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H I G H L I G H T S

• Soil-air Hg fluxes are an important
component of the global atmospheric
Hg budget.

• A database of soil-air Hg flux measure-
ments for Western North America was
created.

• Ecosystem Hg fluxes were influenced
by vegetation, light, and soil Hg and
moisture.

• Vegetation had a large effect on net-
ecosystem fluxes due to shading and
uptake.

• Hg emission from sparsely vegetated
landscapes was similar to Hg wet depo-
sition.
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Mercury (Hg) emission and deposition can occur to and from soils, and are an important component of the global
atmospheric Hg budget. This paper focuses on synthesizing existing surface-air Hg flux data collected throughout
the Western North American region and is part of a series of geographically focused Hg synthesis projects. A da-
tabase of existing Hgflux data collected using the dynamicflux chamber (DFC) approach from almost a thousand
locations was created for the Western North America region. Statistical analysis was performed on the data to
identify the important variables controlling Hg fluxes and to allow spatiotemporal scaling. The results indicated
that most of the variability in soil-air Hg fluxes could be explained by variations in soil-Hg concentrations, solar
radiation, and soil moisture. This analysis also identified that variations in DFC methodological approaches were
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detectable among the field studies, with the chamber material and sampling flushing flow rate influencing the
magnitude of calculated emissions. The spatiotemporal scaling of soil-air Hg fluxes identified that the largest
emissions occurred from irrigated agricultural landscapes in California. Vegetationwas shown to have a large im-
pact on surface-air Hg fluxes due to both a reduction in solar radiation reaching the soil aswell as from direct up-
take of Hg in foliage. Despite high soil Hg emissions from some forested and other heavily vegetated regions, the
net ecosystem flux (soil flux + vegetation uptake) was low. Conversely, sparsely vegetated regions showed
larger net ecosystem emissions, which were similar in magnitude to atmospheric Hg deposition (except for
the Mediterranean California region where soil emissions were higher). The net ecosystem flux results highlight
the important role of landscape characteristics in effecting the balance between Hg sequestration and (re-)emis-
sion to the atmosphere.

Published by Elsevier B.V.
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1. Introduction

The bi-directional flux of mercury (Hg) between terrestrial surfaces
and the atmosphere is an important component of the global mercury
budget. Themagnitude of soil Hg emissions is related to the soil Hg con-
centration (Coolbaugh et al., 2002; Eckley et al., 2011b; Gustin et al.,
2003; Nacht and Gustin, 2004; Zehner and Gustin, 2002), as well as
other soil properties such as moisture content, temperature, mineral-
ogy, disturbance and grain size (Eckley et al., 2011a; Gustin and
Stamenkovic, 2005; Lin et al., 2010; Nacht and Gustin, 2004). Meteoro-
logical variables such as solar radiation, air temperature, relative humid-
ity (RH), wind speed/turbulence, and air Hg and oxidant concentrations
can also affect soil-air Hg fluxes (Carpi and Lindberg, 1997; Engle et al.,
2005; Poissant et al., 1999; Xin andGustin, 2007). These factors can vary
substantially across the landscape, resulting in significant heterogeneity
in soil-air Hg fluxes that can influence large-scale flux estimates and
their contribution to local, regional, and global Hg cycling. Western
North America in particular contains a tremendous gradient in climato-
logical, geological, and land use characteristics that may result in exten-
sive variation in site-specific soil-air Hg fluxes.

In geologically enriched regions, oxidized Hg (mostly Hg2+) can
exist in mineral forms such as cinnabar, metacinnabar, corderoite
among others (Jew et al., 2014; Kim et al., 2000; Lowry et al., 2004).
Most Hg in background soil is also in an oxidized form and bound to or-
ganic material (Grigal, 2003; Richardson et al., 2013; Skyllberg et al.,
2009) though some gaseous elemental Hg (GEM or Hg0) can also be
loosely sorbed within the soil matrix (Carpi and Lindberg, 1997; Xin
and Gustin, 2007; Zhang et al., 2008; Zhang et al., 2001). Mercury emit-
ted from terrestrial surfaces primarily consists of Hg0 due to its high vol-
atility (Carpi and Lindberg, 1998; Gustin, 2003). Photo-reduction of
Hg2+ to Hg0 via sunlight exposure is well documented mechanism as-
sociated with the release of soil bound Hg to the air (Carpi and
Lindberg, 1997; Xin andGustin, 2007; Zhang and Lindberg, 1999); how-
ever, other processes occurring in the absence of light may also occur
and may be related to biotic and abiotic processes (Barkay et al., 2003;
Choi and Holsen, 2009a; Mazur et al., 2015).

Soil-air Hg flux is not always net emission. Numerous studies
have also observed net deposition of gaseous Hg, particularly under
low-light conditions and/or during periods of elevated ambient air
Hg concentrations (Eckley et al., 2015a,b; Edwards and Howard,
2013; Ericksen et al., 2006; Gustin et al., 2006; Kuiken et al.,
2008b). Hg released from soils may have been an original component
of the substrate (geogenic) or it may represent re-emission of previ-
ously deposited Hg from the atmosphere (Eckley et al., 2015a,b;
Ericksen et al., 2005).

Several studies have used soil-air Hg chamber flux data to scale-up
emission estimates spatially and temporally. Some have focused on
scaling over relatively small areas exhibiting anthropogenic impacts,
such as mining sites (Eckley et al., 2015a,b; Eckley et al., 2011b; Engle
and Gustin, 2002; Kocman and Horvat, 2011; Miller et al., 2011).
These studies have relied on field and/or laboratory Hg flux data to de-
velop correlations with environmental parameters and then utilized
datasets on substrate Hg concentrations and other environmental

variables to scale emissions over space and time. A similar approach
has also been used to scale Hg fluxes across larger areas such as the
State of Nevada, for which an extensive database of substrate Hg con-
centrations was available associated with mineral exploration (Zehner
and Gustin, 2002). Scaling soil-air Hg fluxes has also occurred over
large areas consisting of low-Hg content background soils
(Denkenberger et al., 2012; Hartman et al., 2009). These efforts have re-
lied on variations in land cover types and meteorological variables, but
not soil Hg concentrations, to scale fluxes annually across regions of
the US and Canada. Because vegetation can accumulate Hg from the
air (Fleck et al., 1999; Rea et al., 2002; Stamenkovic and Gustin, 2009),
estimations of the net ecosystem Hg flux must consider both the re-
leases of Hg from soil as well as the uptake by plants (Hartman et al.,
2009). The Hg taken up by plants can originate from soil Hg emission
within an ecosystem as well as externally from atmospheric sources.

Within the last decade, there have been two regional Hg syntheses
in North America, the first on the northeastern United States and east-
ern Canada (Evers and Clair, 2005) and the second on the Great Lakes
regions of the US and Canada (Wiener et al., 2012). This study is part
of a third Hg synthesis project that encompasses the Western North
American region. The overall focus of the effort is to gather existing
data collected over the past few decades (published and unpublished)
from the region for the purpose of conducting a landscape-scale synthe-
sis of Hg in abiotic and biotic resources. Our paper is one component of
this effort and specifically focuses on surface-air Hg flux data. The Great
Lakes Hg synthesis project included a similar regionally focused manu-
script on surface-air Hg fluxes (Denkenberger et al., 2012).

Variables affecting Hg fluxes in Western North America are distinct
due to this region's wide range of climate, vegetation/land cover, and
relative abundance of geologically Hg enriched areas due to geothermal
processes occurring along the Pacific tectonic plate boundary (Schluter,
2000). These diverse conditions facilitate testing the hypothesis that
spatiotemporal trends in surface-Hg fluxes are controlled by variations
in soil Hg concentrations, solar radiation, and soil moisture, and that
vegetation patterns influence the net-ecosystem exchange of Hg with
the atmosphere. Furthermore, because surface-air Hg fluxes have been
measured using a range of methodological approaches, the gathering
of flux data from numerous studies allows the opportunity to test a sec-
ond hypothesis that the operating parameters used to measure Hg flux
can have an identifiable effect on themagnitude of the calculated fluxes
as shown by Eckley et al. (2010). These questions will be addressed by
creating a database of all known surface-air Hg fluxmeasurements con-
ducted in Western North America, performing statistical analysis of the
database to identify the key variables controlling fluxes and using this
information to scale fluxes spatially and temporally.

Our study is unique from previous efforts to scale Hg emissions be-
cause of the broad geographic focus on Western North American land-
scapes, inclusion of recent findings on the role of soil moisture on Hg
emission (Briggs and Gustin, 2013), and air-vegetation Hg uptake
rates (Mao et al., 2008; Risch et al., 2012), and utilization of a newly
available USGS database of soil Hg concentrations that has coverage
across the conterminous United States (Smith et al., 2014). As the un-
derstanding of processes controlling Hg fluxes advances and new
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