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Abstract. Atmospheric deposition was measured at threel Introduction
sites in the Pensacola Bay watershed, Florida, between
November 2004 and December 2007. Mercury deposition inA
the Pensacola Bay watershed was similar to that from nearby'
Mercury Deposition Network sites along the Northern Gulf
of Mexico coast. Mercury deposition during the summer
months is higher than other months due to higher concen
trations in rainfall throughout the region. Deposition of con-
stituents like H, sulfate, nitrate, ammonium, chloride and

sodium, were much higher in Pensacola Bay that at Nationaﬁ
Atmospheric Deposition Program (NADP) sites. Chloride
and sodium deposition are higher because Pensacola B

sites alrte closerl to ;‘h?dGu.lf of M?_)tqco ;/;hl;hh:sta sqturie of tive gaseous mercury (RGM or Bt) which is the oxidized
Sea sall aerosols. Acid rain constituents,, Isulfate, nitra e. form, and mercury associated with particles (HgP). Reac-

and ammonium are most likely higher at Pensacola Bay siteg, o gaseous mercury is usually deposited near the source

because these sites are much closer to emission sources&]‘the emission (Dvonch et al., 1998; Lin and Pehkonen

these C(_)nstituents than NADP s_ites, particularl_y two Florida1999), while elemental gaseous,mercu,ry has a residence tin’1e

NADP sites, FL14 and FL23, which are located in rural coun-n, o atmosphere of 1-2yr, thus deposition may be world-

ties far from major industrial activities. wide (Lindgvist and Rodhe, 1985). Reactive gaseous mer-
cury can be adsorbed directly onto plant and soil surfaces, as
well as associated with soot, fog droplets or rain drops (Lin
and Pehkonen, 1999).

Deposition of atmospheric constituents to land and water
surfaces occurs at a wide range of scales, from less than
a kilometer to hundreds of kilometers from the emission

Correspondence tol. M. Caffrey sources. Thus, airsheds encompass huge areas, usually 10
BY (icaffrey@uwf.edu) to 100 times greater than watershed area (Valigura, 2001).

tmospheric concentrations of many compounds including
itrogen, mercury, copper, zinc, sulfur, and polyaromatic hy-
drocarbons have increased since the industrial revolution due
to combustion of fossil fuels, industrial and manufacturing
processes and agricultural operations. Mercury emissions to
the atmosphere are primarily associated with coal burning
ower plants, industrial processes such as chlor-alkali pro-
uction, and waste incinerators (Pirrone et al., 1996; Pa-
cyna et al., 2005). Mercury in the atmosphere occurs in
different forms: elemental gaseous mercury {lgeac-
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Airshed boundaries are amorphous, dynamic and dependegion. Air quality in Pensacola Bay is affected by emis-
on regional weather patterns. Atmospheric deposition repsions from industrial sources, automobiles and other vehicles
resents a significant source of nitrogen and contaminantas well as other stationary area sources such as dry clean-
in many watersheds (Valigura, 2001). Between 50-90% ofers, gas stations, agriculture, and construction sites (FDEP,
the mercury load to US waters originates from atmosphericl1998). Industrial sources include a coal fired electric gen-
deposition fttp://nadp.sws.uiuc.edu/ Deposition of these erating plant, a paper mill, chemical and other manufac-
compounds onto land and water surfaces has a negative inturing companies. NQand SQ emissions are dominated
pact on plant and animal communities, ecosystem functiorby power generation, although automobile and other vehi-
and human health. Accumulation of toxic contaminants incles are also a large source of NOThe major source of
animal tissues can lead to reproductive failures. Toxic com-mercury emissions in 2005 was from Plant Crist, the coal-
pounds such as mercury, selenium and organic chemicals adired electric generating plant, which was estimated to re-
cumulate in food chains increasing human health risks wherease approximately 87 kg (EPA websitattp://www.epa.
fish or waterfowl are consumed. Currently, 42 states havegov/air/data/reports.htil Other mercury emission sources
mercury consumption advisories for freshwater fish whilein the Pensacola Bay watershed include coal-fired indus-
the Southeast and Gulf coasts have coastal fish advisorigsial boilers at the International Paper Plant (0.9 kg), med-
(http://nadp.sws.uiuc.edu/ ical waste incineration (0.0009kg) and landfills (0.018 kg)
The growth of monitoring networks (e.g. National Atmo- (T. Rogers, personal communication, 2009). Nearby Mo-
spheric Deposition Program (NADP)) since 1978 has pro-bile and Escambia Counties in Alabama have significant
vided an increasingly detailed picture on atmospheric deposources of mercury emissions, approximately 350 and 400 kg
sition at the national and regional level in the United States.respectively in 2002 http://www.epa.gov/air/data/repsco.
The National Atmospheric Deposition Program, which in- html?co~01053%200109¢¥Escambia%20C0%2C%
cludes the Mercury Deposition Network (MDN), is a na- 20Mobile%20C0%2C%20Alabama).
tional network of collaborating state and federal agencies that
collect data to examine long-term trends in atmospheric de-
position at regional scales. Regional and national trends pro-3 Methods
vide critical information necessary for determining policies
to improve air and water quality at the national level (Lynch
and Kerchner, 2004; Lindberg et al., 2007). However, in

Rain collectors were installed at 3 sites between November
and December 2004 (Fig. 1) for event based collection of

rder to imorove water litv at the watershed level. th rain samples. Rain samples were collected within 24 h of
order to Improve water quality at the watershed 1evel, e g . 1ain events using Aerochemetrics or Loda rain collec-

importance of local sources in addition to regional SOUTCESi51 devices. Buckets were modified to hold 3 bottles with
needs to be determined. Urban areas frequently have highelr

- fl I in the Florida At heric M t
mercury deposition than rural areas (Mason et al., 1997, eflon collars as in the Florida Atmospheric Mercury Study

(Landing et al., 1995). Duplicate Teflon bottles for mercury

Keeler and Dvonch, 2005; Keeler et al., 2006; Van Arsdale et : . :
. ' ’ S T ...__and trace metal analysis were deployed alon th a single

al., 2007), particularly areas downwind of coal-fired utilities ysis W ploy gw g

(White et al., 2009). In addition, sampling individual rain polyethylene bottle for pH and major ions analysis. Approx-

events provides a more detailed assessment of rain Compo imately 10% of the deployments had a single Teflon bottle
-VENts provides a mor : SSess rain cComposs, mercury and trace metal samples and duplicate polyethy-
tion that can be used for source tracking.

o . biecti lene bottles for pH and major ions. Trace metal results are
urprimary o je(_:tlve_was to measure mercury, trace met'reported in Landing et al. (2010). Sampling in 2005 was sus-
als and major ions in rainfall over annual cycles. We evalu-

. . _ Pended for 2 weeks by Hurricane Dennis because collectors
ated the temporal and spatial patterns in atmospheric deposwere removed from the sites to keep them from being dam-

tion by comparing the results_ among 3 s_ites in the Pensacolgged or destroyed.

Bay watershed and comparing them with data collected at

MDN and NADP sites along the Central Gulf of Mexico 3.1 Mercury analysis

coast. Our primary research question was what is the spa-

tial distribution of mercury, trace metal and nutrient deposi- Rain samples (in FEP Teflon bottles) were acidified after col-

tion in the Pensacola Bay watershed? Trace metal data atdection to 0.045 M HCI plus 0.048 M HN§) then placed in a

presented in Landing et al. (2010). low wattage UV digestion box for at least 48 h to completely
solubilize the collected Hg. The digested samples were an-
alyzed by CVAFS using EPA method 1631 using a Tekran

2 Study area 2600 Mercury Analyzer at Florida State University.

This research was conducted as part of the Partnership
for Environmental Research and Community Health in or-
der to understand the contribution of mercury and trace
metals from atmospheric sources to the Pensacola Bay re-
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3.2 Majorions and pH

’ | ( 5

. i 5 Mississippj1g22 “ Alabama ) coonia 7)
The pH of the samples was measured in the laboratory||; T YO BN mm—T .
% Louisiana -g\l - v E*‘*‘\ Florida ~(3) ——— 1

immediately following collection. The major ions, ni- || Rt o T
. ARG SO g + mDN
trate (NG;), ammonium (NI{), phosphate (Pﬁj), sul- \,,Xm\% o R4 ® NaDP
Do S T
fate (scj—), sodium (N&), chloride (CI), magnesium 22 © _NADPMDN

(Mg?™), calcium (C&"), and potassium (K) were mea-
sured in polyethylene sample bottles. Major ion analy-
ses were conducted using a Dionex DX500 ion chromato-
graph using EPA method 300.0 for anions and Dionex pro-
tocols (Application Note 14 http://www.dionex.com/en-us/
webdocs/4211-AN14V/15.pdf) for cations at the University

of West Florida. Phosphate, magnesium, calcium and potas;
sium were often below detection limits (0.03 mg/L jJO A\
0.02 mg/L M@, 0.04 mg/L C&",0.02 mg/L K"), so values Crist Plant
are not reported here.

A \olino

Pace
International. Paper

A
Ellyson

3.3 Calculations and statistics B
Sacred Heart Hospital

Rensacola
Deposition was calculated by multiplying the measured con-
centrations (grams per cubic meter) by the rainfall amounts
(meters per event), and are expressed as mass per square I
ter (per event). We tested for differences between sites, sea
sons and years using an Analysis of variation (ANOVA). The

seasons are winter (December, January, February), spring Bl FioSources
(March, April, May), summer (June, July, August) and fall A Sample Sites
(September, October, November). We used the event base|[o 3 & 12Km 1:300000(___Urbenfrezs

data to compare our three sites. A correlation analysis of

mercury and major ion deposition was performed on the datagjg 1 Map of Pensacola Bay showing sampling locations: Ellyson,
In addition, we compared our sites with Mercury Deposi- Molino and Pace. Mercury emission sources: Crist Plant, Interna-
tion Network (MDN) and National Atmospheric Deposition tional Paper, Sacred Heart Hospital medical waste incinerator. Inset
Program (NADP) sites in Northern Gulf of Mexico region map shows location of Mercury Deposition Network (MDN) and
(Fig. 1, NADP, 2009) using ANOVA to test for differences National Atmospheric Deposition Program (NADP) sampling sites
among sites. For this comparison, we summed our data ovetlong the central Gulf Coast.

the same weekly intervals as the NADP and MDN sites. The

level of significance equal or less than 0.05 was used for these

analyses. 4.1 Mercury concentrations in rainfall

The concentration of mercury was significantly higher in
low volume samples (Fig. 2). With larger storms, mer-

Over the course of this study from 19 November 2004 CUY concentrations were dilute$=0.26, p<0.001). A

through 2 January 2008, we collected 565 rain samples fronfimilar pattern was observed for sulfate and ammonium,
3 sites. These samples represent about 225 separate raifitile PH values were generally more variable in low vol-
events in the Pensacola Bay watershed. The amount of prélMe samples, with many samples less than 4 or greater
cipitation was not significantly different among the 3 sites, than 5.5 (data not shown). Mercury deposition showed
nor were there any significant inter-annual differences. How-NO site d|fferenges between the three .Ffensacola_Ba.ly. wa-
ever, seasonal differences were significant with the highef€'Shed sites (Fig. 3). Mercury deposition from individ-
volume rainfall events in the spring and fall and the lower Y@l €vents ranged between 13 and 2050 Righaent. There
volume rainfall during winter. Approximately 33% of the to- were §|gn|f|cant sea;onal differences. The highest mercury
tal rainfall occurs in the summer, 28% in the fall, 23% in the d€POsition occurred in the summer (4089.9 ng/n@/ev.ent)
spring and only 16% in the winter. compared to other seasons (fall 2888 ng/nf/event, winter
245+15 ng/nf/event, spring 33824 ng/nf/event). Interan-
nual differences were significant with the highest average de-
position in 2007 (400.7 ng/fevent) and the lowest in 2006
(286 ng/nt/event).

4 Results
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Fig. 2. Mercury (Hg ng/L) concentration versus the volume of rain (mL) collected in sample bottles at Pensacola Bay sites.

4.2 Precipitation chemistry (Fig. 5). As observed with the chloride deposition, sodium
deposition had no significant differences among the different

For each of the major ion deposition tHsulfate, nitrate,  sites, years or seasons. Average sodium deposition was 24.5

ammonium, chloride and sodium), we found no significantand values ranged from 0.2 to 938 md/avent.

differences among the 3 Pensacola Bay sites. There were ) ) _

significant seasonal differences intHnitrate and ammo- 4.3 Comparisons with MDN and NADP sites

nium deposition, but not sulfate, chloride or sodium depo-

sition. The highest M deposition occurred in summer and Mercury deposition along the Northern Gulf of Mexico was

the lowest during winter and fall (Fig. 3). Nitrate deposi- §|m|lar among MDN and_ Pensacola Bay s!tgs. There were no
tion was also significantly lower during the winter (16.5mg interannual differences in mercury deposition, although sea-

NO=/mZ/event) and fall (26.0 ma Ne&m2/event) compared sonal deposition rates were significantly different from one
to gpring (56)4 mg NQ(mZ/ever?t) g:j sumnzer (42 1mg another. As we observed with the Pensacola Bay data alone,

NOz/m?/event) (Fig. 4). The seasonal pattern in ammonjum>4Mmer deposition was significantly higher than _d_eposition
was the same as nitrate deposition with higher depositiorf"ind the other months.OSummer mercury deposition repre-
in the spring (9.2mg NifmZ/event) and summer (5.2 mg sented an average of 44% of the total annual mercury depo-
NH4/m2/event) and lower deposition during the fall (1.9 mg sition at these sites and could represent as much as 60% for

NHJ/m?/event) and winter (2.5 mg NiAm2/event) (Fig. 4).  S°M€ sites in some years. ,
4 ) ( g " ) (Fig. 4) Sites in Pensacola Bay area were often higher than NADP
The average sulfate deposition was 40.43mg

o . sites for H-, sulfate, nitrate, ammonium, chloride, and
SOy/m?/event and values from individual rain events

5 . sodium deposition. H deposition at Ellyson and Pace were
ranged frqtm tO.(Sj to 4.?.8 mg S‘gg /6ever:jt (Fl'g' 3)- Tr:jef significantly higher than at all other NADP sites, while de-
gvs rtil) gzsnsl L?geNglan(zs;ésgnvtvezlszig ' 4)anNi\t/r6;'?ee?jg?)r(])2ietionro osition at Molino was significantly higher than FL14 and
in 2007 (19.5mg N@m2/event) was significantly lower LA30. Sulfate deposition at Ellyson was significantly higher

than in 2005 (45.5mg Ngm?/event) or 2006 (43.2mg than all NADP sites; Pace was significantly higher than

NO+/m2/event). Ammonium d ition w bout 30 per NADP sites in Florida and Louisiana, while Molino was sig-
simiever ): onium deposition was abou per- nificantly higher than the NADP sites in Florida. Nitrate de-
cent of the nitrogen deposition (Fig. 4). Average ammonium

. osition at all Pensacola Bay sites was significantly greater
ﬂzp(;;:gﬁ;:ﬁs 4.35 and values ranged from 0.04 t0 46.3m han NADP sites. Ammonium deposition at Ellyson was
A .

) i greater than FL14 and FL23. Ammonium deposition at the
~ Chloride deposition had a larger range than the other manapp site LA30 was also greater than those at FL23. Chlo-
jor element deposition, with a few deposition exceeding ge deposition at Ellyson were greater than those at Molino
1000 mg/ri/event, particularly at Ellyson (Fig. 5). Thisis 5nq a1l NADP sites, while Pace was greater than the NADP
likely due to the accumulation of sea salt aerosols in rain-gjies in Florida, Louisiana and at AL02. Sodium deposition
water. The average chloride deposition was 58.76 and valy s significantly higher at Ellyson than at all NADP sites.

ues ranged from 0.6 to 2.070.m93’lwent'.' There were N0 pace also had significantly higher sodium deposition than at
significant differences in chloride deposition among the dif- 5| NADP sites except for AL24.

ferent sites, years or seasons. Sodium deposition also had a
large range and generally tracked the chloride concentrations

Atmos. Chem. Phys., 10, 5425434 2010 www.atmos-chem-phys.net/10/5425/2010/
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Fig. 3. Mercury (Hg) deposition (ng/?nlevent) (top panel), M deposition (mole/r?//event) (middle panel), and sulfate @O deposition

(bottom panel) (mg Sszlevent) at Ellyson (brown), Molino (orange) and Pace (green) between November 2004 and December 2007 for
individual rain events (left side). Box plot (right side) for each site, showing median, 25th and 75th percentiles (box boundary), 10th and
90th percentiles (whiskers), and outliers (circles).

There were significant seasonal differences in sulfate, ni5 Discussion
trate, ammonium and chloride deposition with sulfate, ni-

trate and ammonium having higher deposition in the Springthese results have shown that there were no significant dif-
and summer than the other seasons. Chloride deposition Wggrences in mercury deposition among our three sampling
highest in the fall. Inter-annual differences were significant gjtes or between our sites and MDN sites in the Northern Gulf
for sulfate and nitrate deposition with higher deposition in 5f mexico between 2005 and 2007. The mercury deposition
2005 and 2006 compared to 2007t Eind ammonium depo- 4t the Ellyson site, which is about 4.8 km away and generally
sition declined over the three years of observations. downwind of the Crist coal fired power plant (Fig. 1), was not
significantly higher than at the Molino site which is furthest
away from local mercury emission sources (24 km from Crist

www.atmos-chem-phys.net/10/5425/2010/ Atmos. Chem. Phys., 10, 54252010
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Fig. 4. Nitrate (NG; ) deposition (mg N@/m?/event) (top panel) and ammonium (Ijﬂjideposition (mg NH/m?/event) (bottom panel) as
in Fig. 3.

power plant and 14 km from International Paper). Our resultsenging of reactive gaseous mercury from the free troposphere
contrast with studies in Michigan and Maryland which found by tall convective thunderstorms, and the concentration of re-
higher mercury deposition in urban areas compared to rurahctive gaseous mercury by the sea breeze effect, where the
areas (Mason et al., 2000; Lawson and Mason, 2001; Landiurnal alternation of onshore and offshore winds can lead to
dis et al., 2002; Keeler and Dvonch, 2005) and those findinga buildup of pollutants in the air mass. In the Pensacola Bay
higher concentrations of mercury in rainwater close to coal-area, SQ levels increased as the sea breeze move urban air
fired utilities (White et al., 2009). We did observe seasonalmasses offshore and then back onshore (Chang et al., 2007).
differences, with the highest deposition rate during the sum-Keeler and Dvonch (2005) also observed strong seasonal pat-
mer at Pensacola Bay and MDN sites. Summer depositiorterns in atmospheric mercury deposition in Michigan with
at our sites and the nearby MDN sites represents about 43%igher deposition in the summer due to higher concentrations
of the total annual mercury deposition, similar to findings in of mercury in rain droplets compared to ice crystals that form
Maryland (Mason et al., 2000) and throughout the Southeasin winter. As with seasonal differences, inter-annual variabil-
(Butler et al., 2008). This contrasts with the FAMS study ity was not strictly driven by rainfall amount since the year
which found that summer deposition in south Florida waswith the highest rainfall, 2005, had an intermediate mercury
between 80-90% of total mercury deposition (Guentzel etdeposition rate.

al., 1995). Higher summer mercury deposition is not driven

by higher rainfall amounts, but by higher concentrations in The deposition of major ions (sulfate, chloride, nitrate,
the rain since the highest rainfall amounts are usually in thesodium, H", or ammonium) was similar among the Pen-
spring and fall. Several mechanisms leading to enhancegacola Bay sites and often significantly higher than NADP
mercury concentrations in rain during the summer includesites. The NADP sites in Florida (FL14 and FL23) often had

greater emissions associated with higher electricity use, scavhe lowest values of all the sites examined. This is consistent
with other studies that have shown higher deposition in urban

Atmos. Chem. Phys., 10, 5425434 2010 www.atmos-chem-phys.net/10/5425/2010/
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Fig. 5. Chloride (CI") deposition (mg/ri/event) (top panel) and sodium (Nadeposition (mg/rf/event) (bottom panel) as in Fig. 3.
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Fig. 6. Plot of the ratio of sulfate (Sg) and sodium (Na) deposition at Pensacola Bay sites between November 2004 and December 2007
(left side). The seawater mass ratios (0.2%34) is plotted as a dashed line. Box plot (right side) ofy3 by season.
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Fig. 7. Plot of Hg deposition (ng/?devent) versus M deposition (mole/r?{/event) (top panel) and Hg (ng?ﬁevent) versus sulfate deposi-
tion (mg SQ/m?2/event) (bottom panel).

settings (Elliott et al., 2007; Lohse et al., 2008). In particu- in the Pensacola Bay area. Sodium and chloride, elements
lar, stationary sources are a significant source of M@ich associated with sea water, were highly correlated((73,
results in high nitrate deposition in wet deposition (Elliott et p<0.001). About 21% of the rainfall events had Cl:Na ratios
al., 2007). The Florida NADP sites (FL14 and FL23) are near the seawater Cl:Na ratio of 1.79. However, chloride de-
much further from urban centers and major pollution sourcesposition were enriched relative to the seawater ratio in about
than either the Alabama NADP or our Pensacola Bay sites63% of the rain events, suggesting that there is another source
Pensacola Bay sites were not chosen by NADP criteria beef chloride in rainwater. The distance of the sampling site to
cause we were interested in capturing deposition from lo-the Gulf of Mexico determines how significant an effect the
cal sources. The Molino site is farthest away from pollution sea salt aerosols have on rain water composition. Sites that
sources in Pensacola, about 14 km from International Papeare further from the Gulf have lower average annual sodium
and 20 km away from the urban center, yet it still is high for deposition than those near to it (data not shown). There was a
sulfate and nitrate, which are often associated with fossil fuelsimilar pattern for chloride deposition (data not shown). Fifty
combustion. km was the distance where the line becomes asymptotic and

the sea salt effect is lost.
Sea salt aerosols are important in sequestering reactive

gaseous and particulate mercury in the Gulf Coast (Engle Element ratios are a useful tool for examining potential

et al., 2008). In this study, mercury deposition was signif- sources in rain water. Our samples were highly enriched in
icantly correlated with sodium deposition, however, the cor-some constituents relative to sodium. The sulfate to sodium
relation coefficient was quite low£0.22,p=0.02). Seasalt ratio was 4 to 100 times greater than seawater ratio (Fig. 6).
aerosols have a significant impact on chemistry of rain watetOnly 2% of the rain events had sulfate:sodium ratios near the
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