured during each year with sites listed
fromwest to east. Wet deposition fromMDN sites noted with an *. Numbers in parenthe-
ses denote number of weeks applied to the data analyses.

2010 (July–Nov) 2011 (Mar–Nov) 2012 (Mar–Sep)

PORE 0.4 (13) 1.1 (25) 0.9 (15)
EHSL 0.6 (10) 1.2 (31) 0.2 (5)
CHALK – – 0.8 (5)
CHEW – 2.8 (10) –

LICK 6.1 (15) – –

YOSE 2.8 (15) 5.1 (26) 2.7 (13)
HTCH – 0.4 (6) 6.4 (27)
SEKI 1.1 (14) 1.8 (28) 0.9 (14)
GRBA 3.4 (11) 8.7 (22) 2.2 (13)
CA 20* 0.9 (13) 2.1 (25) 2.9 (15)
CA 75* 1.7 (14) 1.6 (28) 1.9 (14)
NV02* 0.9 (11) 1.5 (22) 0.6 (13)
NV99* 0.6 (11) 2.0 (22) 1.6 (13)
sites) with dry deposition measured at Great Basin National Park
showed that this fraction made up 80% of total Hg deposition. Great
Basin received approximately 30% more precipitation than the mean
values reported for NV02 and NV99 raising the possibility that less
than 80% is being input by dry deposition. These percentages are consis-
tent with previous work (Lyman et al., 2007, 2009; Peterson et al.,
2012).

3.6. Source-receptor analysis using HYSPLIT back trajectories

Trajectory residence times calculated for event Type 1 (designated
as weeks when at least 3 sites had SS and PS measurements greater
than the overallmean for corresponding site and at least one day during
the week exceeded the mean MDA8; n = 17) suggest that GRBA was
influenced by air from the marine boundary layer, San Joaquin, Los
Angeles and Las Vegas regions, and a smaller amount of air interacting
with the Asian box compared to YOSE and LICK (SI Table 4). This is con-
sistent with the fact this is the most inland site. During event Type 2
(just N mean SS and PS data) the relative proportion of the contribution
from the Asian box was N1.3 at all locations and increased as air moved
inland. The Los Angeles and Las Vegas regions also contributed air to
YOSE during this time period.

The time period of September 14th–20th, 2010 was chosen to show
detailed trajectory analyses for this was the highest deposition event at
Great Basin (SS = 8.7 ng m−2 h−1, 50% higher than 2nd highest SS
value), and the 2nd highest event at LICK (5.2 ng m−2 h−1) while SS
deposition at YOSE was low (1.3 ng m−2 h−1) (SI Table 3A). This was
a Type 1 event. Gridded frequency distributions for all altitudes and
for “upper altitudes”were constructed for this timeperiod to investigate
transport pathways and potential Hg sources (Fig. 5). Air arriving at
GRBA between September 14 and 20, 2010 had an elevated probability
of originating in southern Nevada and southern Californiawithin 5 days
of transport (Fig. 5A see encircled area). Backward 5 to 8 days from ar-
rival at GRBA, air transport was in two general pathways, one from the
coastal area of northern California and another from due south over the
Pacific Ocean off the coast of Baja California (areas shown in yellow
Fig. 5A). The GFD in Fig. 5B shows the locations of “N25%” grid cells,
which designate the areas where the air mass was influenced by the
boundary layer. The remaining grid cells with (“b25%”) can be consid-
ered the locations of transport in the free troposphere. According to
this, air arriving at GRBA during this 2-week period traveled in the
boundary layer, and in the free troposphere.

Air coming into GRBA passed over the marine boundary layer. The
marine boundary layer contains halogens that could oxidize GEM in
the global pool to HgCl2 and HgBr2, and perhaps HgI2 (Timonen et al.,
2013). However, this path of transport was not as prevalent at LICK or
YOSE (SI Fig. 2). Marine ecosystems are also thought to be a source of
MeHg to coastal ecosystems (Bloom and Watras, 1989; Weiss-Penzias
et al., 2012). Trajectory analyses also showed some air masses arriving
at GRBA that passed through the San Joaquin Valley and over Southern
California (data not shown; home to over 16million people and approx-
imately 13 million vehicles) (http://data.worldbank.org/indicator/IS.
VEH.NVEH.P3; http://www.scag.ca.gov/census/-accessed 06/17/13) as
well as irrigated agriculture. Mobile sources have been recently sug-
gested to be an important source of oxidants that generate GOM
(Gustin et al., 2012) along with agriculture (Gustin et al., 2013). Addi-
tionally, during Type 2 events, and the week of detailed analyses some
fast moving air masses brought air into GRBA that were transported at
2000 to 10,000 km. This air could contain oxidants such as O3 derived
from the stratosphere and Asia (Cooper et al., 2010; Langford et al.,
2012). The air masses arriving at GRBA would therefore have GOM
with most likely different chemical attributes with the GEM being de-
rived from the increasing global pool and the GOM formed by a variety
of oxidants as it is transported into and across the Western United
States. We hypothesize if the chemistry of GOM were measured then
we could better understand the sources.

http://data.worldbank.org/indicator/IS.VEH.NVEH.P3
http://data.worldbank.org/indicator/IS.VEH.NVEH.P3
http://www.scag.ca.gov/census/-accessed


Fig. 5.Gridded frequency distributions of 10-day back trajectories for the September 14–20, 2010 Hg dry deposition event at GRBA (top row), YOSE (middle row) and LICK (bottom row).
Maps on the right show trajectory distributions for all altitudes. The area denoted by the oval on the GRBAmap on the left represents the approximate 5-day transport distance. Maps on
the left are identical to themaps on the right except that grid cells have been identified in brown that have N25% of the trajectory points with altitudes below themodeled boundary layer
altitude. The area denoted by the oval in the GRBA map on the right represents the transport pathway from the free troposphere.
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3.7. Other data to consider

This study along with others (Castro et al., 2012; Lyman et al., 2010;
Peterson et al., 2012; Sather et al., 2013) demonstrates the utility of the
SS to track seasonal and spatial variations in deposition. The SS provides
a simplified view of deposition given the variation of natural surfaces
and their interactions with the environment. The placement of the
samplers in open areas means that they are just as defined, a surrogate
measurement of potential deposition to surfaces. Sather et al. (2013)
applied these samplers in the Four Corners area located on the boundary
of the States of Utah, Arizona, NewMexico, and Colorado. Although the
units of their figures are unclear (ng m−2 every 2 weeks) regional
events in deposition were observed in the fall, summer, and spring
with increasing deposition observed at all sites between 2009 and
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2010 at all sites. Surrogate surface deposition (~0.2 to 2.0 ng m2 h−1)
measured was similar to the average reported in this study (Table 2).
However, deposition measured in this study at the inland and high
elevation coastal sites were higher than those reported by up to
10 ng m-2 h−1. Annual values of Hg deposition reported by Sather
et al. (2013) ranged from 3 to 10 μg m−2 and varied with location.

Deployment of a total gaseousHg PS that consisted of a silverwire col-
lection surface at PORE, LICK, SEKI, YOSE, and GRBA from July 2009 to July
2010 found in general the highest uptake at PORE 4 to 10 pg h−1 (Gustin
et al., 2011). Uptake at the other sites was variable ranging from the de-
tection limit (0.75 pg h−1) to 7 pg h−1. In general uptake was highest
in the late summer early fall at all locations. The PORE site uptake was
similar to the rangemeasured in coastal locations in Florida. These results
suggest there may be forms of Hg in air that we are not adequately
measuring.

4. Conclusions

Surrogate surfaces, passive samplers, O3, andmeteorological data, as
well as event back trajectory analyses, were used to investigate spatial
and temporal trends in Hg deposition and concentrations to begin to
understand the potential sources of Hg to remote areas in the Western
U.S., specifically National Parks where fish have been found to have Hg
concentrations of ecological concern. Surrogate surface and PS data
showed low rates of Hg dry deposition and relative concentrations, re-
spectively, at the coastal sites, and higher values at the high elevation
sites near the coast and at Great Basin National Park (GRBA). Since the
low elevation coastal sites, Point Reyes and Elkhorn Slough (PORE and
EHSL), receive air primarily from the marine boundary layer the source
of theHgwould bederived fromglobal sources or oceanic sources in the
coastal areas. Considering the mean values reported in Table 2, 0.2 to
0.4 ng m−2 h−1 is input from the marine boundary layer. This number
is an order of magnitude higher than background values reported for a
coastal location in Florida (Gustin et al., 2012). The Chalk Mountain
location, a high elevation site that looks out over the Pacific Ocean
(CHALK) was impacted by both the marine boundary layer and
the free troposphere. Mean deposition to this location was 2 times
higher than the low elevation coastal sites. This suggests that
~0.4 ng m−2 h−1 was input to this area from long range transport.
The high elevation coastal sites (LICK and CHEW) had mean deposition
that ranged from 1.7 to 2.4 ng m−2 h−1. Given our current understand-
ing of the air masses interacting with these sites, 1 to 2 ng m−2 h−1 of
the deposition could be derived from long range transport. The lower
deposition at Sequoia National Park (SEKI) relative to Yosemite (YOSE)
(0.9 ng m−2 h−1) could be due to deposition of GOM occurring to the
forest prior to reaching the sampling site and/or less GOM input from
the free troposphere. Lower concentrations of GOM at SEKI relative to
YOSE were supported by the PS data. The PS concentrations were
highest at GRBA and mean deposition was higher than that measured
at YOSE (1.5 compared to 2.2 ng m−2 h−1). Elevation transect data col-
lected from GRBA indicated that GOM was input from the free tropo-
sphere; however, because of this location being at high elevation and
the most inland site, long range transport as well as pollution from
large regional population centers could be contributing.

To understand the sources of GOM deposited to western National
Parks all aspects of air movement, and atmospheric chemistry should
be considered. Once an atom of Hg enters the global atmosphere-
surface pool it becomes part of a deposition–emission cycle that can
be repeated many times. Thus, the sources of Hg deposited to the west-
ern United States are global. What will drive deposition of GOM is the
oxidant chemistry of the air with which the Hg interacts. Air entering
National Parks of the western United States has oxidants derived from
the marine boundary layer, the free troposphere, areas of Asia, and
the United States with large population densities, and possibly the
tropopause. Measurement of the chemical species of GOM present
would allow for better understanding the exact sources. The complex
oxidation–reduction atmospheric chemistry of Hg must be understood
in order to address concerns regarding this global pollutant. The
Minamata Mercury Convention is a good first step towards addressing
the global Hg pollution issue.
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