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Abstract. Diffuse anthropogenic and naturally mercury-enriched areas represent long- 
lived sources of elemental mercury to the atmosphere. The Nevada Study and Tests of the 
Release of Mercury From Soils (STORMS) project focused on the measurement of 
mercury emissions from a naturally enriched area. During the project, concurrent 
measurements of mercury fluxes from naturally mercury-enriched substrate were made 
September 1-4, 1997, using four micrometeorological methods and seven field flux 
chambers. Ambient air mercury concentrations ranged from 2 to nearly 200 ng m -3 
indicating that the field site is a source of atmospheric mercury. The mean daytime 
mercury fluxes, during conditions of no precipitation, measured with field chambers were 
50 to 360 ng rn and with the micrometeorological methods were 230 to 600 ng m -2 
h -•. This wide range in mercury emission rates reflects differences in method 
experimental designs and local source strengths. Mercury fluxes measured by many field 
chambers were significantly different (p < 0.05) but linearly correlated. This indicates 
that field chambers responded similarly to environmental conditions, but differences in 
experimental design and site heterogeneity had a significant influence on the magnitude of 
mercury fluxes. Data developed during the field study demonstrated that field flux 
chambers are ideal for assessment of the physicochemical processes driving mercury flux 
and development of an understanding of the magnitude of the influence of individual 
factors on flux. In general, mean mercury fluxes measured with micrometeorological 
methods during daytime periods were nearly 3 times higher than mean fluxes measured 
with field flux chambers. Micrometeorological methods allow for derivation of a 
representative mercury flux occurring from an unconstrained system and provide an 
assessment of the actual magnitude and variability of fluxes occurring from an area. 

1. Introduction 

Mercury occurs in the environment as a variety of chemical 
species (e.g., elemental mercury (Hgø), HgS, HgC12, CH3Hg+), 
some of which are volatile (i.e., Hg ø, (CH3)2Hg, CH3HgC1). 
Transport of the volatile species via the atmospheric pathway 
promotes the global distribution of mercury (Hg) and is a 
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mechanism by which Hg contamination of pristine areas oc- 
curs. Sources of atmospheric Hg include anthropogenic and 
natural, point and nonpoint emissions. Point source Hg emis- 
sions (i.e., coal-fired power plants, waste incinerators, volca- 
noes, geothermal vents) to local and regional atmospheric Hg 
budgets are more easily constrained than contributions from 
diffuse nonpoint sources (i.e., contaminated mill tailings, geo- 
logically enriched substrate) and background soil surfaces. 
Natural and anthropogenic diffuse terrestrial sources of gas- 
eous Hg contribute primarily Hg ø to the atmosphere in con- 
trast to point sources which emit gaseous Hg as both Hg ø and 
reactive gaseous Hg [Lindqvist et al., 1991]. The latter is con- 
sidered to be more readily deposited near point sources [cf. 
Lindberg et al., 1991; Ferrara et al., 1992; Stevens et al., 1996; 
Henderson et al., 1998; Lindberg and Straton, 1998], whereas 
Hg ø enters the global atmospheric Hg pool. Naturally and 
anthropogenically Hg-enriched areas are also long-lived 
sources of Hg to the atmosphere (103 to '--10 9 years), whereas 
anthropogenic point sources have lifetimes more of the order 
of 50 years. 

Diffuse areas of natural enrichment of Hg are found in three 
global belts associated with plate tectonic boundaries (Figure 
1). Global Hg models and emission inventories infer the at- 
mospheric Hg contribution from these areas based on the 
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Figure 1. Map showing the global distribution of natural enrichment of mercury. Belt of productive deposits 
modified from Bailey et al. [1973]. 

difference between anthropogenic emissions and deposition 
[Lindqvist et al., 1991; Mason et al., 1994; Nriagu, 1989; Nriagu 
and Pacyna, 1988]. Data for these calculations are limited in 
that measurements of total deposition are available from only 
a few sites [Lindberg, 1996; Iverfeldt et al., 1996; Rea et al., 1996] 
or have been inferred from indicators such as lake core data 

for large regions [Nater and Grigal, 1992; Swain et al., 1992; 
Jensen and Jensen, 1991]. In addition, anthropogenic point 
source Hg emissions are poorly constrained [Porcella et al., 
1996], and error estimates for Hg emissions are of the order of 
_+50% [Pai et al., 1998]. Point source inventories of the con- 
tribution of Hg to the atmosphere from anthropogenic sources 
do not consider the significant potential for deposition of re- 
active gaseous Hg locally surrounding point sources [Lindberg 
and Stratton, 1998; Porcella et al., 1996; Rasmussen, 1994]. 

Relatively few studies have attempted to quantify Hg emis- 
sions from diffuse sources [cf. Rasmussen et al., 1998; Gustin et 
al., 1994, 1996; Kim et al., 1995; Carpi and Lindberg, 1998; 
Lindberg et al., 1979]. Constraining Hg emissions from broad 
areas of Hg-enrichment is difficult because they often encom- 
pass large areas and are heterogeneous in terms of Hg distri- 
bution and concentrations. Mercury concentrations in sub- 
strate associated with these areas range from what are 
considered ambient background concentrations of <0.05 /•g 
Hg g-• to thousands of/•g Hg g-•. Data developed during 
Nevada Study and Tests of the Release of Mercury From Soils 
(STORMS) and by others indicate that geologically Hg- 
enriched areas are an important source of Hg to the atmo- 
sphere [cf. Lindberg et al., 1979; Ferrara et al., 1998; Rasmussen 
et al., 1998; Gustin, 1998]. Existing global Hg budgets apply a 
Hg flux of ---1.5 ng m -2 h -• for mercuriferous belts [cf. 
Lindqvist et al., 1991; Mason et al., 1994]. This value is an order 
of magnitude lower than Hg fluxes (up to 50 ng m -2 h -• [cf. 
Gustin, 1998; Rasmussen et al., 1998; Gustin et al., this issue]) 
measured at areas only slightly enriched in Hg (0.07 to 3/•g of 
Hg g-• of soil). This disparity between the Hg flux values 
applied in global models and those measured in situ indicates 
that natural nonpoint source contributions need to be better 

understood to develop realistic emission inventories, environ- 
mental regulations, and human and ecological health assess- 
ments. 

In order to constrain Hg emissions from naturally enriched 
areas, it is important to develop approaches to efficiently scale 
up field and laboratory-derived Hg fluxes from geologically 
enriched substrates. To do this, the methods applied to mea- 
sure Hg fluxes must first be assessed, as must the ability of 
those methods to provide representative data for a site. In 
addition, a hierarchy of those physicochemical factors control- 
ling Hg flux must be established. 

From September 1-4, 1997, scientists from Sweden, Ger- 
many, Canada, and the United States, representing 10 research 
institutions (compare Table 1), convened in Reno, Nevada, 
United States, for a joint study designed to (1) simultaneously 
measured Hg flux in situ from naturally enriched substrate, (2) 
discuss the advantages and limitations of the methods applied 
for Hg flux measurements, and (3) discuss the use of in situ Hg 
flux measurements for the development of local and regional 
Hg emission inventories. These groups deployed seven field 
flux chambers and four micrometeorological systems at a com- 
mon site (Figure 2 and Table 1). A major objective of the 
project was to characterize Hg emissions from a naturally en- 
riched area using a number of published and widely used 
methods. We also wanted to investigate factors controlling Hg 
emissions and determine if the different methods character- 

ized a similar response of Hg fluxes to environmental factors. 
Lastly, we wanted to compare the Hg fluxes obtained by each 
approach across a naturally enriched site. This latter objective 
was complicated by the heterogeneity that is typical of natu- 
rally enriched sites. 

At the start of the field study an unexpected rainfall event 
provided a significant enhancement of Hg emissions that was 
recorded by all groups [Lindberg et al., this issue]. It had not 
rained in Nevada for several months, and in honor of the 
serendipitous event and the resulting data set, the field study 
has been referred to since as Nevada STORMS. With the data 

obtained during the workshop, and through scientific collabo- 
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Figure 2. 
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General location of the Nevada STORMS field study and field sampling sites [Gustin, 1998]. 

ration during the field study and at a followup workshop held 
10 months later at the University of Guelph (Canada), signif- 
icant advancements in our approach to measuring Hg emis- 
sions from naturally enriched surfaces have been realized. The 
purpose of this paper is to provide a general background for 
the overall study and to describe the trends in Hg fluxes mea- 
sured across the site. 

2. Field Site Description 
The field site was located -15 km south of Reno, Nevada, at 

the Steamboat Springs geothermal area (Figure 2). This area is 
heated by a magmatic body, which over the past -3 m.y., has 
produced several (1.1 to 3 Me) rhyolite domes [Silberman et el., 
1979] and provided the heat source for a hydrothermal system 
that deposited Hg in the area. Approximately 100 flasks (1 
flask equal to 34 kg) of Hg were produced from the area during 
the early 1900s [Bonham, 1969]. Two geothermal power plants 
in the area utilize heated groundwaters to generate -50 MW 
of electricity (Caithness Power, Inc., and SB GEe, Inc). The 
geothermal waters used by these power plants have total Hg 
concentrations of 100 _+ 10/zg L -• (n = 3) (Caithness Plant) 
and 0.4 _+ 0.03 /•g L -• (n = 3) (SB GEe) (T.R. DeRocher 
and M. S. Gustin, manuscript in preparation, 1999). This sug- 
gests that Hg is still being actively transported from source to 
sink (soils, rocks, air) in the area. 

Equipment for the measurement of Hg emissions was set up 
within a 200 m x 200 m area (Figure 2). The site was slightly 
hummocky, and cover consisted of sparsely distributed high- 
desert vegetation. Most vegetation was less than 0.5 m tall, and 
-25% of the ground surface was vegetated. One 25 kW gen- 
erator and four smaller (3.6, 2.5, and 1.0 kW) generators were 

used. Generators were placed to the northeast of micrometeo- 
rological stations (Figure 2), and the 25 kW generator was 
placed to the west of the chamber cluster which included the 
University of Goteborg (GU), GKSS Research Center 
(GKSS), and Frontier Geosciences (FG) research teams (Ta- 
ble 1 and Figure 2). No groups noted interferences from the 
generators used. 

The Steamboat site exhibited a heterogeneous distribution 
of Hg in soils [Gustin, 1998] (Figure 3). Although this compli- 
cated the intercomparison of absolute Hg fluxes, this is typical 
of geologically enriched sites [cf. Rasmussen et al., 1998; Mc- 
Carthy et al., 1969; Chengliang et al., 1989; Ozerova, 1996] and 
provided a test of our abilities to characterize Hg emissions in 
situ. Total Hg concentrations in substrate for the area contain- 
ing the sampling stations ranged from 1.2 to 14.6/zg g-• (mean 
equal to 4.0 _+ 2.3/zg g-• n = 65) For the entire fetch from • ß 

which Hg flux was measured, Hg concentrations of substrate 
ranged from 0.1 to 15/zg/g (mean equal to 3.7 _+ 2.5, n = 89) 
[Gustin, 1998]. These mean concentrations are -2 orders of 
magnitude greater than what is considered natural background 
for soils (-<0.05 /zg g •). Mercury concentrations at the site 
were highest in the vicinity of the Environment Canada (EC) 
sampling site and lowest at the University of Nevada-U.S. 
Geological Survey (USGS-UNR) site (Figure 3). Soil pH was 5.7 
to 6.0 (n = 13) as measured by the Geological Survey of Canada 
(GSC), total sulfur was <0.1%, and chlorine was -5/zg g-• as 
determined by the Nevada Bureau of Mines and Geology [Gustin, 
1998]. The substrate was low in organic carbon (0.3 to 0.9%) 
measured with LECe Carbon Determination Model 482 by GSC 
[ Gustin, 1998]. 

Analysis of average grain size distribution at each of the five 
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Figure 3. Isopleth map showing substrate mercury concentrations at the Nevada STORMS site [Gustin, 
1998]. 

sampling clusters (Figure 2) revealed that the site was also 
fairly heterogeneous with respect to soil texture [cf. Gustin, 
1998]. For example, 4 to 52% of bulk substrate samples (---5 cm 
depth) was >4 mm in grain size across the entire field site. Of 
the <4 mm fraction, 65 to 87% was silt (0.002-0.063 mm), 3 to 
19% was sand (0.063-2 mm), and 10 to 29% was granules (2-4 
mm). The EC chamber location was the only site situated 
directly in a shallow channel (arroyo) of an ephemeral stream 
where the substrate was very well sorted and consisted of 
predominantly (87%) silt-sized grains. The Oak Ridge Na- 
tional Laboratory-University of Michigan (ORNL-UM) group 
was situated on the edge of the arroyo, and as a result, the 
sorting and percent silt (75%) were less than the EC site. The 
UG-GSC and other chamber sites, which were >10 m away 
from the arroyo, were situated upon coarser-grained poorly 
sorted alluvium (65% silt, 27% granules). 

3. Methods Applied 
3.1. Field Flux Chambers 

Field flux chambers allow for measurement of gas flux from 
a small surface area (0.12 to 0.3 m 2) and provide a sensitive 
means of measuring small fluxes [Denmead, 1979]. They are 
portable and relatively inexpensive. The immediate surface 
from which a field chamber flux measurement is made may be 
sampled for characterization and chemical analysis. This allows 
for the influence of soil properties on gas fluxes to be ascer- 
tained. Because the system from which gas flux is being mea- 
sured using field chambers is constrained, relationships with 
environmental variables (e.g., temperature, light, soil mois- 
ture) are relatively easily established. Early field chambers 
used to measure Hg flux were constructed of stainless steel 
[Schroeder et al., 1989; Xiao et al., 1991]. The metallic interior 

of this early chamber made it difficult to achieve low chamber 
blanks and also eliminated direct solar radiation. In an effort 

to avoid such problems, recent chamber designs have been 
constructed using alternative materials. All field chambers 
used during Nevada STORMS, with the exception of the Plexi- 
glas chamber of FG, had an internal surface of Teflon. For all 
field chambers, Hg flux from the substrate exposed in the 
chamber was calculated using a mass balance approach, as 
follows: 

F = (Co- C,)/AQ. 

Where F is flux in ng Hg m -2 h-•; C O and Ci are concentra- 
tion of Hg at the outlet and inlet in ng m -3, respectively; .4 is 
the surface area of the substrate exposed in the chamber in m2; 
and Q is the flow of air through the chamber in m 3 h-1. Inlet 
air concentrations, which represent ambient air concentra- 
tions, were measured at different heights depending on cham- 
ber design (Table 2). 

Factors that differed amongst field chambers included those 
incorporated into the basic design of the chambers (i.e., size, 
shape, presence or absence of internal fans, ground-to- 
chamber seal) and the sampling methodologies applied (i.e., 
chamber flushing rate or turnover time, method for analyzing 
total gaseous Hg (TGM)) (Table 1). Three field chambers 
(GKSS, GU, ORNL) were constructed of the same material 
and dimensions as the chamber initially developed at ORNL 
[Kim and Lindberg, 1995; Carpi and Lindberg, 1997]. Each 
group using an ORNL-type chamber applied a different cham- 
ber turnover time (compare Table 1). The ORNL chamber was 
constructed of Teflon © Durafilm and supported by a metal 
frame. The UM chamber was of larger dimensions but similar 
in design to the ORNL chamber. The other three chambers 
applied during Nevada STORMS had rigid walls and required 
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no external frame. The UG-GSC chamber was constructed of 

Teflon-lined Plexiglas; the FG chamber consisted of a rectan- 
gular Plexiglas box with a lower profile than the other cham- 
bers; and the Environment Canada (EC) chamber was a hemi- 
sphere of stainless steel coated with Teflon. The latter, unlike 
any of the other chambers, was opaque, and the walls were 
heated so that the wall temperature was 0.5 ø to IøC warmer 
than air entering the chamber [Poissant et al., 1996; Poissant 
and Casimir, 1998]. Only the UG-GSC and EC chambers had 
internally mounted fans to ensure constant mixing. 

Most groups utilizing field chambers during Nevada 
STORMS measured chamber blanks before, during, and after 
the field study. This entailed placing the chamber on a clean 
sheet of Teflon and measuring Hg flux using normal methods. 
Most blanks were in the range of 1 to 5 ng m -2 h -• or gen- 
erally <10% of mean daytime Hg fluxes (Table 1). The UG- 
GSC group had difficulty obtaining a low blank, and their data 
are not presented herein but is discussed by G. Edwards et at. 
(unpublished manuscript, 1999). No groups applied a blank 
correction to their chamber flux data, and most justified this 
procedure based on the fact that the chamber blanks were not 
significantly different from zero or were insignificant compared 
to the Hg fluxes measured during the field study [e.g., Carpi 
and Lindberg, 1998]. 

3.2. Micrometeorological Methods 

Micrometeorological methods are founded in the assump- 
tion that given a stationary (invariant in time) and horizontally 
homogenous turbulent field, there exists an atmospheric layer 
near the surface (typically 10-20 rn in depth) wherein the 
vertical fluxes of conservative quantities are constant with 
height. As a result, it is assumed that the vertical flux of a 
conservative quantity measured at some height within this at- 
mospheric surface layer is equal to the surface flux of the 
quantity in question [Duyzer and Fowler, 1994]. Hicks and We- 
sely [1978] and Businger [1986] have provided excellent exam- 
inations of the most common micrometeorological techniques 
applied to air-surface exchange studies. Micrometeorological 
methods include aerodynamic methods [Davidson et al., 1985; 
Muller et al., 1993], variance methods [Wesely, 1988], gradient 
methods [Whelpdale and Shaw, 1974; Ellestad and Clarke, 1997; 
Davis and Wright, 1985; Droppo, 1985], eddy accumulation 
methods [Speer et al., 1985; Neumann et al., 1985], eddy- 
correlation methods [Wesely et al., 1977, 1982; Droppo, 1985; 
Neumann and den Hartog, 1985; Stocker et al., 1993; Meyers and 
Baldocchi, 1993; Ellestad and 'Clarke, 1997], and the modified 
Bowen ratio method [Lindberg et al., 1995; Kim et al., 1995; 
Meyers et al., 1996]. During the 1997 Nevada STORMS field 
study, the micrometeorological methods applied included a 
flux gradient method, two modified Bowen ratio (MBR) meth- 
ods, and an aerodynamic method. 

Micrometeorological techniques provide a means of calcu- 
lating a continuous gas flux using the measurement of short- 
term changes in temperature and various gas concentrations 
with little disturbance of the study area surface. These methods 
ha•,e the capability to average the flux over areas 2 to 3 orders 
of magnitude larger than those sampled with field flux cham- 
bers (compare Table 1). Micrometeorological methods are 
limited in that the equations from which gas fluxes are calcu- 
lated are based on the ideal conditions of a horizontally uni- 
form surface with a fetch of homogeneous gas flux [Fowler and 
Duyzer, 1989]. Unfortunately, the natural environment is rarely 
ideal, and surface variability restricts the accuracy with which 

one can measure turbulent flux by 10-20% under even the best 
of conditions [Baldocchi et al., 1988]. A sampling bias is intro- 
duced into this method due to requirements for specific envi- 
ronmental conditions (i.e., wind velocity, turbulent mixing, and 
in some cases no precipitation during data acquisition due to 
equipment limitations), thus the results obtained may fall short 
of being totally representative of the site. 

The UG-GSC group employed a flux gradient technique to 
obtain an estimate of the vertical flux of Hg (cf. G. Edwards et 
at., unpublished manuscript, 1999). This method is one of the 
most commonly used, and a detailed discussion on the tech- 
nique is given by Businger [1973]. The UG-GSC group utilized 
a four-point wind velocity measurement and eddy correlation 
measurement of sensible heat to determine the eddy transfer 
coefficient K (G. C. Edwards et at., The measurement of the 
air-surface exchange of total mercury vapor over a mercurif- 
erous mineratized zone, submitted to Environmental Science 
and Technology, 1999). Ambient vapor phase Hg samples were 
collected at two heights using a Tekran © (Model 2537A), and 
Hg flux was determined based upon the classical relationship 

FHg = -Kz x AHg/AZ. 

where FI•g is the flux of vapor phase Hg, K z is the vertical eddy 
transfer coefficient, and AHg/AZ is the vertical gradient in 
vapor phase Hg. This method relies on the critical assumptions 
that momentum, heat, and scalars behave in a similar fashion 
and that these parameters exhibit comparable distribution of 
sinks and sources. 

The MBR method, applied by the ORNL-UM and EC 
groups, was first applied to Hg flux measurements by Lindberg 
et al. [1995] and further tested by Meyers et al. [1996]. The 
MBR method requires that the fluxes and gradients of at least 
one passive scalar (e.g., CO2, H20) are measured. These mea- 
sured quantities are then used to directly compute the vertical 
eddy transfer coefficient K z. Assuming that this vertical eddy 
transfer coefficient is applicable for all passive scalars, the 
empirically derived transfer coefficient can then be used to 
estimate the surface fluxes of other trace species, such as Hg, 
for which direct flux measurements may not be possible. Math- 
ematically, this is represented by 

Fc2 = Fc•AC2/AC• = -Kc•AC 2. 

Where Fc2 is the desired flux of species 2 (e.g., Hg), Fc• is the 
measured flux of species 1 (CO2, H20), AC2 is the time- 
averaged gradient of species 2, and A C• is the time-averaged 
gradient of species 1 over the same vertical interval. As with all 
gradient methods, the MBR method assumes that the vertical 
gradients are consistent with the fluxes [Meyers et al., 1996]. 
Both groups applying the MBR method measured Hg at two 
heights using a Tekran © (Model 2537A) and Tekran Dual 
Automated Sampling system (TADS). 

The USGS-UNR group employed an aerodynamic method 
and the Thornthwaite-Hotzman equation [Thornthwaite and 
Holzman, 1939], which is based upon the logarithmic wind 
profile, for the determination of vapor phase Hg flux in the 
atmospheric surface layer (M. Majewski and M. S. Gustin, 
unpublished manuscript, 1999). Wind velocity and tempera- 
ture gradients were measured at six heights. Mercury concen- 
trations were measured at four heights, two with a Tekran © 
(Model 2537A)/TADS system and two using gold-coated 
quartz sand traps. 

Each group using micrometeorological methods applied 
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their own quality control assessment [cf. Meyers et al., 1996; 
Poissant et al., this issue; G. Edwards et al., unpublished manu- 
script, 1999; M. Majewski and M. S. Gustin, unpublished 
manuscript, 1999]. For example, the USGS-UNR group cali- 
brated the anemometers and thermocouples against each 
other before and after the field study and normalized the 
calibration based on the highest sensor. The UM-ORNL group 
performed a net energy budget analysis to ensure that sensible 
and latent heat fluxes were measured accurately. The UG-GSC 
group checked calibrations by measuring gradient parameters 
at one level for several time periods. The UG-GSC and UM- 
ORNL groups, which were --•40 m apart, found good agree- 
ment between the parameters u* (friction velocity) and sensi- 
ble heat fluxes. 

The footprint that contributes to the flux measured at a 
given sampling point changes temporally, as a function of 
fetch, atmospheric conditions, and with the position of param- 
eter sampling heights. Each of the participating groups calcu- 
lated their respective footprints sampled (--•50 to 200 m 2) 
based upon measurement height, roughness height, and appli- 
cation of a constant, which is a function of the method applied. 
The equations applied for calculation of fetch varied from 
group to group, for example, USGS-UNR used the equation of 
Gash [1986]; UM-ORNL used a relationship suggested by 
Schuepp et al. [1990]; and UG applied the method of Schuepp 
et al. [1990], modified by E. Wong et al. (manuscript in prep- 
aration, 1999). The roughness elements that may have influ- 
enced turbulent eddies at the site consisted of <0.5 m desert 

shrubs and grasses that covered -25% of the ground surface. 

3.3. Total Gaseous Mercury Analysis 

All research groups operating field chambers and microme- 
teorological stations measured total gaseous mercury (TGM) 
of which Hg ø is the dominant (>95%) atmospheric form. Mea- 
surements of reactive gaseous mercury (RGM) have indicated 
that this form may be several percent of TGM [Lindberg and 
Stratton, 1998]. During Nevada STORMS, three methods were 
applied for collection and analysis of TGM: collection of Hg 
with gold-coated quartz sand traps that are analyzed using cold 
vapor atomic fluorescence spectrophotometry (CVAFS), and 
automated on-site measurements using Tekran © and GARDIS 
Hg analyzers. These three methods were recently intercom- 
pared at a workshop held at Mace Head, Ireland [Ebinghaus et 
al., 1999], and good agreement was reported for the TGM 
concentrations measured by all methods. In that study the 
mean and standard deviation of Hg concentrations measured 
over 4 days by 11 groups ranged daily from 1.46 _+ 0.06 ng m -3 
to 1.63 _+ 0.24 ng m -3. 

Gold-coated quartz sand traps consist of -1 g of gold-coated 
quartz sand contained within a quartz tube [Fitzgerald and Gill, 
1979; Bloom and Fitzgerald, 1988]. Their application for mea- 
surement of TGM at the high levels of precision necessary for 
gradient studies has been demonstrated [Lindberg et al., 1995; 
Ebinghaus et al., 1999]. Air is pulled through gold-coated 
quartz sand traps, after passing through a Teflon filter pack 
with a 0.2 tam Teflon filter at an accurately controlled flow rate 
(<1 L min-•). Mercury collected from the air onto these traps 
by amalgamation is thermally desorbed at temperatures of 
-400øC onto a calibrated analytical trap (dual amalgamation 
procedure) or directly (single amalgamation procedure) into a 
CVAFS [Dumarey et al., 1985' Bloom and Fitzgerald, 1988]. The 
CVAFS is calibrated by injection of Hg ø saturated air of known 
concentration. Analytical precision is 1-5% based on repli- 

cated injections. The detection limit for this method is --•10 pg 
of Hg. 

Twelve Tekran © 2537A Hg Analyzers were used during Ne- 
vada STORMS. The Tekran © has two pure gold cartridges that 
collect Hg and desorb it into a CVAFS [Andrews et al., 1993; 
Schroeder et al., 1995; Poissant et al., 1996; Lindberg et al., 
1999]. Near real-time (2.5 to 5 min) measurement of ambient 
Hg concentrations to 10 pgm-3 is possible with this instrument. 
The instrument is calibrated by routine automated additions of 
known concentrations of gaseous Hg ø supplied by an internal 
permeation source, which is calibrated in the laboratory. The 
Tekran © Automated Dual Sampling system (TADS) allows for 
automatic switching of sample location so that one Tekran © 
can sample two locations sequentially. Most groups during 
Nevada STORMS set their Tekran © to collect 10-min average 
Hg concentrations (two 5-min samples) for one sample loca- 
tion followed by a 10-min average for the other (i.e., inlet 
versus outlet, height 1 versus height 2). The GARDIS-1A 
instrument [cf. Urba et al., 1995] used dual amalgamation and 
cold vapor atomic absorption spectroscopy for the analysis of 
Hg after 10 min of sample collection. The detection limit for 
the GARDIS-IA is 0.5 pg of Hg ø. 

3.4. Data Analysis 

In order to determine whether Hg fluxes measured by the 
methods applied were similar and yielded similar responses to 
environmental trends, linear regression and analysis of vari- 
ance (ANOVA) analyses were computed with a significance 
level ofp -< 0.05. Statistical analysis of data collected during 
Nevada STORMS was done using STATMOST developed by 
DataMost Corp (Dataxiom Software, Inc. Los Angeles, Cali- 
fornia). 

3.5. Sampling Protocol 

Formal data collection for the field study began at 1200 
hours on September 2, 1997, and ended at 1200 hours on 
September 4, 1997. A few groups began collecting data prior to 
this time period. Sampling times for all groups were coordi- 
nated with the time on the data logger of the UG-GSC group. 
Each group was responsible for calculation of Hg fluxes ob- 
tained using their individual methods. Mercury fluxes, calcu- 
lated by each research group, were compiled into 30-min av- 
erages for the data comparison presented in this'paper and an 
accompanying overview manuscript [cf. Lindberg et al., this 
issue]. Site-specific manuscripts included in this special issue 
used their own raw data for their data analyses [cf. Wallschlae- 
get et al., this issue; Poissant et al., this issue; G. Edwards et al., 
unpublished manuscript, 1999; M. Majewski and M. S. Gustin, 
unpublished manuscript, 1999]. 

Most field chambers were used for several experimental 
manipulations. These assessed the effects of light and precip- 
itation on the enhancement of Hg flux. The data collected 
during these experiments are excluded from this paper but are 
discussed by Gustin et al. [this issue] and Lindberg et al. [this 
issue]. In addition, the UM and ORNL chambers and the 
GKSS and FG chambers switched locations at 1430 and 1500 

hours, respectively, September 2, 1997, in order to compare the 
Hg fluxes measured using different chambers at the same site. 
This manipulation is mentioned in this paper and discussed by 
Wallschlaeger et al. [this issue] and Lindberg et al. [this issue]. 

3.6. Meteorological Overview 

A weak synoptic weather pattern was present across the 
western United States during the Nevada STORMS field 
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Figure 4. Wind direction and wind velocity as a function of time measured by the UM meteorological 
station during the entire Nevada STORMS field study. 

study. For most of the period, skies were clear to partly cloudy, 
with relatively light winds and mild temperatures. As a result of 
the generally cloud-free conditions, temperatures during the 
night were cool (10 ø to 15øC) but during the day were quite 
warm (27 ø to 30øC). 

Despite the overall quiescent conditions observed during the 
study, two significant meteorological events should be noted. 
On September 2 a weak surface trough was present across 
eastern California. This feature helped to spark the develop- 
ment of scattered thunderstorms across western Nevada, re- 
sulting in unexpected thunderstorms across the Nevada desert 
and at the field site. This was the first rainfall event at the site 

in 3 months. These storms diminished during the late after- 
noon and evening. The surface trough lingered across eastern 
California on September 3 as well, and scatter clouds were 
present at the field site. 

The second significant meteorological feature concerned the 
variation in surface wind flow during the field study. Wind 
direction data, collected at 2 rn height by the UM-ORNL 
group, illustrates the diel nature of the surface wind flow at the 
site (Figure 4). From midafternoon to sunrise each day, the 
wind flow was predominantly from the southeast to the west 
(135 ø to 270ø), with surface wind speeds falling to less than 1 m 
s -• at night. During the morning and early afternoon, wind 
flow was predominantly from the northwest to northeast with 
speeds ranging from 1 to 5 m s -•. These observations com- 
bined with knowledge of the topography, suggest that during 
nighttime periods, the field study site was influenced by cool air 
drainage from the surrounding higher terrain. During stable, 
cold air drainage conditions the air is not well mixed, and 
atmospheric fields (turbulence and ambient chemical condi- 

tions) are not homogeneous. These conditions can affect the 
measurement of all scalar gradients. 

4. Results and Discussion 

4.1. Ambient Air Mercury Concentrations 

As a result of site heterogeneity and varying climatic condi- 
tions, the groups recorded a wide range of Hg concentrations 
in air, with 30-min means ranging from -2 to 200 ng m -3 (raw 
data are presented by Gustin [1998]. For the entire field study 
the median concentration of airborne Hg measured at each 
site ranged from -10 to 60 ng m -3 (Table 2). However, with 
the exception of the EC site (Hg -60 ng m-3), median ambi- 
ent Hg concentrations clustered around 10 to 30 ng m -3 (Ta- 
ble 2). Air concentrations over background sites are typically 1 
to 3 ng m --• [Carpi and Lindberg, 1998; Lindqvist et al., 1991]. 

Atmospheric Hg concentrations decrease logrithmically with 
height [cf. Lindberg et al., 1995; Gustin et al., 1996]. Thus the 
sampling height of the field chamber inlet, which ranged from 
5 to 15 cm, could influence the Hg flux values obtained with the 
field chambers. Mercury concentrations were measured at two 
heights by Tekran © analyzers at the four micrometeorological 
sampling sites during Nevada STORMS. Mean concentration 
differences between the upper and lower sampling heights 
(eliminating data from September 2 and nighttime data) for 
the ORNL-UM (190 cm difference in height) and EC (165 cm) 
groups were of the order of 0.6 to 1.9 ng m -3. These differ- 
ences are insignificant with respect to the average site differ- 
ences in ambient air concentrations reported by chamber 
groups (cf. Table 2). Therefore the measured ambient air Hg 
concentrations may have been influenced somewhat by differ- 
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Table 2. Mean and Median Air Mercury Concentrations and Fluxes Measured for the Entire Field Study and for Daytime 
Conditions the Last 2 Days of the Field Study 

ORNL- USGS- 

EC GKSS ORNL FG GU UM EC UM UG UNR 
fc fc fc fc fc fc /•met /•met /•met /•met 

Ambient air (81) (83) (67) 
concentrations 

Mean 64 _ 33 38 _ 24 18 _+ 12 
Median 61 35 15 

Measurement 25 8 10 

height, cm 
Hg fluxes* (98) (94) (64) 

Mean 391_+165 59_+122 141_+150 
Median 381 38 104 

Hg fluxes* (31) (30) (22) 
Mean 364+146 51+_40 120+_57 
Median 346 46 115 

(97) (96) (24) (43) (96) 

31+_ 19 22_+21 20+_ 15 14+_9 16+_ 15 
27 13 19 11 10 

5 10 100 40 65 

(97) (49) (52) (64) (40) (43) (98) 
103+__ 125 51 +40 192_+320 438+_953 107_383 489_514 492+_ 1026 

69 41 43 141 89 364 263 

(31) (17) (18) (30) (14) (19) (31) 
139_ 119 35 +36 142_+ 133 595 +_1253 213_+224 542+549 615+_ 1084 

110 30 56 404 276 363 655 

Concentrations are in units of ng m -3, and fluxes are in units of ng m -2 h -•. Number of observations appears in parenthesis. Field chambers 
are denoted as fc, and micrometeorological methods are denoted as/•met. 

*For the entire field study. 
* For the time period of September 3, 0700-1900 and September 4, 0700-1000. 

ent intake levels, but at this site local source strength was more 
important. 

In addition to spatial trends, there was significant temporal 
variability in the ambient Hg concentration data. These trends 
resulted largely from changes in climatic conditions. High Hg 
air concentrations occurred after the rain event on September 
2 (8.5 to 109 ng m -3) and in the early morning during periods 
of air stagnation (6 to 153 ng m-3). Mercury concentrations 
measured in air prior to the rainfall event on September 2 
ranged from 3 to 14 ng m -3, and by the end of the field study 
(September 4) they were again within this range (raw data are 
compiled by Gustin [1998]). These concentrations are similar 
to other measurements made in the area in 1993 (4.7 to 7.1 ng 
m -3) [Gustin et al., 1994]. The increase in air concentrations 
that occurred with the rain event was associated with increased 

Hg emissions. The influence of the rain event on Hg emissions 
is discussed in a companion paper [Lindberg et al., this issue]. 
The nighttime increase in air Hg concentrations are most likely 
due to surface emissions being confined to a small volume of 
air near the surface within the nocturnal boundary layer. A 
similar phenomena was also observed during the night above 
Hg-contaminated mill tailings in the adjacent Virginia Range 
[Gustin et al., 1996]. 

4.2. Mercury Fluxes Measured With Field Chambers 

As expected from the trends in air concentrations, the soil 
Hg fluxes measured by each field chamber also varied widely 
but indicated clearly that the SBS site was an important local 
source. Over the course of the study, all sites recorded a strong 
net emission of Hg from these soils. The most consistent Hg 
emission data were collected under daytime conditions on Sep- 
tember 3 and 4 and are summarized in Table 2. For this time 

period the individual chamber Hg fluxes spanned an order of 
magnitude, with the mean for most chambers in the range of 
-50 to 140 ng m -2 h -• (Table 2). The EC chamber reported 
the highest mean Hg emissions of -360 ng m -2 h -•. Mean 
field chamber derived emission rates for the entire field study 
were similar to those determined for daytime conditions on 
September 3 and 4 (Table 2). However, the standard devia- 
tions are much larger due to the effect of stagnant air condi- 
tions and advection that occurred at night. 

The nocturnal data (both for field chambers and microme- 
teorological methods) were influenced by advection of Hg 
from local sources and air stagnation. Under nighttime condi- 
tions of drainage flow and poor mixing, it was not uncommon 
for wide swings in short-term fluxes to be recorded. These 
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Figure 5. Mercury fluxes measured by field chambers as a function of time for the Nevada STORMS 
mercury field study. 
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ranged from Hg emission to deposition, but generally averaged 
out to small net fluxes (Figure 5). 

Mercury fluxes measured by each chamber responded sim- 
ilarly to the same environmental factors producing maxima and 
minima fluxes that mirrored one another (Figure 5). As a 
result of these similar responses, statistically significant (p < 
0.05) correlations were observed between chamber-measured 
Hg flux data sets. The spatial coefficient of variations (c.v.s) 
obtained when comparing the 30-min Hg fluxes measured si- 
multaneously by all chambers were >40%. In general, diurnal 
spatial c.v.s ranged from 40 to 80%, while nocturnal values 
were >100%, with maximum variability occurring between 
0100 and 0630. The spatial c.v.s for daytime chamber-derived 
Hg fluxes suggest that the field site was either highly hetero- 
geneous and/or that the experimental design of the chambers 
(e.g., shape, size, turnover time) resulted in different absolute 
fluxes despite similar relative trends. Both of these factors, site 
heterogeneity and chamber design, affected chamber-derived 
Hg fluxes. The ambient air data clearly indicate that the area 
was not a homogenous source, and results discussed in this 
volume [cf. Wallschlaeger et al., this issue; Lindberg et al., this 
issue] and below demonstrate that chamber experimental de- 
sign can significantly influence the measured Hg fluxes. 

ANOVA analyses demonstrated that there was a significant 
(p -< 0.05) difference between 30-min Hg fluxes measured by 
field chambers with the exception of the GU and GKSS, and 
ORNL and UM chamber pairs. Interestingly, these two pairs 
of chambers were located within 10 m of each other and were 

of comparable design (Table 1). The FG chamber was also 
located in the same general area as the GKSS and GU cham- 
ber (Figure 1), but exhibited more dramatic maxima and min- 
ima in response to changing environmental conditions, as well 
as generally higher Hg fluxes (Figure 5). In addition, the rel- 
ative magnitude of the Hg fluxes measured by the GKSS (tens 
of ng m -2 h -•) and the FG (hundreds of ng m -2 h-•) cham- 
bers did not vary when these two chambers exchanged loca- 
tions. These data suggest that the difference in the Hg fluxes 
measured by these two chambers (GKSS and FG) was a func- 
tion of field chamber experimental design, not local site het- 
erogeneity. 

Mercury fluxes measured by the EC chamber were signifi- 
cantly (p _< 0.05) higher than those measured by all other 
chambers during the entire field study (Figure 5). There are 
two possible explanations for this trend, and both may apply. 
The physical characteristics of the site, especially the higher 
porosity of substrate, and higher soil Hg concentrations at the 
EC site would facilitate increased Hg emissions. It is also 
possible that the hemispherical shape of thc EC chambcr as 
well as the internal fan and interior wall heating may have 
contributed to the measurement of higher Hg fluxes. 

4.3. Micrometeorologically Derived Mercury Fluxes 

The most complete and best micrometeorological data set 
consisted of those Hg fluxes measured during the daytime 
periods of September 3, 0700 to 1900 and September 4, 0700 to 
1100 (i.e., after the rainfall event on September 2 and elimi- 
nating nighttime data). During these periods all sites recorded 
net Hg emission fluxes, with the mean emission rates ranging 
from 230 to 600 ng m -2 h -1, generally higher than Hg fluxes 
recorded by the field chambers during this same time (Table 
2). During this time the winds were predominantly from north- 
ernly directions. The micrometeorological stations were 40 to 
70 m apart and positioned along an east-west transect (Figure 

2). Because of the juxtaposition of the micrometeorological 
stations, winds from northern or southernly directions would 
not overlap all the stations. The diffe.. ence in mean emissions 
measured by the different stations r• .t likely reflects the fact 
that each station was measuring en :•ions from a different 
fetch. Individual papers [i.e., Poissant • al., this issue; G. Ed- 
wards et al., unpublished manuscript, 1999] discuss the corre- 
lation of micrometeorologically derived Hg fluxes with envi- 
ronmental conditions and substrate characteristics. 

Similar to the field chamber data, most of the nighttime Hg 
fluxes were characterized by significant short-term variability, 
and negative (deposition) fluxes were measured primarily dur- 
ing late night and early morning. Factors that could have af- 
fected the nocturnal data include advection from local sources, 
nocturnal cold air drainage flow, and stagnant air conditions. 
To try and understand which of these processes was most 
important in influencing emissions, we calculated the spatial 
c.v.s for 30-min Hg fluxes measured by all micrometeorological 
methods for the final 24 hours of field study (mean equal to 
160 _+ 195%). The higher spatial c.v.s for this time interval 
were significantly (p < 0.05) correlated with low wind veloc- 
ities (r 2 = 0.17 to 0.28). Lower wind velocities would result in 
less convective mixing and thus a greater possibility of Hg 
fluxes being influenced by local inhomogenieties in substrate 
Hg concentrations. Correlation of spatial c.v.s with wind direc- 
tion during that was poor suggesting that lack of mixing and 
turbulent transfer had a stronger influence on measured fluxes 
than advection of Hg from sources across the site. 

4.4. Comparison of Field Chamber and 
Micrometeorologically Derived Mercury Fluxes 

Throughout the field study, the micrometeorologically de- 
rived Hg fluxes followed the same general patterns exhibited 
by the field chamber derived fluxes, with increased emissions 
during the day relative to night and an increase in emissions in 
response to the rainfall event on September 2 (Figures 5 and 
6). However, the absolute values of the micrometeorological 
Hg fluxes were consistently greater than the field chamber 
fluxes. In an attempt to compare the results of the two general 
field approaches, we computed the mean field chamber Hg 
fluxes for daytime conditions following the rain event (Septem- 
ber 3, 0700-1900 and September 4, 0700-1000) on 30-min 
intervals. We then derived mean micrometeorological Hg 
fluxes by a similar means. Regression analysis of these mean 
30-min Hg fluxes demonstrated that these data sets were sig- 
nificantly correlated (r 2 = 0.4) but the micrometeorologically 
derived fluxes wcrc -3 timcs higher than those obtained using 
chamber methods (Figure 7). There are two potential expla- 
nations for this: cithcr the field chamber suppresscd the trans- 
fer of Hg from the soil surface and/or that the assumption of 
thc "equality of scalar transfer coefficients" cannot be applied 
to vapor phase Hg flux mcasurcments. 

Chambers may suppress Hg flux if the flow of air passing 
through the field chambers or the turnovcr rate does not ad- 
equately simulate the turbulcnt atmospheric flow conditions 
outside the chamber [cf. Gao ½t al., 1997]. In the internal 
environment of a field chamber without a fan, the dominant 

control over the boundary layer is the inlet flow rate. Eklund 
[1992] described the airflow (sweep airflow rate) through a 
field flux chamber as the single most important operating fac- 
tor of a chamber. A fast airflow rate will minimize suppression 
of gas emission rates by decreasing the concentration gradient 
between the air in the chamber and in the soil. Slow airflow 
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Figure 6. Micrometeorological derived mercury fluxes as a function of time for the Nevada STORMS 
mercury field study. 

through a field chamber may create an artificial boundary layer 
with elevated Hg concentrations at the air-surface interface 
resulting in a suppression of emissions. This phenomenon 
could have influenced Hg fluxes measured by the chambers 
during Nevada STORMS because turnover rate varied be- 
tween chambers (compare Table 1). Additional tests need to 
be done to understand the effect of chamber experimental 
design on Hg flux, but turnover rate does appear to influence 
the measured flux response [cf. Wallschlaeger et al., this issue; 
Lindberg eta!., this issue]. Recent laboratory tests using soils 
from the Nevada STORMS site and a new smaller Teflon field 

have demonstrated a strong positive relationship between 
measured Hg flux and chamber turnover (H. Zhang et al., 
manuscript in preparation, 1999). Under controlled conditions 
these authors could readily increase the Hg emission from a 
Hg-enriched soil sample fourfold to sixfold by decreasing the 
field chamber flushing time. 

This limitation in the application of field chambers may not 
have been recognized by those intercomparing trace gas emis- 
sions measured with field chamber and micrometeorological 
methods for gases such as methane and carbon dioxide. Mea- 
surement of fluxes of these gases are most often made from 
background surfaces with low emission rates [cf. Chan et al., 
1998; Norman et al., 1997]. With low emissions, turnover rate 
may not be a factor limiting flux, but instead the concentration 
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Figure 7. Mean of 30-min chamber fluxes versus mean of 
30-min micrometeorologically derived fluxes for the field study 
for September 3, 0700-1900 and September 4, 0700-1000. 

gradient across the boundary layer may be the predominant 
limiting factor. Few studies are published in which field flux 
chamber and micrometeorological-derived Hg fluxes have 
been directly compared [cf. Carpi and Lindberg, 1998]. Similar 
to the findings in this study, Carpi and Lindberg [1997] found 
that micrometeorologically derived Hg fluxes were generally 
higher than chamber fluxes by up to 20% for sludge-amended 
soils. 

A second possible reason for the consistently higher Hg flux 
estimates for the micrometeorological methods is that the as- 
sumption of the "equality of scalar transfer coefficients" may 
not be applied to vapor phase Hg flux calculations. If this were 
true, the transfer coefficients derived from momentum, heat, 
and moisture fluxes might not adequately predict the magni- 
tude of the vapor phase transfer of Hg. This hypothesis is 
unlikely because it is generally accepted that the rate of eddy 
dispersion, determined from other passive scalars (i.e., mo- 
mentum, heat, and moisture), can be applied to those compo- 
nents that may not be measured with fast response sensors as 
long as they exhibit no or very little atmospheric reactivity 
[Sutton, 1953; Hicks et al., 1984; Reible, 1984]. 

5. Conclusions 

On the basis of field chamber and micrometeorologically 
derived Hg fluxes the naturally enriched Steamboat Springs 
geothermal area is a local source of Hg to the atmosphere. All 
systems applied in this setting consistently recorded Hg emis- 
sions from the surface during daytime conditions. The range in 
measured mean daytime Hg emissions was 50 to 360 ng m -2 
h -• for field chambers and 230 to 600 ng m -2 h -• for mi- 
crometeorological methods. These values are 1-2 orders of 
magnitude greater than values used to estimate natural source 
emissions in global Hg models [cf. Lindqvist et al., 1991]. The 
Nevada STORMS study, along with a few published works [cf. 
Rasmussen et al., 1998; Lindberg et al., 1979; Ferrara et al., 1998; 
Gustin, 1998; Lindberg et al., 1998], and ongoing research in- 
dicate that the natural source term may be significantly under- 
estimated and that the contribution of these sources to re- 

gional and global atmospheric Hg budgets needs to be 
reassessed. 

Several major conclusions on the information needed for 
development of an average Hg emission rate for a naturally 
enriched area based on in situ measurements can be drawn 
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from this study. In order to scale up Hg fluxes measured by 
field chambers to make local and regional emission estimates 
we must first develop a field chamber experimental design that 
provides for the measurement of fluxes that are representative 
of those occurring from an unrestricted surface. Alternatively, 
we must develop an understanding of how chamber design 
affects measured Hg fluxes so that we may utilize emissions 
measured by researchers applying different chamber experi- 
mental designs. These developments are already underway 
(e.g., H. Zhang et al., manuscript in preparation, 1999). 

Field chamber-derived Hg fluxes differed across the Steam- 
boat site due to site heterogeneity and chamber experimental 
design. At heterogeneous naturally Hg-enriched sites, multiple 
chamber sites measurements are needed to obtain an area- 

averaged Hg flux. Field flux chambers are well suited for in- 
vestigating the parameters controlling Hg emissions, and they 
are easily applied in manipulative field experiments. For ex- 
ample, the substrate from which Hg emissions are directly 
measured may be sampled and analyzed, and characteristics of 
the substrate below the chamber may be selected to represent 
a specific type of surface (i.e., Hg concentration, speciation, 
soil chemistry, grain size distribution) or can be modified (i.e., 
wetted, disturbed). This is not as easily done with microme- 
teorological methods because the surface from which Hg emis- 
sions are measured is large and not readily manipulated and 
the effects of the chemistry and physical properties of the 
surface are more complex. Data developed in this study are not 
sufficient for endorsement of either field chamber or microme- 

teorological methods as the best for evaluation of the most 
realistic in situ Hg fluxes. 

For this project, mean micrometeorologically derived Hg 
fluxes were --•3 times higher than mean field chamber fluxes for 
average daytime conditions. The higher Hg fluxes measured by 
micrometeorological methods probably reflect the fact that 
this method samples an unrestricted surface area. Microme- 
teorologically derived Hg fluxes also exhibited more temporal 
variability than chamber methods during the daytime and es- 
pecially at night. This was due to the effects of advection and 
stagnant air periods on the micrometeorological measure- 
ments. Micrometeorological methods provide a more repre- 
sentative area average of Hg emissions than individual field 
chamber measurements. In either case, an extended sampling 
time would be needed to adequately characterize Hg emissions 
at the Nevada STORMS site (weeks to months, depending on 
climatic conditions). 

Mercury fluxes measured with micrometeorological and 
field chamber methods responded similarly to several environ- 
mental parameters. Temperature, light, and precipitation all 
appear to significantly affect Hg emissions at this site. Sub- 
strate characteristics such as Hg concentration and porosity 
also influenced emissions. The data developed during Nevada 
STORMS indicate that researchers need to consider the envi- 

ronmental conditions and substrate characteristics in order to 

make Hg flux measurements that will provide a database that 
characterizes Hg emissions on the most appropriate temporal 
and spatial scales. Understanding the spatial and climatic vari- 
ability associated with an area and the magnitude by which 
these parameters control Hg flux are vital information for 
accurately establishing a spatially and temporally averaged 
flux. 
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