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Abstract 
 
Snow samples collected within 12 km of a major (9 g/hour) mercury emissions source in 
southeastern Idaho were evaluated for total and methylmercury concentrations (ng L-1), 
converted to mercury deposition using the sample location snow water equivalent (SWE), 
and compared to predicted deposition values from the ISCST3 air dispersion/deposition 
model.  Model runs were made for a range of scavenging coefficients for both particulate 
and vapor form.  Mercury concentrations in snow near the source (µ = 5.3 ng L-1) were 
similar to published values in precipitation at other remote U.S. locations and were about 
twice those measured in the Teton Range (µ= 2.7 ng L-1) located 180 km downwind to 
the east.  Estimated deposition was very low at the site because of the low annual 
precipitation (22 cm y-1).  ISCST3 model predicted-to-observed (P/O) ratios for 
deposition averaged from 0.6 to 1.9 across all sampling locations with the best model 
performance obtained using a scavenging coefficient for small (0.1 – 0.25 um) 
particulates and the assumption that all of the mercury is reactive Hg(II) and subject to 
local deposition.  The default modeling assumptions recommended by the U.S. EPA for 
mercury Hg(II) vapor speciation in combustion facility risk assessments would have 
underpredicted local mercury deposition from this source by a factor of approximately 2. 
 
Introduction 
 
Hazardous waste combustion facilities (i.e. incinerators) may be required by the U.S. 
Environmental Protection Agency (EPA) under the Resource Conservation and Recovery 
Act (RCRA) to perform site-specific risk assessments to evaluate potential human health 
and ecological effects that may result from facility stack emissions.  The recommended 
RCRA risk assessment methodology is specified in the three-volume document, Human 
Health Risk Assessment Protocol (HHRAP) for Hazardous Waste Combustion Facilities1.  
The HHRAP specifies the use of the Industrial Source Complex–Short Term (ISCST3) 
model to predict near-field (< 50 km) downwind air dispersion and deposition rates of 
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contaminants2.  Direct inhalation and potential intakes from food chain transport are then 
calculated using spreadsheets. 
 
ISCST3 model predictions of mercury deposition rates are strongly dependent upon many 
local-scale factors.  Two important ones for which little data are usually available 
include: (1) the fraction of total emissions deposited locally (within 50-km), which is a 
function of the speciation between divalent mercury (Hg[II]), elemental mercury (Hg[0]) 
and the phase allocation between Hg(II) vapor and particulate3, and (2) the precipitation 
scavenging rate of contaminants from the airborne plume.  The HHRAP recommends the 
following default “recipe” for speciation and phase allocation:  (1) 20% Hg(0), with 1% 
deposited locally, (2) 60% Hg(II) vapor, with 68% deposited locally, and (3) 20% Hg(II) 
particle-bound, 36% deposited locally.  The net result of this recipe is that 48% of the 
total mercury emitted from a source is assumed to be deposited locally and modeled 
while the remaining 52% is assumed to enter the global cycle and be deposited elsewhere 
(and not modeled).  For precipitation scavenging rates, the HHRAP recommends values 
from Jindal and Heinold4, which is taken from generic atmospheric particulate aerosol 
measurement data not specific for mercury. 
 
In this paper, we report the results of mercury sampling in snow near a large U.S. 
Department of Energy (DOE) mercury emission source in southeastern Idaho and 
compare the resulting deposition to that predicted using the ISCST3 model.  The fraction 
of total mercury emissions deposited locally was examined, and a site-specific 
scavenging coefficient was determined by comparing the measured data to modeling 
results that used a range of scavenging coefficient input values. 
 
Emissions Source and Study Area 
 
The New Waste Calcining Facility (NWCF), located at the Idaho National Engineering 
and Environmental Laboratory (INEEL), was intermittently operated from August 1982 
through May 2000.  During this 18-year period it converted aqueous nuclear fuel 
processing wastes into stable granular “calcine” solids for interim storage.  Significant 
quantities of mercury were present in the feed (1 – 3 g/L, est. 10 - 40 Mg total) as a result 
of its use as a catalyst in aluminum nuclear fuel dissolution.  Recent stack tests measured 
a mercury emission rate of 9 g hr-1, approximately 1.5% of the typical 600 g hr-1 feed 
rate.  Most (about 88%) of the mercury emitted from the 76-m high stack is thought to be 
divalent HgCl2 vapor based on results from an EPA metals sampling train and chemical 
equilibrium calculations.  The remaining 12% is thought to be submicron particulate--
either solid phase HgO or absorbed/condensed onto particles as HgCl2.  A negligible 
amount of elemental Hg(0) is present. 
 
The INEEL is located in southeastern Idaho, 68 km west of Idaho Falls on the Eastern 
Snake River Plain (ESRP), a low-lying (1,500 m) volcanic area of basalt lava beds and a 
shrub-steppe ecosystem surrounded by desert mountain ranges (3,000 – 3,500 m).  The 
area has a semi-arid cold desert climate with an average annual precipitation rate of 22 
cm y-1, mostly in the form of snow. 
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Methods 
 
Sampling and Analytical Methods 
 
Snow samples were collected on the INEEL on February 10 –11, 1999, after the NWCF 
had been operating for 17 days.  This was the first time NWCF had been operating  
during the 1998/1999 winter.  Ten sampling locations were selected within about 12 km 
of the source based on ISCST3 model predictions of the maximum area of deposition 
using meteorological data for the same 17 day “fallout period.” At each sampling 
location, the snow was excavated to the ground, the snow face was cleaned using a non-
metalic (lexan) shovel, and composite samples of the entire snowpack thickness were 
collected.  Snow density measurements were made, and snow water equivalent (SWE) 
was calculated as the product of the snow density (kg m-3) and thickness (m) which is 
equivalent to the mass (kg) or depth of water (mm) per unit area.  SWE is needed to 
convert measured concentrations (ng L-1) to deposition flux (ng m-2) for model 
comparisons.  The snow samples were then shipped frozen to the USGS Wisconsin 
District Mercury Laboratory (WDML) in Madison, Wisconsin. 
 
Snow was collected in special 2-L teflon sampling jars that had been precleaned in the 
laboratory with hydrochloric acid (HCL), rinsed three times with reagent grade water, 
partially refilled with 1 percent Omni Trace HCL, and given a final rinse.  The bottles 
were then air-dryed in a mercury-free class 100 laminar flow hood equipped with a 
mercury filter (gold imprenated cheese cloth) before double bagging in plastic bags5. 
 
In the laboratory samples were analyzed for total mercury (THg) and methylmercury 
(MeHg).  THg analysis was preformed using EPA Method 1631: Mercury in Water by 
Oxidation, Purge and Trap, and Cold Vapor Atomic Fluorescence Spectrometry 
(CVAFS) with modifications.  Method 1631 is a draft method that consists of three 
essential parts:  oxidation of mercury species to reactive mercury (Hg[II]), reduction of 
Hg(II) to volatile mercury (Hg(0)), and detection of Hg(0) by CVAFS.  MeHg analyses 
were preformed using EPA Method 1630: Methyl Mercury in Water by Distillation, 
Aqueous Ethylation, Purge and Trap, and CVAFS with minor modifications5. 
 
The composite sample of the full snowpack thickness were assumed to contain 17 days 
(January 24 through February 9 fallout period) of THg deposition from the NWCF 
emissions, plus THg deposition from the global atmospheric inventory.  Meteorological 
data for this 17-day “fallout period” were obtained from the National Oceanic and 
Atmospheric Administration (NOAA) Air Resources Laboratory, Field Research 
Division (FRD) in Idaho Falls, which operates a series of meteorological towers on the 
INEEL.  There were 6 days of mostly frozen (snow) precipitation during the period with 
a total water equivalent of 20.6 mm.  Total snow depth measured near the NWCF during 
the period varied from 15.9 cm on January 26 to 21.6 cm on February 1, after which a 
moderate thaw reduced the depth to 12.7 cm on February 8.  During the snowfalls that 
occurred over the fallout period, wind directions were predominantly from the southwest. 
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Data Analysis 
 
The measured THg concentrations consisted of contributions from both the NWCF and 
regional/global background fallout.  To partition these contributions, a number a 
calculations were performed.   
 
The regional background THg concentration was estimated using SWE-normalized THg 
measurements in snow from the Teton Range, 180 km to the east6: 
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where: 
 
CB = THg background concentration at each INEEL sampling location (ng L-1) 
CT = THg concentration in Teton Range snow (2.7 ng L-1) 
SWET = snow water equivalent in Teton Range snow (mm) 
SWEI = snow water equivalent at each INEEL sampling location (mm) 
 
The concentration due to NWCF fallout only, averaged across the composite sampled 
snowpack (CNC), was then calculated by subtracting CB from the total measured 
concentration (CT) at each sampling location.   
 

BTNC CCC −=          (2) 
 
Since snow existed on the ground prior to startup of the NWCF, CNC needed to be 
adjusted to estimate the NWCF contribution that would have been in snowfall during 
NWCF operations (converted from a snowpack-averaged concentration to the 
concentration in only the snow that fell between NWCF startup and sampling): 
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where: 
 
CN = NWCF concentration in snowfall during operations (ng L-1) 
PF = precipitation recorded over the 17-day fallout period from NWCF startup  

  (Jan 24) to start of sampling (Feb 10) (mm) 
 
The ratio of the average SWE at the INEEL sampling locations (60 mm) to the 17-day 
fallout period precipitation (20.6 mm) implies that the NWCF deposition existed in the 
top 1/3 of the sampled snowpack. 
 
Concentrations were then converted to total deposition (load) in the snowpack (DT, in µg 
m-2) at each sampling location by: 
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where: 
 
C  = measured, background, or NWCF concentrations (ng L-1) 
����w  = density of water (1 kg L-1) 
SWE  =  snow water equivalent at the sampling location (kg m-2) 
 
The deposition from background fallout (DB) was estimated using CB in equation (4).  
The deposition from the NWCF emissions only (DN), which was used for ISCST3 model 
comparison, was then calculated by subtracting DB from DT.   
 
Annual deposition (µg m-2 y-1) from background fallout only (DAB) was estimated by 
multiplying DB by the ratio of the total annual precipitation recorded for that water year 
(PA = 225 mm) to the sample location SWE: 
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Annual deposition from continuous NWCF operations (excluding background) was 
estimated by multiplying DN by the ratio of PA to the precipitation recorded from facility 
startup to the start of sampling (PF = 20.6 mm). 
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The total annual deposition (assuming continuous NWCF operations) was then estimated 
by adding the two components (DAB + DAN). 
 
Estimating annual snowpack deposition in this way introduces two potential 
uncertainties:  1) it does not account for the different scavenging efficiency of rain vs. 
snow and 2) it assumes that the ambient THg background air concentrations are constant 
throughout the year.  Although rain is thought to be a more efficient collector of 
atmospheric THg than snow7,8, published concentration data generally show little 
difference between the two3,9. 
 
Comparison with Model Predictions 
 
The ISCST3 air dispersion model2 is currently recommended for use in combustion 
facility risk assessments to assess downwind air concentrations and deposition rates of 
pollutants including mercury.  The model was used in this study for two purposes: (1) 
determine optimum sampling locations around the NWCF using actual meteorological 
data over the time between NWCF startup and sampling and (2) compare model 
predictions of total deposition during the fallout period with that measured in the snow. 
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Wet deposition is a primary mechanism for transporting mercury from the atmosphere to 
surface waters or land3.  ISCST3 calculates wet deposition by multiplying the vertically 
integrated plume concentration by a scavenging rate constant (Λ, in units of s-1 ), which is 
defined as the fraction of plume particulate removed per unit time.  The scavenging rate 
constant is computed as the product of a scavenging coefficient and precipitation rate: 
 

RλΛ =          (7) 
 
where the scavenging coefficient λ has units (s-mm/hr)-1, and the precipitation rate R has 
units (mm hr-1).  The scavenging coefficient may depend on the characteristics of the 
pollutant (e.g., particulate diameter, solubility and reactivity for gases) as well as the type 
of precipiation (e.g., rain vs. snow).  Jindal and Heinold4 have provided a best-fit 
relationship for λ for typical atmospheric aerosols as a funtion of particle size.  Because 
of the lack of pollutant-specific data for gaseous pollutants, a particle scavenging 
coefficient for very small (e.g. 0.1 µm) particles is often assumed (1.6 x 10-4 
[s-mm/hr]-1)1. 
 
Most (about 88%) of the mercury emitted from the NWCF stack is thought to be divalent 
HgCl2 vapor based on results from an EPA metals sampling train and chemical 
equilibrium calculations.  The remaining 12% is thought to be submicron particulate--
either solid phase HgO or absorbed/condensed onto particles as HgCl2.  A negligible 
amount of elemental Hg(0) is present.  The HHRAP default assumption for THg 
partitioning in combustion facility risk assessments is 80% Hg(II) and 20% Hg(0), an 85-
15% split for Hg(II) vapor vs. particulate, with a net 48% of the THg being deposited 
locally.  In order to determine the best model perfomance for prediction of NWCF 
deposition, numerous ISCST3 modeling runs were made using different scavenging 
coefficients for particle sizes ranging from 0.1 to 1.5 µm and for a vapor form.  For each 
of these runs, model predicted-to-sample observed (P/O) ratios were calculated and 
plotted against a 1:1 line to determine the best fit and whether the model under- or over-
predicted the observed deposition.  
 
Results and Discussion 
 
THg Concentration in Snow 
 
Measured THg concentrations in snow ranged from 0.55 to 5.09 ng L-1 on or near the 
INEEL (Table 1).  When converted from composite snowpack concentration to the 
concentration in snowfall during NWCF operations (equation 2), concentrations were 
estimated to range from 0.55 to 9.16 ng L-1.  These concentrations are generally low and 
are similar with those measured in other remote locations, including arctic Alaska (0.9 – 
7.5 ng L-1)10, Canada (0.6 – 6.0 ng L-1)11, and in Utah’s Wasatch Range (4.5 – 11 ng L-1)6.  
In contrast to these relatively low values, concentrations in rain in eastern industrialized 
areas have been measured at much higher levels, ranging from 26 to 62 ng L-1 in a rural 
New Jersey area to 606 ng L-1 near a municipal waste combustor (MWC) in New 
Jersey12. 
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Table 1.  Total mercury (THg) concentrations, deposition, and the fraction of THg that is 
methyl mercury (MeHg) in snowpack near the NWCF at the INEEL. 

     THg Conc. (ng L-1)        THg Deposition    Fraction Fraction
Sample Composite Estimated Snowpack Annual from   MeHg/ 

Site Snowpack in Precip. (ug m-2) (ug m-2 y-1) NWCF THg 
1-1 1.90 4.33 0.10 0.97 0.92  
1-2 1.65 3.36 0.08 0.76 0.91 <DL 
2-1 5.09 9.16 0.19 2.06 0.97 0.008 
2-2 2.25 7.30 0.18 1.64 0.92  

2-3A 2.00 4.99 0.12 1.12 0.92 0.032 
2-3B 2.61 7.57 0.18 1.70 0.94  
2-3C 1.56 3.84 0.10 0.86 0.89  
2-4 0.96 1.86 0.05 0.42 0.81 <DL 

EBR-1 2.08 5.55 0.13 1.25 0.92  
BSB-1 0.55 0.55 0.04 0.12 negligible <DL 
Mean = 2.06 5.33 0.12 1.09 0.91 0.020 

STD = 1.22 2.66 0.05 0.60 0.04 0.017 
 
 
Annual Deposition and Methyl Mercury 
 
Estimated annual THg deposition on the INEEL ranged from 0.12 to 2.06 µg m-2 y-1 
(Table 1).  These estimates are less than the estimated annual deposition determined in 
the Tetons 180 km to the east6.  This is contrary to what one would initially expect given 
the higher snowfall concentrations measured at the INEEL (mean = 5.3 ng L-1) relative to 
the Tetons (mean = 2.7 ng L-1).  Standard risk assessment protocol generally assumes that 
locations near an emission source (except within 1-2 km of a high stack) have higher 
impacts (air concentrations and deposition) than distant downwind locations.  However, 
these results suggest that a particular location’s annual precipitation rate may be a more 
important factor in determining total annual mercury deposition than a location’s 
proximity to an emission source.  
 
The calculated total annual depositon rates compare well with measured values from 
other regions of the U.S. as predicted by EPA in a nationwide mercury modeling effort3.   
Deposition rates at the INEEL are low compared to the EPA-modeled predictions for 
remote western regions of the U.S. (1 – 3 µg m-2 y-1). 
 
The ratio of methylmercury (MeHg) to THg on the INEEL ranged from 0.8 to 3.2% 
which compares favorably with other measured values reported by EPA3 (0.1 to 6.3).  
The EPA HHRAP recommends net methylation default values of 2% for non-wetland 
soils and 15% in surface water bodies. 
 
Comparison to Model Predictions 
 
The ISCST3 model-predicted deposition pattern near the NWCF using a meteorological 
data set from the fallout period (1/24/99 – 2/9/99) is shown in Figure 1.   
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Figure 1.  Modeled deposition pattern during facility operations and model predicted-to-
sampling observed (P/O) ratios. 
 
 
Table 2 lists the ranges of model-predicted to sample-observed (P/O) ratios at each 
sampling location for the different model input scavenging coefficient (SC) values 
evaluated.  When corrected for background, the BSB sample location (17.3 km south of 
NWCF) showed slightly negative deposition, indicating negligible NWCF deposition at 
this location.  At other locations, P/O ratios ranged from a low of 0.1 to a high of 2.9.  
The low value occurred at an off-plume centerline location (2-3c) where the predicted 
concentration gradient and potential for model spatial prediction error is high.  The high 
P/O ratio (2.9) occurred at the most distant downwind location to the northeast (location 
2-4, 11.8 km distance).  
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Table 2.  Model predicted-to-sample observed ratios (SC = model scavenging coefficient 
with units of [s-mm/hr]-1). 

 For particlulate of diameter: for vapor with SC = 
Site # 0.1 µm 0.25 µm 0.5-1 µm 2E-04 1E-04 
1-1 1.6 0.9 0.7 0.5 0.2 
1-2 1.9 1.1 0.8 0.6 0.3 
2-1 1.7 1.0 0.5 1.6 0.8 
2-2 2.1 1.2 0.7 2.0 1.0 
2-3A 1.6 0.9 0.5 1.3 0.6 
2-3B 0.9 0.5 0.4 0.5 0.3 
2-3C 0.6 0.3 0.2 0.2 0.1 
2-4 2.9 1.7 0.9 2.8 1.4 
EBR-1 0.8 0.5 0.4 0.2 0.1 
BSB-1      <-- not calculated (negligible NWCF deposition) --> 

Mean= 1.6 0.9 0.6 1.1 0.5 
StdDev= 0.72 0.43 0.23 0.92 0.47 

 
 
Validation studies for the standard Gaussian plume model used in ISCST3 have indicated 
optimum P/O ratios for annual average air concentrations ranging from 0.25 to 4.013.  
Estimated P/O ratios for model deposition rates are expected to have a significantly wider 
range. 
 
ISCST3 model performance using four different scavenging coefficients (SC) is shown is 
Figure 2.  Three model runs (plots a, b, and c) assumed particulate phase emissions and 
used SC values for particle diameters ranging from 0.1 �m to 1.5 µm.  One model run 
(plot d) simulated a pure vapor release and used the SC value for the smallest (0.1 µm) 
particle diameter (2 x 10-4 s-1/mm-h-1) as recommended by EPA in their combustion 
facility risk assessment guidance1.  This SC value most closely matches the predicted 
physical form of the NWCF mercury emissions (88% vapor, 12% particle phase or 
surface-condensed).   
 
These plots indicate the following about mercury deposition from NWCF emissions:  (1) 
a 0.1 µm particle size modeling assumption for the scavenging coefficient results in 
generally conservative predictions over the range of sample locations assessed, (2) based 
on the slope (< 1.0) of the regression line, the model generally overpredicts deposition at 
low impact locations (farther out) and underpredicts deposition at high impact locations 
(closer in), and (3) the assumption that all or most of the mercury is in vapor form (as 
specified in the EPA risk assessment guidance for combustion facilities1) resulted in the 
widest P/O value dispersion and the lowest regression coefficient. 
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Figure 2.  ISCST3 model performance using scavenging coefficients for (a) a 0.1 µm 
particle, (b) a 0.25 µm particle, (c) a 0.5 – 1.5 µm particle, and (d) the vapor form.  
Perfect model performance is indicated by the solid line. 

 
Fraction Deposited Locally 
 
Because of the limited number of sampling locations, an accurate estimate of the fraction 
of total emissions deposited locally (within 50 km) cannot be made.  However, 
examination of the P/O ratios in Table 2 provide some insight on this parameter because 
they are based on the modeling assumption that all (100%) of the emissions were reactive 
Hg(II) and subject to local deposition (the modeling used the total measured emission 
rate at the stack).  When averaged across all ten sampling locations, the P/O ratios ranged 
from 0.5 to 1.6, depending upon the assumption for scavenging coefficient, but was very 
close to 1 (1.1) for the most likely form (mostly vapor).  This performance suggests that, 
for this particular source, the assumption that 100% of the emissions are available for 
local deposition is reasonable for risk assessment purposes.  If the emissions had been 
scaled to account for the 48% local deposition partitioning, as recommended in the EPA 
HHRAP, the P/O ratios would have ranged from 0.77 to 0.24 and would significantly 
underpredict the deposition. 
 
Conclusions 
 
Mercury concentrations in snow in the immediate vicinity (within about 12 km) of the 
NWCF (µ= 5.3 ng L-1, excluding the BSB off-site location) are relatively low and similar 
to those measured in other remote U.S. locations.  The calculated total annual deposition 
(0.12 to 2.06 ug m-2 y-1) is lower than expected and may due to the low annual 
precipitation rates in the area.  Another possible explanation is that there may have been 
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unaccounted for losses in the snow between snowfall and sampling (a 1 – 2 week time 
period during which some snowmelt occurred).  One potential mechanism for loss is 
reduction of the deposited Hg(II) in the snow and subsequent re-emission to the 
atmosphere as Hg(0). 
 
The ISCST3 model seems to have done a good job of predicting NWCF mercury 
deposition rates in the areas of maximum impact (within 12 km of the NWCF).  
Deposition of NWCF emissions was best modeled using scavenging coefficients for 
small (0.1 µm) particulate and the assumption that all of the mercury is subject to local 
deposition.  The EPA default assumptions for THg physical form and partitioning in 
combustion facility risk assessment modeling – mostly vapor that is 48% locally 
deposited -- would have underpredicted NWCF mercury fallout and resulted in the least 
certain predictions (greatest dispersion of P/O ratios).   
 
This study was not intended to be a rigorous model validation but a test of methods that 
can be used to develop improved model input parameters for mercury.  Future work at the 
INEEL is planned to develop larger data sets of mercury in precipitation around sources 
to further refine model performance and better understand the local fate and transport of 
mercury in this region. 
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