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EXECUTIVE SUMMARY

Mercury isanaturaly occurring substance that is present a very low levelsin ambient

ar asaresult of both natural and anthropogenic processes. In recent years, ultra- sengtive
techniques have been devel oped to measure and speciate mercury in ambient air and
ranwater, dlowing for the determination of tempora and spatid trendsin atmospheric
mercury. In 1995 the North Carolina Divison of Air Quality began measuring
atimaospheric mercury in eastern North Carolinawith the god of identifying locd and
regiond influences on air and water qudity. Early results from amonitoring Ste located

in Lake Waccamaw State Park suggested a possible relationship between fluctuationsin
atmospheric mercury and regiond anthropogenic mercury emissons.

In 1999 the Divison of Air Quality expanded its monitoring study to better understand
the factors affecting atmospheric mercury levels and the rdationship between mercury
emissons and air quaity in southeastern North Carolina. With assistance from the United
States Environmenta Protection Agency, two additiona sites were established in
Riegewood, NC, an industrid area located approximately 25 kilometers to the east-
northeast of Lake Waccamaw and home to severd mercury emisson sourcesincluding a
large pulp and paper operation and amercury cdl chlor-akai plant. Atmospheric
monitoring for tota gaseous mercury was carried out concurrently at the Riegelwood and
Lake Waccamaw locations during 1999 and 2000. The study aso involved chemical
gpeciation of elemental and reactive gaseous mercury during 2000 at one of the
Riegelwood stes. In addition, mercury was measured in weekly rainwater samples
collected from Lake Waccamaw and a second location in northeastern North Caroling, in
support of the national Mercury Deposition Network.

In this report we present data on atmospheric and rainwater mercury levels collected over
afive-year period between 1995 and 2000. We discussin detail our experiences with the
methods used to speciate and measure atmospheric mercury. In addition, we provide
observations on the behavior of amaospheric mercury, including the relationship between
elemental and reactive gaseous mercury species. Findly, we present the results of an
andysis of regiond mercury emission patterns that explores possible relationships
between indudtrid activities and regiond atmaospheric mercury levels. Meaningful
findingsindude

Total Gaseous Mercury:

- Datacollected during 1998 at L ake Waccamaw State Park suggested that
periodic spikes of total gaseous mercury exceeding 50 ng/nt were typicd for this
areaduring thistime, but atypica for such aremote/rura location.

On-gte meteorology identified a relationship between devationsin tota gaseous
mercury and winds originating from the east- northeest.

Beginning in early 1999, leves of amospheric mercury at Lake Waccamaw State
Park returned to typical “background” levels (1.5 — 2.0 ng/n?).

Reduced atmospheric levels of tota gaseous mercury were observed
smultaneous with the cessation of chlorine production at amercury cel chlor-



akai plant located approximately 25 kilometers to the east-northeast of Lake
Waccamaw State Park.

In Riegelwood, NC, measurements of atmospheric mercury included periodic
spikesin total gaseous mercury throughout 1999 and 2000.

Quarterly average total gaseous mercury levels during 1999 and 2000 were up to
166% higher at the Riegelwood monitoring locations versus coincident readings
from Lake Waccamaw State Park. However, average vaues appeared to decline
in Riegelwood over the course of this study and at one Site decreased by roughly
40% between 1999 and 2000.

Total gaseous mercury levels did not exceed 300 ng/nt (NC Acceptable Ambient
Leve and EPA inhdation RfC) at the Riegelwood sites for an extended period of
time, suggesting that hedlth risks from non-occupationd inhaation of mercury
were minima for loca citizens during the study period.

L ong-term continuous measurement of atmospheric mercury can be successfully
achieved, even a the exquisitdly low levels found in the amosphere. Datafrom
these types of studies can be used in combination with on-Ste meteorologica

data to identify possible source-receptor relationships.

Reactive Gaseous Mercury:

- Levesof amospheric reactive gassous mercury fluctuated sgnificantly in the
Riegelwood area throughout the last half of 2000.
Short-term increases in reactive gaseous mercury frequently occurred in tandem
with increases in ementa mercury when the monitoring site was downwind of
the chlor-akali plant and pulp and paper mill, suggesting that mercury emissons
included both elemental and reactive gaseous mercury.
In addition to source-related increases in reactive gaseous mercury, smaler scae
increases a o frequently occurred during afternoon hours, particularly on low
humidity days, suggesting anatura diel cycle for reactive gassous mercury.
Meteorologica conditions such aswind direction, precipitation, humidity and
temperature appear to affect ambient air reactive gaseous mercury levels.
New methods to measure and distinguish reactive gaseous mercury and e ementa
mercury performed well over extended periods of time; however, some
modifications to the instrument assembly may be needed to maintain gold trap
integrity over extended sampling periods.

Mercury in Precipitation:

- Mercury levelsin samples of eastern North Carolinarainwater vary widdy from
week to week but are comparable to MDN data from sites across the United
States.

Voume-welghted average rainwater mercury levels are consstently higher at

L ake Waccamaw than at a comparable site 150 miles to the north in remote
northeastern North Carolina (Pettigrew State Park).

Recent data from both sites during 1999 and 2000 suggest that mercury levelsin
precipitation may be declining in these areas. The most drametic drop occurred
between 1998 and 1999 at L ake Waccamaw State Park, when levels declined to
vauestypicad of the more remote location at Pettigrew State Park.



This study was successful in identifying long-term trends in atmospheric mercury ina
rura/remote environment thet is home to severd mercury emission sources. All lines of
evidence seem to suggest that significant improvements in regional ambient air mercury
levels were most closdaly associated with the shuttering of a mercury cell chlor-akdi
operation in Riegelwood, North Carolina. Current conditions at Lake Waccamaw State
Park appear to represent typica mid-|atitude northern hemisphere terrestrial
“background” conditions for total gaseous mercury. Conditionsin the industrid area of
Riegelwood, NC, have improved substantially but continue to show periodic elevationsin
both dementa and reactive gaseous mercury that suggests ongoing mercury emissions to
the air, and increased atmospheric loading of mercury to loca waterways.



INTRODUCTION

Background: Mercury in the Environment

Mercury isanaurdly occurring eement found in the earth’s crust that can be mobilized
into air and water through natural and anthropogenic processes. Mercury is continuoudy
cycled into the atimosphere by voldtilization from the oceans and the earth's surface but
periodic events such as volcanic eruptions and forest or peet fires act as natural sources of
mercury emissions as well. Evidence suggests that the historical biogeochemica cycle for
mercury has been dtered sgnificantly since the beginning of the industrid age, leading to
greater rates of transfer between the terrestrial, aguatic and atmospheric environments. It
is believed that manmade contributions to the atmospheric load of mercury have
increased deposition rates in remote areas by greater than two-fold since the beginning of
the 19™ century (Swain, Fitzgerald, et a). Anthropogenic sources of mercury emissions
include cod and fue il combustion, medical and municipa waste incineration, mining
activities, and manufacturing processes that involve large-scale use of mercury such as
mercury cell chlor-akali operations (USEPA, 1997a, 1997h).

Mercury exigsin the aamosphere in severd physicochemica formsincluding eementd
mercury vapor (Hg(0)), reactive gaseous mercury (RGM) and mercury bound to
particulate matter (Schroeder and Munthe). These species behave differently in the
atmosphere. Hg(0) is volatile, relatively non-reactive and insoluble in water and thus has
alonger atmospheric residence time and is subject to long-range transport. RGM and
particulate mercury are water-soluble and may deposit to land or water soon after
entering the aimaosphere. The mgority (> 95%) of airborne mercury isbelieved to exist in
the demental form. Smaler quantities of RGM and particulate mercury are aso present
a lower levels that vary depending on atmaospheric conditions and locd source
contributions (Lindberg and Straiton, Lin and Pehkonen). The primary chemica form of
RGM in the amosphereis believed to be mercuric chloride (HgCh).

Although RGM and particulate mercury exist in ambient air at much lower levelsthan
Hg(0), they are thought to have a much grester influence on loca deposition rates owing
to enhanced deposition velocity and increased water solubility. Mercury that entersinto
waterways through direct atmospheric deposition or runoff can become entrained in food
webs through a complex cycle of biotransformation, bioconcentration and
biocaccumulation. The magnitude of these phenomenais highly dependent on loca
ecologicd conditions aswell as the rate of depogition and delivery of mercury to affected
waterbodies. Ultimately, deposition of atmospheric mercury can give rise to elevated
levels of highly toxic methylmercury in fish, which in turn can lead to devated exposures
for those organisms that consume fish - including human beings. Many areas of the
United States are host to fish species with devated levels of methylmercury that could
prove hazardous to humans that consume them. For this reason, there has been an
increasing leve of interest in characterizing the environmenta impact of man-made
mercury emissonson local air and water quality.



History: Mercury in North Carolina

It has long been suspected that freshwater fish in the blackwater systems of eastern North
Carolinawould be prone to mercury contamination. In 1970 the Federd Water Quality
Adminidration issued areport on mercury pollution that mentioned mercury
contamination found in fish caught in the lower Cape Fear River basin (FWQA).
Subsequent reports documented fish mercury levels as high as 1.5 ppm and water
samples containing mercury a ten times the safe drinking water level (Gruson). Indugtria
discharges of mercury to local waterways and mercuria pesticide use were scrutinized at
that time, but no mention was made of amospheric contributions. Studies of mercury
levelsin eastern North Carolina peat deposits began to discuss the possible contribution
of atmospheric deposition of mercury to loca waterways (Evans). However, no
information was available on amospheric mercury trendsin the areas surrounding

eastern North Carolind s sengitive waterways, preventing a meaningful assessment of the
impact of airborne mercury on locd water qudity.

In 1992 the DEHNR Water Quality Section conducted an intensive fish mercury survey
in the vicinity of Lake Waccamaw, situated in the Lumber River Basin of southeastern
North Carolina

(Fig 1). Inthat

study, 60% of
largemouth bass
samplesfrom Big

Creck and the
Waccamaw River
were found to

contain mercury
levels above 1
ppm, the threshold
level for issuance
of fish

consumption
advisories
(NCDEHNR).
These findings
parked interest in
determining the

extent of ongoing

exposureto loca

fish consumers. In Figure 1: Southeastern North Carolina, including Lake

1993 the DEHNR Waccamaw and surrounding environs.
Environmenta

Epidemiology

Section, in conjunction with Brunswick and Columbus County Heglth Departments,
conducted a study to determine body burdens of mercury inindividuads resding in
Columbus and Brunswick Counties near the Waccamaw River (Smith). The data
unearthed a direct relationship between the extent of consumption of locd fish and



mercury body burdens. The average hair mercury leve for consumers of freshwater fish
(3.4 ppm) was over ten times the average leve for those that did not eat freshwater fish
(0.3 ppm). In addition, awide digtribution of hair and blood mercury levels, with values
ranging up to 33.5 ppm in hair, suggested thet both devated fish tissue mercury levels
and devated rates of fish consumption were present in this study population.

Shortly after the discovery of widespread mercury contamination in Lumber River basin
fish the DEHNR Divison of Air Qudity (DAQ) dationed monitoring insruments at
Lake Waccamaw and Pettigrew State Parks to measure mercury levelsin rainfall.
Measurement of mercury in rainwater can provide an estimated rate of atmospheric
deposition and loading to local waters. Lake Waccamaw is situated approximately

50 kilometers to the west of Wilmington, NC and 50 kilometers southeast of Lumberton,
NC. This Ste was chosen to represent generd amospheric conditionsin the lower
Lumber River Basin. The area surrounding Lake Waccamaw istypicd of theregion: flat
terrain with ubiquitous wetlands and waterways. Very little commercid or industria
activity takes place in the area immediately surrounding the park, population dengity is
relatively low and roadways are lightly traveled. The nearest town is Whiteville, NC,
located approximately 15 kilometers to the west-northwest of Lake Waccamaw.

Pettigrew State Park is in northeastern North Caroling, just south of the Albemarle
Sound. The areaimmediately surrounding this Site is smilar to the environment around
Lake Waccamaw: very lightly populated and devoid of sgnificant industrid activities
with flat terrain primarily used for agricultural purposes. On the basis of population
dengty, commercid and industrid activity and distance to urban activities, Pettigrew
qudifies as amore remote Site than Lake Waccamaw.

The Waccamaw and Pettigrew stations were amongst the earliest Sitesin the Nationd
Atmospheric Deposition Network’s Mercury Deposition Network (MDN). Composite
rainwater samples were collected and anadlyzed weekly for tota mercury content
beginning in late 1995.

Beginning in 1997, an automated mercury vapor anayzer was added to the Lake
Waccamaw monitoring Site. This instrument measured and recorded mercury levesin
ambient ar in 15-minute increments. The vast mgority of these readings showed tota
gaseous mercury (TGM) levels at or below 2 ng/n’, in the range of concentrations
considered “background” for thistype of ste (USEPA). However, fluctuations of
mercury vapor up to two orders of magnitude higher than background vaues were dso
periodicaly seen. Mercury data were matched to concurrent wind direction data to
illugtrate an association between eevated TGM and winds originating from the east-
northeast. This evidence suggested a fixed upwind source might be impacting
atmospheric mercury levels at Lake Waccamaw State Park.

Following thisfinding the DAQ emissions databases were studied to evauate regiona
mercury emission sources. A handful of sources exist in the area surrounding Lake
Waccamaw, including severd sgnificant sources near Wilmington, 50 kilometersto the
east of Lake Waccamaw. A variety of sources were identified including at least two



coal-fired dectric utility boilers, alarge municipa waste incinerator, severd large coa or
ail-fired indugtrid boilers, and a pulp and paper mill (Fig 2). By far the largest source of
mercury emissions was the HoltraChem mercury cell chlor-akali operation located in
Riegelwood, NC, approximately 25 kilometers east-northeast of Lake Waccamaw. The
facility reported dmost 1,300 pounds of mercury emissionsin 1998, over three timesthe
amount of the second largest source, the New Hanover Waste-to- Energy municipa waste
incinerator located outside Wilmington (1998 emissons: 362 pounds). The location and
quantity of mercury released suggested that the HoltraChem plant in Riegelwood could

be sgnificantly influencing regiond levels of aimospheric mercury, causng dramatic
changes even at a distance of 25 kilometers from the source. However, with just the data
from Lake Waccamaw it could not be ruled out that other regiona emission sources were
responsible.
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Figure 2: Eastern North Carolina mercury emission sources with 1999 reported
emissions (refer also to Table 11 on page 81 of this report).

Study Design and Purpose

To better define the cause of spikesin atmospheric mercury, the DAQ proposed to
expand its study to include saverd additional monitoring locations in the Cape Fear River
Basin. The objective was to generate data from these sites that would help to better define
the role of multiple sources and determine the magnitude of effect at shorter distances
from amagor source of mercury emissons.




In 1998 the chlor-akdi plant reported plans to convert its mercury cdll chlorine
production process to a membrane process. The membrane processis preferable because
it ismore energy efficient and diminates the use of mercury (USEPA, 1997b).
Representatives from the DAQ and the North Carolina Department of Health and Human
Services (DHHYS) contacted plant representatives to request permission to Situate mercury
vapor monitors on facility property during the conversion process. DHHS representatives
were concerned that the processing and remova of immense quantities of mercury might
lead to releases of mercury vapor sufficient to cause toxic exposures for workers or
nearby resdents. Plant officias declined to dlow monitoring instruments on-site but the
DAQ subsequently identified suitable monitoring locations in the immediate vicinity of

Figure 3: Aerial photograph of Riegelwood, North Carolina

the chlor-akali and pulp and paper mill industrial complex, and in early 1999 set up two
monitoring stations within one mile to the southeast and southwest of the chlor-akdi
plant (Fig 3). Despite the close proximity, the Sites differed subgtantidly. The
Riegelwood Bdlpark ste was located in a clearing at the edge of a county park, just
beyond the right-field fence of abaseball field at the intersection of NC 87 and
Riegelwood Plant Road. The Site was located directly across from the main entrance to
the pulp and paper mill and provided a relaively unimpeded view to the industrid
complex. To the east, west and south of this area are residential and open spaces. Some
commercid structures were located near the Site at the same intersection, including agas



gtation across NC Highway 87. Traffic near the Site was moderate to heavy and
continuous. The Riegdwood Hynn Ste was placed in afdlow plot of agricultura land,
surrounded by open space and athick stand of trees 100 meters to the north, west and
south. The surrounding areaiis rura and very sparsely populated. Access to the Ste was
provided by adirt road that received little or no daily traffic. No view of theindugtrid
complex was provided due to the trees surrounding this Ste.

The ingtruments stationed at the Riegelwood sites were identicd to the instrument at

Lake Waccamaw and were capable of providing continuous monitoring of TGM. Both
gtes were aso equipped with sufficient instrumentation to provide on-Site meteorologica
information including wind speed and direction, temperature and humidity. The origind
mercury vapor monitor a the Riegelwood Hynn site was provided on loan from USEPA
Region 4 but had to be returned in January of 2000, leaving only one Riegelwood Site
operationd. In late 1999 the DAQ petitioned the USEPA for funding under the Persistent
Bioaccumulative and Toxic (PBT) Chemicd Program to help support along-term study
of atmospheric and fish mercury trends in the Lumber River Basin. In May of 2000, the
EPA committed $47,900 in PBT funds to alow for procurement of amospheric
monitoring ingrumentation and supplies for ar and fish monitoring. This dlowed for
reinstatement of total gaseous monitoring &t the Riegelwood Hynn Stein the third

quarter of 2000 and freed up Department funds for the purchase of an annular
denuder-based mercury speciation unit to be sationed at Riegelwood Bdlpark. The
gpeciation system alowed for continuous concurrent monitoring of both Hg(0) and RGM,
providing important informeation on the speciation of mercury during both "background”
and highly devated readings. This type of information could then be used to assess the
extent to which spikesin TGM could be contributing to off-Ste deposition of mercury
into the surrounding environment.

DAQ's objectives for the expanded study included: 1) assuring that the public was not
being exposed to dangeroudy high levels of mercury in ambient air, 2) determining the
impact of the conversion process on local atmospheric conditions, and 3) determining
whether the chlor-akali operation or another source was responsible for atmaospheric
mercury fluctuations in the Lumber River Bagin. It was envisoned thet this effort would
last throughout the chlor-alkali conversion process. The DAQ aso committed to maintain
mercury vapor monitoring at Lake Waccamaw for the duration of this study. The
continued collection of data from this Ste was deemed critical to gain afull

understanding of the "before and after” effect of the converson process at the chlor-akdi
plant. If in fact that facility was responsible for the historical pesksin TGM at Lake
Waccamaw then halting the active use of mercury might result in areturn to background
conditions & this Ste. Alternatively, if another source was primarily respongible or if
documented leves represented normd variability for this region, then those conditions
might be expected to persist.

Additiondly, the DAQ committed to continue rainwater measurements at both North
CarolinaMDN sites. Data from previous years showed that rainwater mercury levels at
Lake Waccamaw were consstently higher than a Pettigrew State Park. It is plausble that
some of the same phenomena that had been contributing to sgnificant fluctuationsin



gaseous mercury at Lake Waccamaw could aso be contributing to greater concentrations
of mercury in locd ranwater. If so, changes that might result in decreased atmospheric
levels of mercury might dso contribute to decreased levelsin rainfal.

This report presents information on the following parameters. 1) weekly and annud
measurements of mercury wet deposition and rainwater mercury concentrations from
both MDN sites between 1995 and 2000, 2) continuous measurement of TGM at Lake
Waccamaw between 1997 and 2000, 3) measurement of TGM at both Riegelwood
monitoring locations during extended periods of both 1999 and 2000, and 4) speciation of
amospheric mercury at the Ballpark site during 2000.% In addition, we present extensive
information on regiona mercury emission patterns and a detailed accounting of chlor-
akai plant activities during the sudy period. Many of the monitoring instruments chosen
for this sudy are cutting edge and as such a considerable amount of time and effort was
spent refining methods to improve instrument performance. Detalls from these
experiences are provided herein and will aid others using these methods to speciate
atmospheric mercury. Some very important insghts into the behavior of RGM and TGM
are discussed and some of these findings may have a bearing on the design of future
studies to measure and speciate gaseous mercury in ambient air. We consdered this study
both a learning experience and a success. Our experiences and findings will aid us and
othersin better understanding the environmental impacts of mercury emisson sources

and geps that can be taken to improve air and water quaity in the future,

! This report does not detail progress on fish monitoring studies, which will continue to take place for at

least another year and will be discussed in separate communications.
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MATERIALS AND METHODS

Site Characteristics

All monitoring stations were Stuated in clearings surrounded on al Sdes by at least 10
meters of open space. The steswere dl placed on level ground and were surrounded by
flat terrain typica of North Carolina's eastern coastal plain. Sites were designed to
conform to EPA giting criteria to the maximum extent feasible (40 FCR Part 58,
Appendix E). Specific details for each Site are presented below.

Lake Waccamaw

Lake Waccamaw State Park is stationed along the southeast shore of Lake
Waccamaw, a shalow, pH neutra water body 25 kilometersin circumference. The
area around the park islightly populated and surrounded by pine forests and the
Green Svamp. Vigtor treffic is generdly light, especidly during the winter months.
The monitoring equipment was placed in an isolated grassy clearing within a section
of pineforest. Soils on site were sandy and representative of the area. Natura
vegetation in the clearing was generdly dlowed to grow unhindered athough
periodic trimming with a gasoline- powered weed-whacker was carried out during
spring and summer months. Lake Waccamaw was not visible from the ste, dthough
it was within aquarter mile to the west. A maintenance building and park restroom
were located approximately 100 meters to the south and west of the Site, respectively.
A small parking areawas |located approximately 100 meters to the north.

Figure 4: Mercury monitoring Figure5: Mercury wet deposition station,
building, Lake Waccamaw State Park. Lake Waccamaw State Park.
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The mercury vapor monitor and rainwater collection systemns were stationed within
10 meters of each other in the forest clearing. The mercury vapor monitor was
enclosed in a climate-controlled stand-aone building approximatdly 4 feet in width, 8
feet in length and 8 feet in height (Fig 4). The interior temperature was maintained
between 20 and 30 degrees centigrade usng awal-mounted climate control system.
Electrical power was provided by tapping into a nearby fixed power source. In
addition to monitoring instrumentation, consumable supplies including gas cylinders
were kept indde the buildings and replaced as needed. All equipment for collection
and andyss of rainwater
mercury was stored within
a 12 by 10 foot fenced
enclosure (Fig 5).

Pettigrew Sate Park
Located on the northeastern
shoresof PhelpsLakein
northeastern North
Caraling, Pettigrew State
Park boasts a mix of
deciduousforests, grassy
fidds and wetlands (Fig 6).
The areas around the park
arevery sparsdy
populated. The primary
commercid activity in this
region appearsto be Figure 6: Phelps Lake and surrounding area.
agriculture. The Eagt

Disma Swamp and the 111,000 acre Pocosin Lakes Nationd Wildlife Refuge lieto

the west and south of the park, repectively. The lakeitsdf is uniformly shalow and
dightly larger than Lake Waccamaw. Between 1995 and 2000, the MDN site at
Pettigrew State Park was stationed
adjacent to a clearing that served asa
storage area for recreationd supplies
such as canoes and small motorboats.
Access was provided by a paved road
thet recaived very little dally traffic.
The rainwater collection equipment
was contained within afenced
enclosure gpproximately 10 x 10 feet
indimenson (Fg 7). During an

MDN site audit conducted in 1999,
ingpectors identified severa concerns
with Ste characteridicsincluding
encroaching vegetation and a nearby
waste dumpster (NADP).

Subsequently, the Pettigrew MDN

Figure 7: Mercury wet deposition station,
Pettigrew Sate Park.
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Stewas moved to anew sitein the nearby Pocosin Lakes Nationd Wildlife Refuge
(Fig 8). The new location offered severd advantages including restrictions on public
access, open clearings for severd milesin each direction, and close proximity to the
previous site dlowing for continuity of data. Loca vegetation a the new site included
grasses and shrubs, rardly exceeding 10 feet in height. Soils were porous and damp
and highly organic. Monitoring equipment was placed on elevated wood platformsin
afenced enclosure in conformity with MDN standards (NADP, 1997). Monitoring

from this location commenced on October 3, 2000.

Figure 8: MDN site at Pocosin Lakes National Wildlife Refuge

Riegelwood Flynn

The Riegelwood Flynn site was Sationed in a
field surrounded on three sides by mature and
densely populated stands of deciduoustrees. The
historical use of the surrounding land was
agricultura but the fids remained fdlow for the
duration of this study. Soils on site were generdly
less sandy than surrounding areas. An unoccupied
house was located approximately 50 meters to the
east of the sampling station. The Cape Fear River
and surrounding wetlands were located within a
kilometer to the north. Access was provided to the
ste by alightly traveled dirt road that served
severd resdences within amile to the esst.

Figure 9: Riegelwood Flynn
mercury monitoring site.
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The mercury vapor monitoring system was housed in a dimeate-controlled stand-aone
building approximately 4 feet in width, 8 feet in length and 8 feet in height (Fig 9).

The interior temperature was maintained between 20°C and 30°C using awal-
mounted climate control system. Electrical power was provided from a nearby fixed
power source. In addition to monitoring instrumentation, consumable supplies
including gas cylinders were kept insde the buildings and replaced as needed.

Riegelwood Ballpark

The Riegelwood Ballpark site was
positioned at the edge of a county park,
just beyond the right field fence of a
community baseball field (Fig 10). The
Stewasimmediately adjacent to a
highway intersection that experienced
moderate traffic, especidly related to
delivery of wood products to the local
pulp and paper mill. A reatively
uninhibited view of the pulp mill was
avallable from the monitoring Ste.
Immediately to the north of the Stewasa
gasoline service tation. On the opposite
corner wasasmall fire sation. Acrossthe
park entrance to the east of the Site was
lightly wooded open space leading into a
resdentiad subdivison that extended for
severd milesto the east and south. To the
west of the Site lands were very sparsdly

gfozma;ﬁg f‘nd pharageriéed by amixtu(rje Figure 10: Riegelwood Ballpark
ry Tl tefran, wetiands, svamps an mercury monitoring site.
openrivers.

Instruments at Riegelwood Balpark were housed in a tow-aong trailer gpproximately
6 feet in width, 12 feet in length and 6 feet in height. The interior temperature was
maintained between 20°C and 30°C using a ceiling-mounted dlimate control unit.
Outside access to the trailer was controlled through the use of a 10 x 12 foot locked
fence.

Analytical Instrumentation and Oper ating Procedures

Mercury Vapor Analyzer

Continuous measurement of TGM was carried out using Tekran Moded 2537A
mercury vapor andyzers (Fig 11; Tekran, 1999a). These instruments alow for
sub-ng/n andlysis of mercury in air by first trapping mercury vapor passed over an
ultra- pure gold adsorbent, then thermally desorbing the trapped mercury for
measurement by Cold Vapor Atomic Fluorescence Spectrometry. The reported
detection limit for thisinstrument is 0.1 ng/n™, far below norma ambient air mercury
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levels (Tekran 19994). The dud cartridge design alowed for continuous monitoring
by dternating mercury sampling and desorption/measurement. Ambient air was
drawn through ¥4 inch heated Teflon tubing containing two 0.2 mm particulate filters
in the sample line. The instruments were programmed to provide mercury
measurements every 15 minutes at Lake Waccamaw? and every 5 minutes at both
Riegewood sites. The sample flow rate was set a 1.5 L of air per minute. Mercury
measurement was carried out continuoudy, except under unusud circumstances such
asingrument failure, power outages or hurricane conditions.

Figure 11: Tekran 2537A Mercury Vapor Monitor.

Instrument housing at each sSte is described above. Sample lines were fed through
ports located in the ceiling or Sides of the structures. TGM sample intakes were
positioned a a height of gpproximately three meters above ground, away from the
roof of the buildings. A detailed SOP document is included as Attachment 1.

Mercury Speciation Unit

Continuous measurement of RGM and Hg(0) was carried out using a Tekran Modd
1130 Mercury Speciation Unit. The mercury specigtion unit is a front-end unit that
dlowsthe Tekran 2537A to "smultaneoudy monitor and differentiate between
elementa and reactive gaseous mercury species’ (Fig 12; Tekran, 1999b). The
ingrument collects RGM species by pulling ambient air through a K Cl-coated quartz

2 Five minute measurements of TGM were obtained at L ake Waccamaw for a brief period between July 17
and August 1, 2000.

15



denuder which, after a predetermined sampling period, is then heated to liberate RGM
captured on the denuder surface as Hg(0). This mercury is then ddivered in zero air
to the andytica insrumentation for measurement by cold vapor atomic fluorescence
gpectrometry. While ambient air is being pulled through the denuder, Hg(0) passes
freely through the denuder and through the sample line to be captured on the gold
traps and then andlyzed following therma desorption. Full instrument description can
be found elsewhere (Tekran, 1999b).

The mercury speciation unit was mounted vertically on a platform atop a Wells Cargo
sted structured trailer (Fig 13). The intake was located at a height of gpproximately
3.5 meters above ground. The denuder system was located in a weatherproof,
temperature-controlled enclosure. An insulated sample line extended from the
enclosure through the front wall of the trailer and into the system pump. A 1.0 nm
quartz filter was ingdled a the intake of the sample line. The configuration of the
mercury vapor andlyzer ingde the trailer was identica to specifications described
above.

Figure 13: Riegelwood
Ballpark speciation unit

. _— . configuration.
Figure 12: Tekran 1130 Mercury Speciation Unit. 'gurat

Annular denuders were provided by URG Corporation. Denuders were acid washed
with concentrated HNO3 and rinsed with double distilled weter. Treated denuders
were then thoroughly soaked in a saturated K Cl solution and immediately heated for
60 minutes at 550°C in atube furnace. KCl coated denuders were delivered to the
field weekly, as described in the study quality assurance project plan (DAQ). All
laboratory and field procedures were carried out using utmost care not to contaminate
the surfaces of andytica instrumentation. Powder-free latex gloves were used &t dl
times during instrument maintenance.

16




The mercury speciation system was programmed to provide continuous reedings for
Hg(0) every five minutes using aflow rate of 10 L/min ar across the denuder and
1.0 L/min air to the mercury vapor anayzer. After two hours of sampling the ambient
ar intake was halted, the denuder was heated liberating captured RGM, and zero air
was flushed through the system at gpproximately 7 L/min dlowing for ddivery of
Hg(0) to the gold cartridge trap. Calculated concentrations for RGM therefore
represent 2-hour averages while Hg(0) readings represent 5-minute vaues. Each
desorption and andyss cycle for RGM lasted 40 minutes.

Precipitation Collection Systems

Therainwater collection
systems are modified
Aerochem Metrics, Inc.
Mode 301 samplers
designed such thet the
sample contacts only
glass surfaces to
minimize trace metd
contamination (Fig 14).
Precipitation was
captured in aglass funnd
and delivered to atwo-
liter acid-washed glass
bottle. The sampler was
equipped with a

preci pitation sensor and
motor-activated lid that
opened during rain
events. The temperature

-
w
.
h. =

Figure 14: Aerochem Metric rainwater sampler at
Pocosin Lakes MDN site.

inside the sampler was kept between 40°F and 60°F during winter months to facilitate
melting of snow caught by the collector. During the remainder of the year, the
temperature indde the instrument was maintained to reflect externd conditions. A
thermometer was present ingde the insrument and minimum and maximum

instrument temperatures were recorded weekly. A Belfort rain gauge was dso
maintained on Ste to record timing and depth of precipitation.

Sample handling was conducted using clean techniques. Personnel wore powder-free
vinyl gloves during dl indrument and sample handling. The indrument was
approached from downwind to prevent windborne contamination. Collection
materids (funnel, bottle, and associated parts) were retrieved without alowing
contact with the ingrument enclosure. All samples were sedled in zip-lock bags and
sent to Frontier Geosciences (Sesttle, WA) for andyss of total mercury content.

Sample analysis was carried out at Frontier Geosciences clean laboratory using EPA
Method 1631, Revison B: Mercury in Water by Oxidation, Purge and Trap, and Cold
Vagpor Atomic Fuorescence Spectrometry. This method alows for an exceptionally
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low level of detection (MDL = 0.05 ng/L) and is the preferred method for
determination of tota mercury in water samples (Federal Register: June 8, 1999.
Volume 64, Number 109).

All sample andyses were carried out to the specifications of the Mercury Deposition
Network standard operating procedures (Frontier Geosciences). A full Standard
Operating Procedures document for Mercury Deposition Network activitiesisaso
provided as an attachment to this report (Sweet; Appendix 2).

Meteorology
All study sSites except the Pettigrew State Park Site were equipped with instruments

designed to characterize on-site meteorologica conditions. Climatronics model
CS800-L anemometers were used &t the Riegelwood sites and an RM 'Y oung mode!
05305 anemometer was employed at the Lake Waccamaw Site. Temperature sensors
were manufactured by Campbell Scientific (model 107-L). A Vaisdabrand
temperature and humidity sensor (moddl HMP45AC) was stationed at the
Riegelwood Bdlpark site during mercury speciation studies. Campbell Scientific
CR-10 and CR-10X dataloggers were used at dl gtes to store meteorologicd data
on-gteat intervals of 5 minutes, 15 minutes, 1 hour and 24 hours. The systlems were
programmed to collect meteorologica information over the same timeframe as
mercury data. The field operator downloaded meteorological data onto a laptop
computer at the Site.

The meteorological stations deployed in this sudy were located in level, open terrain.
All measurement equipment was placed at a height of 6 meters above ground &t the
two Riegelwood sites and 20 meters above ground at Lake Waccamaw. The Lake
Waccamaw station was attached to a pole Situated in awooded areg, at least 5 meters
above treetop level. No Ste was located on concrete or asphat, which might affect
temperature readings.

Consumables

Study consumables included routingly utilized chemica reagents, carrier gases and
particulate filters. The laboratory manager inspected al reagents upon receipt to ensure
that they were of the highest, Hg-free grade available. Ultra-high purity nitric acid was
used to regenerate gold trap cartridges. Fisher Brand activated carbon, 6 — 14 mesh was
used in the zero-air generation unit. All chemica reagents were labeed for mercury study
use only and stored in secured laboratory cabinets.

All gas cylinders, including Holox brand pressurized argon and nitrogen, were ingpected
before use to verify ther ultra-high purity satus. All Teflon and quartz filters were
routingly replaced with filters that meet the specifications of those provided by Tekran,
Inc. All instrument maintenance was carried out using powder-free latex or vinyl gloves
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Quality Assurance and Quality Control Procedures

Mercury Vapor Analyzers

The Tekran modd 2537A is equipped for two methods of cdlibration: manud
injection and automatic permestion source injection. Source caibrations were
performed automatically every 25 hours without user intervention. Manud
cdibrations were conducted semi-annually and between sampling interruptions for
the purpose of verifying the permeation rate of the internal permestion source.

Manual Injection Calibration

The mercury vapor for manua injections was obtained from a Tekran mode 2505
Mercury Vapor Cdlibration Unit, which "provides an accurate and reproducible
means of injecting aknown quantity of Hg(0) vapor into any andyticd sysem”
(Tekran 1997). Before performing this verification, the zero-air source was split
and fed into the sample inlet at the back of the 2537A. Verification was achieved
with agas-tight Hamiltora Digitd Syringe by making a series of manua

injections from a Tekran Mode 2505 Calibration Unit on each channd of the
Mode 2537A. Theinjection syringe was cdlibrated annually by the manufacturer
pursuant to MIL-STD-45662, with an unbroken chain of cdibrations tracegble to
Nationa Ingtitute of Standards and Technology (NIST).

With zero-air feeding the sample inlet, the instrument was run in continuous run
mode for severd cyclesto establish azero-air basdine. Then, saverd automeatic
cdibrations were performed using the interna permesation source. The system was
then returned to continuous run mode and zero-air basdine established again.
With the instrument still running in continuous mode, a series of manua

injections were made, at least five on each channd, through the 2537A's front
pand injection port. The anayzer's response to the automatic injections (a ) was
then calculated as follows:

a (arealsec) = _(average SPAN area - average ZERO areq)
activation time of the permeation source

The andyzers response to the manud injections (b) was cdculated asfollows:

b (arealpg) = (average areafrom manud injections - average ZERO areq)
average pg of Hg injected

The permestion rate in pg/sec was then caculated by dividing a/b. The
permestion rate cal culated from the manud injections should not differ from the
rate being used by the analyzer by more than 5%.

Manua cdibrations were carried out prior to instrument deployment and

following remova from thefield. Manud injections were aso performed during
some troubleshooting exercises.
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Automatic Permeation Source Injection

Permestion source injections were programmed to occur automeaticaly every 25
hours, without operator intervention, on the Modd 2537A mercury vapor
andyzers. Full source cdibrations conssted of a*clean”, "zero", and "span” on
each sampling cartridge. If the span area percent difference exceeded 5%, dl data
surrounding the failing calibration, outward to the previous and subsequent

passing cdibrations were flagged as questionable and were excluded from
datistical anadyses of the data. A benchmark of 10% was used for speciation data,
which was more prone to span area differences of greater than 5% due to sporadic
cartridge contamination possibly caused by release of interfering materials from

the annular denuder. Corrective actions were taken only periodicaly during this

sudy and usudly conssted of zero-air system flushes.

Cartridge Integrity

Ambient air pollutants such as H»S have been known to contaminate (" passvate”)
the gold cartridgesin the Modd 2537A. This passivation of the cartridges can
cause the mercury measurements made from each cartridge to dowly drift gpart.
This phenomenon is best detected during long periods of basdline activity.
Generdly one channel will always report alower concentration than the other,
giving abi-moda pattern when plotted. If over aperiod of at least ten
consecutive readings (5 on each channd) the mean concentration of each channd
differs by more than 10%, the cause was identified and corresponding data were
flagged. Condgtent problems with cartridge integrity were not encountered
during the main part of the sudy; however, during the first phase of mercury
gpeciation cartridge passivation may have occurred. A sodalime trap was
inserted into the sample line to prevent recurrence of passivation. This method is
described in greater detall, below.

Sample Volume

Accumulation of water vapor in the sample linefilter housng may lead to sample
volume inaccuracies. The accuracy of the recorded sample volume was checked
by measuring the flow rate a the sample-line inlet with a certified low-flow meter
(0-2000 mi/min). Once an accurate flow rate was determined, this number was
then multiplied by the sampling time to get the sample volume. This measured
volume should not differ by more than 2% from the volume reported by the
andyzer. In addition, the reported sample volumes were monitored to ensure that
sample line obstructions or pump problems were not present. If sample volumes
deviated from their expected vaues by more than 2%, the cause was identified
and corrected. Sample volumes were verified a the outset of the sudy and
immediately following pump failure and replacement. On one or two occasions
during the study, sample volumes may have been affected by water vapor in the
sampleline. This Stuation was resolved by cleaning and heeting the sample lines.
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Sample Line Verification

Sample line verification was achieved by checking the line for legks,

contamination and mercury scavenging. During these tests, afew plumbing
changes were occasiondly required. A 1/4" nylon teewas inserted in the line
from the zero-air source. One end of the tee was then inserted to the zero-air inlet
at the back of the 2537A, leading into the sample-lineinlet. A manud valveand a
manual injection port were then inserted into the portion of the zero-air line that
leads to the sample-lineinlet.

Using the modification outlined above, alesk check of the entire sample line and
internd valve assemblies was performed. While the instrument was running in
continuous mode on channd A, the manua valve was closed off and the flow rate
was observed to drop below 0.05 liters/minute on the Model 2537A display pandl.
The valve was then opened again so as not to strain the pump for the entire
sampling period. This procedure was then carried out on channel B at the next
line switch. Anidentical closed-line flow rate for each channd was targeted. If
leaks were detected between the back of the instrument and the valve, or in the
vave assembly, they were isolated and sedled.

Problems with sample line integrity were not encountered during this study,
dthough ingrument sample line a Riegelwood Balpark was flushed with dilute
nitric acid during troubleshooting exercises related to suppressed Hg(0) readings
encountered during mercury speciation measurements.

Contamination Check

The entire sampling train was tested for mercury contamination by supplying zero
ar to the samplelineinlet before any filters were replaced. With the plumbing
changes mentioned above, the manud vave was opened to supply zero air to the
samplelineinlet. The ingrument was then set to run in continuous mode and
alowed to run through at least two complete sampling cycles on each channdl.
The area counts were confirmed to fal to very low levels. If they did not or fell
very dowly, contamination was suspected. All possible contamination sources
were checked and repaired, as necessary. This test was repeated after corrective
actions were taken.

Mercury Speciation Unit

Because the speciation unit is a front-end attachment to the Tekran 2537A andytical
instrument, most QA/QC procedures are carried out cons stent with the methods
described above. However, severa additiona methods were deemed necessary to
ensure proper instrument performance. For example, additiond leak checks were
necessary at connection points between the denuder assembly, the sample line and the
andytica ingrument. Flow rates were d o verified with a Dry-Cal flow meter at the
denuder inlet during instrument setup and breakdown. Finaly, the Site operator
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monitored the heating of the denuder during sample desorption to make sure the
temperature sensor read 500°C.

MDN and Rainwater Collection Systems

Most quality control procedures related to rainwater mercury analysis were carried
out in the analytical laboratory and not in the field. Those procedures are described
elsawhere (Welker). Some procedures were carried out to ensure proper instrument
performance. For example, the bucket sampler was periodicaly tested using standard
weight sandbags to verify the senstivity of the precipitation recorder. Performance of
the precipitation sensor and motor activated lid was checked weekly as part of the
sample collection procedure. The Site operator recorded notable events on the weekly
MDN sample forms.

Meteorology
Toxics Protection Branch SOPs for instrument maintenance were devel oped and

followed throughout the study (Appendix 3). Each week the field operator conducted
visua ingpections of the meteorologica equipment and reported al noteworthy
observations in the site logbook. Calibration of meteorological equipment was
performed by the manufacturer and completed prior to ingdlation. Audits of al
meteorologica equipment were o carried out during any period when ingruments
were removed from the field.

Vdidation guiddines for meteorologica parameters are provided in On-Ste
Meteorological Program Guidance for Regulatory Applications (US EPA, 1987) and
are summarized below.

Wind speed - 1) lessthan O or greater than 25 m/s (56 mph), 2) does not vary by 0.1
m/s (2 mph) for 3 consecutive hours, 3) does not vary by 0.5 m/s (1.1 mph) for 12
consecutive hours.

Wind direction- 1) lessthan 0° or greater than 360°, 2) does not vary by more than 1°
for more than 3 consecutive hours, 3) does not vary by more than 10° for 18
consecutive hours.

Temperature - 1) greater than the loca record high or isless than the locd low on a
monthly average, 2) is greater than a5°C (9°F) change from the previous hour , 3)
does not vary by more than 0.5°C (0.9°F) for 12 consecutive hours.

Some meteorologica data was re ected during the study due to non-concordance with
the timing of the mercury data or due to errorsin the data logger program.
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Data M anagement

Mercury Vapor Analyzers

Andytica datafrom the Tekran 2537A unit was stored in ASCI| text files and saved
on acomputer hard drive located at the sampling Sites. Information stored included
identification of sampling date and time, sample type, channdl, pesk gatus, units
factor, adsorption time, sample volume, basdline voltage, basdine deviation voltage,
maximum voltage, peak area, and average mercury vapor concentration. TGM
concentration was cal culated and presented based on area vaues and total sample
volume. Periodic cdibration outputs (conducted every 25 hours) performed on zero
air and permesation source air aso agppeared on data outputs (Fig 15).

Dat e Ti me Type C Stat AdTim Vol Bl Bl Dev MaxV  Area ng/ n8
99-10-10 09: 05: 00 CONT A OK 0 300 7.50 0.115 0.115 0.132 68885 1. 868
99-10-10 09:10: 00 CONT B XK 0 300 7.50 0.115 .088 0.131 69160 1.910
99-10-10 09:15:00 CONT A K 0 300 7.50 0.115 .081 0.133 73102 1.982

99-10-10 09:20:51 CLN A NP 0 0 .00 0.115 0.113 .000 0 0.000
99-10-10 09:24:27 CLN B XK O 215 5.46 0.115 . 063 0.117 2448 0. 000
99-10-10 09:27:11 ZEROA NP 0 300 7.48 0.115 0.125 .000 0 0.000
99-10-10 09:32:11 ZEROB NP O 300 7.50 0.115 . 099 .000 0 0.000
99-10-10 09:37:11 SPANA KX O 300 7.50 0.115 .098 0.249 566495 15.776
99-10-10 09:42:11 SPANB X O 300 7.50 0.115 .060 0.229 556231 15.776
99-10-10 09:48:40 CLN A NP O 0 .00 0.115 .077 .000 0 0.000
99-10-10 09:52:16 CLN BN 0 215 5.46 0.115 . 065 .000 0 0.000
99-10-10 09:55:00 CONT AKX O 300 7.47 0.115 .068 0.141 110283 3.082
99-10-10 10:00: 00 CONT B &K O 300 7.50 0.115 0.108 0.132 82106 2.328
99-10-10 10:05: 00 CONT ACK 0 300 7.50 0.115 .073 0.134 81150 2.261

Figure 15: Tekran 2537A Data Printout (calibration data in italics).

Datafiles were copied onto floppy diskette and labeled with time, date and sampling
ste by the field operator and returned to the laboratory. Here, the weekly data were
converted to worksheet form using Microsoft Excel and transferred to a magter file
containing data from previous weeks sampling during that quarter. Data were color-
coded to delineste calibration data from actual sampling data. Data preceding or
following an unsuccessful calibration exercise were coded as rejected data and were
not considered vaid.

Vadlidated, quality-coded meteorologica and analytica data were posted by the Data
Manager on the DAQ network drive weekly. The origind data files were not
manipulated by anyone other than the Data Manager. A second study participant
reviewed the converted data to assure proper data handling. Weekly anaytica data
was kept inits raw unconverted form, in addition to the find color-coded form. This
alowed the data manager to back-check data to confirm integrity through the
CONVersion process.
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Datain this report are presented using outputs from Microsoft Excel and Harvard
Graphics. All gatigticd evaluations were carried out using Microsoft Excel.

Mercury Speciation Unit

Data are stored at the site on a computer hard drive and handled as described above
for the mercury vapor andyzers. The same data evaluation procedures were used to
verify or rgject data based on QA/QC parameters. However, in addition to 5-minute
continuous data on Hg(0) leves the ingrument outputs data on clean and andysis
cyclesfor RGM (Fig 16). Data on the zero air (flush) runs were inspected closdly to
assure that sufficient cleaning of the sample lines was taking place prior to the
desorption and analysis cycle for RGM. Idedlly thefind zero air run should read
0.000 ng/n®. In addition, readings for RGM were scrutinized to assure that sequential

vaues declined over each of the three readings. This ensures that proper displacement

of RGM from the denuder surface is taking place during the desorption and andysis
cycle. In theory, dmog dl captured RGM should arrive a the gold traps within the
firg 5-minute sampling period. Suspect samples were flagged and removed from all
subsequent analyses of the RGM data.

Date Time Type Ch Stat AdTim Vol Bl BlDev MaxV Area Hg°
09/08/2000 16:20:00 CONT A OK 0 300 5.00 0.200 0.152 0.219 77659
09/08/2000 16:25:00 CONT B OK 0 300 5.00 0.200 0.209 0.218 71781 1.580
09/08/2000 16:30:00 CONT A OK 0 300 5.00 0.199 0.132 0.217 72944 1556
09/08/2000 16:35:00 CONT B M2 O 300 5.00 0.200 0.219 0.217 66310 1.459
09/08/2000 16:40:00 CONT A OK 0 300 5.00 0.199 0.138 0.218 73622 1.570
09/08/2000 16:45:00 CONT B OK 0 300 5.00 0.200 0.207 0.218 72991 1.606
09/08/2000 16:50:00 CONT A OK 0 300 5.00 0.200 0.157 0.218 74503 1.589
09/08/2000 16:55:00 CONT B OK 0 300 5.00 0.199 0.118 0.216 66370 1.461
09/08/2000 17:00:00 CONT A OK 0 300 5.00 0.200 0.108 0.218 73332 1.564
09/08/2000 17:05:00 CONT B OK 0 300 5.00 0.199 0.114 0.218 73392 1615
09/08/2000 17:10:00 CONT A M2 O 300 5.00 0.200 0.137 0.220 81701 1.742
09/08/2000 17:15:00 CONT B OK 0 300 5.00 0.199 0.129 0.217 73538 1.618
09/08/2000 17:20:00 CONT A OK O 300 5.00 0.200 0.143 0.218 71773 1.531
09/08/2000 17:25:00 CONT B OK 0 300 5.00 0.199 0.141 0.216 67088 1.476
09/08/2000 17:30:00 CONT A OK O 300 5.00 0.200 0.197 0.218 72734 1.551
09/08/2000 17:35:00 CONT B OK 0 300 5.00 0.199 0.174 0.216 71503 1.573
09/08/2000 17:40:00 CONT A OK O 300 5.00 0.200 0.171 0.218 74882 1.597
09/08/2000 17:45:00 CONT B OK 0 300 5.00 0.199 0.153 0.217 69695 1.534
09/08/2000 17:50:00 CONT A OK 0 300 5.00 0.201 0.137 0.218 70776 1.509
09/08/2000 17:55:00 CONT B OK 0 300 5.00 0.200 0.142 0.217 71144 1.566
09/08/2000 18:00:00 CONT A OK 0 300 5.00 0.200 0.148 0.219 77876 1.661
09/08/2000 18:05:00 CONT B OK 0 300 5.00 0.199 0.154 0.218 77338 1.702
09/08/2000 18:10:00 CONT A OK 0 300 5.00 0.200 0.162 0.219 74281 1.584
09/08/2000 18:15:00 CONT B OK 0 300 5.00 0.199 0.191 0.217 68970 1.518
09/08/2000 18:20:00 CONT A OKF 1 300 5.01 0.200 0.182 0.203 7825
09/08/2000 18:25:00 CONT B OKF 1 300 5.00 0.199 0.104 0.201 2090
09/08/2000 18:30:00 CONT A OKF 1 300 5.00 0.199 0.177 0.200 4471
09/08/2000 18:35:00 CONT B OKF 3 300 5.00 0.199 0.179 0.220 83317
09/08/2000 18:40:00 CONT A NPF 3 300 5.00 0.200 0.128 0.000 0
09/08/2000 18:45:00 CONT B NPF 3 300 5.00 0.199 0.213 0.000 0
09/08/2000 18:50:00 CONT A OKF 1 300 5.00 0.200 0.155 0.201 970
09/08/2000 18:55:00 CONT B NPF 1 300 5.00 0.200 0.138 0.000 0

Hg

0.695
0.192
0.397

0.086
0.000

T Hg T
(ng/m?® (pg/m?®) (pg/m?)
1.657

7.640
0.000
0.000

Figure 16: Tekran 1130 Data Printout (system flush and clean data areinitalicsand

RGM data arein bold italics).
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Generaly data for both reactive gaseous and Hg(0) are presented as sSimultaneous 2-
hour averages. RGM vaues are cdculated by summing the firgt two andyss vaues
and subtracting two times the find system flush reeding.® A limit of detection of 0.4
pg/nT was cal culated for RGM based on the reported 0.1 ng/n® limit of detection for
TGM (see calculation, below). All RGM readings less than 0.4 pg/nT have been
reported as non-detect.

Average* Span vaue (AUC) per ng/n? Hg(0) = 44268.4

Areaa 0.1 ng/nT Hg(0), reported minimum level of detection = 4426.8
Average AUC vaue per pg/nt Hg(2+) = 10494.9

Level of Hg(2+) at 4426.8 AUC minimum level of detection = 0.4 pg/m®

MDN Rainwater Collection Systems

Measurement results from rainwater samples were generated by the MDN andytica
laboratory subsequent to sample andlyses. Data were provided to DAQ after
undergoing two rounds of quality assurance by the andytica |aboratory (Frontier
Geostiences) and the MDN program office at the Univeraty of Illinois. A sample
data readout is presented in Figure 17. Weekly data on mercury concentration and
total depogition were provided. Quarterly or annud readings were calculated from
weekly values and were presented as volume-weighted mercury concentration or totdl
(cumulative) mercury wet deposition. Volume-weighted mercury concentration was
cadculated on a quarterly or annud basis by dividing the tota quantity of mercury
collected over the specified period (ng) by the tota volume of rainwater collected
(mL). The data were scrutinized by DAQ personnel upon receipt from the MDN
program office, thus providing an additiond leve of qudity assurance.

3 For example, the reading for RGM taken from the example in Figure 16 would be calculated as (7.640 +
0.000) — 2*(0.397) = 7.243 ng/nr.

4 Average was calculated using SPAN data from 12 separate calibration events occurring at 2-week
interval's between September and November, 2000.
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Quarter 1 of 2000

MDN Quarterly Precipitation Summary
(Preliminary Data)

Vol. Weighted Ave:

6.48 ng/L

NCO8 Waccamaw State Park

Site ID Collection Bottle ID Precip Vol Bottle Gauge Capture Analysis Hg per Precip. Hg Weekly Hg

End Date Aliquot Vol  Aliguot Conc. Deposition
NCO08 01/11/00 MDNO0976 3352mL 1.04in 1.06in 98.3% 1000 mL 1.113ng 11.69ng/L 314.8 ng/m2
NCO08 01/19/00 MDNO0938 247mL 0.08in 0.03in 307.1% 406 mL 0.254ng 9.97 ng/L 6.3 ng/m2
NCO08 02/01/00 MDNO0758 1422.7mL 4.42in 4.08in 108.5% 1000 mL 0.509ng 5.14ng/L 532.3 ng/m2
NCO08 02/08/00 MDNO0182 04mL 0.00in 0.00in 190mL 0.031ng 1.25ng/L 0.0 ng/m2
NCO08 02/15/00 MDN1737 267.7mL 0.83in 0.83in 99.6% 1000 mL 1.514ng 16.15ng/L 3425 ng/m2
NCO08 02/22/00 MDNO0936 00mL 0.00in 0.00in 164mL 0.009ng 0.00 ng/L 0.0 ng/m2
NCO08 02/29/00 MDNO0830 99mL 0.03in 0.03in 102.6% 257mL 0.036ng 0.85ng/L 0.7 ng/m2
NCO08 03/07/00 MDNO0288 1274mL 0.40in  0.40in  99.0% 1000 mL 0.720ng 8.06 ng/L  81.9 ng/m2
NCO08 03/13/00 MDN0875 4202mL 1.31in 1.30in 100.5% 100.0mL 0.615ng 6.37 ng/L 210.3 ng/m2
NCO08 03/21/00 MDNO0161 12983 mL 4.04in 3.95in 102.2% 1000 mL 0.531ng 5.36ng/L 538.2 ng/m2
NC08 03/21/00 MDNO0161 12983 mL 4.04in 3.95in 102.2% 1000 mL 0.551ng 5.36 ng/L 538.2 ng/m2
NCO08 03/28/00 MDN1758 210mL 0.07in 0.06in 108.8% 383mL 0.437ng 20.70ng/L 315 ng/m2
Quarterly Sum: 5225.8 mL 16.24in 15.69in 2596.7 ng/m2

Figure 17: Example of MDN Data provided to DAQ by Frontier Geosciences.

Meteorology
All data from meteorological stations were stored eectronicaly and downloaded

weekly from Climatronics CR-10 and CR-10x data loggers onto laptop computer hard
drives. At the [aboratory, data was converted from its raw text form to tabular formin
Microsoft Excel and was reviewed closely by the data manager to ensure reasonable
values had been recorded. Meteorological dataincluded sampling interval, average
wind speed, average and standard deviation of wind direction, and temperature.
Additiondly, information on rdaive humidity was available from the Riegelwood
Bdlpark ste during mercury speciation studies. A copy of the raw meteorologica
data was kept on floppy diskette to dlow the data manager to confirm the integrity of

the data.
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Sampling Schedule

A detailed accounting of monitoring eventsis portrayed in Figure 18. Data were
frequently rejected over short time periods for failing to meet QA/QC specifications or
because of periodic insrument failure. Readers can refer to data tables in the Results and
Discussion section to determine when quality assured data are missing.

W e P ;0
RF
RB
WMDN e s
PMDN e

I I I
1996 1997 1998 1999 2000

W =Laks Waccamaw State Farlc Ilercury Spociatizn

EF = HRiegelwacd Flyun

EE = Ricpelwroad Ballpark Total Gasesus Merowey
W-MDH = Watcaenae Mereory Depest on Hetwerk Mercury Wet Depeeition
E-WID M =Fhelps Mercury Deposiion Hebhsrork

- Dratanot quality asswed

Figure 18: Timeline of Monitoring Events (1996 — 2000).
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Additional Procedures

For an extended period between March and June of 2000, the mercury speciation unit at
Riegelwood Ballpark behaved erraticaly, producing data that did not meet QA/QC
gsandards for a variety of reasons, including perdastent suppresson of TGM
measurements. The instrument was returned to the DAQ laboratory during the summer of
2000 so that a number of troubleshooting exercises could be carried out in an attempt to
identify and correct the factors producing the erroneous data. These exercises and the
relevant results are described in detail under Method Development in the Discussion
section of this report (pages 55 — 58).

All ingtruments used during method devel opment exercises were identical to those used
during ambient air sampling. Some modifications were made, including sampleline
splitting and smultaneous measurement of mercury in ambient air by two 2537A units
atached to asingle denuder system. All mercury measurements made after August 2000
at the Riegelwood sites were made with a smal soda lime trap attached to the sample line
upstream of the mercury andyzer. The purpose of this modification was to remove agents
from the sampled air such as acid gases that might interfere with the ability of the gold
traps to capture dementa mercury. Fisher brand indicator grade soda lime (sodium
hydroxide and calcium oxide with ethyl violet indicator) was packed into an 8-inch clear
plastic tube. Tests were run with zero air and standard mercury injections to confirm that
the soda lime traps did not interfere with the measurement of mercury in ambient air.
Ancther test was run to determine the effect of the soda lime trgp on messurements of
ambient ar TGM. The system without the trap produced dightly suppressed readings for
TGM relaive to the modified system, which provided readings for TGM that were
entirdy plaugble (i.e. typicd for "background” ambient air).
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RESULTS & DISCUSSION

In the following pages we present an enormous database of information on levels of

TGM, Hg(0), RGM and mercury in rainwater aong the eastern coastal plain of North
Cardlina. We then attempt to highlight and explain trends in the data and on occasion
speculate as to causative factors behind those trends. There are severa areas that deserve
additiond attention, including the relative influence of meteorology and local emissons

on RGM levels a Riegelwood Ballpark. Many of these questions may be answered
through in-depth statistical andysis of existing data. On the other hand, to vaidate or
refute recent trends in rainwater mercury MDN monitoring must continue to take place
for saverd yearsinto the future.

Summary tables and graphs are presented in this section and in greater detail in
Appendices4 and 5.
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Total GaseousMercury: Results

Waccamaw Sate Park

Continuous monitoring for TGM was carried out at Waccamaw State Park from

December 1997 through December 2000. All data from this Site represent 15-minute
average TGM concentration (ng/nT) except for a brief period between July 17 and

Augugt 1, 2000 when measurements were made on a 5-minute basis. Monitoring data are
summarized in Table 1 and presented graphicaly in Figure 19.

Table 1: Quarterly statistics for ambient air TGM measured at Lake Waccamaw S.P. Values
were calculated using 15-minute average TGM concentrations. All valuesin ng/m®.

Lake Waccamaw

1998* 1999 2000
(TGM)
1stQ 3°Q 4thQ|i1stQ 2ndQ 3rdQ 4thQ|1stQ 2ndQ 3rdQ 4thQ
10th percentile 153 121 135 1% 150 108 133 156 135 107 119
25th percentile 169 144 158 171 164 136 154 167 155 134 147
50th percentile (median) 187 162 177, 18 177 154 167] 179 165 150 164
75th percentile 208 181 194 199 187 165 178 190 174 162 179
90th percentile 250 282 224 215 198 173 190 199 181 180 187
95th percentile 402 7.02 496 226 2.09 182 201 207 187 201 195
99th percentile 1147 2207 2115 380 258 243 239 230 221 277 216
Maximum 3331 4442 6097 7.67 6.75 717 512 408 348 1141 303
Arithmetic mean 223 244 240, 1.88 175 149 165 178 162 150 159
Standard deviation 185 366 353 042 0.29 035 026 02 024 046 029
Count (n) 6056 2936 7102| 6566 5829 6351 84100 6550 6727 8983 7411
*Data from the 2" quarter of 1998 did not meet this study’s quality control standards and are not presented.
Lake Waccamaw State Park, 1998
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TGM (15-min average, ng/m3)
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Figure 19 (thisand previous page): Total gaseous mercury (TGM) measured at
Lake Waccamaw State Park between December 1997 and December 2000.

Quarterly data are also presented in Appendix 4.
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The average mercury leve at Lake Waccamaw State Park during the entire study period
was 1.84 ng/n?. The annua average declined between consecutive years, from 2.34
ng/nT in 1998 to 1.68 ng/nT in 1999 and 1.61 ng/nT in 2000. Median mercury levels
remained congstent throughout the entire length of the study, as did valuesin the lower
percentile ranges and up through the 90 percentile. It is only in the upper end of the
distribution (95 percentile and higher) that levels varied substantially between 1998 and
subsequent periods. Thisis dso reflected in quarterly sandard deviations, which
decreased substantially between 1998 and 1999, reflecting the absence of large deviations
in mercury levels beginning in 1999. Over 133,000 individua samples passed QA tests
and are presented for the 3-year period, representing over 30,000 hours of data.

Data recovery for 1998 was approximately 45%.> The primary reason for the relatively
gredter rate of dataloss during thistime isfaled system cdibrations. These data were
collected before quality assurance and quaity control methods described in the Qudlity
Assurance Project Plan were implemented, thus the data have been scrutinized closdy
resulting in the remova of questionable results. We believe there is no valid reason to

regject 1998 data with passing cdibrations and remain confident in the results presented
here. Data recovery is approximately 90% for caendar years 1999 and 2000. The primary
reason for data loss was failed cdibrations, channel disagreements and power outages
related to severe weather events.

Andyss of mercury data with concurrent information on wind direction unearthed a clear
association between wind conditions and devationsin TGM during 1998 (Figure 20).
With very few exceptions, spikesin TGM were accompanied by winds arriving from the
east-northeast. No clear pattern emerged during the remainder of 1999 or during 2000.
The diminished events detected during this period were associated with winds arriving
from various directions (Figure 21).°

Figures 20 (left) and
21 (right): TGM vs.
wind direction,
measured at Lake
Waccamaw State Park
during 1998 (left) and
1999 (right). Radial
axis represents wind
direction in degrees
and X and Y axes
represent TGM in
ng/nt. Only includes

winds > 3 mph.

180 180

® Missing coverage is calculated by dividing the number of days with missing data by the total number of
days during the sampling event. Instrument removal for maintenance or weather is considered lost coverage.
® Winds | ess than 3 mph were excluded to minimize the appearance of 15-minute “average” wind directions
that are a misleading product of light and variable winds.
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Riegelwood Flynn

Theinitid phase of TGM measurement began in March 1999 and continued into January

2000. A second phase of monitoring began in August of 2000 and continued through

November 2000. All measurements presented in Table 2 and Figures 22 and 23 represent
5-minute average vaues in ng/n.

Table 2: Quarterly statistics for TGM measured at Riegelwood Flynn site Values were
calculated using 5-minute average TGM concentrations. All valuesin ng/m°.

Riegelwood Hynn (TGM) 1999 2000
1ssQ 2ndQ 3rdQ 4thQ 1stQ 3rdQ 4thQ
10th percentile 192 151 136 142 085 110 131
25th percentile 208 162 151 155 113 124 145
50th percentile (median) 231 176 165 172 134 140 158
75th percentile 287 198 179 214 148 155 180
90th percentile 443 243 206 240 162 173 286
95th percentile 6.36 377 275 331 173 216 4.49
99th percentile 28.70 20.83 1511 15.23 6.96 5.95 13.82
Maximum 338.32247.29203.64 60.54] 26.76 32.29111.30
Arithmetic mean 3.76 255 217 223 142 154 216
Standard deviation 10.72 594 484 2.80 109 105 3.06
Count (n) 3484 20595 15281 7973] 1892 6617 12553
Riegelwood Flynn, March - June 1999
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TGM (5-minute average, ng/m3)

Riegelwood Flynn, July 1999 - January 2000
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Figure 22 (thisand previous page): Total gaseous mercury measured at Riegelwood
Flynn during Phase 1 (1999 — 2000, first 2 figures) and Phase 2 (2000, 3rd figure).




Figure 23a: Riegelwood Flynn,
TGM vswind direction, May —
Oct 1999. Radial axisiswind
directionin degrees. Xand Y
axis represent TGM (ng/m®).
5-minute averages. Only
includes wind speeds > 3 mph.
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0 Figure 23b: Riegelwood Flynn,
TGM vswind direction, Aug —
Nov 2000. Radial axisiswind
direction in degrees. Xand Y
axis represent TGM (ng/m?®).
5-minute averages.
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The mean mercury leve a this site for the entire duration of the study was 2.29 ng/n.
The mean levelsfor the firgt (3/99 — 1/00) and second (8/00 — 11/00) phases of sampling
were 2.42 ng/nT and 1.95 ng/n™, respectively. Quarterly mean values and extreme
vaues declined throughout the first phase of monitoring, reflecting the decreasing
frequency and intensity of mercury fluctuations. Similarly, quarterly standard deviations
declined between each quarter during the first phase of sampling and remained low
during the second phase of sampling. Despite the gpparent improvement in conditions at
this Ste, occasiona excursons in amospheric mercury were encountered during all
sampling periods. Most measurement tatistics including mean and standard deviation
were increased dightly between the 3" and 4™ quarter of 2000. Elevated TGM was
generdly associated with winds arriving from the north-northwest (Figures 23a-b).
Approximately 60% data recovery was achieved during the first phase of monitoring a
Riegelwood Flynn. Loss of coverage resulted from site sart-up problems and lack of
closing cdibrations during ste mafunctions. However, the greatest loss of data occurred
during Hurricane Floyd and its aftermath. Damage to this area was catastrophic, severely
hindering access to the site during September and October of 1999. Monitoring was
reestablished in late November 1999 following repairs to the site. Only two disruptions
were encountered during the second phase of sampling, however a 2-week period was
lost due to a computer mafunction at the Site. Data recovery during this period was
approximately 80%. It isnot believed that any event leading to loss of data at thisSte
adversdy affected those data that were successfully obtained.
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Riegelwood Ballpark

Two phases of mercury measurements were carried out a Riegelwood Bdlpark. Between
May and October of 1999, measurements of TGM were made every 5 minutes using the
Tekran 2537A mercury vapor andyzer (Figure 24). A second phase of monitoring carried
out during 2000 involved measurement and speciation of atmaospheric mercury using the
Tekran 1130 mercury speciation unit. These anayses, which produced separate
measurements of RGM and Hg(0), are discussed in greater detail below in the sections on
mercury speciation measurements, however, for comparison purposes we present here the
5-minute data on Hg(0) collected during August through November of 2000. Hg(0)
represents greeter than 95% of TGM in ambient ar in virtualy al circumstances, which
validates comparisons between TGM data from 1999 using the Tekran 2537A and Hg(0)
datafrom 2000 generated with the Tekran 1130 speciation unit. The comparability of
speciated and non-speciated datais discussed further, below.

Table 3: Quarterly statistics for TGM measured at Riegelwood Ballpark site.
Values represent 5-minute average concentrations (ng/m°).

Riegdwood Bdlpark (TGM) 1999 2000
2ndQ 3IdQ 4thQ I Qf
10th percentile 218 18  1.78 1.28
25th percentile 256 210 196 1.40
50th percentile (median) 305 238 216 1.54
75th percentile 401 274 262 1.72
90th peroertile 647 359  6.65 2.32
95th percentile 1042 651 1061 4.26
99th percentile 31.03 19.73 19.95 12.30
Maximum 24094 101.35 33.83 52.46
Arithmetic mean 4.66 3.09 3.34 1.99
Standard deviation 213 218 350 2.10
Count (n) 9881 18200 3507 17797

The average TGM concentration throughout the first monitoring phase was 3.61 ng/n.
The mogt significant fluctuations were encountered during May and June of 1999, with
large mercury peaks encountered during severd periods lasting up to aweek. During
subsequent months mercury pesk events were generdly diminished in magnitude.
Elevated mercury measurements encountered during 1999 were related to winds
originating from the northeast (Figure 25). Datain Table 3 are presented as dretified by
calendar quarter. However, caution must be used in interpreting these data given that
4™ quarter data only represent a 2-week period in October.

" Data from August — November of 2000. These statistics are derived from 5-minute Hg(0) data.
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Figure 24: Total gaseous mercury measured at Riegelwood Ballpark, May —
October 1999. All values represent 5-minute averagesin ng/m?.
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Figure 25: Riegelwood
Ballpark, TGM vs. wind
direction, 1999. Radial axis
iswind direction in degrees.
Xand 'Y axes represent
TGM (ng/m®). 5-minute
averages. Only includes

180 winds > 3 mph.
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Figure 26: Elemental mercury measured at Riegelwood Ballpark, August —
November, 2000. All values represent 5-minute averages in ng/m?>.
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Figure 27: Riegelwood Ballpark,
Hg(0) vs wind direction, Aug — Nov
2000. Radial axisiswind direction
in degrees. X and Y axis represent
Hg(0) in ng/m®. 5-minute averages.
Only includeswinds > 3 mph. See
text note concerning accuracy of
wind direction data.
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The overal average Hg(0) concentration encountered during August - November of 2000
was 1.99 ng/n?. Pesks in Hg(0) were relatively common during this period but
diminished in magnitude reletive to pesks of TGM encountered in earlier sampling

periods. These peaks gppeared to be most commonly related to winds arriving from the
east-northeast (Figure 27); however, awind direction audit conducted at the conclusion
of the study showed that the direction was being misreported. The difference was +38.3
degrees at 0 degrees and +26.95 degrees a 90 degrees, indicating that values reported as
90 degreeswere in dl probaility over-reported by between approximately 25 to 40
degrees. Correcting for thisinaccuracy would provide arange of directiona datavery
gmilar to that seen for TGM in figure 25, with eevated TGM primarily associated with
winds arriving from the northeast.

Over 30,000 measurements of mercury were taken during 1999 at this Site, representing
over 2,500 hours of coverage. Gapsin coverage were primarily due to early problems
with water contamination of sample lines and resulting effects on sample volumes.
Subgtantia loss of data also occurred during the aftermath of hurricanes Dennis and
Floyd during August and September of 1999. Overdl, 77% coverage was achieved
between May and October of 1999 at this site. Sample recovery during speciation
measurements was intermittent. This subject is discussed in exhaudtive detall in the RGM
results and discussion section.

40



Total Gaseous Mercury: Discussion

General Characteristics of Atmospheric Mercury

Mercury isanaturdly occurring trace contaminant of ambient arr. In rural and remote
areas TGM levestypically range between 1.5 and 2.0 ng/nT (EPA 1997a). Atmospheric
levels may vary substantidly depending on the proximity to loca anthropogenic emission
sources (Lindberg; Keder - as summarized in EPA 1997a). The USEPA recently chose
1.6 ng/n to represent modern day terrestria "background” conditionsin amulti-media
fate and trangport mode for mercury (EPA 1997a). TGM isadmost entirely comprised of
vapor phase Hg(0), athough much smaler quartities of particulate mercury and RGM
are aso present in ambient air at pg/nT levels. Chemical and photochemical reactions
may facilitate conversion between the various forms of mercury, thus affecting
atmospheric residence time. Gaseous or aqueous phase oxidation of Hg(0) could lead to
production of water-soluble RGM species that may contribute to localized depostion.
Alternatively, atmospheric reduction of RGM species could lead to the formation of
Hg(0) vapor, and reduced regiona wet and dry deposition rates.

Variahility in atmospheric TGM may be related to both point source releases and natura
causes. Mercury's natura geochemica cycle involves migration between earth, water and
ar. Mercury that settles to the earth's surface through atmospheric deposition will likely
undergo re-evasion to the aimosphere. Natura processes that involve addition of mercury
to the air include continuous evasion from mercury-enriched surficia soillsand

freshwater and marine environments (Schroeder and Munthe). Periodic events such as
geothermd venting, forest fires and volcanic eruptions can aso result in concerted
releases of mercury to the air. In generd, natura releases of mercury occur over
prolonged periods of time and are comprised predominantly of Hg(0) (Gustin).

Some have aso suggested that TGM may be susceptible to a naturd did cycle under
certain meteorological conditions (Schroeder and Munthe). Temperature and solar
radiation may enhance volatilization from snowpack, surface waters, soils and wetlands,
leading to enhanced flux rates during daylight hours (Lalonde, Poissant, Lindberg and
Zhang, Lindberg and Meyers). Although this may affect flux rates and measured mercury
vapor concentrations a the water:air and soil:air interfaces, it is unclear whether amilarly
detectable deviations in atmospheric mercury would be expected at heights of ameter or
greater above surface level where the air is more well-mixed. Long-term monitoring data
collected to date does not support the argument that a natural diurna pattern exists for
TGM. Ingtead, it has been suggested that point source influences are the predominant
cause of both short- and long-term measurable fluctuationsin TGM at lower latitude
terrestrid stes (Lindberg, Iverfeldt). Some data seem to suggest that seasond variability
in TGM levdsis present, with highest levelsin March and lowest levels between October
and December a northern hemisphere monitoring sites (Iverfeldt). During 2000, a
relatively undisturbed period at Lake Waccamaw, we observed our highest background
TGM readings during the December through March timeframe and the lowest basdine
readings between July and October. Whether this variability relates to naturd
phenomena or seasond changes in anthropogenic emissions of mercury has not yet been
determined.
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Recently, dramétic changesin atmospheric mercury were noted in the Arctic region
(Schroeder 1998). Atmospheric mercury was depleted from 1.5 ng/n® to 0.2 ng/n’ just
before the polar sunrise and during Arctic snowmelts. It was suggested that the decrease
in TGM isdueto chemicd converson of Hg(0) to RGM that then undergoes deposition
to the earth's surface. The ready availability of reactive halide species could be
contributing to this chemicd reaction. To date no similar pattern has been described at
lower latitudes athough some have speculated that amilar phenomenamay occur to a
lesser extent in lower latitude coastal regions (Mason, persona communication).

Historical Data on Atmospheric Mercury in North Carolina

Very few dataare avalable describing typica atmospheric mercury levelsin North
Carolina. Stopford anecdotally reported levels between 1.7 and 8.9 ng/n? in Durham, NC
in 1978, with a short-term pesk of approximately 400 ng/nT during a plume fumigation
event arisng from a nearby cod-fired power plant (Stopford). Between 1998 and 2001,
periodic measurements of TGM taken a a Stein Research Triangle Park, NC indicated
that levels rardly exceeded 2 ng/n?, with values typicaly in arange between

1.4 - 1.7 ng/n? (Stevens). TGM was measured over a 3-month period between June and
August of 1996 at Phelps Lake, aremote Ste in northeastern North Caroling; 15-minute
readings were consistently between 1 and 2 ng/nT and never exceeded 6 ng/nT.

Total Gaseous Mercury at Lake Waccamaw

At Lake Waccamaw, the vast majority of readings for TGM fell below 2 ng/n?. Transient
gpikesin TGM helped raise the annual average concentration to 2.34 ng/mt” during 1998,
somewhat higher than expected for such aremote location but generdly lower then levels
documented in urban areas or Stesimmediately adjacent to point sources of mercury
emissions. Spikesin TGM occurred on aregular basis and pesk va ues frequently
exceeded an order of magnitude above background. This trend remained in place
throughout 1998. Beginning in spring of 1999, mercury readings stabilized below

2 ng/n. This pattern persisted throughout 1999 and 2000. Annua average mercury
levels were approximately 28% and 31% lower than 1998 values, respectively.

Total Gaseous Mercury at Riegelwood, NC

Quditatively, results from Riegelwood, NC gppear very smilar to early datafrom Lake
Waccamaw. The mgjority of readings were below 2 ng/nT but transient spikes would
occasionally reach levels exceeding 300 ng/nT. This pattern was seen at both sites,
throughout 1999 and 2000.

Long-term average TGM levels a Riegelwood Flynn declined between 1999 and 2000.
The highest individua readings were encountered during the first severa weeks of
monitoring; however, peaks did continue to appear during subsequent months, suggesting
the possibility of continued local source impacts. While mercury levels declined
throughout 1999, they appeared to remain relatively stable during the latter half of 2000.
A comparison between 4™ quarter data from 1999 and 2000 shows that mercury levels
remained relatively consistent in terms of both average levels (2.23 ng/nt vs. 2.16 ng/nt)
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and the magnitude and frequency of mercury spikes. Thismay suggest a*“leveling-off”
of atmospheric mercury levelsin this area

The profilefor TGM at the Balpark Ste was very smilar to that encountered at
Riegdwood Hynn. Basdline conditions were punctuated with periodic eevations as high
as 240 ng/n® TGM. Monitoring was not initiated until mid-May 1999; thus
measurements were not made during norma mercury cdll chlor-akai operating
conditions. Although the quarterly statistics presented in Table 3 seem to suggest that
average values declined between the 2" quarter and subsequent quarters, conditions
actually appear to have remained rlaively stable. Data from the entire sampling period
(May - October) illudtrates consgtent, but highly variable, aamaospheric mercury levels at
thisste.

It should be noted that val ues encountered at the lower end of the range

(10" - 50" percentiles) were consistently higher at this site relative to similar data from
the Hynn and Waccamaw sites. This could reflect higher basdine levels of TGM dueto
gte contamination or it could reflect an effect of instrument configuration. The Balpark
dte provides ardatively unobstructed view of the nearby industrial complex and might
be more susceptible to downwind migration of mercury from on-Site waste ponds.
However, thisfactor seems an unlikely explanation given the variability in wind

direction. Alternatively, enhanced historica deposition of mercury to loca soils could
lead to grester rates of Hg(0) volatilization. If true, intraday variability might be expected
with higher readings associated with eevated temperatures and solar radiation. Another
possible explanation is performance of the mercury vapor monitor. Instrument
configuration and operating conditions were identical to those at the other two sites, and
the inlet to the sample line was pogitioned a a smilar height. The instrument at Ballpark
was housed in amobile trailer rather than a freestanding shelter, but conditions insde the
gructures were Smilarly maintained. None of these factors is a satisfactory explanation
for the higher basdline readings of TGM observed at this Site. This observation could
warrant further sudy.

During 2000, the Ballpark instrument was modified to include a denuder assembly for
Speciation of gaseous mercury. Estimates for TGM can be generated by combining
2-hour average vaues for Hg(0) and RGM or by using Hg(0) aone as a surrogete
measurement. The former caculation would theoreticaly be a more accurate
representation of atmospheric TGM but would present data on acompletely different
time frame than those collected during 1999 and would "smooth over” short-term
elevations in amospheric mercury. Comparing 5-minute Hg(0) measurements to
hisoricd TGM data avoids this conflict but introduces additional complicating factors.
Firgt, dedicated measurement of TGM is anearly continuous process with asingle
interruption for ingtrument calibration only taking place over 40 minutes once every

25 hours. By contrast, measurement of Hg(0) during mercury speciation isinterrupted
every 2 hours for a40-minute denuder desorption and analysis cycle. While data were
closdly scrutinized to assure that the desorption/anayss cycle had no effect on flanking
measurements of Hg(0) it could be argued that the loss of such a substantid fraction of
daly coverage might limit the effectiveness of thistype of comparison by excluding such
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asubgtantia portion of the sampling time. However given the large volume of
measurements and the random nature of the timing on the desorption/andyds cyclesit is
doubtful that these periodic interruptions would contribute to any meaningful or

consgtent bias in the measurement of amospheric mercury. A more chalenging question
concerns the comparability of Hg(0) and TGM readings, as Hg(0) is only one component
of TGM. The Tekran 2537A is described as an ingrument that " performs continuous
measurement of TGM in ambient air* (Tekran). However, given that the instrument
configuration involves severd convoluted sample lines and filter assembliesit could be
argued that the RGM component islost through adherence to the instrument parts before
it can reach the gold cartridge traps. If this assumption is true then Tekran 2537A data on
"total gaseous mercury” may in fact represent only Hg(0). In fact, the point is nearly
made moot by the fact that RGM appears to be a very smal component of TGM in
ambient air. During the course of this sudy RGM levels were less than 1% of TGM
levelsin over 90% of speciated mercury measurements and even in the most extreme
dtuation did not exceed 7% of TGM. Asevidenced in Table 4, a atistica comparison of
Hg(0) and TGM shows that ambient levels are nearly identical. We believe that these
data support the conclusion that a meaningful comparison can be made between
measurements of TGM from 1999 and measurements of Hg(0) from 2000.

Using this technique, it gppears that atmospheric mercury levels declined subgtantialy
between 1999 and 2000 at the Balpark site. The average level for Hg(0) measured
between August 24 and October 13 of 2000 was 1.9 ng/nt, compared to 3.2 ng/nt for
TGM during the period in 1999 — a40% reduction. Thisreflects, in part, areduction in
the intengty of short-term eevations in aamaospheric mercury, but mercury levelsdso
gppear to have fdlen throughout the entire distribution of values. During 1999 even the
vauesin the low end of the range were predominantly above 2.0 ppm while lon-end
readings in 2000 were generaly below 1.5 ng/n. It is not immediately dear why
basdine conditions at this site would have improved during this period.

Table 4: Comparative statistics for TGM and Hg(0) at the Riegelwood Ballpark site,
Aug 24 — Oct 13, 1999 vs. 2000. All values are 5-minute readingsin ng/m?>.

1999 TGM 2000 Hg(0)
10th percentile 1.66 1.24
25th percentile 1.91 1.36
50th percentile (median) 2.14 1.48
75th percentile 2.48 1.65
90th percentile 5.46 2.15
95th percentile 9.77 4.01
99th percentile 22.58 12.93
max 70.78 52.46
mean 3.24 1.94

n 8539 9113




In generd, dl monitoring Stes provide asmilar picture for atmospheric TGM in this
region of southeastern North Carolina. TGM levels appear to be declining a both
Riegelwood and Lake Waccamaw. At Lake Waccamaw the dramatic improvement in
atmospheric conditions beginning in early 1999 and lagting throughout the duration of

this study are consstert with rurd or remote readings for TGM. Improvements were dso
noted at both Riegelwood sites, dthough periodic fluctuationsin TGM continue to be
detected in this area, and may warrant further studly.

Concurrent measurements from dl three Stesillustrate geographic variability in TGM.
Overlapping measurements are available between May and September of 1999 and
August and November of 2000. These dataillugtrate a reduction in long-term mercury
levels at both Riegelwood Sites but dso illudtrate that TGM levels remain higher at these
stesreaive to corresponding data from Lake Waccamaw.

Table 5: Concurrent total gaseous mercury levels measured at all three study
monitoring sites during 1999 and 2000 (mean, ng/m>)

Period Lake Riegelwood Riegelwood
Waccamaw Flynn® Ballpark
May 21 - Sept 14, 1999 1.52 ng/nt 2.21 ng/nt’ 3.67 ng/int
Aug 18 - Nov 20, 2000 1.52 ng/m?® 1.94 ng/m? 1.99 ng/m?

Total Gaseous Mercury and Wind Direction

Establishment of a rdationship between TGM levels and wind direction may help to
identify potentid fixed sources of TGM emissons. This rdationship was examined in
the present study using data from on-ste meteorologica equipment. Regiond wind
characterigtics areillugtrated in Figure 28 using a 5-year wind rose diagram with data
collected & Wilmington, NC. Winds in this area are predominantly southwesterly during
the summer months and north to northeasterly during the winter months.

Data from 1998 suggested a positive relationship between elevated mercury levels at
Lake Waccamaw and winds arriving from the east-northeast. During 1999, devated
mercury & Riegelwood Flynn was associated with winds arriving from the northwest
while winds from the north and northeast were most strongly associated with elevated
mercury at Riegelwood Bdlpark.

The combined data from dl three Stes provide an opportunity for "triangulation” of wind
and mercury data. Early data from Lake Waccamaw was insufficient for distinguishing
the most likely responsible source because several sources of mercury emissons lay to
the east of this Ste. However, subsequent data from the Flynn Site suggested that sources

8 Data from 2000 only goes through November 14.
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to the east of Riegelwood (i.e. in the vicinity of Wilmington, NC) played littlerolein
affecting ground-level TGM in the Riegelwood area during the study period.

YWILRLRELOUN 1 Z00-YU

January I-December 31; Midnight-11 PM

S
CALM WINDS 10.04% WIND SPEED (KNOTS)

NOTE: Frequencies
indicate direction
From which the
wind is blowing.

Figure 28: Regional wind pattern for Wilmington, NC, 1986 — 1990.
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In our analyses, we removed data associated with wind speeds below 3 miles per hour.
Wind direction data collected during periods of light and variable winds tended to be
scattered and rardy provided meaningful informeation on relationships between mercury
levels and wind direction. In addition, the calculation of an "average’ 5-minute vaue for
wind direction under these conditions might be mideading since it would represent the
product of highly variable, shifting winds. Elevated mercury readings were more
frequently associated with calm winds at the Riegelwood sites as compared to Lake
Waccamaw data from 1998. This phenomenon could be related to dow outward ground-
level migration of a pollution plume from a nearby source as might be encountered
during calm conditions. The magnitude and frequency of this type of phenomenon should
be greater if ground-level monitoring Sations are positioned immediately adjacent to
pollution sources, thus minimizing disperson of the pallution plume. Data from the
Riegelwood stes, as such, might be suggestive of a nearby mercury emissions source.

Total Gaseous Mercury and Other Meteorological Variables

Determining arelationship between TGM levels and other meteorological parameters
including temperature and humidity was complicated by the gpparent influence on TGM
levels by loca sources, however, data from Lake Waccamaw during 2000 appear to
exhibit minima source influence and were thus analyzed closely. No clear raionship
between TGM leves and temperature or humidity was identified, though possible
seasond differences were unearthed. The average TGM leve during December through
March was 1.8 ng/nT, while during the warmer months levels typically averaged

1.5 ng/n™. A diel pattern was seen during with a bottoming out of mercury levelsin pre-
dawn hours followed by argpid rise to maxima daily concentrations by late morning and
agradua descent in leves throughout the day (Fig 29). We are not aware of this
relationship having been previoudy identified but believe it may warrant further
examinaion. Possble explanaionsfor this pattern could include photochemicd

reactions resulting in reduction of surficia Hg(2+) to Hg(0) and subsequent volatilization
to the atmosphere. Severd groups have identified enhanced flux rates from surface
waters and contaminated soils following sunrise; however, the likelihood thet this effect
would be detectable at a 3 to 4 meter devation seems smdl Snce atmaospheric mixing is
normaly very efficient. Atmospheric turbulence, as represented by average wind speed,
followsasamilar diurnd pattern. The mid-morning risein TGM occurs a gpproximatdy
the same time of day that the wind speeds pick up and decreases to its lowest levels
around nightfall. This turbulence could help to facilitate movement of deposited mercury
or mixing with air masses that contain higher concentrations of gaseous mercury. It may
be worth noting that virtualy al mercury readingsin the lowest 10" percentile of values
were confined to periods when the average wind speed was lessthan 5 mph. Figure 29
a0 illustrates the apparent seasond effect on TGM levels, as the entire spectrum of 1%
quarter (Jan — Mar) readings are obvioudy elevated above 3" quarter (July - September)
vaues. It has been speculated that this pattern might be related to wintertime atmospheric
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phenomena such as lower mixing heights, seasond changesin energy demand or varigble
rates of atmospheric oxidation of Hg(0) which might relate to ambient temperature or
sunlight intensity (Sheu and Mason).
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Figure 29: Sratification of TGM measurements by time of day, Lake Waccamaw State
Park, 1% through 4" quarters, 2000.

If the did pattern for TGM at Lake Waccamaw is a true atmospheric phenomenon and
not an artifact of ingrument design or operator error, then an obvious question arises
concerning the fate of the depleted TGM during the late evening and early morning
hours. Oxidation of Hg(0) to Hg(2+) might serve to explain adaily depletion event but
atmospheric mercury speciation sudies conducted to date have not shown adiel pattern
for Hg(2+) that is congstent with this phenomenon. Ancther explanation could include
adsorption of Hg(0) onto particulate matter and subsequent dry deposition, with
revolatilization to the lower atmaosphere during the subsequent day’ s warming period.
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Sour ces of Measurement Bias

Dataloss was significant during severd study periods but spread out randomly during
1999 and 2000. The most frequent reason for data loss, alack or failure of instrument
cdibration, was randomly encountered and should not impart any consstent bias on the
data. On severd other occasions data from all Steswere lost due to weather phenomena
such as hurricanes. These events tended to be seasona and occurred most frequently
during late summer and early fal. Data from Lake Waccamaw are missing for Sgnificant
periods during 1998 including an extended period between March 4 and June 22. These
patterns of missing data could bias comparisons of annudized mercury dataif sgnificart
seasond variability existsin the data; however, the data do not support the existence of
this type of relationship. We noted no seasond trends in the available data from the
Riegewood stes and visudly, the fluctuations in amaospheric mercury encountered
during 1998 at L ake Waccamaw appear evenly spread out across the year. Quarterly
tatistics are consistent between the 1%, 3" and 4™ quarters of 1998. However, because of
the previoudy noted relationship between mercury and wind direction, bias could be
introduced through the exclusion of extended periods from one portion of the year. Winds
during the fal and spring tend to be variable and unpredictable, shifting between
southwesterly and northerly or northwesterly (C Buckler, DAQ meteorologi<t, persond
communication). Because of the significant variability in wind direction and the relative
lack of comparable data, it is nearly impossible to assess the nature or magnitude of the
bias introduced by missing data.

Another dusive potential source of bias is the relationship between catastrophic weether
events and the likdly disruption of indudtrid activities during thistime. If indudtria

activity was interrupted during these periods, and those activities were associated with
gpikesin atmospheric mercury, then monitoring data from these periods may be
influenced by the lack of source impacts.

Speciation of Atmospheric Mercury: Results and Discussion

Our attempt at long-term speciation of atmospheric mercury was - and continuesto be - a
challenging experience. At the time we initiated this study, there were no published

studies documenting experiences with newly developed denuder methods for speciation

of amaospheric mercury. Unexpected chdlengesin thefidd led to the loss of alarge
amount of data collected during the first few months of sampling. These initid failures

led to the remova of the speciation instruments from the Riegelwood Ballpark site for
laboratory method devel opment. Subsequently, modifications to the anaytica system
were made and a successful second phase of sampling was carried out in fal of 2000.

During the second monitoring phase we were able to digtinguish trendsin RGM that a
times mimicked changes in Hg(0) and at other times seem to behave independently.
Much more datawill be needed under a variety of conditions to better understand the
meaning of the data we present here. It remains uncertain whether ambient fluctuations of
RGM represent pollution plume impacts or norma environmental processes. However,
these data do improve the understanding of the characteristics of atmospheric mercury
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adjacent to this contaminated indugtria Site and improve our understanding of the
potential impacts of atmospheric mercury on regiona environmenta conditions.

All mercury speciation measurements were carried out at the Riegelwood Bdlpark site.
Two phases of monitoring took place during 2000: the first between March and June and
the second beginning in mid-August and ending in mid-November. A two-month period
of method development and testing was carried out between monitoring periods.

Phase 1 (March - June) Results

During the first monitoring phase over 600 two-hour measurements of RGM and over
13,000 five-minute measurements of Hg(0) were made. Visudly, the 5-minute data for
Hg(0) appear very smilar to the dataon TGM collected during 1999, with basdine
conditions punctuated by periodic spikes exceeding an order of magnitude above
background. A considerable degree of variability was aso seen in the RGM data. Two-
hour measurements ranged from 0 to 96 pg/n. Concurrent two-hour measurements of
Hg(0) and RGM are presented in Figure 30. Vaues for Hg(0) were calculated by
averaging dl 5-minute readings within each 2-hour sampling period.

On many occasions, 5-minute readings for Hg(0) as low as 0 ng/nT were seen. Thistype
of pattern was not seen during previous measurements of TGM at any of our Stesand is
not considered possible given the steady- state background concentration of Hg(0)

(~ 1.6 ng/n™) that has been consistently documented at terrestrial ambient monitoring
locations. As areault, al data collected during this period have been flagged as
guestionable.
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Figure 30: 2-hr measurements of elemental and reactive gaseous mercury,
March — June 2000, Riegelwood Ballpark. Note the fluctuationsin Hg(0)
around the baseline and repeated values below 1 ng/m®.

Phase 1 (March - June) Discussion

It iswidely accepted and has been confirmed through our own field measurements that

typica background measurements of TGM exist in arange between 1.2 - 1.8 ng/n.

These measurements should not routinely reach levels lower than 1 ng/n. Surprisingly,
readings below 1 ng/nT were routinely observed during our initial speciation efforts. An

illugtration of atypica set of datais presented in Figure 31. It was common to seea

series of severely depressed 5-minute readings for Hg(0) (aslow as 0 ng/nt) immediately

following the denuder desorption cycle. Typicaly, the readings for Hg(0) would then

gradudly increase and stabilize prior to the next denuder desorption cycle (Fig 32). This
pattern appeared regularly throughout the March-June timeframe with varying intensity.

For example, within 24 hours of initiating speciaion measurements (March 7)
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Example of Results from Reactive Gaseous M er cury Sampling

Date Time Hg°(ng/m%®  Hg°(pg/m?3 Hg?" (pg/m?3) COMMENTS

5/3/00  6:55 1.851 At this point, the analyzer is measuring elemental

5/3/00  7:00 1.778 mercury in ambient air being drawn through

5/3/00  7:05 1.924 the denuder assembly. The speciated form is being

5/3/00 7:10 2178 trapped on the denuder.

5/3/00  7:15 2.877

5/3/00  7:20 3.214

5/3/00 7:25 4.380

5/3/00  7:30 4137

5/3/00  7:35 3.671

5/3/00  7:40 4525

5/3/00  7:45 5.020

5/3/00  7:50 3.724

5/3/00  7:55 2.295

5/3/00  8:00 1.827

5/3/00  8:05 1.884

5/3/00  8:10 1.811 )

5/3/00 8:15 1.834 Measurement of elemental mercury is halted.

5/3/00  8:20 0.805

5/3/00  8:25 0.000

5/3/00  8:30 0.433

5/3/00  8:35 8.613 Heating of the denuder and measurement of RGM begins here.

5/3/00  8:40 0.619

5/3/00  8:45 0.000

5/3/00  8:50 0.179 Heating stops here and zero air continues to clean the system

5/3/00 8:55 0.000 while the denuder cools.

5/3/00 9:00 0.253 Ambient air sampling resumes here. Mercury concentration values

5/3/00 9:05 0.341 do not immediately return to anticipated levels, possibly indicating

53/00 910 0.000 compromised collection efficiency at the gold trap. Readings

5/3/00 9:15 0.671 appear to slowly return to expected values over the course of an
: : hour or so.

5/3/00  9:20 0.270

5/3/00 9:25 0.425

5/3/00  9:30 0.925

5/3/00  9:35 0.488

5/3/00  9:40 1.748

5/3/00  9:45 0.628

5/3/00 9:50 1.953 At this point, readings are beginning to return to normal, expected

5/3/00 955 1.628 values for elemental mercury in ambient air (~ 1.5 — 2.0 ng/m?).

5/3/00 10:00 2.007

5/3/00 10:05 1.852

5/3/00 10:10 1.884

5/3/00 10:15 1.897

5/3/00 10:20 1.983

5/3/00 10:25 1.902

5/3/00 10:30 1.865

5/3/00 10:35 1.947

Figure 31: Typical data readout from first phase of mercury speciation. Note suppressed Hg(0)
readings immediately following denuder desorption and analysis cycle.
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the Hg(0) readings appeared low, but only during the first severd 5-minute readings.
During the next severd days an even more pronounced effect was seen, with recorded
levels as low as 0 ng/n. This pattern reemerged following the ingtalation of aclean
denuder on March 14, in a pattern Smilar to that seen during the first week. Readings
during the week of March 21 contained severa vaues below 1 ng/nt but it appears that
the detection of Hg(0) was not as severdly affected during this period. The first week in
April was severedly affected, with some two-hour periods never recording asingle Hg(0)
level above 1 ng/nT.
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replacement would not exhibit suppresson of Hg(0), but within a day readings would
begin to appear atificialy low. However, the effect did not aways appear to get
progressively worse within any givenweek and would even seem to disappear on
occasion, returning the Hg(0) readings to plausible levels.

We explored severd potentia reasons for the compromised detection of Hg(0). Our
initia suspicion was the existence of a pallutant in ambient air that was being trapped on
the annular denuder during air sampling. This agent might then be released during

denuder desorption in sufficient quantity to interfere with the capture efficiency of the

gold traps, leading to artificidly low readings for Hg(0) during the first few andyss

cycles following denuder desorption. Severd lines of evidence support this theory. The
mercury vapor anayzers, absent annular denuders, did not appear to generate suppressed
readings for TGM. The KCl-coated denuders are designed to capture chemically reactive
gasssincluding RGM, but incidental capture of species such as reactive acid gases and
sulfur compounds likely occurs. Some of these agents have been observed to compromise
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the capture efficiency of gold traps following reease from the denuder. The apparent
recovery within each two-hour period could be due to the gradud release of these species
from the gold traps during the analys's phase, which involves heating the gold beads and
liberating trapped mercury for measurement. The variability in the degree of interference
could be rdated to shifting levels of acid gases or other interfering agents in ambient air,
and aresulting variable effect on the number of binding Stes available on the gold beads.

Other observed patterns

remain unexplained. For s 0

example, while the most £ 4

frequent pattern for Hg(0) s 127 \/VVV\A )

involved reporting of the g 109 W/ VWWVWN
lowest readings z 087

immediatdy following £ 067

denuder desorption, W04

followed by agradud 5 027

increase up to the next 0.0 T m
desorption cycle,

occasiondly the most %@%@%ﬁf%{ﬁﬁ&%@;{%ffﬁs@
Severdy depressed Date and Time

readings were seen after

Eggifer ;g)u rTTizﬁi?ht Figure 33: Example of delayed pattern of suppressed Hg(0)
be explained by residua encountered during first phase of mercury speciation
mercury remaining in the measurements at Riegelwood Ballpark.

sysem fallowing the

previous denuder

andyss cyde however, virtudly dl zero-air readings prior to these events showed an
absence of resdud mercury. This delayed suppressve effect on Hg(0) readings remains
unexplained.

Despite the clear suppression of basdine readings, devated readings for Hg(0) were
encountered on many occasions during this period. It is conceivable that these reported
vaues are biased low, but the magnitude of this effect isimpossible to characterize. It is
aso impossible to tdl what effect this negative bias may have had on the measurement of
RGM. Mercury trapped on the annular denudersiis liberated as Hg(0) before being sent
downstream to the andytica instrumentation. In theory, the same phenomena that
contributed to the artificidly low readings for Hg(0) could dso be in place during the
quantification of RGM. It is unclear whether the gold traps would be affected smilarly if
the interfering agent(s) were encountered s multaneous with the liberated mercury.
However, in most cases recovery to norma readings was seen prior to the denuder
desorption cycle suggesting that measurement of RGM might not have been unduly
biased. The data clearly show periodically elevated readings for RGM in addition to
many instances of readings approaching O pg/n. It is plausible that these readings have
been atificidly reduced by the same phenomenathat contributed to the biased
measurements for Hg(0) but it is equally concelvable that the data reflect natura



variability. Unfortunately, very few data on the "normd™ characteristics of atmospheric
RGM are available. Given the gpparent negative bias on measurement of atmospheric
mercury it was decided that a statistical andysis of these data could be mideading and
thuswill not be presented here. Our analyssingtead is limited to quditative observations
such as the degree of correlation between spikesin RGM and Hg(0).

Method Devel opment

Based on our previous experience and conversations with other expertsin the fidd of
atmospheric mercury monitoring we concluded that severd factors could be impacting
the measurement of Hg(0). Our primary focus was on the incidental capture and release
of acid gases by the KCl-coated denuder. If sufficient quantities of hydrochloric acid or

nitric acid were dlowed to accumulate on the denuder surface, then a concerted release of

these agents could result in the “poisoning” of the downstream gold traps and reduced
capture efficiency for mercury. This has higtoricaly been a chalenge for measurement of
mercury in ar and other environmentd media (Matt Landis, USEPA, persond
communication). It is aso conceivable thet other species such as reduced sulfur
compounds (mercaptans and/or hydrogen sulfide) would contribute to asimilar effect
(A Shendrikar, DAQ, personal communication). Even biogenic compounds such as
terpenes released by coniferous forests have been offered as a potential explanation
(Schaedlich, Tekran, persond communication). Another confounding factor could be
sgnificant accumulation of water in the sampling system. Although the denuder and gold
traps are kept heated in order to prevent the accumulation of water vapor, extreme
humidity could lead to water accumulation in the system and a compromised ability to
trgp mercury. A high degree of variability in atmospheric concentrations of water vapor,
sulfur compounds, acid gases and terpenes would be expected at this Ste due to naturd
fluctuations and emissions from nearby industrial operations that include thousands of
pounds of acid gases and sulfur compounds.

To test our theories and reduce the potential impact of interferents on mercury trapping
efficiency we proposed to insert asmall sodalime trap in the sample line between the
annular denuder and the andytica insgrumentation. Sodalimeis used to prevent
contamination of gold traps during the andysis of other environmenta mediaincduding
surface waters. We chose to utilize sodalime containing an indicator that would visudly
signd when the materiad had become neutrdized or saturated with moisture,

To test whether the addition of a soda lime trap would significantly bias mercury
readings, we made careful measurements while performing manua injections of mercury
into acarier stream of zero air. By andyzing zero air passed through the soda lime traps
we could confirm the absence of detectable levels of mercury (i.e. alack of postive
interference)(Fig 34). Additiondly, we carried out carefully controlled manua injections
of mercury a various points on the sample line to confirm that no appreciable
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loss was occurring due to the presence of the sodalimetrap (i.e. alack of negative
interference). The results of these tests confirmed that no detectable bias - postive or

negative - was being introduced by the addition of the sodalime trap (Fig 35).

Figure 35: Results of tests confirming lack of interference with measurement of known
concentration (13.176 ng/m°) of elemental mercury. Attachment of soda lime trap did not

prevent complete recovery of manually injected mercury vapor.
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The effect on measurement and speciation of ambient air mercury was aso tested using
the dual-system configuration described in the Materids and Methods section. Divergent
results for Hg(0) began to gppear at the end of the first day of ambient air sampling. The
undtered system provided measurements of Hg(0) that were clearly lower than those
provided by the system configured with the soda lime trap (Fig 36). The degree of
measurement difference varied subgtantialy and in an unpredictable fashion not unlike
the pattern of suppression seen during Phase 1 measurements of Hg(0) at Riegelwood
Bdlpark. Wewere not able to test the effect on the measurement of RGM using
smultaneous comparative measurements of RGM on atered and undtered instrument
configurations due to the fact that we only possess one speciation assembly; however,

because the trapped RGM s liberated from the denuders as Hg(0), it can be inferred from

comparative tests on ambient and controlled levels of Hg(0) that no negative effect on the
measurement of RGM would be encountered when a soda lime trgp isincluded in the
sampleline. During our brief testing period, seemingly normd variahility in RGM leves
was seen, and no apparent pattern of bias could be discerned.

The results of our system modification and subsequent tests confirmed the potentia for
negetive bias on measurement of Hg(0) in ambient air and the potentid effectiveness of a
soda lime trap for reducing that bias. All mercury data collected after August 2000 at the
Riegewood sites were generated using the soda lime modification.
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Figure 36: Smultaneous measurement of Hg(0) using a split line feeding one Tekran 2537A equipped with a soda lime trap (blue)
and another without (red). Following the first several sequences the instrument without the soda lime trap begins to show reduced

measurements of Hg(0) while the other instrument provides seemingly reasonable measurements of Hg(0).

58




Phase 2 (Aug - Nov) Results

Between August and November of 2000, over 600 two-hour measurements of RGM and
over 13,000 five-minute readings for Hg(0) were collected. Concurrent 2-hour vaues for
Hg(0) and RGM are presented in Figure 37, and in Table 6. Short-term increases in Hg(0)
were relatively common and reached levels as high as 52 ng/nt (refer to Table 3). The
average value for Hg(0) over the entire sampling period was 2.0 ng/nt. Significant
variability in RGM was as0 seen. Levels were typicaly very low, with amgority of
readings below 1 pg/n™, but periodic excursions were evident. The average value® for
RGM over the entire sampling period was 7.81 pg/nT; the median value was 0.87 pg/nT.
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Figure 37: Mercury speciation data, Riegelwood Ballpark, August 24 — November 21,
2000. All points represent 2-hour values for elemental or reactive gaseous mercury.

® The average value for RGM during this period was cal culated using actual values as reported by the
instruments, except that values below 0 ng/nT were converted to 0 ng/nt. An alternate mean value,
substituting all values below the LQL (0.4 pg/nT) as¥2the LQL (0.2 pg/nT), is 7.86 pg/nt.




Table 6: Satistics for 2-hour measurements of Hg(0), RGM and TGM from the
Riegelwood Ballpark site, Aug 24 — Nov 21, 2000.

RGM Hgﬁgz TGM RGM/Hg(0)

(py/n) (ng/nT) (ng/nt) (%)
10th percentile 0.00 1.32 1.32 0.00
25th percentile 0.00 1.43 1.44 0.00
50th percentile (median) 0.87 1.57 1.57 0.05
75th percentile 4.20 1.76 1.78 0.23
90th percentile 20.41 278 2.80 0.89
95th percentile 39.30 4.90 5.02 151
90th percentile 91.76 9.15 9.16 3.90
max 362.40 19.10 19.13 6.70
mean 7.81 1.99 2.00 0.32
sandard deviation 23.22 1.56 1.57 0.0078
n 611 611 611 611

Thevduesin the TGM column in Table 6 were derived by adding concurrent two-hour
readings for Hg(0) and RGM. Dataon TGM exhibits a pattern smilar to that seen during
prior sampling events at this Ste; however, both average and peak values were
diminished relaive to earlier results. In over 90% of measurements, RGM was present at
less than one-one hundredth the level of TGM, and in fact, RGM never comprised more
than 7% of TGM over any 2-hour period. Thus, spikesin TGM were primarily aresult of
increased levels of Hg(0) rather than RGM.

The behavior of RGM could not aways be predicted by changesin Hg(0). In many cases
a concordance between short-term increases in Hg(0) and RGM was seen, but at other
times Hg(0) and RGM behaved independently.

Severd possble reationships between atmospheric mercury levels and variables such as
meteorology were identified and explored in further detail:

Mercury and Time of Day

Figure 38 presents RGM data by time of collection. Most elevated readings for RGM
arose during daylight hours, although some events were scattered throughout nighttime
and early morning hours. No obvious pattern was identified for spikes of Hg(0) (Fig 39),
but examination of 5-minute data sorted by time of day of collection reveded adie

pattern similar to that seen in Figure 29 when non-background values (>2.15 ng/nt) were
removed (data not shown).
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represent an average of 24 5-minute Hg(0) measur ements taken during the

Figure 39: Hg(0), sorted by time of sample collection. All readings
preceding 2 hours. Aug 24 — Nov 21, 2000.

Figure 38: RGM, sorted by time of sample collection. All readings represent
RGM levels sampled during the preceding 22 hours. Aug 24 — Nov 21, 2000.

61



Mercury and Humidity

Figure 40 presents data on humidity levels during quantifiable measurements of RGM.
Elevated RGM readings were detected under awide range of conditions; however, the
lowest readings for RGM appear to be confined to highly humid conditions. Most
instrument non-detects (< 0.4 pg/nT®) were encountered under highly humid conditions.
The average humidity level during ingrument non-detects was 92.5% (s.d. = 6.56) vs.
64.2% (s.d. = 20.6) during quantifiable readings. The relationship between Hg(0) and
relative humidity isillustrated in Figure 41. Most devated Hg(0) readings occurred under
moderate to high humidity conditions. Closer ingpection of the data suggests that
depressed readings at or below 1 ng/nT® were dmost exdusively afiliated with conditions
of extreme humidity.
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Figure 40: Scatterplot of RGM vs. relative humidity, Aug 24 — Nov 21, 2000.
Note semi-log scale.
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Figure 41: Scatterplot of Hg(0) vs. relative humidity, Aug 24 — Nov 21,

2000. Note semi-log scale.

Mercury and Temperature

Daily average temperature decreased during this study period with the trangtion from late
summer to fal and early winter. No related trend in the frequency or intengty of mercury
spikes was seen during this period. Neither RGM nor Hg(0) appeared to exhibit a
conggtent relationship with temperature (Figs 42 and 43).
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Figure 42: RGM vs. temperature,
Sept 1 - Nov 9, 2000.

Figure 43: Hg(0) vs. temperature,
Sept 1 - Nov 9, 2000.
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Mercury and Wind Conditions

Elevated Hg(0) was predominantly associated with winds arriving from the
east-northeast. Figure 44 illugtrates the congstent relationship between Hg(0) leve and
wind direction. Aswe noted previoudy, a closing Site audit indicated wind direction was
inaccurately measured at this Site during this period. Actua wind direction was probably
25 t0 40 degrees lower than the data presented in Figure 44, but the exact amount of
offset isimpossible to assess. The weather Sation at the Riegelwood site was not
equipped to caculate average wind direction every 2 hours making it difficult to establish
aclear rlaionship between RGM and wind direction over that time frame. Individud
5-minute data points on wind direction and wind speed corrdating to 2-hour periods of
elevated RGM are presented in Figure 45. 1t should be noted that variability inwind
direction within each 2-hour sample collection period could confound our attempts to
identify any relationship between eevated RGM and wind direction, especidly if the
majority of RGM was brought to the sampler during afraction of a sampling period with
highly variable winds. In the discussion section below we present wind direction data as
arange based on individud 5-minute va ues generated within each 2-hour RGM sample
collection period.

270

180 180
Figure 44: Plot of Hg(0) vs. coincident Figure 45: Plot of wind speed (mph, X/Y
wind direction. The radial axis represents axes) and direction (radial axis) during
wind direction in degrees while the X and conditions of elevated RGM. All values are
Y axes represent Hg(0) level in ng/m®. 5-minute averages.

All values are 5-minute averages



The following table summarizes the observed re ationships between Hg(0) and RGM
levels and the above mentioned varigbles:

Table 7: Summary of observed relationships between reactive gaseous mercury,

elemental mercury and several measured variables, August — November, 2000.
Variable Reactive Gaseous Mercury Elemental Mercury
Time of Day Elevated readings primarily No clear pattern, elevated
confined to daylight hours readings occurred during both
daylight and nighttime hours
Humidity High readings encountered under a | Highest readings under
wide variety of humidity levels moderate to highly humid
but lowest readings confined to conditions, depressed readings
highly humid conditions a extreme humidity levels
Temperature No gpparent relaionship No gpparent relaionship
Wind Direction No clear rdaionship Highest readings with winds
from N-NW to E

Phase 2 (Aug - Nov) Discussion

Instrument Performance

The soda lime system modification appeared to have been successful at reducing or
eiminaing artificidly low readings for TGM. However, on rare occasion 5-minute Hg(0)
vaues below 1 ng/nt were encountered. These values were sporadic and generally
confined to a 3-week period between September 28 and October 15, 2000.

Hg(0) levels below 1 ng/nT were frequently associated with extremely humid conditions
(Fig 42). This could suggest that Hg(0) levels are lower during extremely humid
conditions or that instrument readings reflect some degree of impairment in the capture or
measurement of Hg(0). Hg(0) is not water-soluble and not predicted to undergo
sgnificant amospheric remova during humid conditions or precipitation events. Others
have shown that TGM levels do not decrease during or following rain events (Lindberg).
Another more speculative theory is that the presence of atmospheric water vapor could
enhance the rate or extent of mercury oxidation, resulting in adepletion of Hg(0). Severd
atmospheric oxidation reactions involving mercury occur most rapidly in the agueous
phase (Lin and Pehkonen). Many of these oxidizing agents are likely to exist at elevated
levelsin regiond ambient air due to nearby indudtrid emissons. However, the likelihood
that this phenomenon would give rise to a measurable change in TGM levelsisvery

amadl given that only a minute fraction of Hg(0) in the air would be predicted to enter
into the aqueous phase where oxidation reactions would take place. The most likely
scenario involves interference with instrument performance by water vapor. Water vapor
could condense on sample lines or saturate particulate filters, inhibiting the passage of
Hg(0). It could dso overwhem the soda lime traps, dlowing moisture to reach the gold
trgps which might affect mercury capture efficiency. Findly, it is aso concelvable that
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other meteorological conditions associated with high humidity (e.g. precipitation, wind or
temperature) could be impacting atmaospheric mercury levels or instrument performance.

TGM measurements below 1.0 ng/nT were not confined to this site during the study.
Interestingly, these values gppeared periodicaly during the July through September
timeframe at other Sites. For example, the lowest 10% of readings for TGM tekenat Lake
Waccamaw from the third quarter of 1998, 1999 and 2000 were consistently lower than
amilar vaues from other periods during the year (Table 1). During these periods warm
humid air masses arrive from the Gulf of Mexico; unfortunately, concurrent information

on humidity and Hg(0) are not available from these Sites, preventing the establishment of
asmilar reaionship between humidity and TGM at thisste.

Despite the periodic appearance of low vaues for Hg(0) it does appear that system
modifications improved the detection of Hg(0). It remains possible that some recorded
vaues are lower than actua atmospheric levels, especidly during periods of extreme
humidity. However, because there were no clear indications of compromised instrument
performance during these periods, data on Hg(0) and RGM are included in summary
datistics and figures for this sampling period.

Total Gaseous Mercury, RGM and Elemental Mercury

TGM levds fluctuated significantly between August and November of 2000 in a pattern
amilar to that seen during the previous year. Average levels declined significantly
relative to the same time period during 1999, reflecting the decreased frequency and
diminished magnitude of spikesin TGM.

Our study confirmed that TGM is comprised overwhemingly of Hg(0). Although
increases in both Hg(0) and RGM were seen on a frequent basis during this study, it was
Hg(0) fluctuations that were primarily responsible for changesin TGM. RGM leves
were typically two to three orders of magnitude lower than Hg(0). Even in those cases
where RGM increased without concurrent changes in Hg(0), levels never exceeded one-
tenth those of Hg(0). These data are congistent with findings reported in previous studies
(Lindberg, Sheu and Mason).

Our data suggest that RGM and Hg(0) levels may be differentialy susceptible to various
outsde influences. Asillugtrated in Figure 46, changes in one form of gaseous mercury
would often, but not always, occur independent of changes in the other mercury species.
RGM is comprised of water-soluble species such as mercuric chloride (HgCh). It is
believed that these species undergo atmaospheric remova mechanisms involving both wet
and dry deposition. It has been shown using continuous monitoring techniques that RGM
levesin ambient air fdl dramaticdly following arain event (Lindberg). Theoreticdly,
these same wet deposition remova mechanisms would be enhanced by the presence of
high levels of water vapor in the air, such as might exist during the extremey humid
conditions periodicaly documented during our sudy. This phenomenon isalikdy
explanation for the pattern of RGM non-detects during periods of high humidity. During
dry periods (humidity < 50%) al readings for RGM were above the insrument limit of
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detection. However, elevated RGM was detected under conditions of low and high
humidity, suggesting that while water vapor might be an effective tool for removing low
levels of RGM, itsremovd efficiency islessthan 100% at higher amospheric
concentrations.

14.0

~
o

[«2]
o

Hg(2+) (pg/m3, 2-hr average)

120t il +

100 T T 50
B N

r 40

/

r 30

r 20

Hg(0) (ng/m3, 2-hr average)

=
o

o

T S R R St RN I A (S S S I iRt R
Date

[ = Hg(0) ——Hg(2+) |

Figure 46: Representative sample of mercury speciation data, September 10 — 19, 2000,
illustrating the behavior of elemental and reactive gaseous mercury. Data represent 2-hr

coincident readings for each mercury species.

Except for the lower basdline readings encountered under highly humid conditions, Hg(0)
readings did not gppear to be dramatically affected by humidity levels. Hg(0) is not
water-soluble and thus not predicted to undergo significant atmospheric remova by wet
deposition. Measurable changes in Hg(0) concentrations in temperate climates are more
likely to be effiliated with impacts from nearby emisson sources.

Elevated readings for RGM appeared most frequently during daylight hours*® Sunrise
and sunset ranged from 5:40 am. to 6:48 p.m. EST on August 24 to 6:51 am. to 5:04
p.m. EST on November 21. Lindberg and Stratton aso reported daytime increasesin

RGM and speculated that photochemica production might enhance RGM levels during
the day while nighttime deposition acts as aremova mechanism, depleting atmospheric
RGM trapped below the stable boundary layer (Lindberg). Sheu and Mason reported
varying diurnd trends for RGM at a Ste near the Chesgpeske Bay (Sheu and Mason).

19 Time of collection corresponds to sampling conducted over the preceding two hours.
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While nighttime depletion and daytime increases were noted on at least one occasion
during aweeklong sampling period, other patterns were also noted. The authors
Speculated that these increases could be related to source impacts or variability in RGM
levels between different air masses moving across their sampling site. During our study
some isolated RGM pesks were noted during nighttime and early morning hours,
suggesting additiona factors may have been impacting RGM levels during these periods
(Fig 39). RGM leves were more highly corrdated with Hg(0) levels during nighttime
rather than daytime hours (> = 0.63 vs. r? = 0.54). Peaksin Hg(0) were seen at dl times
of day, while background Hg(0) vaues appeared to conform to adiel pattern smilar to
that seen in Figure 29, with lowest vaues in the pre-dawn hours and the highest
background vaues occurring during the middle of the day.

No correlaion was identified between Hg(0) or RGM levels and temperature during this
study period. Higher ambient temperatures could, in theory, fecilitate severd of the
atmospheric reactions that could affect RGM levels, however, any association may be
confounded by severa covarigbles. During the summer months, warmer air arriving from
the Gulf of Mexico istypicdly very humid, and the negative reaionship between
humidity and RGM levels may overwhelm any positive associaion involving

temperature. Associations between wind direction and temperature could aso hamper the
identification of arelationship between temperature and atmospheric mercury levels,
epecidly if mercury emisson sources that are upwind during a significant portion of the
year become downwind with seasond shiftsin wind direction. A more thorough
ddtidicd andydsinvolving anadyss of variance might unearth a rdationship between
temperature and RGM or Hg(0) levels but is beyond the scope of this report.

The strongest historical indicator of emission source impacts on regiona atmospheric
mercury levels was illustrated through the consstent relationship between wind direction
and elevated TGM readings a the Lake Waccamaw and Riegelwood monitoring Sites.
During speciation measurements, devated RGM was most commonly associated with
winds arriving from various directions, including the northwest, north and east. A wind
rose plot summarizing 5-minute wind data collected in conjunction with eevated RGM
shows asgnificant degree of variability but a notable absence of data pointsin the third
quadrant (i.e. between south and west). Predominating winds during this period would be
expected to range between southwesterly during August and September to northerly and
northeasterly during October and November. In contrast, elevated readings for Hg(0)
were bound to afairly tight distribution between east-northeast and east- southeast. This
suggests that increasesin Hg(0) at this Site may be related to a fixed upwind mercury
emissions source.

| dentifying Relationships between RGM and Elemental Mercury

Our data indicate that a variety of factors influenced atmospheric mercury levels at the
Riegewood Bdlpark ste. The sngle strongest line of evidence implicating point source
effects is the corrdation between wind direction and increasesin Hg(0). Naturdl
variability ismost clearly illustrated through the relationships between RGM, and
humidity and time of day. Although data for Hg(0) and RGM gppear very smilar -
exhibiting a predominance of background or basdline readings punctuated by periodic
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spikes in concentration for both species — short-term changes were periodicdly isolated
to one species of mercury. To better understand the distinct behaviors of Hg(0) and RGM
and the influence of naturd variability versus anthropogenic impacts we defined three
types of scenarios for further study:

- Scenario A: RGM and Hg(0) increase concurrently.
- Scenario B: RGM increases without S multaneous increase in HY(0).
- Scenario C: Hg(0) increases without Smultaneous increase in RGM.

Figure 46 illustrates a brief period during which severa of these events appeared.!! Once
these events had been categorized, coincident data on mercury concentration, time period
sampled, temperature, humidity, and wind speed and direction were compiled. Wind
speed, temperature, humidity and Hg(0) concentrations were caculated by taking the
arithmetic average of 24 separate five-minute readings within each 2-hour sampling
period. Wind direction data were compiled from 5-minute readings. A complete
description of Ste conditionsis presented in Appendix 5. Summary datigtics for
temperature, humidity and wind speed are presented in the following table.

Table 8. Observed meteorological conditions during periods of elevated gaseous
mercury and during the compl ete study period, September — November, 2000.

Temperature | Relative Humidity | Wind Speed

Scenario mean (sd) mean (sd) mean (sd) # Events
ﬁ;ggg; SR-SMI ;”30:'§§0) 64.6 (7.6) 740 (16.3) 3.44 (1.87) 24
Elég?r“gr:]g'cfﬁgiilﬁe 71.3(9.5) 349 (15.1) 412 (2.02) 43
ggngﬁggﬂﬁrg 559 (136) 922 (7.6) 138(170) | 10
Complete Study Period™ |  65.7 (12.4) 75.7 (21.5) 2.80 (2.60)

Scenarios A and C include elevated readings for Hg(0). We initidly suspected that short-
term increasesin Hg(0) would primarily be dueto loca or regiond industrial emissions.
Natural causes of short-term pesksin Hg(0) such asforest fires, volcanic activity or
nearby geologica deposits of mercury were absent and would not be expected to
contribute subgtantialy. Variability in RGM is possibly related to natural phenomena but

1 For the purpose of this report, we chose events by visual inspection. In future studies we may attempt to

define peaks by statistical parameters.

12 gtatistics based on 2-hour average measurements except wind speed which is based on all 5-minute
readings obtained between 9/1/00 and 11/9/00. See Appendix 5 for amore compl ete description of
meteorological conditions during Scenarios A, B and C.



may aso reflect trangport of loca or regiona emissions of RGM. Elevated readings for
RGM were encountered under scenarios A and B.

An obvious difference between scenarios A and C is the accompanying humidity level.
While amaospheric conditions in the former case very dosdy mimicked conditions
encountered throughout the duration of the study, humidity levels were substantialy
higher in the latter scenario. High humidity may contribute to the remova of RGM from
theair. It is conceivable tha the monitoring insrument was measuring the impact of
pollution plumes containing mercury during these periods but any RGM that may have
been present was scavenged through wet deposition mechanisms as the plume moved
away from the source. It is notable that wind speed was aso substantidly lower in the
latter case. Sow winds might further inhibit the latera movement of RGM and enhance
the likelihood of atmospheric remova on short distance scales. If these aimospheric
remova mechaniams are in place and are affecting measured RGM levelswhile leaving
Hg(0) levels unchanged, then it is entirely plausible that scenarios A and C represent
pollution plume impacts under differing meteorological conditions™®

Under scenario B, increases in RGM were unaccompanied by changesin Hg(0). This
could arise from severd Stuaionsincluding plume impacts from point source releases of
RGM, locd formation of RGM through oxidation of available Hg(0), RGM releases from
natural sources, or varidble levels of RGM in different air masses. Wind direction
associated with these events was highly variable, decreasing the likdihood of plume
impacts from asingle point source. Humidity levels were frequently very low, reflecting
favorable conditions for the existence of RGM in ambient air. Although we cannot rule
out the posshility that increasesin RGM without concurrent increasesin Hg(0) were
caused by point source releases of mercury, there aso remains a strong possibility that
these peeksin RGM levelsreflect anaturd did cycle.

If elevated readings for Hg(0) are used to identify plume fumigation events, then the
concurrent presence or absence of RGM appears to be most significantly tied to local
atmospheric conditions. Closer examination of the data shows that a negetive correlaion
exigs between humidity levels and theratio of RGM to TGM during plume fumigation
events (Table 9). During the most highly humid conditions (> 90%) no RGM was
measured, despite markedly devated levels of TGM. This suggests that extremely humid
conditions were able to influence the chemical speciaion of mercury reaching the
monitoring station during plume fumigation events by removing RGM on avery short

(< 1 mile) distance scde. The resulting increase in mercury wet deposition over a
reaively smdl area might Sgnificantly impact runoff to surrounding surface waters. It is
worth noting that on occasion, increases in RGM were seen even under conditions of
greater than 90% humidity. However, the ratio of RGM to TGM was low, suggesting
some degree of remova may have been taking place.

13 Weinitially suspected that periods of increased Hg(0) and baseline RGM might beindicative of plume
fumigation during rain events. However, rainfall datafrom nearby Lake Waccamaw suggested that nearly
all these events occurred in the absence of rainfall.



Table 9: Description of meteorological conditions during suspected plume fumigation
events (scenarios A & C), September — November, 2000, 141°

# Events Rd. Humidity RGM/TGM Corrdation (RGM/RH)
2 Mean: 79.4% Mean: 0.46% .0.812
Range: 38% —98% | Range: 0.00% - 1.45% '

Although we have used the combined effect of increased Hg(0) and wind direction to
highlight suspected locd plume fumigation events it dso remains possible that pollution
impacts are responsible for some of the increasesin RGM done. Lindberg, et a reported
severd events during which RGM levels increased without concomitant increasesin
Hg(0) (Lindberg). They were able to present coincident data on SO,, NOy and ozone to
strengthen their argument that these changes were caused by a plume fumigation event
resulting from cod-fired utility boiler emissons. They aso presented data suggesting that
RGM levels conform to adid cycle, with highest readings during late morning and
afternoon hours. The absence of data on additiond pollutants limits our ability to
distinguish between naturd variability and source influences on RGM levels, however
severd lines of evidence support the argument for naturd variability. Most importantly,
these events were dmost completely confined to daytime hours - consistent with the diel
cycle described above and contrasted with the continuous operating schedules of local
mercury emission sources. Secondly, winds during these events were primarily northerly
and westerly and likely comprised of cool, dry air - favorable conditions for the existence
of RGM. Findly, Hg(0) levels remained at basdline suggesting the absence of plume
impacts from ground-level sources in the immediate vicinity of Riegewood. At present
there is no known diel pattern for Hg(0), athough some have speculated that such a
pattern might exist (Schroeder 1999).

The possible association with northerly winds could provide an argument for long-range
regiond transport of RGM from emission sources to the north and west of Riegelwood.
Mgor emisson sources exig in this direction including cod-fired utility boilers thet

serve the Charlotte, Fayetteville, Winston- Sdem and Raeigh-Durham aress. The closest
unit is postioned 95 km to the west- northwest near Lumberton, NC (1998 reported
mercury emissions. 90 |bs)). Given these distances and the necessary convergence of
emissions and meteorologica conditions favoring downward mixing of the plume doft, it
seems improbable that upwind sources are the cause of dl short-term fluctuationsin
RGM. Further study, including co-monitoring of additiond pollutants such as SO, or
trace metals would be needed to determine the extent of source impeacts.

The relative impact of natura vs. man-made effects on atmospheric RGM deserves
further attention. Many of our highest readings for RGM were obtained under conditions
that are mogt likely to reflect naturd variation. These increases were dso far more
common than events suspected to be due to local source impacts and exhibited

14 «events” defined as scenarios A and C.
15 These data were generated using actual instrument readings, including those below 0.4 pg/nt, the limit of
detection for reactive gaseous mercury.
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consderable variability in magnitude and duration. Measurements a ground-leve only

tell asmdl part of the picture snce sources with tal stacks are do likely to affect
atmaospheric mercury levels a much higher devations. Additiond critical messurements
would include short-term wet deposition samples or cloud water analyss. We believe our
study provides very strong evidence for point source contributions of RGM. However, at
this point it would be premature to attempt to use the data from this study to
quantitetively define natura vs. man-made impacts. Both are clearly important
phenomena and should be factored into the design of future Sudies.

Mercury Wet Deposition

Mercury wet depogition involves the transfer of mercury from the atmosphere to land or
surface watersin precipitation or condensation of water vapor. Water-soluble species of
gaseous or particulate mercury may be scavenged from the atmosphere by cloud water,
rain, snowfal or water vapor. For many surface waters, atmospheric deposition isthe
mogt sgnificant route of mercury loading. Dry deposition of particulate mercury or RGM
aso contributes to the overdl rate of atmaospheric deposition, adthough wet depostion is
believed to play alarger role in the eastern United States where precipitation rates are
higher than in arid western ates (EPA 1997a). Together, these phenomena contribute to
raise methylmercury levesin fish resding in mercury-sengtive waters.

Wet deposition is most strongly influenced by two factors: the amount of precipitation
received and the concentration of mercury in the rainwater when it reeches the earth's
surface. In areas impacted by high levels of atmospheric gaseous or particulate mercury,
wet deposition rates would be higher than comparable areas with lower leves of
atmospheric mercury. Aress that experience relatively higher rates of precipitation would
aso experience higher rates of mercury wet deposition than more arid environments if
atmospheric mercury levels are comparable between sites. In redity, the reationship
between precipitation and wet deposition is much more complex. In arid environments,
infrequent precipitation may alow gaseous mercury speciesto build up in the
amosphere, resulting in much higher mercury concentrations in subsequent precipitation
events. Alternatdly, prolonged or frequent precipitation events may result in low
rainwater mercury concentrations as the atmosphere is cleansed of water- soluble mercury
Species.

Other factors that affect rainwater mercury levels are not completely understood. They
could include loca source emissions, unique meteorology, terrain features or the
presence of additiona aimospheric pollutants. Areas influenced by locd or regiond
emissons of particulate mercury or RGM might be expected to record higher average
ranwaer mercury levels. Additiondly, the existence of high levels of oxidetive
pollutants such as 0zone and reactive chlorine speciesin ar or cloud water could
contribute to the oxidation of Hg(0) into RGM, which would subsequently increase locd
deposition rates (Lin and Pehkonen). Monitoring sites located in heavily polluted areas
might exhibit the effect of these consderations.

Meteorologica phenomenaincluding temperature, humidity and cloud formation dl may
influence wet deposition rates. Temperature could play arole in facilitating oxidation
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reactions that form water-soluble RGM species. Similarly, the amount and intengty of
sunlight could aso affect mercury depostion by facilitating photochemical reactions.
Cloud formation and cloud chemistry are o recognized as important factorsin mercury
deposition. Many of the most plausible atmospheric reactions involving mercury are
believed to take place in the aqueous phase, in cloud water or precipitation (Lin and
Pehkonen). Dvonch, et d speculated that the tall, cumulonimbus clouds of south Florida
would be more effective a scrubbing atmospheric mercury from alarger area, possbly
explaining the relatively high wet depogtions rates in these environments. The
aforementioned variables al contribute to significant geographica varigbility in both
ranwater mercury concentration and cumulative wet depodition rates.

The Mercury Deposition Network

The National Atmaospheric Deposition Program's Mercury Deposition Network (MDN)
was designed to identify geographical and tempord trends in mercury deposition across
North America. As of 2000 over fifty Steswerein operation, representing over 20 states
and Canadian provinces (Fig 47). At dl Stes, precipitation samples are collected weekly
and sent to a contract laboratory for analysis of total mercury content. Precipitation
leves, total mercury concentration and mercury wet deposition rate are reported weekly.
VVolume-weighted mercury concentration is calculated on a quarterly and annud basis as
described in the materid's and methods section.
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Figure47: MDN map including active, inactive and proposed mercury depos
monitoring sites. NCO8 corresponds to Lake Waccamaw, NC42 corresponds to
Pettigrew Sate Park.
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North Carolina MDN Results

Two North Carolina sites have participated in the MDN network since 1995. The
Pettigrew State Park site (NC42) islocated near Phelps Lake in Washington County,
while the Waccamaw State Park site (NC08) is stationed next to the atmospheric mercury
monitoring unit near Lake Waccamaw. Both stes are Stuated in lightly traveled State
parks containing large bay lakes and surrounded by rurd aress. They are Smilarly
Stuated relative to the coastline and subject to very similar regional meteorologica
patterns. Surrounding population dengity and land use patterns are comparable, dthough
more anthropogenic mercury emission sources are located within a 50-kilometer radius of
Lake Waccamaw duein part to indudtria activities in Wilmington, NC and surrounding
areas.

Results from wet deposition monitoring at the North Carolina Sites are presented in
Table 10 and Figures 48 and 49. Data recovery between 1996 and 1999 for both siteswas
greater than 98%. Sample handling problems and system blanks were the main causes of
data loss, occurring twice at Lake Waccamaw during 1996 and twice during 1996 and
1997 at Pettigrew State Park. During 2000, some difficulties were encountered at both
gtesrelated to incons stencies between the tipping rain gage and bucket precipitation
samplers. A ste audit performed during December of 1999 found that the tipping rain
gage a the Lake Waccamaw Site was prone to underreporting precipitation amount.
However, subsequent estimates of rainwater mercury levels were based on the volume of
ranwater collected in the volumetric flask, thus estimated mercury levels were not
consstently biased by erroneous information on rainwater amount (Clevenger).
Improvements to the Ste instruments were made in June of 2000.

Table 10: Annual wet deposition of mercury at Pettigrew and Waccamaw Sate
Parks, 1996 — 2000.
Cumulative Wet Precipitation (mm/yr)  Volume-weighted

Year Deposition concentration
(ng/nf/yr) (Hg, ng/L)
Waccamaw
1996 12821 1087.6 11.8
1997 10430 996.0 10.5
1998 15830 1265.7 11.6
1999 14832 1854.5 7.8
2000 12594 1337.8 94
Pettigrew
1996 12361 1336.0 9.3
1997 9321 985.6 9.5
1998 9939 1395.5 7.1
1999 7684 1139.7 6.6
2000 10790 1302.7 8.3
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Figure 48: Annual cumulative wet deposition of mercury (ng/m?) recorded at Lake
Waccamaw and Pettigrew State Parks, 1996 — 2000.
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Discussion of NC MDN Data

Annua wet depogition rates in North Carolina are generdly near the upper end of the
range for dl MDN sites while annua volume-weighted mercury concentrations are close
to the median vaue. It is difficult to grasp the meaning of Ste-to-gte variability in these
parameters because the factors that influence mercury wet deposition are not completely
understood. In genera, the network sites that experienced the greatest rates of annua wet
deposition aso experienced higher annua precipitation rates. These Stesare dso
primarily stuated in the southern reaches of the network. The rlatively lower rates of
annua wet depogition in northern states could be due in part to the decreased scavenging
efficiency of snow during winter months. Eastern North Carolina experiences moderate
precipitation rates and during winter months precipitetion is primarily in the form of rain.
On the other hand, winter temperatures are Sgnificantly lower than those experienced in
south Horida. If lower temperatures act to suppress atmospheric conversion of Hg(0) to
water-soluble RGM then lower rates of deposition might be expected in colder
environments. This relaionship is supported by seasond trends in mercury depostion. If
the North Carolina data are split into summer months (April - September) and winter
months (October — March), mercury levels are clearly lower in winter versus summer
months (Fig 50). This phenomenon has been documented a many MDN gtes, including
those a lower latitudes where snow is not encountered and wintertime temperatures are
relatively warm. Other potentid causes for the seasond disparity might include air mass
movement, which would tend to be northerly during the winter and southwesterly during
the summer; dloud formation dynamics; and findly, the amount and intengty of sunlight.
Clearly, seasond and regional meteorologica patterns are critica factors affecting
mercury wet deposition (Watras, Mason, Guentze!).
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concentration (ng/L) and separated by season, site and year.
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Other factorsinclude loca mercury emissions, unique terrain fegtures, or the presence of
additional atmaospheric pollutants. Although MDN siting characteristics are meant to
minimize the influence of local source emissons, invariably some network sites will be
impacted. Sites influenced by local or regiond emissons of RGM might be expected to
record higher average rainwater mercury levels. Smilarly, the existence of high levels of
oxidative pollutants such as ozone and reactive chlorine speciesin air or cloud water
could contribute to the oxidation of Hg(0) into RGM, which would subsequently increase
local rainwater concentration and deposition rates (Lin and Pehkonen).

While the aforementioned variables would clearly play alarge role in the variability
between national MDN sites located in diverse environments, they seem to serve asless
plausible explanations for the differences seen between North Carolina’ stwo MDN sites.
As mentioned previoudy, surrounding features are very smilar and the Stes are only 200
kilometers gpart. Annua precipitation rates between sites were Smilar between 1996 and
2000 — with the exception of 1999 when the Waccamaw Site experienced a
disproportionately greeter quantity of rainfal asaresult of Hurricane Hoyd. Other
meteorologica phenomenaincluding temperature, prevailing winds and sunlight intengity
should be smilar, reflecting regiona patterns.

Despite the overwhelmingly smilar sSite characterigtics, some conggtent differencesin
mercury deposition patterns have been noted between the North Carolina sites. Wet
depogition rates have been higher at Waccamaw during every year of sampling. Because
annua precipitation rates are comparable between stes this differenceis primarily a
reflection of differencesin rainwater mercury concentration, aso higher at Waccamaw
during each year of testing. The magnitude of difference ranged from 10% during 1997
(12.5 ng/L vs. 10.5 ng/L) to over 60% during 1998 (11.6 ng/L vs. 7.1 ng/L; refer to
Figure 50). This rdationship could aso be observed if weekly data from each Ste were
examined (Fig 51).
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Figure 51: Coincident weekly deposition data from Waccamaw and Pettigrew State Parks,
1998 - 1999.

The congstency of this pattern suggests an additiond influence on rainwater mercury
levels. One important variable isregiond levels of atmospheric mercury. Only limited
information is available on amaospheric mercury levelsin the vicinity of Pettigrew State
Park, but those data indicated background conditions were present.*® In stark contrast,
TGM levels a Lake Waccamaw were shown to fluctuate wildly during and prior to 1998,
suggesting that loca air masses may have contained higher mercury levels. This could
contribute to higher mercury levelsin precipitation if Sgnificant atmospheric scavenging

of water-soluble mercury speciesistaking place.

A substantial decrease in rainwater mercury concentration between 1998 and 1999 at the
Lake Waccamaw site occurred on the same time frame as the sudden decreasein
atmospheric mercury levels a this Site. The decrease in TGM between 1998 and 1999
(28%) was somewnheat less than the decrease in rainwater mercury concentration over that
same time frame (45%). Additiond influences such as the unusualy high precipitation

rate during 1999 could aso have acted to decrease average rainwater mercury levels
through a dilutive effect.

16 Data on total gaseous mercury are from a4-month period during the summer of 1996.
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Aswe mentioned previoudy, higtorical dataon TGM from Lake Waccamaw strongly
suggested regiond source impeacts. If the reationship between regiond atmospheric
TGM leves and rainwater mercury levels were true, then it raises the possibility thet
loca mercury emission sources were having an identifiable impact on regiond mercury
wet depodtion rates. To properly andyze this rdationship, rain event-based sampling
with concurrent andlysis of trace signature pollutants and a thorough andlysi's of
micrometeorological conditions would be necessary. The sampling method used in the
MDN network blends together multiple precipitation events into one weekly composite
sample, making it impossible to distinguish Sngle precipitation events arisng from
different weather systems. Precipitation arriving to the sampling Ste after passing over an
upwind emission source cannot be digtinguished from other precipitation events that
contribute to that week's sample. Despite these limitations, we believe that loca and
regiond MDN data provide a useful accompaniment to data on atmospheric mercury and
apossble indicator of the effect of anthropogenic releases of mercury.

The MDN sites at Lake Waccamaw and Pettigrew State Park continue to collect data. If
recent improvemerntsin source emissons and TGM at Lake Waccamaw in fact are
related to declining mercury levelsin regiond precipitation, then rainwater data from this
gte should be comparable to results from Pettigrew State Park in future years.
Atmospheric TGM remained stable at basdine conditions during 2000 at Lake
Waccamaw. Rainwater mercury levels during this period rose dightly relative to the
previous year but remained lower than results from 1996 - 1998. This could be partly a
reflection of lower precipitation rates, which declined by approximately 40% between
1999 and 2000. Rainweater mercury levels from Lake Waccamaw were dightly higher
than results from Pettigrew State Park during the same time period, but were comparable
to historical datafrom that site. More data, collected over amulti-year timeframe, is
needed to determine whether trends seen over the past two to three years support
evidence for a reationship between regiond anthropogenic activitiesand TGM levels, or
instead represent normal year-to-year variability in mercury wet deposition.

Regional Anthropogenic Emissions

The preceding data support a possible relationship between man-made mercury emissons
and regiond levels of mercury in ambient air and precipitation. To further investigate this
possibility, we collected information on emission sources proxima to Lake Waccamaw
and Pettigrew State Park. We utilized dl available information on reported emissons and
the most recent estimates on the physicochemical speciation of mercury pollution. In
addition, we explored severa major changesin regiond industrid activities that may

have had a sgnificant impact on mercury emissons. The improvements made a severd

of these sources ultimately may result in reduced quantities of atmospheric mercury
reaching the sengitive waterways of eastern North Carolina.

Table 11 includes summary information on the most significant sources of anthropogenic
mercury emissions surrounding Lake Waccamaw and Pettigrew State Park (also, see
Figure 2). The data shows that several significant changes occurred between 1998 and
1999. The reported 1999 process emissions from the chlor-akali facility are provided.
The facility experienced frequent power disruptions during the first few months of 1999



then ceased mercury-cdl operationsin favor of an dternate non-mercury chlorine
production processin April. Reported emissons are most likely related to norma
mercury cdl chlor-akali production activity occurring during early 1999. A reductionin
mercury emissions between 1998 and 1999 at the adjacent pulp and paper mill may be
duein part to the discontinued use of mercury-contaminated products from the adjacent
mercury cdl chlor-akali plant. Apparent reductions from the cod-fired eectric utility
boilers likely resulted from improved emission estimates'’. Additiond reductionsin
regiona mercury emissons are dso likdly. For example, a carbon injection system was
added to the largest stack at the municipal waste incinerator in New Hanover County
during late 2000. This modification could reduce mercury emissions from that stack by as
much as 90% and facility-wide mercury emissions by 40% (40 CFR Part 60). Mercury
emissions from other large sources have remained rdatively stable. These emissons
generdly arise from the combustion of cod in large industrid boilers and may fluctuate
depending on facility energy consumption.

All sources reported emissions prior to 1999 as "mercury vapor” or "mercury and
compounds,” congstent with guidance for gpplicable emissions inventories. Mercury
emissons were not distinguished by chemicd or physicd characterigtics largdly because
information on these parameters was lacking. However, thisinformation is critical in
determining the atmospheric fate of mercury emissons. Emissons of Hg(0) vapor would
be prone to long-range transport and could be carried hundreds or even thousands of
miles before undergoing processes that would lead to remova from the atmosphere.
RGM and particulate mercury could undergo rapid remova from the atmosphere and
could thus contribute to loca or regiond depostion patterns following release to the air.

17 Data from 1999 was obtained from the USEPA's I nformation Collection Request (ICR) and is based on

actual measurementsin coal and stack gas.
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Table 11: Mercury emissions near Waccamaw and Pettigrew S.P. Includes estimates of
mer cury speciation based on 1999 emissions. Refer also to Figure 2.

Reported Hg 1999 Speciated emissions (est.) ©
emissions (Ibs)*
Source (category) Hg(0) RGM Ha(p)
1998 1999 (Ibs, est) (lbs est) (Ibs, est.)
Holtrachem Manufacturing 1276 328 230 98 0
New Hanover Waste-to-Energy | 362 337 67 202 67
CP& L Sutton Plant 34 153 45 105 3
PCS Phosphate 266 236 118 71 47
International Paper Riegelwood | 93 39 20 12 8
CP& L Weatherspoon 0 33 24 9 <1
Weyerhaeuser 64 68 A 20 14
E. |. DuPont Co. 60 53 27 16 11
Occidental Chemical Co. 29 26 13 8 5
Weyerhaeuser 128 12 6 4 2

"Reported emissions from state air quality permit database, self-reported valuesor TRI.
2Estimates of speciation from EPA Mercury Study Report to Congress.
3Reported emissions from 1996 state air quality permit database.

Inits 1997 Mercury Study Report to Congress, the USEPA provided estimates of
physicochemical speciation of mercury emissions from avariety of anthropogenic
sources including indudtria boilers, waste incineration units and coa-fired dectric utility
boilers. The authors based these estimates on limited stack tests and conceded
"consderable uncertainty asto the actud speciation.” Improved information was
collected by the USEPA and magjor cod-fired dectric utility boilers throughout 1999 as
part of the ICR program. Advanced methods were used to peciate mercury in exiting
stack gases from ahandful of large (>25 MW) codal-fired dectric utility boilers. Fecilities
were categorized based on plant configuration and emission control devices. Datafrom
representative utilities were then used to estimate peciated mercury emissons from other
amilarly configured plants. For this report we utilized ICR data to estimate 1999
speciated mercury emissions from the cod-fired eectric utility boilers. For al other
sources we relied on the EPA's 1997 report. Our estimates of speciated mercury
emissons are provided in Table 11, based on 1999 reported emissions.

Plume disperson factors dso play alarge role in affecting the environmentd fate of
mercury emissons. Ground-level releases would be more likely to result in measurable
changes at nearby monitoring Stes. Pollution released from an devated source is more
likely to undergo significant dispersion before impacting ambient air a ground levd.
This effect would broaden the area of impact but would aso result in more modest
increasesin ground level ar pollution. Plume rise and dispersion are dso enhanced by
higher stack gas exit velocities and temperatures, such as those encountered in many
high-temperature combustion processes. Meteorologica conditions including wind
turbulence, temperature, boundary layer mixing and humidity can dramaticaly enhance
or impede plume dispersion. Calm conditions will often result in the formation of an
amospheric inversion, thus trapping mercury emissions near ground level. Findly,

81



surface features such as devation changes, vegetation, buildings, traffic patterns and
waterways will dl affect plume disperson to varying extents.

The variables above will dl affect regiond fate and transport of atmospheric mercury
emissons and influence the likelihood that emissons will lead to measurable changesin
ground-level amaospheric mercury. Loca ground level emission sources releasing large
quantities of Hg(0) at ambient temperatures would be most likely to impact nearby
surface measurements of atmospheric TGM. In contrast, distant releases of
predominantly particulate mercury or RGM under conditions favorable for plume
disperson would be less likely to result in measurable increasesin ground-level TGM.
Instead, these emissions would contribute more subgtantially to regiona wet and dry
deposition patterns.

The point sources described above possess awide array of emissions characteristics. The
coal-fired dectric utility boilers have tdl stacks and release Hg(0) and RGM at high
temperatures and velocities. These factors would enhance dispersion and possibly give
rise to amodest increase in mercury deposition rates over arddaively wide area. The
same condderations might affect gaseous mercury released by large cod-fired indudtria
boilers, such asthose found at many of the loca chemica manufacturing facilities and

pulp and paper mills. Mercury emitted by the New Hanover County municipa waste
incinerator is primarily in the form of RGM or particulate mercury. This factor would
contribute more directly to localized depostion rather than medium or long-range
changesin aimaospheric TGM.

The mogt sgnificant regiona source of mercury emissonsisthe mercury cdl chlor-akali
operation in Riegelwood, NC. Mercury cell chlorine production facilities use thousands
of pounds of mercury, housed in eectrochemica cells. These cdlls act to provide an
electricd charge that forms the products chlorine gas, sodium hydroxide and hydrogen
gas from brine. Mercury may be released in the hydrogen gas stream, in cdll end box
ventilation air or in cdl room ventilation air. Spills and maintenance activitiesinvolving
the opening of cells may add large amounts of mercury vapor to cdl room air. Generdly,
cell rooms are vented directly to the outsde air. It is believed that the predominant form
of mercury emitted from chlor-akdi facilitiesis Hg(0) vapor, however the presence of
large quantities of chlorine could act to produce smaller quantities of RGM species such
as HgCl, (USEPA, 19974). Recent ambient monitoring studies conducted in the vicinity
of active mercury cdl chlor-adkdi plants have shown fluctuationsin RGM and Hg(0),
both independently and in tandem (Stevens, persond communication).

Chlor-akali mercury emissons fit many of those characteritics that would increase
ground level TGM. Releases of Hg(0) would likely disperse outward from the source,
carried by prevailing winds over long distances. The areas surrounding Riegelwood and
Lake Waccamaw contain very few terrain festures that would significantly disrupt
ground-level plume disperson. Outward migration of RGM might be hindered by
adherence to vegetation or ground surfaces or atmospheric scrubbing during precipitation
or high humidity events. These factors would decrease atmospheric levels but add to the
depostiond load in the immediate vicinity of the source.



Ambient monitoring data from Lake Waccamaw seems to bolster the link between
chlor-akdi plant activities and regiond amospheric mercury levels. Elevated TGM
readings were frequently encountered during 1998, when the facility wasin normd
operaing mode. However, in 1999, when the plant began experiencing manufacturing
interruptions and then ceased using the mercury-cell process, measured levelsof TGM in
ambient air at Lake Waccamaw dropped off and the peaks that were associated with
eadterly winds disappeared. No other regiona emission sources to the east of Lake
Waccamaw underwent such dramétic changes in their mercury emissons during this
sametime frame.

Although severd of the mercury emission sources in the vicinity of Wilmington, NC,
contribute significant quantities of mercury to the air, they are less likely to contribute to
detectable changes in ground-levd TGM because they 1) do not rel ease subgtantialy
large amounts of mercury, 2) release predominantly RGM, or 3) release their emissons
from tall stacks a high temperatures, thereby diluting local ground-leve plume impacts.
However, the Lake Waccamaw data cannot be used to rule those sources out as potential
contributing factors. Fortunately, the pogitioning of the Riegelwood Flynn site to the eest
of the chlor-akdi industrid complex alowed us to determine that a continued influence
from the east was not present. As evidenced in Figure 23, elevated mercury vaues were
not affiliated with easterly winds. Instead, events were linked to winds arriving from the
N and NW, in the direction of the chlor-akai/pulp and paper mill industria complex. At
the Riegelwood Bdlpark site, events were correlated to northeasterly winds — again,
conggtent with an impact from the nearby industria complex.

The most obvious remaining question concerns the cause of ongoing fluctuations of TGM
in Riegelwood. The patterns observed at these sites were reminiscent of earlier results
from Lake Waccamaw and strongly suggestive of nearby emissons of both Hg(0) and
RGM. Although mercury cdl chlor-akali production was terminated in April 1999,
severd potentia sources of mercury emissons remain on Steincuding chlor-akai plant
decongruction, site cleanup activities, gross site contamination and mercury-laden waste
ponds. In addition, combustion of coa and other organic materids at the pulp and paper
mill will give rise to mercury emissons that could lead to detectable changes in nearby
ground-level atmaospheric mercury.

A timdine describing chlor-akai plant deconsiruction activities during this period is
included in Appendix 6. Dismantling of the cdll rooms commenced dmost immediatey
following the termination of mercury cell operationsin April of 1999. Many of the
associated activities could result in Significant releases of mercury to the air. For
example, the opening of covered mercury cells for product remova exposes alarge
quantity of mercury to the atimaosphere that could lead to sgnificant loss by volatilization.
Subsequent transfer of mercury to large shipping containers could lead to spillage and
further loss through volatilization. Building washing and other decontamination activities
could involve the expasure of mercury contaminated surfaces, further facilitating loss of
mercury to the aimosphere.
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Between May 26 and June 8, 1999 over 57 tons of mercury was removed from covered
cdls and shipped offste. By July 12 another 38 tons of mercury was recovered during
continued cdl draining and washing activities. Subsequent activities focused on cleaning
work areas and removing process components such as scrap auminum and copper.
Disassembly of cdll covers began in November 1999 and continued into the first half of
2000. It was reported that resdua mercury was contained within the cdlls. Thus the
opening of these cells may have facilitated mercury volatilization. Severd interruptions

of norma decongtruction activities were documented including a prolonged period during
August and September of 1999 when Hurricanes Dennis and Floyd made landfal. Only
limited reports are available after August 2000 but it islikely that cleanup efforts
continued during the remainder of 2000.

It isdifficult to ascertain whether specific mercury removd activities were directly

related to increases in amospheric mercury at ether Riegelwood monitoring Site. For
example, during the May 26 - June 8, 1999 timeframe when over 57 tons of mercury was
drained and recovered, severd large peaks for TGM were detected at the Flynn site;
however, the mgority of these were associated with light and variable winds, making a
source-receptor relationship difficult to pinpoint. At the Balpark site the few events that
occurred were both associated with winds arriving from the plant as well aswinds
arriving from other directions. During subsequent weeks, when additional mercury cells
were drained and another 27 tons of mercury was recovered, very few large peaks of
TGM were seen at the Flynn ste. At Bdlpark a series of peaks between June 4 and 6
gppeared to arrive from the chlor-akali plant but another series between June 15 and 20
showed only awesk relationship to wind direction. It is aso worth noting that

incong stent monitoring results were obtained during "down times' when little or no
mercury cell room activity was taking place. For example, between July 3 and 8, 1999 no
cdl room activities were reported and no peaks of atmospheric mercury were observed at
ether Riegelwood dte. In contrast, asimilar downtime between July 17 and 22, 1999 saw
severd short-term peaksin atmospheric mercury appear at both sites on July 21 and 22.
Further in-depth andysis of ambient monitoring data, a more detailed accounting of
decommissioning events and on-Site monitoring data would be necessary to fully explore
the relationship between specific Ste activities and off-Ste mercury measurements.

The chlor-akai operation dso maintained mercury-contaminated waste ponds that could
act asa source of mercury emissions. Lindberg and Turner identified resdud waste
deposits a former mercury cell chlor-akali facilities as important aimospheric mercury
emission sources (Lindberg and Turner). In thelr sudy they estimated that approximately
160 pounds of mercury per year (predominantly Hg(0)) would be released to the air from
the mercury-containing waste ponds they studied. Although they point out that awell-
mixed atmaosphere would subgstantialy dilute mercury levels at distances outside of 1.5
kilometers from the source, they were able to measure an increase in mercury levels at
distances exceeding 1 kilometer from the source. The authors highlighted a positive
relationship between waste pond surface temperature and mercury emission rate with
dramaticaly increased emissions above 20°C. A similar relationship was seen for air
temperature.



The mercury contaminated soils and waste ponds at this facility undoubtedly act asa
source of mercury emissons. Tremendous variability in emissions would be expected due
to water temperature, air temperature, pH or the chemical composition of the pond water
and ongoing addition of wastes. As with surface waters, photochemica reactions might
enhance volatilization of mercury thus sunlight could dso impact emissons from the
waste ponds. Our data do not exhibit a relationship between air temperature and mercury
levels. However, other ste deconstruction activities most likely would confound this
relaionship.

Although tota emissons are rdatively inggnificant compared to many of the sources
discussed above, the pulp and paper mill is less than a mile from monitoring setionsin
Riegelwood and thus cannot be ruled out as a potentia locd influence on amospheric
mercury levels. In addition to the pulp and paper mill and chlor-akai plant, Wright
Chemica Corporation, achemica manufacturer was dso active in the Riegelwood area.
Thisfacility islocated approximately 1 kilometer to the south of Riegelwood Flynn and
2 kilometers to the east- outheast of Riegelwood Bdlpark. The primary emissions from
this facility include ammonia, formadehyde and hydrogen chloride resulting from the
synthesis of organic chemicas. In 1999, 1.13 pounds of mercury emissions were
reported, primarily aresult of industrial boiler activity. This represents less than 0.1% of
the levd of reported annua emissions from the chlor-akdi fadlity.

Note: Recently (February, 2002), a Site investigation performed by the USEPA and the
DENR Divison of Waste Management turned up abnormaly high readings for
atmospheric mercury on Holtrachem plant property. Measurable readings taken with a
Jerome mercury vapor analyzer recorded levelsin the air between 0.03 and 0.077 mg/nt
near the mercury cell building and retort pad. Visble contamination of plant structures
with liquid mercury was reported during the vigt. If thislevel of Ste contamination can

be confirmed, then it may explain in large part the fluctuations in amospheric mercury
observed a our Riegelwood monitoring Stes. A more detalled and thorough investigation
of atmospheric mercury releases arising from the contaminated chlor-akai plant is
recommended.

85



CONCLUSIONS

Mercury isawidespread environmenta pollutant thet is an acute problem in many of the
sengtive freshwater systems of eastern North Carolina. The North Carolina DAQ has
been engaged in research to better understand the relationship between atmospheric
mercury and water qudity in this region Snce the mid-1990s. The effort began with the
edtablishment of two rainwater mercury collection sysemsin the eastern coagtd plainin
1995 and grew into a multi-Ste network for measurement of total, e emental and reactive
gaseous mercury in ambient air. In the present study we sought to gain amore
sophigticated understanding of the peculiarities of aimospheric mercury, including its
chemica speciation, the impact of gaseous mercury on loca deposition rates, and most
importantly, the impact of anthropogenic emisson sources on locd air and water quality.

The expansion of amaospheric mercury monitoring into the Riegelwood areaiin 1999 was
carried out to achieve severa gods. A primary goal wasto ensure that the
decommissoning of amercury cdl chlor-dkdi facility would not result in such

sgnificant releases of mercury that nearby residents would be put at harm due to
exposures from the air. The DHHS and the DAQ agreed that sustained levels above

300 ng/n? a off-site monitoring locations would be cause for concern. Fortunately, it
appears that loca residents were not put at direct risk due to off-gte inhalation exposures
to mercury vapor. Only infrequently, and for very short periods, did concentrations reach
those levels that might cause toxicity due to chronic inhdation exposure,

A second god wasto better define the rdlative impact of regiond mercury emisson
sources. By positioning the monitoring Sites between the chlor-alkali plant and other

magor emission sources farther to the east near Wilmington, NC, we optimized the
likelihood that we would be able to define which regiona sources were primarily
respongible for past atmospheric phenomenaat Lake Waccamaw. During 1999 and 2000,
elevated mercury readings were associated with winds pointing dmos exdusvey in the
direction of the chlor-akali industrial complex. There was a notable absence of devated
Hg(0) readings related to winds originating from the direction of Wilmington, NC.

A third god was to determine more generdly the environmental consegquences of
chlor-akali process converson. The plant had previoudy announced that the mercury
cdl production process would be hdting during the summer of 1999 in favor of amore
environmentally progressive production process that diminated the use of mercury. By
maintaining a monitoring presence both before, during and after this conversion we had
hoped to characterize the off-gite air quaity consequences of such a process change and
provide quantitative evidence of red environmental benefits. Our data suggests a mixed
bag of clear benefits and perdastent problems. The results from this study and previous
mercury monitoring studies indicate that atmospheric conditions have improved in some
areas of the Lumber River basin during the past severd years. At Lake Waccamaw,
ggnificant spikesin atmospheric mercury that were seen on aroutine basis during 1998
amost completely disappeared in 1999 and 2000, leaving behind near background
conditions for TGM. At the sametime, sites in Riegelwood cortinued to detect
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sgnificant fluctuations of amospheric mercury. The finding that many of these spikesin
TGM were comprised of both Hg(0) and RGM isimportant because it impliesthat these
peaks incorporated water-soluble reactive mercury species such as HgCl, that could
eadly be delivered to local waterways through atmospheric depostion. In fact, the data
suggested that during periods of high humidity, RGM was efficiently removed from
mercury pollution plumes prior to their arriva a our monitoring Ste. If these peaks were
in fact caused by emissons arisng from within amile of the Ste, then thisfinding

implies that the RGM remova phenomenon is remarkably efficient. Locd waterwaysin
this region are exceptiondly sendtive to mercury loading. If fluctuationsin RGM
contribute to increased regiond rates of atimaospheric depogtion, higher fish
methylmercury levels and greater exposures for humans that regularly consume those fish
could result. Periodic spikesin TGM, containing both dementa and reactive gaseous
mercury, were seen in Riegelwood throughout the duration of our study.

Additiond benefits were aso redized from this sudy, including the verification of nove
methods for measurement and speciation of atmaospheric mercury, characterization of the
behavior of atmospheric mercury in prigtine and polluted environments, identification of
methods to distinguish between naturd and marn made impacts on atmospheric mercury
levels, and procurement of data to help ground-truth fate and transport models for
mercury. Important data on the behavior of RGM was generated during our study, some
of which helped better define relationships between observed spikes in total gaseous
mercury and potentid impacts on local and regiona depositiona patterns. We believe
thisinformation will prove beneficid to future studies involving the meassurement and
source gpportionment of atmospheric mercury.

Our results show that substantia regiona benefits can be seen following conversion of a
mercury cdll chlor-alkali production process to a non-mercury process. Changes that we
were able to see in ambient air mercury are likdly to contribute to future improvementsin
local water quality. However, despite the encouraging data from Lake Waccamaw, there
reman unexplained fluctuations in amospheric mercury in Riegelwood, NC, which may
be aresult of gross Ste contamination or an as-yet-unidentified local source of mercury
emissions. Clearly, conditionsin thisregion are improving - but important questions
remain concerning factors affecting the behavior of aimospheric mercury in the Lumber
River Basn.

To gain amore complete understanding of the complex relationship between regiond
atmospheric emission sources, locd air qudity and water and fish mercury levels, a
long-term perspective must be maintained. While we were able to provide evidence of
clear short-term changes in amospheric mercury levels commensurate with
improvements a the most important local mercury emisson source, changes in rainwater
mercury levels, water qudity and fish methylmercury levels will be much more
chdlenging to assess. At present, our data on rainwater mercury levelsfrom Lake
Waccamaw suggests that regiond improvementsin rainwater mercury concentration may
be occurring smultaneous with decreasing long-term atmaospheric mercury levels.
However, because the resolution achieved from the MDN sitesis limited to weekly data,
it isimperative that data continue to be collected over a prolonged period to definitively
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edtablish that rainwater mercury levels have in fact declined to values typica of more
remote Stes. Maintaining these Stes over at least another 5 years will be necessary to
establish whether short-term (quarterly or annua) changes are indicative of long-term
trends for these regions. Thisissue is even more complex for the phenomenon of
mercury bioaccumulation in fish as far more intermediate steps are involved in the
movement of mercury from the aimaospheric to the aguatic food webs of the area.
Neverthel ess, others have shown that improvementsin fish methylmercury levels can be
detected following abrogation of local mercury emissons. Once again, it will necesstate
along-term monitoring initiative to follow changes are fish populations turn over and
younger fish begin to reflect improved aquatic conditions, if they are present. The North
Caralina Department of Environment and Natural Resources remains committed to
monitoring the Situation in this part of the State, as long as Sgnificant human hedth risks
remain for local populations.
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FUTURE DIRECTIONS

We bdlieve this sudy has identified and better defined severd important areas for future
research. Of immediate importance is the improved characterization of the chlor-akali
plant ste conditions in Riegewood. Only incomplete information is presently available
describing the extent of mercury contamination on-site and the mgjor factors that could
be contributing to offsite migration of gaseous mercury. Contamination of soils, waste
ponds and building sructures is the most likely cause of ambient air fluctuations of
atmospheric mercury in Riegelwood; contamination problems & the chlor-akdi ste must
be identified and resolved in order to reduce regiond environmenta impacts.

Clear reductions in atmospheric mercury levels were noted during our study; however,
long-term studies will be needed to gain a more complete ingght into the additiona
environmenta benefits that will be redized from reductions in local mercury emissons.
Thiswould include extending fish monitoring studies to assess the benefits to loca
fish-consuming populations but could aso include more extensve water qudity surveys,
especidly in thelakes and streams immediately adjacent to the industrid complex in
Riegdwood. Maintaining the Mercury Deposition Network Ste at Lake Waccamaw
may, in time, provide some indication of changes in regiona mercury deposition rates.

Results from our mercury speciation study suggest that significantly elevated rates of
mercury deposition were likely in theimmediate vicinity of Riegewood during the
period of chlor-akali plant operation, but only limited inferences can be made using air
data to gpproximate what conditions might have been like in the past. Since this plant
was engaged in mercury cdl chlor-akali production for roughly 40 years, historical
mercury contamination might be assessed using sediment cores or andysis of treerings.
Thistype of effort could provide unique ingght into the impact of this operation on the
locd ecology.

We are especidly interested in expanding our understanding of factors, both natural and
anthropogenic, which impact atmospheric mercury levels. A cursory andyss of our deta
from Lake Waccamaw and Riegelwood demonstrated an obvious relationship between
man's activities and regiond atmospheric mercury levels, but adightly more in-depth
andyss showed sgnificant variability even under background conditions. Much of the
natura variability in a@mospheric mercury remains poorly explained. Future studies could
incorporate a much more complete suite of monitoring ingruments to definitively
characterize atmospheric conditions. These instruments could be used to characterize
additiond pollutants such as SO, or ozone, or could measure factors such as sunlight
intengty or air turbulence. In the future, we will provide information on atmospheric
mercury levelsin urban North Carolinalocations. Thisdatawill help provide perspective
on the meaning of our database of information on atmospheric mercury from rura
southeastern North Carolina

Findly, it remains unexplained what factors contributed to the consstent contamination

of the gold traps in the mercury speciation study. Others have reported similar problems,
and the Tekran 1130 is now being sold with a replaceable soda lime trap ingtdled, but
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future studies should be conducted to identify the agents causing gold trap passivation.

Successful identification of these interfering agents could improve our understanding of
the behavior of mercury in the amaosphere. Ambient monitoring Sudies thet fail to
account for potentia interferences with the measurement of ambient air mercury are
prone to misreport actud environmental conditions.
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Appendix 1. Standard Operating Proceduresfor Mercury Vapor
Monitoring



Appendix 2: Standard Operating Proceduresfor NADP/MDN



Appendix 3: M eteor ology Standard Operating Procedures



Appendix 4 Results from all Mercury Monitoring Sites —
Additional Graphsand Figures



Appendix 5: Summary of Conditions during Mercury Speciation
M easurements - ScenariosA,B & C



Appendix 6: Chlor-alkali Plant Activity Log —
March 1999 to December 2000



