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Abstract. In an effort to understand and quantify the im- 1 Introduction

pact of local, regional, and far-distant atmospheric mer-

cury sources to rainfall mercury deposition in the PensacolaAtmospheric mercury deposition is a cause for great concern
Florida watershed, a program of event-based rainfall samfor human health in the United States as well as all other
pling was started in late 2004. Modified Aerochem-Metrics parts of the world due to atmospheric mercury incorporation
wet/dry rainfall samplers were deployed at three sites in theas methyl mercury into fish. Current emissions to the at-
region around the Crist coal-fired power plant and event-mosphere are estimated to be more than three times the pre-
based samples were collected continuously for three yeardndustrial amount. Anthropogenic Hg released to the atmo-
Samples were analyzed for total Hg and a suite of trace elesphere is estimated to be %.40° g/yr (Selin et al., 2008 and
ments including Al, As, Ba, Bi, Cd, Ce, Co, Cr, Cs, Cu, Fe, references therein). Gaseous elemental mercury (GEM) is
Ga, La, Li, Mg, Mn, Na, Nb, Ni, P, Pb, Sh, Se, Si, Sn, Sr, believed to have a lifetime of 0.5 to 2 years in the troposphere
Th, U, V, and Zn. Nutrients (ammonia and nitrate) and ma-before it is oxidized and washed out of the atmosphere. At-
jor anions (chloride and sulfate) were also measured on eachmospheric emissions of GEM from industrial point-sources
sample. Multivariate statistical methods were used to sor@are therefore widely dispersed throughout the atmosphere be-
these tracers into factors that represent potential source catére finally becoming oxidized to reactive gaseous mercury
gories contributing to the rainfall chemistry. As, Hg, Sb, Se, (RGM), and some conversions to aerosol mercury (HgP),
Sn, and non sea-salt sulfate were all significantly correlatedafter which they will deposit quickly through wet and dry
(R>0.6) with one factor which we interpret as an anthro- deposition. The impact of long-range atmospheric transport
pogenic source term reflecting input from coal combustionand deposition of anthropogenic mercury in Greenland was
throughout the southeastern US. Using ratios of total Hg toreported nearly 40 years ago by Weiss et al. (1971). The
volatile elements, we estimate that 22—33% of the rainfall Hgincrease in the global background of atmospheric mercury
results from coal combustion in the southeastern US with thedue to anthropogenic emissions was reviewed by Fitzger-
majority coming from the global background. ald et al. (1998) and a decade later by Selin (2009). More
recently, the impacts of local, regional, and distant anthro-
pogenic mercury emission sources were discussed for Korea
(Nguyen et al., 2010) and southern China (Fu et al., 2010).
The use of global atmospheric models to evaluate the impacts
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Several studies have been conducted in the state of Florideesult of motor vehicle activity in the region. The Crist plant
in an effort to determine the influence of regional and globalin Pensacola is estimated to release on the order of 200 lbs
sources of Hg to the watersheds but few have been conef Hg per year to the atmosphere, with about 25% as reactive
ducted to determine the effects of known point-source emit-gaseous mercury (RGM) that should exhibit some local im-
ters to the local watersheds. One such study was conductgahct. Other sources of Hg to the Pensacola Bay watershed
in 1993 over a three-week period in Broward County, Floridainclude automobiles, a medical waste incinerator, a paper
(Dvonch et al., 1998). Daily rain event samples were col-mill, chemical plants and other manufacturing companies.
lected and analyzed for total Hg and other trace elementsThe paper mill burns coal and releases about 1.9 Ibs/year; the
The samples collected nearest the point source had elevaterther sources combined account for less than 0.06 Ibs/year
Hg levels as compared to a control site, suggesting the im{T. Rogers, Florida Department of Environmental Protection,
portance of a local point-source. Using data from the Floridapersonal communication, 2010). There are other sources of
Atmospheric Mercury Study (FAMS), Guentzel et al. (2001) atmospheric Hg in Alabama and Georgia (and throughout
concluded that local sources of atmospheric Hg could onlythe southeastern US), mostly the result of coal combustion
account for about 30-46% of the rainfall deposition of Hg to for electricity generation. According to the 2005 EPA air
the Florida Everglades during the same period. emissions inventory, two nearby counties in Alabama (Mo-
Our study was originally commissioned to evaluate the im-bile and Escambia) were responsible for 780 and 880 Ibs. of
pact of one particular coal-fired power plant (Gulf Power atmospheric Hg emission.
Company’s Crist plant) on rainfall Hg deposition in Pen-
sacola. By sampling individual rain events at three sites ove2.1  Sampling sites and rain sampling equipment
three full years we have identified some important charac-
teristics of the Hg and other chemical tracer concentrationdRain collectors were installed at three sites between Novem-
from local and regional emissions, and from long-rangeber and December 2004 (Fig. 1) and maintained through De-
transport from far-distant sources (the “global background”).cember 2007 for event based collection of rain samples us-
These characteristics include seasonal variation and uniforing AerochemMetrics model 301 and equivalent Loda model
mity of deposition to the watershed. In addition to Hg con- 2001 rain samplers (Fig. 2a). The first collection site is at the
centrations in each rain sample, we analyzed a suite of tracElorida Department of Environmental Protection (FDEP) site
elements including the alkali metals and alkaline earth ele-at the Ellyson Industrial Park located off Scenic Highway in
ments, the transition metals, and the rare earth elements. Bfensacola (30.5256!, 87.2033 W). This site was chosen
using multi-element factor analysis we were able to identify for its close proximity (about 4.7 km southeast) to the Crist
at least three factors that can explain greater than 67% of theoal fired power plant. The sampler is set on an open raised
variance in the data. Those factors include mineral dust, sea?latform on fenced FDEP property. Event rain collection be-
salt aerosols, and an anthropogenic factor that explains muc@ian at this site in November 2004. The second site is located
of the variance for As, Hg, Sb, Se, Sn, and non sea-salt sulon the fenced property of Pace Water Systems in Santa Rosa
fate (nss-S@); species that are commonly associated with County (30.6023N, 87.19126 W). The sampler is set in a
coal combustion. Our data suggest that coal combustion ifémote open area near a small wetland pond. Access to this
the southeastern US pollutes the regional airshed with thessgite is limited to employees of Pace Water Systems and those
volatile tracers, but that the majority of the rainfall Hg ap- With permission to enter the site. This site is approximately
pears to be derived from the “global background” of RGM 5.5 km east-northeast of the power plant. Event rain collec-
and HgP produced via GEM oxidation. tion began in December 2004 at this site. The third collection
site is about 24.2 km northwest of the power plant on private
property in the city of Molino (30.6903\, 87.4103 W).
2 Study area This site is remote with very little human disturbance. The
sampler is set in an open field with no obstructions within at
This research was conducted as part of the Partnership fdeast 50 feet. Event rain sample collection at this site began
Environmental Research and Community Health (PERCH)in mid-December 2004. This site was chosen because it is
in order to quantify the atmospheric deposition (in rainfall) often upwind of the Crist power plant, and is impacted by air
of Hg and trace elements to the Pensacola Bay watershednasses coming out of the southeastern US.
There are numerous potential local, regional, and distant A Plexiglas “splash guard” was attached to the leading
sources for Hg and other trace elements in rainfall. It wasedge of the retractable roofs to minimize rain splash con-
shown by Fu and Winchester (1994) that the entire southtamination of the sample bottles when the roof is retract-
eastern US airshed is affected by N@missions, primarily ing (Fig. 2a). The “wet” buckets were modified to hold
from coal-fired power plants. Thus we would expect to find 3 bottles with Teflon collars and 0.00&polycarbonate fun-
Hg and trace elements associated with coal combustion imels (Fig. 2b) as in the Florida Atmospheric Mercury Study
Pensacola rainfall. NPand SQ emissions are dominated (Landing et al., 1998). Duplicate 1.0L FEP Teflon bottles
by power generation, although N@missions are also the for Hg and trace element analyses were deployed along with
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asingle 1.0 L polyethylene bottle for pH and major ions anal-
ysis. About 10% of the deployments had a single Teflon
bottle and duplicate polyethylene bottles for pH and major
ions in order to acquire duplicate samples for QA/QC pur-

poses. Results for pH, major ions, and nutrients are reportec] "

in Caffrey et al. (2010). To avoid damage to the rain sam-

plers, sampling was suspended from 9-26 July 2005 due tc
Hurricane Dennis. Rain samples were collected within 24 h
of 0.5cm rain events and shipped back to FSU for process-
ing and multi-element analysis. The funnel/collar combina-

tion was removed from the receiving bottle, and the receiv-

ing bottles were capped, and replaced with freshly cleaned
bottles. The funnel/collar combinations were changed every
6 months, or sooner if they appeared to have been soiled by
insects, birds, or plant debris. This equipment replacement
frequency was shown to be appropriate during the FAMS
project (Landing et al., 1998).
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3 Analytical methods
3.1 Mercury analysis

Rain samples (in FEP Teflon bottles) were acidified af-
ter return to the FSU clean lab to 0.045MHCI plus N
0.048 M HNG;, using ultra-pure acids (Optima, Fisher Sci- |-/A
entific), then placed in a low wattage UV digestion DOX | s s .
(730 pwatts/cry 254 nm) for at least 48 h to completely sol- 22 8 12Km 1500000
ubilize the collected Hg (Landing et al., 1998). FEP Teflon

bottles are about 50% transparent to UVA radiation (254 nm)Fig- 1. Rainfall sampling sites and atmospheric Hg sources in the
produced using low pressure Hg vapor lamps. The digestegensappla, Florida area. NADP sites are part of the National Acid
samples were analyzed by cold vapor atomic fluorescencePostion Program; MDN sites are part of the NADP Mercury De-
spectroscopy (CVAFS) following EPA method 1631 using a position Network.

Tekran 2600 Mercury Analyzer. We use ultra-pure HCl and

HNO3 for sample acidification and UV digestion because , . ,

the standard oxidant for total dissolved Hg analysis (bromineW,as no signal suppression or enhancement due to slight ma-
monochloride; BrCl) is not clean enough for the other trace!"x differences between samples and standards.

elements we wish to analyze. Landing et al. (1998) showed Analytical results from duplicate rain samples in the FEP

that the HC/HNQ/UV treatment is as effective as BrCl for 1€flon bottles are shown in Fig. 3 for Hg, As, Se, and Cr.
the analysis of 100% of the total dissolved Hg from rain andWhe” the concentrations are well above the method detection

freshwater samples. limits, one finds excellent agreement between the “A’ and
“B” duplicate samples, as is seen for Hg, As, and Se. One
sees greater scatter for Cr about a 1:1 line passing through
the data, indicating that the concentrations are approach-
A multi-element analytical program was set up using aing the method detection limit (also seen for Hf, Ni, Ta,
Thermo-Finnigan “Element-I" high-resolution magnetic sec- and Zr). Table 1 shows the reagent and sample processing
tor ICP-MS. We analyzed for Al, Ba, Bi, Cd, Ce, Co, Cr, Cs, blanks together with the minimum, maximum, median, and
Cu, Fe, Ga, La, Li, Mg, Mn, Na, Nb, Ni, P, Pb, Sb, Si, Sr, volume-weighted mean (VWM) concentrations for all ele-
Th, U, V, and Zn. An Agilent 7500cs quadrupole ICP-MS ments used in further statistical analysis of the data. “Acid
equipped with an octopole reaction-collision cell (ORC) was Matrix Blanks” refers to the ultrapure 0.045MHCI plus
used to measure As, Se, and Sn. Helium gas was used 0.048 MHNG; matrix used for all samples and standards.
the ORC for the As and Sn analyses whilg ¢ths was used “Bottle Blanks” refers to a processing blank wherein after
for the Se analyses. All analyses were conducted using exsubsampling for trace element analyses, an FEP Teflon sam-
ternal standard solutions (in the same HCI+HN®@atrix as  ple bottle was rinsed then filled with ultrapure deionized wa-
the samples), and the analytical sensitivities were compareter and acidified to 0.045 M HCI plus 0.048 M HNOThese

to spiked samples (standard additions) to confirm that therdottles were UV oxidized then subsampled and analyzed

] HgSources
A Sample Sites

Urban Areas

3.2 ICPMS analysis
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y

Fig. 2. (A) Automated rainfall collector with a 15 cm tall Plexiglas splash guard on the leading edge of the roof to avoid splash contamination
during roof retraction (red arrow)B) Modified receiving bucket with three nested receiving bottles connected to 0Pp8lytarbonate
funnels using PTFE-Teflon collars.
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Fig. 3. Comparison of analyses of duplicate (A vs. B) rain samples. Mei@JryarsenidB), and seleniunfC) all show excellent agreement
with data well above the detection limits. Chromi{B) shows greater scatter due to concentrations closer to the detection limit.
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Table 1. Analytical information and descriptive statistics. See text for description of each column. VWM = volume weighted mean
concentration for the three year period 2005-2007.

Element Concentration Isotope Resolution  Acid Matrix Blanks  Bottle Blanks Rain Samples

Units Mean 1SD Mean 1SD  Minimum Maximum Median VWM
Al ppb 27 Medium 0.40 0.03 0.58 0.23 1.54 830 38.7 53.4
As ppb 75 ORC/He 0.040  0.003 0.106 0.005 0.0440 0.610 0.162 0.194
Ba ppt 137&138 Low 3.0 1.0 4.0 2.0 21.2 10600 694 1000
Bi ppt 209 Low 0.30 0.20 0.40 0.20  0.0558 33.1 1.48 2.68
Cd ppt 111 Low 0.94 0.45 1.16 0.61  0.00107 230 3.73 7.34
Ce ppt 140 Low 0.22 0.11 0.60 050 2.33 1100 459 88.0
Co ppb 59 Medium 0.0007 0.0002 0.001 0.001 0.00062 0.561 0.0205 0.0298
Cr ppb 52 Medium 0.006  0.002 0.010 0.010 0.00107 3.40 0.075  0.099
Cs ppt 133 Low 0.3 0.2 0.3 0.2 0.149 42.4 3.23 4.02
Cu ppt 63&65 Medium 0.022  0.010 0.066 0.010 0.00869 4.61 0.242 0.313
Fe ppb 56 High 0.33 0.28 0.51 0.35 0.692 400 15.9 26.0
Ga ppt 69 Low 1.00 0.10 1.00 0.10 0.0146 250 314 36.7
Hg ppt Total CVAFS 0.55 0.09 0.66 0.18 2.87 58.3 151 17.3
La ppt 139 Low 0.41 0.11 0.76 043 2.01 470 28.4 47.6
Li ppt 7 Medium 4.72 242 11.01 3.00 2.02 470 48.7 59.3
Mg ppt 24 Medium 0.162  0.004 0.203 0.095 4.14 540 53.6 100
Mn ppb 55 Medium 0.002  0.001 0.004 0.001 0.0709 12.2 0.655 1.13
Na ppb 23 Medium 0.63 0.23 0.66 0.40 30.0 5840 681 985
Nb ppt 93 Low 0.30 0.30 0.80 0.30 0.112 42.9 2.02 2.58
Ni ppb 60 Medium 0.018  0.007 0.014 0.006 0.0060 155 0.247 0.374
P ppb 31 Medium 0.13 0.05 0.28 0.20 0441 160 4.38 6.18
Pb ppt 208 Low 5.98 6.05 578 460 0.436 1970 226 306
Sb ppt 121&123 Low 0.40 0.30 0.50 0.30 3.86 180 37.2 48.3
Se ppb 78 ORC/bl 0.020  0.003 0.030 0.003 0.0320 1.88 0.137  0.257
Si ppb 28 Medium 5.0 3.0 6.0 3.0 0.855 1750 47.0 75.7
Sn ppb 120 ORC/He 0.010 0.001 0.040 0.004 0.0194 0.334 0.056  0.066
Sr ppt 88 Low 4.0 14 8.0 4.0 46 6820 519 860
Th ppt 232 Low 0.1 0.1 0.1 0.1 0.301 130 4.72 7.95
u ppt 238 Low 0.1 0.1 0.1 0.1 0.0910 57.7 2.22 3.35
\% ppb 51 High 0.023  0.004 0.025 0.007 0.00563 2.83 0.198 0.274
Zn ppb 66&68 Medium 0.084  0.007 0.088 0.045 0.0556 54.1 1.07 2.19
NH3 ppb 20 6.53 1340 106 125
NO3 ppb 67 114 4200 963 925
Cl ppb 85 107 50200 1100 2300
SOy ppb 60 129 6740 1340 1530
nss-SQ ppb 60 1 6530 1120 1360

identically to the samples, and these are the blanks thaprecision for those analyses are also shown in Table 1. Non
were subtracted from the sample data. In general, the Botsea-salt sulfate (nss-@Pwas calculated by subtracting the
tle Blanks were slightly higher and slightly less precise thansea-salt sulfate fraction (the Na concentration multiplied by
the Acid Matrix Blanks. Using 3 SD as an estimate for the the sulfate/Na ratio in seawater), using the assumption that
Method Limit of Detection (MLOD), the MLOD was less 100% of the Na comes from sea-salt aerosols. Using Al as
than 25% of the median concentrations for all elements witha tracer for mineral dust, and the Na/Al ratio in the Earth’s
the exceptions of Cr (30%), Nb (35%), and ammonia (48%).crust (0.339), we calculate that less than 2% of the Na in our
samples results from mineral dust.
3.3 Anions and nitrogen species

Chloride, nitrate, and sulfate were analyzed using EPA4 Results

Method 300.0 on a Dionex DX500 ion chromatograph. Am-

monium was analyzed using the lonPac CS16 column andh total of 225 separate rain events were sampled from
Dionex protocols (Application Note 14http://www.dionex. 19 November 2004 through 2 January 2008. We ob-
com/en-us/webdocs/4211-AN1AM5.pdi). The blank served generally higher rainfall amounts in the Spring
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Rainfall fluxes of Zn were higher at the Ellyson site, which

600 o . . .
A @ Ellyson is likely from Zn enriched aerosols due to its heavily ur-
g 500 B Molino banized location and the amount of vehicular traffic on the
3 400 N i T{» O Pace surrounding interstate (1-10) and highways (Fig. 4b). The
% rainfall fluxes of Fe are shown as an example of the impact
~:/ 300 1 of mineral dust aerosols (Fig. 4c). During the Spring and
g 200 Summer months, mineral dust from arid regions in Africa is
2 uplifted into the dry Saharan Air Layer and makes its way
E 100 - within 7-10 days across the North Atlantic where it impacts
s 0 Florida and the eastern Gulf of Mexico (e.g. Prospero, 1999).
1 ) 3 4 During those months, we see higher rainfall fluxes of Fe (and
Season other trace elements associated with mineral dust; Si, Al, Mn,

140 B Ellvson Cs, La, Ce — and the other rare earth elements — Th, and U).

lyson R . .

‘;C: 120 B . & Molino | We als'o see no dramatlc dlffererjces betvyeen the three sites,
3 O Pace indicating that the mineral dust is more likely the result of
”; 100 1 long-range transport rather than locally-generated soil dust
2 804 from agricultural practices. A very similar pattern of sum-
g 60 mertime mineral dust deposition was reported for wet depo-
E 40 | sition rain samples from the Florida Everglades (Landing et
N m : al., 1995) and more recently by Trapp et al. (2009) at the

£ RSMAS/UM facility on Virginia Key, Florida.
& 0 ‘ There are significant inter-element relationships in our
L 2 3 4 dataset that appear to reflect source categories for various
Season aerosol types. Supporting the previous conclusions regarding
1200 mineral dust transport and deposition, Fig. 5a shows the very
C O Ellyson . L.
21000 I L B Molino strgng correlation between the wet _depc_)smon of Fe and Al
o 0 Pace (R<=0.93). The slope of the regression line (Gt5601 g/g)
% 800 T is within the range of Fe/Al mass ratios reported for the
=2 Earth’s crust (0.6%0.10g/g). Correlation coefficientsR]
x 600 greater than 0.7 were also found between Al and Ba, Ce, Cs,
E 400 T La, Mn, Nb, Si, Th, and U. Figure 5b shows the strong cor-
= relation between Sr and Mar¢=0.85). The slope of the re-
:‘% 200 m gression line (0.00620.0002) is very close to the seawater
g ‘ ratio of 0.0061. Correlation coefficients greater than 0.7 were
1 2 3 4 found between Na, Mg, and Sr, as these are all indicators of
Season the input of sea-salt aerosols.

Multi-element data of this type are often evaluated using
Fig. 4. Seasonal comparisons of rainfall fluxes at the three samplingnulti-variate statistical methods such as factor analysis or
sites in the Pensacola area for (49, Zn(B), and FgC). Season 1.  positive matrix factorization. We used SPSS Statistics 17.0
December—February. Season 2: March-May. Season 3: Junetg analyze the data using factor analysis (with Varimax rota-
August. Season 4: September—November. Error barssa®D  tjon). Varimax rotation was used because it maximizes the
of the 3-year mean values. variance of the squared factor loadings. It tends to produce a
simple structure in the retained factors such that each chem-
(March—May), although the annual amount of precipitationjca| species is associated with one or a few factors, thus the
was similar at the three sites, and in each year of the study. interpretation of the factors is more straightforward. Since
Seasonally aggregated rainfall fluxes for Hg, Zn, and Feyarimax is an orthogonal method, the factors remain uncor-
for the entire 3 year sampling period are shown for exampleyejated. We used the flux data set rather than the concentra-
in Fig. 4. While we see higher rainfall Hg fluxes in Spring tjon data set since small volume rain events often have high
and Summer (Fig. 4a), the Hg fluxes are comparable betweegoncentrations of many elements and this can skew the anal-
the three sampling sites, despite the much closer proximitysis. Because factor analysis assumes normally distributed
to the Crist power plant of the Ellyson site (4.7 km) relative gata, the flux data set was log-transformed then tested for
to the Molino site (24.2km). Rainfall Hg fluxes were also normality using the Kolmogorov-Smirnov Statistic with Lil-
similar to rainfall Hg fluxes at nearby sites that are part of jiefor's Significance (SPSS 17.0). Thevalues are reported
the NADP/Mercury Deposition Network (see Caffrey et al., jn Table 2, showing that only the Cd flux data set0.006)
2010). was significantly different from a normal distribution. As
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Table 2. Varimax rotated factor matrix of the log-transformed rain- 5000
fall flux data using SPSS Statistics 17.0. The Kolmogorov-Smirnov
statistic with Lilliefors’ Significance was used to test for normality 4000 -
in the log-transformed flux data. None of the data distributions, ex-
cept Cd p=0.006), were significantly different from normal distri-
butions. Factor loadings are equivalenRgorrelation coefficients. 3000 -
R values greater than 0.6 are highlighted. x
i 2000 -
K/IS Factorl Factor2 Factor 3 e
p Loading Loading Loading 1000 +
Log Hg 0.711 0.268 0.703 0.128 0
Log As 0.945 0.089 0.833 0.283 0 2000 4000 6000 8000
Log Se 0.906 0.129 0.805  0.262 y = 0.56x - 83.57
Log Sb 0.489 0.389 0.807 0.193 R2=0093 Al Flux
Log Sn 0.835 0.047 0.714 0.252
Log Na 0.283 0.059 0.408 0.731
Log NH3 0.638 0.374  0.743 0.215 160 py
Log NOg 0.765 0.444 0.637 0.127 B
Log CI 0.950 -—-0.097 0.403 0.609 120 -
Log SOy 0.920 0.152  0.729 0.332
Lognss SQ 0.200 0.053 0.676 0.124
Log Al 0.766 0.939  0.132 0.013 x 807
Log Ba 0.939 0.650 0.357 0.141 [
Log Bi 0.986 0.502 0.614 0.140 7 40 -
Log Cd 0.006 0.248 0.247 0.311
Log Ce 0.966 0.942 0.268 0.078
Log Co 0.720 0.550 0.252 0.175 0 !
Log Cr 0.986  0.601 0.126 0.116 0 10000 20000 30000
Log Cs 0.838 0876  0.275 0.163 y = 0.0062x + 5.1487
Log Cu 0.984 0.455 0.561 0.190 R? = 0.8486 Mg Flux
Log Fe 0.370 0.956 0.161 0.048
Log Ga 0.138 0.375 0.345 0.349
Log La 0951 0.920 0.324 0.122 Fig. 5. Scatter plots of the rainfall flux data for Fe vs. Al, reflect-
Log Li 0.183 0.530 0.360 0.285 !ng the contri.buti‘on from mineral dugf), and Sr vs. Mg, reflegt-
Log Mg 0.853 0.235 0256  0.924 ing the contribution fr_om sea salt geros(fBg. C_:orrelatlon cogfﬂ-
cients ®2) are from linear regression analysis. All flux units are
Log Mn 0.817 0.857 0.375 0.184 ug/n,? per rain event.
Log Nb 0.892 0.693 0.299 0.216
Log Ni 0.214 0.157 0.343 0.223
tgg ﬁb g:?gé 8‘_%? 8'_222 gégi for. Iess_than 5%_ (each) of the variance. We re-ran the anal-
Log Si 0752 0879 —0.040 0128 ysis vyhlle reducing the number of factors fro.m .6, to 5, to 4,
Log Sr 0912  0.459 0335 | 0.808 and fm_ally to 3 ('_I'able 2). The same a_ssomatlons between
Log Th 0928 01643 0.079 0.038 the various chemical tracers and these _f|rst three factors were
' : ' ’ observed in each of these analyses. Since we are employing
tggg 8:23'8 %23;% 063.’2;9 062;(5)0 factor. analysis as an exploratory, rather than a con_fin_”natory
Log Zn 0520 0390 0.540 0215 technique, the choice of how many factors to retain is less

critical. Our final selection is based on a number of consider-
ations: eigenvalues, scree plots, broken stick modeling, per-
centage of variance and interpretability. Because there is no
universally accepted method of making this decision and our
will be discussed below, exclusion of the Cd data from theprimary interest is in characterizing potential sources, inter-
factor analysis did not alter our conclusions. pretability is considered most important. We recognize that
The analysis showed 6 factors with eigenvalues greatethe number of factors retained will influence the outcome of
than 1.0. The first three factors accounted for 67% of thethe Varimax rotation. The results shown are those deemed
variance in the data, while the next three factors accounteanost representative and informative from several analyses
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(greater than 0.6) for Al, Ba, Ce, Cs, Fe, La, Mn, Nb, Si,
Th, and U. Factor 2 accounts for 24% of the variance and
appears to be related to anthropogenic pollution and shows
high R values for Hg, As, Se, Sb, Sn, and nss;SONe
interpret this component to reflect input from atmospheric
emissions during coal combustion (to be discussed later). By
calculating the apparent Hg fluxes associated with Factor 2
for each rain event and summing these estimated fluxes over
the entire 3-year period, we can estimate that 8% of the

Hg flux was associated with this factor. Factor 3 accounts for
11% of the variance and obviously reflects the input of sea-
salt aerosols, with high correlations between Na, Mg, and
Sr. Removing Cd from the factor analysis (because of the
lack of normality in the log-transformed flux data set) did
not alter these results. Removing Cr from the factor analysis
(due to the lower duplicate sample precision) also did not
alter the results. In support of the factor analysis results and
interpretation, Fig. 6 shows scatter plots of the fluxes of As
vs. Hg, Se vs. Hg, and Sb vs. Hg. Figure 7 shows scatter

s
10.00 - o*8 ol plots of the fluxes of Sn vs. Hg and nss-S@&. Hg. All of
the linear regressions between the fluxes of these tracers and

Hg fluxes are highly significaniy<0.001).
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5 Discussion

Because of the negative human health effects from Hg ex-
posure, the various states and the US EPA are all working
on reducing anthropogenic Hg emissions within the US with
the goal of reducing atmospheric Hg deposition. A recent
analysis of the global Hg cycle (Selin et al., 2008) suggests
however that only 20% of the Hg deposition over the USA
is due to North American (primarily USA) industrial emis-
sions, while 31% is due to sources outside the USA. They
also concluded that 32% of the Hg deposition was due to the
natural Hg cycle and that 16% was the result of legacy an-
thropogenic Hg accumulated in soils and the oceans. The re-
cent REMSAD analysis conducted by the EPA (REMSAD,
2008) reaches a similar conclusion, that greater than 50%
of the atmospheric Hg deposition across the USA is due to
Hg emissions outside the USA. The data from the Florida
Atmospheric Mercury Study in the mid-1990s, the more re-
cent NADP/MDN data, and the recent modeling studies all
suggest that there is a large long-range transport (or “global
background”) component to rainfall Hg deposition in Florida

and along the coast of the northeastern Gulf of Mexico, es-
pecially during the summer months. Guentzel et al. (2001)
concluded that less than 30-46% of the rainfall Hg in the
Florida Everglades was due to local and regional emissions,
and that over 50% was due to long-range transport from dis-
tant sources that have merged into what is referred to as “the
retaining and rotating different numbers of factors, as deter-g|oba| background”. Guentzel et al. (2001) further showed
mined by application of all the criteria listed above. that their data were consistent with Hg transport (and oxida-
Factor 1 accounts for 32% of the variance and is clearlytion to RGM and HgP) in the northeast trade winds, which
related to the mineral dust flux, since we see higkialues  sweep across southern Florida and up into the northeastern

Fig. 6. Scatter plots of the rainfall flux data for As vs. Hg), Se
vs. Hg (B), and Sb vs. HJC). Correlation coefﬁcientsl{z) are
from linear regression analysis. All flux units are pg/per rain
event. Log axes are used to display the full range of the data.
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Gulf of Mexico during the period from June through Septem-

ber. They suggested that these air masses were efficiently 10.00 o
scrubbed by the tall convective thunderstorms common to ¢
this region because both the concentrations and fluxes of A ¢
rainfall Hg increased during the summer months. Our obser- o
vation of higher than average rainfall Hg deposition in Spring MR .
and Summer (Fig. 4a) suggests that long-range transport of 1.00 A e YA
Hg may dominate rainfall Hg deposition during those months
in our study area as well.

The relatively long residence time of gaseous elemental
mercury (GEM) in the troposphere-6—24 months) allows - *°
GEM to be transported very long distances before it is ulti- R?=0.26
mately oxidized to reactive gaseous mercury (RGM), some 0.10 ‘ ‘
of which becomes associated with aerosols. The aerosol Hg 0.01 0.10 1.00 10.00
and RGM from the “global background”, as well as from re- Hg Flux
gional (within 1,000 km) and local (within 200 km) emission

. . 1,000,000
sources, have residence times on the order of days and ar
quickly removed by wet and dry deposition. Other primary RN
aerosol, secondary aerosol, and reactive gaseous pollutant 100,000 - ‘:,::0,.
should also deposit relatively quickly, thus any given rain o
event will include contributions from these other pollutant ‘e, ﬁ?‘:
tracers mostly from local and regional sources while Hg con- 10,000 - . o":?}.. o3
tributions would come from local, regional, and far-distant -
sources (i.e. the global background).

We can use our data to estimate the fraction of rainfall
Hg that results from various anthropogenic activities, namely
coal combustion. For this estimation, we assume that rain
samples from our study include chemical tracers such as 100 ‘ ‘
volatile elements (As, Sb, Se, Sn, and nss)3®at will pri- 0.01 0.10 1.00 10.00
marily reflect the contributions of those tracers from local Hg Flux
and regional coal combustion. This assumption is supported
by the 2005 EPA Hg emissions inventory, which shows thatrig 7. scatter plots of the rainfall deposition data for Sn vs (A
we have very little metal ore smelting in the southeasternand nss-S@vs. Hg(B). Correlation coefficients (R are from lin-

US that would also contribute to volatile element emissions.ear regression analysis. All flux units are pg/per rain event. Log
This inventory also reports that Hg emissions from Florida axes are used to display the full range of the data.
and the surrounding five states (Mississippi, Tennessee, Al-
abama, Georgia, and South Carolina) average 36-41% RGM o )
(oxidized Hg) and<10% particulate Hg. Our rain samples ~ With these concepts in mind, we can use Eq. (1) to esti-
should therefore contain aerosol and reactive Hg from lo-mate the fraction of rainfall Hg that might be due to local
cal and regional sources, but could be dominated at time&nd regional emissions from coal combustion:
by 'RGM and HgP.produced from the relatively slow oxj- %Hg from coal= 1)
dation of GEM derived from the global background (Selin
et al., 2008; REMSAD, 2008). Thus, we would expect
to find higher Hg/volatile element ratios in rain samples
when the contribution of Hg from the global background When using this equation, we assume that 100% of the de-
is greater. Lower Hg/volatile element ratios would be ex- position of the volatile elements As, Sb, Se, Sn, and nss-
pected when the contribution from local plus regional coal SO, (Annual VE deposition) comes from local plus re-
combustion dominates. In our samples, we found the lowesgional coal combustion, and that the lowest Hg/volatile ratios
Hg/As, Hg/Sh, Hg/Se, Hg/Sn and Hg/nss5@tios in the  ((Hg/VE)minimum) represent the impact of this source term
November-March period, when transport of “background” on our rain sample chemistry. The Annual VE deposition
Hg associated with the northeast trade winds would be atermis perhaps slightly overestimated since there must surely
its minimum and when continental air masses (winter coldbe other sources of volatile elements in our study area. The
fronts) carrying volatile elements emitted from local and re- (Hg/VE)minimum ratios may also be overestimated since
gional coal combustion frequently sweep across the region. there will surely be contributions of “background” Hg, how-
ever small, even during the winter months. However, this

Sn Flux
*
*
*
*
*
*
*

1,000 ~

nss-S0O4 Flux
*
*,
*e
*
*

R?=0.53

Annual VE deposition< (Hg/VE)minimum
X

— 100
Annual Hg deposition
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