
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 106, NO. D6, PAGES 5421-5435, MARCH 27, 2001 

Sources of variability in mercury flux measurements 

G. C. Edwards, • P. E. Rasmussen, 2'3 W. H. Schroeder, 4 R. J. Kemp, • G. M. Dias, • 
C. R. Fitzgerald-Hubble, 1'5 E. K. Wong, 1'5 L. Halfpenny-Mitchell, l and M. S. Gustin 6 

Abstract. Chamber and micrometeorological mercury flux data collected during the Nevada 
STORMS intercomparison study were used to identify natural and methodological factors control- 
ling data variability. Micrometeorological and chamber measurements revealed that flux variabil- 
ity at a site is closely related to the Hg concentrations in the substrate, which were found to vary 
with mineral composition, grain size, and sampling depth. Environmental factors also influenced 
flux variability. Following two rainfall events, fluxes measured by chamber and micrometeo- 
rological methods increased substantially. The micrometeorological flux was enhanced five fold 
following the rain event. Fluxes measured by both methods were also influenced by net radiation 
and temperature as evidenced by their tendency to follow the diel cycle in these variables. Day- 
time fluxes were 6 times greater than nighttime fluxes. Data analysis revealed that interactions be- 
tween environmental and geochemical variables complicate relationships between the flux and 
these variables. Understanding the variability at a flux monitoring site is important to establish re- 
lationships for scaling up and for the development of consistent sampling protocols that allow 
comparisons from one study to another and adequately quantify mercury fluxes from natural sites 
to provide representative emission data that can be used for scaling up to regional and global 
scales. 

1. Introduction 

Gaseous mercury (Hg) fluxes from natural sources must be 
considered for calculating global mass balances, for the devel- 
opment and description of biogeochemical cycles at local, re- 
gional, and global scales [Schroeder et al., 1989], and to place 
anthropogenic metal emissions data into perspective [Rasmussen, 
1998]. There is a disparity between Hg flux values applied in 
global models and those measured in situ [Gustin et al., 1999], 
therefore it is important to quantify natural emissions to develop 
better emission inventories for more comprehensive environ- 
mental regulations and human and ecological risk assessments. 

Large uncertainties in estimates of natural Hg fluxes are a re- 
sult of their high temporal and spatial variability and of difficul- 
ties in obtaining reliable and representative measurement rates of 
terrestrial Hg evasion into the atmosphere [Rasmussen, 1994, 
1998]. The characterization of natural Hg emissions for use in 
regional and national emission inventories is limited, not only by 
the scarcity of data and measurement-related challenges, but also 

1 

School of Engineering, University of Guelph, Guelph, Ontario, Can- 
ada. 

2Geological Survey of Canada, Natural Resources Canada, Ottawa, 
Ontario. 

3Now at Health Canada, Ottawa, Ontario, Canada. 
4Atmospheric Environment Service, Environment Canada, Downs- 

view, Ontario. 
SNow at Rowan Williams Davies and Irwin Inc., Guelph, Ontario, 

Canada. 

6Department of Environmental and Resource Sciences, University of 
Nevada, Reno, Nevada. 

Copyright 2001 by the American Geophysical Union. 

Paper number 2000JD900496. 
0148-0227/01/2000JD900496509.00 

by the lack of knowledge of the controlling biogeochemical proc- 
esses and environmental factors and their interactions. 

Since 1995 there has been a collaborative effort between the 

Geological Survey of Canada (GSC), Environment Canada (EC), 
and the University of Guelph (UG) to characterize Hg vapor 
fluxes from various geological settings in the Canadian environ- 
ment [Rasmussen et al., 1997, 1998]. These studies have re- 
sulted in the establishment of a preliminary log-log relationship 
between the flux and the soil substrate concentration (Figure 1). 
During the Nevada STORMS intercomparison experiment 
[Gustin, 1998; Gustin et al., 1999], several research teams were 
involved in making flux measurements for a 48-hour period be- 
ginning at 1200 hours LT on September 2, 1997, at the Steam- 
boat Springs Geothermal area in Reno, Nevada. This paper pre- 
sents additional Hg flux data collected over a longer time period 
(from August 31 to September 4, 1997) and thus includes data 
collected before, during, and after this intercomparison experi- 
ment at the same location. Monitoring over a longer period pre- 
sented a unique opportunity to investigate some of the sources of 
variability experienced in making total gaseous mercury (TGM) 
flux measurements using chamber and micrometeorological 
methods. Chamber methods have been traditionally used to 
measure the air-surface exchange of TGM, but the placement of 
chambers over natural surfaces can introduce large uncertainties 
in the emission estimates. Even though micrometeorological 
methods have now been used widely for trace gas measurements, 
their application to measure TGM emissions is relatively new 
[Lindberg et al., 1998; Poissant and Casimir, 1998]. 

In addition to examining the methodological variability, the 
natural variability in the TGM emissions is considered in the 
context of the biogeochemical processes and environmental vari- 
ables. Both natural and methodological sources of variability in 
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Figure 1. The data shown, based on in situ measurements of elemental mercury flux over various natural sites with 
varying geology, show a relationship developing between the flux and the concentration of mercury in the substrate 
[Rasmussen et al., 1998]. Error bars represent standard error of the mean for data collected for minimum of 3 days 
and nights. Numerals refer to 1, Thunder Bay, Ontario, granite background; 2, Clyde Forks, Ontario, mineralized 
fault zone, background; 3, Thunder Bay, Ontario, carbonaceous fissile black shale; 4, Steamboat Springs, Nevada, 
naturally enriched mercuriferous soils; 5, Clyde Forks, Ontario, naturally enriched mineralized fault zone; 6, 
Pinchi, British Columbia, natural cinnabar occurrence along a fault. 

Hg emissions are important issues facing experimentalists in pro- 
viding representative data for scaling up emissions from local 
monitoring sites to regional and global mass balance models. 

2. Methodology 

The field site was located at the Steamboat Springs geother- 
mal area, --15 km south of Reno, Nevada. The site was slightly 
hummocky with fetches of several hundred meters for most wind 
directions. The study area consisted mostly of a gravel surface 
with sparsely vegetated desert sage, averaging heights of--30 cm. 
All equipment and groups involved in STORMS (complete de- 
scription of site, the research groups involved and their location, 
and the techniques used by Gustin et al. [1999] were set up 
within a 200 x 200 m area. The UG-GSC group collected 
micrometeorological (MM) flux data between August 31 and 
September 4, 1997 (day 243-247) and flux chamber (FC) data 
between September 1 (1700 hours LT) and September 4 (1200 
hours LT), 1997. 

2.1. Substrate Sampling 

An orientation survey was conducted as described by Gustin 
et al. [1999). Substrate samples at all measurement sites were 
collected and bulk samples were ground and analyzed for total 
mercury. Additional soil sampling at the surface and at depth 
was conducted following the measurement campaign to obtain a 
more detailed understanding of sources of variability within and 
between sites. Substrate samples were taken from the surface in- 
terval (0-2 cm) and from a deeper interval (5-10 cm below the 
surface). Particle analysis was performed by the GSC Sedimen- 
tology Lab, using a Galai Size Analyzer (Model PSA2010, Galai 

Instruments Ltd.) for the fine fractions (< 63 micron) and using 
sieves for the coarser fractions (> 63 micron). Elemental deter- 
minations of Hg, As, Fe, and Sb were performed by Chemex 
Ltd., Ontario, using atomic absorption spectrometry detection. 
Detection ranges were As, 1-10,000 ppm; Hg, 0.01-100 ppm; 
Sb, 0.2-1000 ppm; Fe, 0.05-20%. Blind replicates of CCMRP 
Till-1 Standard Reference Material were inserted after every 10 
samples, and the accuracy and reproducibility was thus deter- 
mined as being acceptable within 10% (observed value 0.080 
ppm; standard deviation 0.006 ppm; n = 6; provisional value: 
0.092 + 0.011 ppm). 

2.2. Micrometeorological Flux Gradient Approach 

The micrometeorological flux gradient approach, based on 
Monin-Obukhov similarity theory, was used to determine the 
vertical flux of TGM. The relationship between the flux (F) and 
the concentration difference is expressed as: 

r= -x (1) 

where K is the eddy diffusivity (m2s'l), and •c/& is the concen- 
tration gradient of the gas (kg m'4). 

Since the eddy diffusivity varies with height, surface rough- 
ness, and atmospheric conditions, it must be measured in situ. 
The magnitude of the TGM concentration gradient depends both 
on the strength of the source and the atmospheric turbulence. 
The advantage of using micrometeorological approaches is that 
fluxes are spatially averaged over larger source areas (i.e., foot- 

prints) relative to FC methods. The footprint of the flux depends 
on the turbulence, which is determined by the wind speed, tem- 
perature profile of the atmosphere (i.e., atmospheric stability), 
and surface conditions (i.e., surface roughness). 

In practice, the average flux is calculated as follows: 
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F= -K &= 1.35 u, k (c 2 - cl) (2) 

k, Zl/ 

where u, is the friction velocity, k is the von Karman constant 

(0.4), z 1 and z 2 are the upper and lower sample air intake 
heights, respectively, c2 and cl are the concentrations at z2 and zl, 

respectively, and •h• and •h2 are the integrated similarity func- 
tions for heat at z2 and zl. 

The integrated similarity functions for heat are required to 
correct the flux for density effects due to sensible heat transfer 
from the surface and are given by Dyer and Hicks [1970]. A cor- 
rection factor of 1.35 was used to account for a systematic under- 
estimation of fluxes, which has been found to occur when using 
methods other than Bowen ratio techniques [Businger et al., 
1971' Simpso• et al., 1997' Wagner-Riddle et al., 1997; Lee, 
1998; Stull, 1999; G. Thurtell, personal communication, 1999). 
Two MM methods, the eddy correlation and the aerodynamic 
method, were used to determine u,, which is used to infer the 

eddy diffusivity for the TGM scalar flux. 
In the eddy correlation method, the instantaneous fluctuations 

of the wind about its mean are measured using a fast-response 
sonic anemometer. During the Nevada experiment the fluctua- 
tions in wind speed in the x-y-z plane were measured using a 5- 
cm path sonic anemometer (Kaijo-Denki) placed at a height of 
0.97 m above the surface. The friction velocity was determined 
using the following relationship: 

u, = J-u'w' (3) 
where u'and w'are the instantaneous fluctuation from the mean 

in the streamwise and vertical velocity (m s-l), respectively. 
Likewise, the heat flux was determined from the covariance of 

the fluctuations in temperature and vertical velocity. 
Since sonic anemometers have a limited ability to measure 

during precipitation events, the aerodynamic method was used to 
fill in gaps in the data. For the aerodynamic method the mean 
horizontal wind speed was measured at 0.27, 0.57, 0.87, and 1.05 
m above the surface using sensitive cup anemometers, with 
threshold velocities of 0.1 m s -1 (CW Thornthwaite Assoc., 
Elmer, New Jersey). The aerodynamic method of obtaining u, is 
based on the assumption that under neutral atmospheric stability 
the wind speed follows a log-linear relationship with height 
given by: 

•(z) = -•-In •- •,,, (4) k,z o 

where •(z) is the mean wind speed (m s-l), z is the measure- 
ment height (meters), z o is the parameter describing the rough- 
ness of the surface (meters), and q/n, is the similarity function 
for momentum. 

The similarity function for momentum is given by Dyer and 
Hicks [1970] and is used to correct the wind profile for stability 
effects, having a value of zero under neutral conditions. The 
value for Zo is determined from least squares fit to wind data ob- 
tained for neutral atmospheric conditions. By measuring the av- 
erage wind speed at various heights, the friction velocity can then 
be determined by rearranging (4). 

A gas sampling and measurement system, consisting of Tef- 
lon© (Fluoroware) tubing and fittings to prevent sorption of Hg, 
was designed to sample at two heights above the surface (0.10 
and 0.40 m) in order to obtain the TGM concentration gradient. 
These low sampling heights were chosen to minimize the foot- 
print measured at the intakes. 

Sampling at the two heights was accomplished with the use of 
a solenoid valve (Galtek Fluoroware model 203-3414-425) to al- 
ternately switch between two intakes, and a vacuum pump (KNF 
NO5, KNF Neuberger, Inc.) was used to exchange the air sample 
throughout the flow system. Following the intakes, the pressure 
was dropped through a needle valve to increase the flow rate, 
thus minimizing sorption effects and water condensation in the 
gradient measurement system. 

Although flow rates were optimized throughout most of the 
system to maintain turbulent conditions in the tube and reduce at- 

tenuation of concentrations [Lenschow and Raupach, 1991], the 
flow rate at the intakes was reduced to prevent the creation of an 
artificial gradient at the measurement point. This was accom- 
plished by using four intakes at each level, which increased the 
effective cross-sectional area and reduced the flow. The air at 

each intake height was transported via a common sampling tube 
to the location of the TGM analyzer (Tekran model 2537A), 
where a subsample was diverted from the main sampling tube 
and passed through the analyzer at a rate of 1.5 L min -1. The re- 
mainder of the flow in the main sampling tube was subsequently 
exhausted to ambient air. 

The mercury vapor concentration was determined using the 
Tekran analyzer. This analyzer has a dual cartridge system, A 
and B, to facilitate the continuous measurement of TGM. TGM 

concentration data were provided alternately from cartridges A 
and B every 5 min. The total time for one complete cycle (sam- 
pling on both A and B cartridges and subsequent de-sorption) 
was 10 min. Since the analyzer may show some bias between 
cartridges A and B, the TGM concentration at the upper and 
lower intake was determined by collecting data at each level for 
10 min and determining an average of cartridge A and B at each 
level for the first 1 « hour period from the onset of measure- 
ments, and updating the average every « hour as data were col- 
lected. The « hour updated values were calculated using over- 
lapping running block averaging, thus reducing errors arising 
from linear trends [Edwards et al., 1997]. 

This gradient measurement system was designed to look at 
small footprints, typically with 25 m of fetch, which is realistic 
for the given sampling heights, surface roughness, and wind 
characteristics [Finn et al., 1996]. The fetch (upwind distance 
over which surface characteristics are representative of those at 
the observation point) at Steamboat Springs at the UG-GSC site 
was reasonably fiat in most directions and was sparsely vegetated 
with desert sagebrush (Artemisia tridentata), with number densi- 
ties varying significantly with wind sector. Further analysis of 
the data reflected the variability in roughness through the values 
of the roughness lengths (-8 to 40 mm) obtained for the various 
sectors. The prevailing winds throughout the measurement pe- 
riod were from fetches which were open and sparsely vegetated, 
and thus most of the fluxes reported here originated from areas 
with roughness lengths of 8 mm. 
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This MM gradient measurement approach has been investi- 
gated extensively to validate its use to obtain TGM gradients. A 
four-point profile obtained with the same sampling system design 
and two Tekran analyzers revealed classic logarithmic concentra- 
tion profiles [Businger, 1986]. Continuous sampling by the Tek- 
ran analyzer ensures that all the required fluctuations in TGM 
concentrations are captured by the cartridge. By working close 
to the emitting surface, flux losses which might arise from not 
accounting for low-frequency concentration fluctuations when 
sampling for 10 out of 20 min are minimized (-5% losses) 
[McBean, 1972]. 

All sonic, net radiation, and concentration gradient data were 
input to the computer through a 16 bit 100 kHz analog/digital 
data acquisition card (NIDAQ AT MIO 16X, National Instru- 
ments) at a frequency of 18.2 Hz. A software system developed 
at UG controlled the gradient measurement and timing for the 
concurrent meteorological data collection. The software calcu- 
lated and displayed in real time the pertinent micrometeorologi- 
cal parameters as well as the concentration time series and the 
fluxes. The real time display facilitated quality control and 
evaluation of data in the field. 

2.3. Chamber Methods 

A dynamic chamber method was used to determine the Hg 
fluxes and to isolate and characterize some of the geochemical 
processes and environmental factors affecting the Hg emissions. 

2 
This technique will measure fluxes from areas of <1 m. 

The UG flux chamber (FC) was constructed from Plexiglas 
(polymethyl methacrylate) and lined with FEP Teflon© film at- 
tached by Teflon© tape. The chamber dimensions were height, 
0.145 m; width, 0.400 m' length, 0.745 m; volume, 0.043 m 3' 
surface area of base, 0.298 m 2. The FC was supported by rectan- 
gular corrals, consisting of an open-ended frame with the same 
dimensions as the bottom of the chamber, and constructed from 

Plexiglas lined with Teflon© film. The bottom edges of the cor- 
ral were sharpened so that it could easily be pressed into the soil 
and provide a good seal. A Teflon© gasket was placed between 
the chamber and the base to prevent leakage. Special clamps 
were used to attach the chamber to the corral. 

Two fans were located inside the chamber, one each near the 

inlet and the outlet, to facilitate complete mixing in the chamber, 
but not to emulate atmospheric turbulent conditions within the 
chamber. A vacuum pump was used to pull auxiliary air through 
the chamber (in addition to the Tekran analyzer flow) to reduce 
the hydraulic retention time (HRT). An HRT of approximately 4 
min was used during the Nevada STORMS intercomparison 
study. Conditions in the FC were monitored with a tempera- 
ture/relative humidity sensor (CS500 RH probe, Campbell Scien- 
tific Inc.) located within the chamber. 

Average flux rates were determined for 30-min intervals as 
follows: 

F = (Cavg - C o ) * (Q + Qaux ) (5) A 

where F is the average mercury flux (ng m -2 h-l), Cavg and Co 
are the average «-hour Hg concentration exiting and entering the 
chamber (ng m-3), respectively, Q and Qaux are the flow rates of 
air to the Tekran analyzer and the auxiliary air (L min-•), respec- 
tively, and ,4 is the area of the chamber base (m2). 

The TGM concentration was determined by using two Tekran 
analyzers to sample the inlet ambient air and the outlet air of the 
FC. The two Tekran analyzers were carefully calibrated to elimi- 
nate bias between the instruments, and then synchronised to sam- 
ple simultaneously, with data being provided by cartridges A and 
B as described for the MM measurements. The FC was in- 

terfaced with a computerised data acquisition system to collect 
all data necessary for flux calculations. 

Chamber blanks were measured on a regular basis, typically 2 
times a day, over a period of 1 hour. The blank was determined 
by removing the chamber from the corral and tightly sealing it 
onto a Teflon-lined Plexiglas base. The inlet and outlet mercury 
concentrations from the chamber were determined as described 

above, and the data were used to calculate chamber blanks using 
an appropriately modified form of (5). 

In addition to the UG flux chamber data, data from three other 

groups involved in the Nevada STORMS intercomparison ex- 
periment were also used to evaluate relationships between TGM 
flux and substrate concentrations. The fluxes used to establish 

these relationships were collected by groups from Oak Ridge Na- 
tional Laboratories (ORNL), University of Michigan (U Mich), 
and Environment Canada (EC) and discussed by Gustin [1998] 
and Gustin et al. [ 1999]. 

3. Results and Discussion 

3.1. Substrate Sampling 

Flux variability is greatly affected by the spatial heterogeneity 
of the substrate Hg concentration making it an important factor to 
consider for scaling up. The following analysis and discussion 
pertains to the substrate sampling data collected by the GSC at 
the end of the study. In general, the Steamboat Springs site was 
spatially heterogeneous in terms of Hg concentrations and soil 
types. The substrate underlying the UG-GSC site consisted of 
unconsolidated, poorly sorted alluvium, characterized by a bi- 

modal frequency distribution, with modes occurring within the 
silt and granule size fractions (Figure 2a). The substrate of most 
other sites, including the ORNL site (not shown), was compara- 
ble in grain size distribution to the UG-GSC site. In contrast, 
substrate at the EC site consisted of a well-sorted stream channel 

deposit evidenced by the unimodal frequency distribution, with 
the mode occurring in the sand fraction (Figure 2b). 

There are various factors that need to be considered when de- 

signing a sampling protocol for Hg flux characterization. In gen- 
eral, different grain size fractions within a given sample tend to 
be characterized by different elemental concentrations. This is 
certainly the case for the Steamboat Springs site where signifi- 
cant variations in Hg, Fe, Sb, and As concentrations were ob- 
served among different size fractions (Figure 3). Summary data 
for all size fractions at three of the sites (Table 1) indicate that 

significantly lower Hg concentrations occur in the sand size frac- 
tion (63 micron to 2 mm range) than in the clay ((2 micron) and 
silt size (2-63 micron) fractions. Mercury concentrations are less 
predictable in the granule fraction (2-4 mm), as indicated by the 
presence of an outlier at the EC site (Hg concentration of 96.9 
ppm in granule fraction). It is speculated that the presence of 
cinnabar (HgS) in coarse granules is the cause of the observed 
outlier and results in increased variability of Hg concentrations in 
the coarser size fractions. 
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Figure 2. Differences in grain size distribution between sites. The bimodal frequency distribution of the (a) UG- 
GSC site reflects the poorly sorted alluvial substrate, contrasting with the (b) well-sorted (unimodal) channel 
deposit at the EC site. 

Another important consideration in designing a sampling pro- 
tocol is ensuring consistent sampling of the substrate at an ap- 
propriate depth. It was observed that the Hg concentration of the 
substrate varied significantly with depth at the UG-GSC site and 
at the ORNL site (Table 1). At these sites, samples collected from 
a depth interval of 5-10 cm below the surface contained Hg con- 
centrations 1.3 to 3 times higher than samples collected from the 
surface interval of 0-2 cm (in the <2 mm size fractions). This 
vertical concentration profile was partially influenced by the 
grain size distribution with depth, with deep samples at these two 
sites containing a higher proportion of silt than surface samples 
(Figure 4). The clay and silt size fractions contain at least twice 
as much Hg as the sand fraction (Table 1 and Figure 3), therefore 
deep samples having an increased silt content would contain pro- 
portionately higher Hg concentrations. However, Hg concentra- 

tions within a size fraction also increase with depth (Tables 1 and 

2), indicating that grain size distribution is not the sole influence 
on vertical concentration profiles. 

The observation that the surface-to-deep Hg concentration ra- 
tios are less than or equal to unity in the <2 micron fraction of 
the substrate, while the other elements are greater than or equal to 
unity (Table 2) suggests that Hg volatilization is the chief mecha- 
nism for Hg depletion in the surface interval. The contribution of 
the deeper-interval Hg concentrations to the TGM emissions is 
further discussed in the chamber results. 

3.2. Micrometeorological Measurements 

The TGM flux data were filtered using standard data quality 
control and assurance methods for analyzing micrometeorologi- 
cal data sets [Hicks et al., 1989]. Friction velocities and heat 
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Figure 3. Element concentrations in different size fractions of the substrate. Note that the fine fractions contain 
significantly higher Hg, As, Sb, and Fe concentrations than the coarser fractions. The grain size ranges are given in 
Table 1. 

fluxes were found to be comparable (within 15%) to those ob- 
tained by the U Mich research group (F. Marsik, personal com- 
munication, 1998). The small differences found between the two 
groups indicate that there was minimal momentum and heat flux 
divergence even though the sonic placements were different for 
the two sites (0.97 and 3.0 m for the UG-GSC and U Mich sites, 
respectiveiy). 

The'wind profile measurements obtained from cup anemome- 
ters (geometric mean height = 0.65 m) showed classic logarith- 
mic characteristics. Friction velocities (average u,=0.15 m s '•) 
obtained both by the eddy correlation and aerodynamic methods 
were comparable (within 10%). The final data were processed us- 

ing the sonic-derived u., and where there were data gaps due to 
precipitation, the cup anemometer data were utilized. 

3.2.1. Temporal variation. The mercury flux obtained using 
micrometeorological methods is shown in Figure 5. During this 
measurement period, there were two rain events on September 2 
(1220-1240 and 1900-1945 hours LT, day 245), which caused a 
dramatic increase in the flux (Figure 5), even though the total 
precipitation was <30 mm over these two periods. Prior to the 
rain event, the average flux was 81+15 ng m '2 h 'l, with a peak 
flux of 410 ng m '2 h 'l. Following the rain events, the average 
flux was 390+67 ng m '2 h '1 peaking at 1600 ng m '2 h 4. Al- 
though the soil had dried out by noon on September 3 [Lindberg 
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Table 1. Variation in Mercury Concentrations by Grain Size Fraction and Depth at Different Flux Measurement Sites a 

Size Fraction Clay Silt Sand Granule 
(Range) (< 0.002 mm) (0.002 - 0.063 mm) (0.063 - 2 mm) (2-4 mm) 

Calculated Bulk 

Analysis 
(<0.002 - 2 mm) 

EC Site 

Surface (micromet) 17.60 14.20 3.16 5.96 4.26 

Surface (flux chamber) 17.00 8.94 3.24 96.90 3.05 

Deep (flux chamber) 16.80 17.20 5.52 6.18 5.8 

UG-GSC Site 

Surface 9.39 10.06 3.58 6.96 
s.d. 2.2 b s.d. 2.3 b s.d. 1.6 b s.d. 1.0 b 

Deep 15.30 17.93 6.13 6.21 
s.d. 0.4 b s.d. 2.1 b s.d. 1.2 b s.d. 3.5 b 

ORNL-Michigan Site 

Surface 7.90 8.04 2.53 8.62 
s.d. 0.3 c 

5.66 

7.46 

2.76 

Deep 12.60 15.50 5.46 13.50 6.75 

a Units in ppm. "Surface" samples are from the 0-2 cm depth interval, and "deep" samples are from the 5-10 cm depth interval. Note that the 
mercury concentrations tend to increase with depth, and to decrease as grain size increases (with the exception of the granule in one of the Envi- 
ronment Canada (œC) samples). 

b 
Average and standard deviation calculated from total of four samples (collected at two flux chamber sites and two micromet sites). 

c Average and standard deviation calculated from a split sample. 

et al., 1999], the higher fluxes persisted until the end of the 
measurement period on September 4. 

This fivefold increase in fluxes following the rain events sug- 
gests that isolated precipitation events may play a significant role 
in Hg emissions through their influence on geochemical proc- 
esses. According to Lindberg et al. [1999], mobilization of mer- 
cury vapor adsorbed onto soil surfaces was the most likely 
mechanism for increased fluxes at this site and for the given rain 
event. They suggest that before the rain, most of the Hg vapor in 
soils probably was adsorbed to dry soil particle surfaces and not 
available for emissions. The effect of rain on flux variability is 
further discussed in the following section in the context of sub- 
strate effects and scaling up fluxes. 

Throughout the measurement period the TGM flux followed a 
diel cycle with average day fluxes that were 6 times greater than 
night fluxes (370 and 65 ng m '2 h '1 for day and night fluxes, re- 
spectively). Fluxes peaked in the early afternoon, steadily de- 
creased for the rest of the day, and remained low throughout the 
night. This diel cycle has been observed in other studies by this 
group [Rasmussen et al., 1997, 1998] and generally follows the 
trends in temperature and radiation, peaking with temperature but 
lagging radiation, with the exception of the data collected imme- 
diately following the rain (Figure 5). 

An exponential relationship between the temperature and flux, 
related to the effect of temperature on the vapor pressure of mer- 
cury, has been observed previously [Gustin et al., 1996; 
Lindberg et al., 1995]. However, analysis of our complete flux 
data set, revealed little correlation between temperature and flux 
(R2=0.17), suggesting that other factors at this site influenced the 

flux variability. In an effort to understand the effects of tempera- 
ture and net radiation on flux variability, further analysis was 
conducted. A stronger correlation (R2-0.62) with temperature 
was found when utilizing only the prerain flux data measured 
from substrate with high Hg concentrations (see following sec- 
tion). Following the rain event, TGM fluxes from these same 
high Hg substrate concentration areas showed little correlation 
(R2=0.23). If Hg vapor adsorbed onto the soil surfaces were ex- 
changed for water due to the rain as proposed by Lindberg et al. 
[1999], then Hg vapor concentrations would be in a nonequilib- 
rium state and flux measurements would show additional vari- 

ability with temperature. Although these relationships were de- 
termined for a limited data set, making it difficult to establish 
good correlations between the flux and environmental condi- 
tions, it is evident that rain events add considerably to the vari- 
ability and can complicate relationships for scaling up Hg fluxes. 

In general, it has been observed that peak fluxes coincide with 
peak net radiation; however, this study showed little correlation 
between net radiation and Hg fluxes (R2-0.12). An analysis iso- 
lating prerain event flux data from high substrate concentration 
areas failed to yield a better correlation, unlike what was found 
for the temperature effects. Additionally, on days 243 and 246 
(-2300 hours LT), there were fluxes of 300 and 100 ng m -2 h '1, 
respectively, even though the net radiation was zero (Figure 5), 
further supporting that other factors, either temperature or geo- 
chemical, were driving the TGM flux. Lindberg et al. [1999] 
found evidence of hysteresis effects in the temperature flux rela- 
tionships due to light, pointing to the need to investigate light- 
sensitive Hg reactions in order to better understand variability 
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Figure 4. Differences in grain size distribution with depth, for silt and clay size fractions (i.e. the grain size 
spectrum below 63 microns) for (top) Environment Canada site and (bottom) Guelph-GSC site. Note that the deep 
samples contain a higher proportion of fine particles than surface samples at two of the three sites. 

and interrelationships between environmental variables and Hg 
fluxes. 

Ambient concentrations were highly variable throughout this 
-3 experiment, with lows of 5 ng m , and a peak of- 60 ng m '3 fol- 

lowing the rain (Figure 6). There was no correlation between the 
flux and the ambient concentrations (R2=0.10), nor did the trends 
in TGM fluxes reflect the ambient concentration trends (Figure 
6), thus measurements of ambient concentrations at one height 
are not sufficient for predicting the direction or the magnitude of 
the flux. 

The above analysis suggests that the interaction of climatic 
factors with biogeochemical factors affects the flux variability. 
The rain event dominated the effect of temperature on the fluxes, 
evidenced by the fact that although peak temperatures were lower 

immediately following the rain event, TGM emissions were 
greater than at the higher temperatures occurring prior to the rain 
event (Figure 5). The decreased dependency of the fluxes on 
temperature is likely due to the rain influencing the controlling 
biogeochemical processes, which were also affected by the vari- 
ability in the substrate characteristics as discussed in the follow- 
ing sections. 

3.2.2. Spatial variation. The MM method spatially averages 
fluxes from larger areas than the FC method making this an im- 
portant feature to consider in the data analysis. Footprints were 
calculated using a Gaussian-based footprint model [Wong, 1999] 
with the footprint dimension being the major axis of an ellipse 
[Schrnid, 1994] and being integrated to account for 90% of the 
flux. 

Table 2. Ratio of Elements in <2 Micron Fraction of Surface (0-2 cm) to Deep (5-10 cm) Substrate 

Research Group Hg As Sb Fe 

EC 1.0 1.2 1.1 1.0 

UG-GSC 0.6 1.2 1.5 1.1 

ORNL-Michigan 0.6 1.3 1.2 i. 1 
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Figure 5. Micrometeorological TGM flux measurements and temperature and net radiation regimes. Rain events 
occurred on September 2 (day 245) at approximately 1200 and 1900 hours (LT). Squares, MM flux; triangles, net 
radiation; diamonds, temperature. 

The footprint was highly variable (from 2 to 120 m) during 
the measurement period, with an average value of 25 m (Figure 
7). The footprint of the measurement area is important to con- 
sider for the experimental design, especially if the substrate con- 
centrations change dramatically with the radial distance from the 
MM measurement point, as was the case at this site (Figure 8). 
The footprint measured can be controlled to a limited extent by 
placing the gradient intakes at a lower (smaller footprint) or 
higher (larger footprint) height depending on the roughness ele- 
ment heights [Businger, 1986]. Footprints and spatial averaging, 
in relationship to substrate concentrations, need to be considered 
to isolate the variables affecting the flux, and as factors in spatial 
variability and scaling up. 

The substrate concentrations obtained from the surface sub- 

strate testing [Gustin et al., 1999] were used to estimate the radial 
pattern of concentrations using the UG-GSC site as the center 
point (Figure 8). The substrate Hg concentrations ranged from 1 
to 11 ppm, with the lowest concentrations occurring to the 
northwest and northeast, and the highest to the southwest and 
southeast of the measurement point. These surface substrate con- 
centrations were cumulatively averaged every 10 m from the 
center of the MM location (Figure 8, italicized numbers), with 
averages at 50 m ranging from 2.7 to 8.8 ppm. 

Figure 9 depicts the flux as a function of the wind sectors out- 
lined in Figure 8. The highest fluxes were found in sectors 5 and 
8 to 10 and, with the exception of sector 5, the substrate concen- 
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Figure 6. Trends in ambient concentration (diamonds) and TGM fluxes (circles). 
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Figure 8. Mercury substrate concentrations (bold numbers) determined from isopleth map by Gustin et al. [1999], 
with UG-GSC measurement location as focal point. Each concentric circle represents 10 m distance away from the 
previous circle. Italicized numbers represent cumulative averages from focal point. 
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Figure 9. MM mercury fluxes from the various wind sectors outlined in Figure 8. 

trations were also the highest for these sectors, suggesting that programs. For heterogeneous sites such as this one, longer time 
substrate concentrations are important factors for predicting series are required to obtain a truly representative data set with 
fluxes. In all sectors, low TGM fluxes were also observed, indi- MM methods, both to account for variability in footprints and to 
cating that in addition to substrate concentration, geochemical or obtain enough data in each wind sector. 
climatic factors were influencing the TGM flux. The low fluxes 
could also be a result of footprint size, since some of these low 
fluxes originated from within 10 m of the measurement point 
where the Hg substrate concentrations were fairly homogeneous 
(Figure 8). 

Further data analysis was conducted to isolate the effect of the 
substrate concentrations on the TGM flux. All sectors with aver- 

ages equal to or greater than the mean substrate concentration for 
all sectors (mean=4.6+0.5 ppm) were defined as "high" substrate 
concentration areas (sectors 5 to 11), while sectors with Hg sub- 
strate concentrations less than the mean were defined as "low" 

substrate concentration areas (sectors 1 to 4 and 12 to 16). The 
overall substrate concentration averages showed that the ratio of 
"high" to "low" concentrations was 2:1. 

The average TGM fluxes following the rain event were 460 + 
92 ng m '2 h -t for the "high" areas and 230 + 43 ng m -2 h -t for the 
"low" areas, yielding a ratio of "high" to "low" fluxes of 2:1, 
similar to the ratio of "high" to "low" substrate concentrations. 
This not only illustrates the importance of the relationship be- 
tween flux and substrate concentrations and the variability intro- 
duced by the interaction of geochemical and environmental vari- 
ables but also reveals some information on the influence of rain 

on geochemical processes. As Lindberg et al. [1999] suggested, 
the most likely mechanism for higher fluxes following the rain 
was the exchange of water molecules for Hg vapor adsorbed onto 
particle surfaces. The fact that the flux doubled from areas where 
substrate concentrations were also doubled further supports this 
hypothesis. 

The variability seen in the TGM fluxes as a function of the 
sectors from which they originate points to the importance of 
characterizing the substrate and the footprint. Figures 1 and 10 
illustrate the clear relationship found between the substrate con- 
centrations and the TGM flux during these other measurement 

3.3. Chamber Measurements 

The chamber blanks were variable throughout the day, averag- 
ing 50 ng m -2 h -t The UG-GSC chamber fluxes presented in 
Figure 11 were appropriately corrected using the blank fluxes to 
reflect these trends. The fluxes obtained by the UG-GSC fol- 
lowed the trends of the other flux chamber groups [Gustin et al., 
1999]. 

Mean FC fluxes for the entire measurement period were 
smaller than the mean MM fluxes (66 compared to 230 m -2 h -t, 
respectively), with a mean daytime and nighttime flux of 160 + 
9.5 and 28 + 3.0 ng m -2 h -t, respectively. However, similar to 
MM flux relationships already discussed, temporal variations in 
FC fluxes were related to changes in environmental factors such 
as net radiation, substrate Hg concentrations and changes in soil 
moisture content due to precipitation events. For a detailed 
analysis of the effects of light and net radiation, and the effects of 
precipitation (natural and simulated) on mercury fluxes, the 
reader is referred to Gustin et al. [1999] and Lindberg et al. 
[ 1999], respectively. 

To consider the role of geochemical factors on the TGM flux, 
a series of bivariate regression analyses were completed to de- 
termine whether there exists a statistically significant correlation 
between mean mercury flux and substrate concentration. Mean 
FC mercury flux measurements determined by the four research 
groups participating in the Nevada Mercury Emissions Project 
(i.e., EC, UG-GSC, U Mich, and ORNL) and the corresponding 
Hg concentrations from the substrate sampling were compared. 

For each research group, overall, daytime, and nighttime flux 
means were calculated from fluxes presented by Gustin et al. 
[1999] for data collected between 1200 hours LT on September 2 
until 1200 hours LT on September 4. Overall, daytime and 
nighttime mercury flux means were calculated for the first day 
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Figure 10. Data obtained from Clydes Forks site, showing the relationship between mercury substrate 
concentration (circles) and MM (triangles) and FC (diamonds) mercury flux measurements. 

(day 1=1200 hours LT September 2 to 1200 hours LT September 
3), second day (day 2 = 1200 hours LT September 3 to 1200 
hours LT September 4), and full 2-day period (Table 3) for all 
four groups. This analysis was conducted to isolate any effects 
that may have been introduced due to the precipitation events on 

the first day. Based on radiation data, the daytime mean was cal- 
culated for fluxes measured from 800 to 1930 hours LT, inclu- 

sive, while the nighttime mean was calculated for fluxes meas- 
ured from 2000 to 730 hours LT, inclusive. Mean substrate mer- 

cury concentrations were calculated for each group by averaging 
concentrations for the surface interval (0-2 cm) and deep interval 
(5-10 cm) based on the bulk soil fraction (includes all fractions 
from <0.002 to 4 mm), as summarized in Table 4. 

The resulting correlations provide insight into some of the fac- 
tors which introduce variability. Little correlation was found be- 
tween the first-day flux data and the substrate concentrations 
(R2<0.38) for the deep or surface interval (Table 5). In contrast, 
the second-day data showed good correlations between flux and 
substrate concentrations, both at the surface and at depth, but par- 
ticularly at the surface. Surface R 2 values are greater than 0.80 
and are significant at the a = 0.10 (90% confidence) level. How- 
ever, there is a weaker correlation between the second-day only 
fluxes and the substrate concentration at depth relative to the 2- 
day results. 

The differences in the first-day, second-day, and 2-day corre- 
lations may be attributable to the rain event. The implication is 

250 

150 

244 244.5 245 245.5 246 246.5 247 247.5 248 

I2• of Year 

Figure 11. TGM fluxes determined using FC method. 
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Table 3. Mean Mercury Flux Chamber Measurements a 

EC ORNL U Mich U G 

Day 1 Day 2 Days 1 Day 1 Day 2 Days 1 Day 1 Day 2 Days 1 Day 1 Day 2 Days 1 
and 2 and 2 and 2 and 2 

Overall 399 336 (370) 209 35 (142) 496 42 (155) 66 61 (64) 

Daytime 400 422 (410) 301 96 (230) 632 120 (339) 106 150 (123) 

Nighttime 398 226 (327) 130 -3.9 (75) 87 2.6 (12) 26 4.7 (15) 

aDay 1 = 1200 hours September 2 to 1200 hours LT September 3; Day 2 -- 1200 hours September 3 to 1200 hours LT September 4. Units in 
-2 -I 

ngm h. 

that rainfall and other environmental factors have a significant 
impact on flux substrate relationships such as that shown in Fig- 
ure 1, The influence of rain and other environmental factors can 

also be seen in the correlations of nighttime fluxes, which were 
well correlated with surface and depth concentrations for all 
cases (R2>0.78, significant at the or--0.10 confidence level), ex- 
cept for the first day at the surface (R2=0.67, significant at the 
ct=0.18 confidence level). Environmental factors, such as net ra- 
diation and temperature, change dramatically throughout the day, 
complicating relationships between flux and substrate concentra- 
tions. 

An advantage of the FC method is that it facilitates the exami- 
nation of relationships between Hg substrate concentrations and 
TGM fluxes within one study area, whereas it would be difficult 
to conduct a similar analysis with the MM method. Since each 

group in the intercomparison study was effectively looking at a 
different footprint, better estimates of the individual footprints 
would be required to determine the optimum number of substrate 
samples and the spatial area that should be sampled. An exten- 
sive soil survey of Hg concentrations should be undertaken for 
field experiments to determine relationships for scaling up. For 
example, this would be particularly important for the FC method, 
where a granule of cinnabar, as found in the EC chamber foot- 
print, would greatly influence the overall average flux 

4. Summary and Conclusions 
The variability in the substrate composition at Steamboat 

Springs and in the TGM fluxes determined using both MM and 
FC methods revealed that representative substrate sampling is 
important in quantifying the degree of spatial variability in a 
given setting and in establishing relationships for scaling up. 
Additionally, it is important to develop consistent sampling pro- 
tocols, which allow comparisons from one study to another. 

Substrate Hg concentration was found to be related to grain 
size and sampling depth, with higher concentrations of Hg occur- 

ring both in the clay and silt fractions compared to the coarser 
fractions, and lower concentrations occurring near the surface (0- 
2 cm) relative to the deep interval (5-10 cm) for the same size 
fraction at most sites. These analyses provided insight into geo- 
chemical processes. Sampling the substrate at two depths pro- 
vided evidence of surface depletion of Hg due to volatilization, 
since within the clay fraction, concentrations were significantly 
lower in the surface interval than in the deep interval only in the 
case of Hg and not in the case of nonvolatile elements (Fe, Sb, 
and As). The observation of low surface-to-deep ratios for Hg 
and not for other elements (Table 2) is consistent with volatiliza- 
tion being the most important removal mechanism in the surface 
horizon. 

Temporal variations in climatic factors were found to affect 
the variability in the TGM flux. In the absence of other climatic 
events, higher fluxes occurred with higher temperatures. The 
rain event resulted in increased emissions and complicated the 
temperature versus flux relationship, possibly due to its effect on 

bioge9chemical processes. The rain event also showed that the 
calculated annual mean TGM flux could be event dominated; 

therefore there are considerable implications for scaling up fluxes 
if the variability in TGM fluxes due to isolated events is not con- 
sidered. 

There are several measurement challenges and implications 
for experimental design arising from the variability in the meas- 
urement methods used. For example, substrate sampling is cru- 
cial for obtaining representative fluxes from a heterogeneous 
area. A factor of 2 increase in substrate concentrations resulted 

in a doubling of TGM fluxes. At a heterogeneous site such as 
this, a long enough time series which samples all wind sectors 
and footprints more uniformly is required to account for the sub- 
strate variability. Micrometeorological methods are useful for 
obtaining representative data since they do not influence the en- 
vironment, and as shown by the results, spatial flux averages can 
be related to substrate characteristics, as well as environmental 

Table 4. Mean Mercury Substrate Concentrations at Surface (0-2 cm) and at Depth (5-10 cm) a 

EC ORNL U Mich UG 

Surface 13.1 3.95 3.95 7.21 

Deep 6.56 7.65 7.65 8.25 

Units in ppm. 
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Table 5. Correlations (R 2 and Significance Level (in parentheses)) Between Mean Fluxes and Substrate Concentrations at 
Surface and at Depth for FC and Substrate Data for Four Sites Given in Tables 3 and 4 a 

Surface Deep 

Day 1 Day 2 Days 1 and 2 Day 1 Day 2 Days 1 and 2 

Overall Mean 0.01 (0.91) 0.92 (0.04) 0.61 (0.22) 0.38 (0.38) 0.78 (0.12) 0.99 (0.01) 

Daytime Mean 0.03 (0.84) 0.94 (0.03) 0.20 (0.55) 0.18 (0.58) 0.73 (0.15) 0.80 (0.10) 

Nighttime Mean 0.67 (0.18) 0.88 (0.06) 0.78 (0.11) 0.96 (0.02) 0.82 (0.09) 0.81 (0.07) 

aDay 1=1200 hours September 2 to 1200 hours LT September 3; Day 2=1200 hours September 3 to 1200 hours LT September 4. 

variables, such as temperature and rainfall. Since micrometeo- 
rological methods provide a better method of spatially averaging 
mercury fluxes, extensive soil surveys may only be needed to de- 
termine whether there is a large area with high substrate Hg con- 
centrations adjacent to an area of low concentrations, such that 
local advection effects would play a role in the fluxes. 

In contrast, the FC method is limited with respect to the size 
of the footprints and requires good prestudy characterization of 
the substrate to predict the number of sites to monitor. If the sub- 

strate variability is not known, the flux could be dramati•cally un- 
derestimated or overestimated in the case where only one or two 
sites are monitored. At a heterogeneous site such as the Steam- 
boat Springs area, an accurate estimate of the true flux using FC 
methods would require the use of several chambers at different 
locations operated concurrently, or moving the chambers to sev- 
eral sites. 

Overall, the FC method was useful for seeing trends but 

measured smaller fluxes co. mpared to micrometeorological meth- 
ods. There are no known studies designed to directly address the 
reasons for the differences in magnitude between the two meas- 
urement techniques, but it has long been recognized that cham- 
bers disturb the environment they measure [Matson and Harris, 
1995]. Although the MM technique did not sample all the sec- 
tors uniformly, the magnitude of fluxes was directly related to ar- 
eas of high Hg concentrations in the substrate, pointing to the 
importance of the footprint size in the ability to obtain represen- 
tative data at a heterogeneous site. Both FC and MM methods 
need to be further studied to assess their appropriateness in estab- 
lishing relationships between fluxes and controlling factors. 

A representative flux average for a site requires knowledge of 
climatic variations (diel and seasonal) and substrate characteris- 
tics. Additionally, the magnitude by which ambient and sub- 
strate conditions influence the TGM flux must be understood. 

Thus, the ability to scale up is still limited by the lack of knowl- 
edge of the relationships between various environmental and 
geochemical processes, and an appropriate experimental design 
needs to consider the natural and methodological variability. 
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