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Natural emissions of atmospheric mercury from
the Norris-Mammoth geothermal area,
Yellowstone National Park, USA

MicHAEL ABBOTT, JEFFREY EINERSON, & RANDY LEE

Idaho National Engineering and Environmental Laboratory, PO Box 1625, Idaho Falls, Idaho,
USA; E-mail: bot@inel.gov

Abstract: In the fall of 2003, we measured mercury surface-to-air flux at eight locations
along the Norris-Mammoth corridor in the northwestern part of Yellowstone National
Park, USA. Fluxes were scaled-up over time using multiple regression models of me-

teorological and soil concentration data.
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INTRODUCTION

Significant efforts have been made in the last
five years to better quantify natural atmo-
spheric sources of mercury (Hg) to better
understand its biogeochemical cycling and
to help develop emission control strategies.
In general, geothermal areas have been found
to produce the highest area-averaged fluxes,
although point measurement from mine
waste sites can be higher (> 10,000 ng/m?
hr) (GusTIN ET AL., 2003).

Yellowstone National Park in northwestern
Wyoming (Figure 1) is one of the world’s larg-
est active geothermal systems, and Hg flux
had not been previously measured there. In
this study, we measured Hg flux in mid- Sep-
tember and October 2003 at the following
eight locations along the Norris-Mammoth
corridor (N-M) in northwestern Yellowstone:
(1) hot springs travertine at Mammoth, (2)
alluvial deposits at Swan Lake Flat, (3) the
Lava Creek Tuff welded ash flow (Mt. Holmes
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site), (4) the acidic, vapor-dominated system
at Roaring Mountain, (5) east of Nymph Lake,
(6-7) acidic hydrothermally altered surfaces
at Frying Pan Springs and Norris Geyser Ba-
sin, and (8) Beryl Spring, a neutral-chloride
feature south of the N-M. Continuous (4 to
24-hr) gaseous Hg(0) flux was measured us-
ing a dynamic flux chamber (DFC) and
Tekran® analyzer, except at the six Norris sites
where a smaller DFC and portable gold trap
system was used (1-hr samples). Flux was

calculated by (C_ -C, )Q/A, where C = DFC
R -
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Figure 1. Study area in the Norris-Mammoth corri-
dor, Yellowstone National Park.
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outlet and inlet concentrations (ng/m?),
Q = DFC flushing rate (m*/hr), and A = DFC
surface area (m?).

RESULTS AND DISCUSSION

The Swan Lake Flat site exhibited a typical
background site diel response (3.5 ng/m*hr
max), but the Mt Holmes site (Lava Creek
Tuff) was significantly higher, averaging
10-15 ng/m*-hr (Figure 2). The Nymph and
Beryl sites had higher fluxes, averaging
44 and 61 ng/m*-hr. Negligible flux was ob-
served at Mammoth. Very high fluxes were
measured at Frying Pan Springs (average of
460 ng/m?-hr) and Roaring Mountain (aver-
age of 1600 ng/m?-hr). The Norris gold trap
samples showed highly variable fluxes
ranging from —22 at Eichinus Geyser to
2900 ng/m*-hr at Emerald Springs. The re-
maining Norris sites averaged 112 ng/m?/hr.
A 24-hour diel measurement was made on the
fan at Roaring Mountain in mid-October
(24-hour average of 942 ng/m>-hr; max of
2100 ng/m? hr) which confirmed the high rates

3000

observed there in September and found little
difference in flux across 5 sampling sites on
the fan.

During the September sampling at Roaring
Mountain, the observed flux increased mark-
edly when DFC flushing rate was increased
from 10 L/min to 26 L/min. HONG ET AL.
(2002) found that flux can be significantly
(~50 %) underestimated because of suppres-
sion of emission potential resulting from in-
ternal accumulation of emitted Hg. Observed
fluxes were therefore corrected to an opti-
mum flushing rate (Qopt) of 55 L/min using
equations (30) and (31) from HONG ET AL.
(2002). This increased the observed fluxes
by factors of ~2-3, which is consistent with
findings in a Nevada flux comparison study
(GusTIN, 1999), where similar DFCs were
found to have fluxes that were ~3-5 times
lower than those measured by adjacent mi-
crometeorological methods.

At the Roaring, Swan, and Mt. Holmes sites,
fluxes were well predicted by multiple re-
gressions of solar radiation and wind speed
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Figure 2. Boxplot of measured fluxes.
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Figure 3. Modeled flux at Roaring Mountain.

(Figure 3). Also, a good correlation (R? =
0.69) was found between the natural log of
the flux calculated at Qopt (Fopt) and the natu-
ral log of soil concentration at all sites. For
Roaring, Swan, and Mt. Holmes, 1-hour
fluxes over an entire year were calculated
using the regression equations and 1-year
(2001) of hourly Yellowstone meteorologi-
cal data (YEL408 CASTNET at Lake). An-
nual-average fluxes were then calculated by
averaging the 1-hour modeled fluxes over the

i

Modeled Apr-Oct Flux at Roaring Mountain

time the sites are typically not covered in
snow (Figure 4). Annual-average fluxes at
the other sites were estimated by multiply-
ing the average daytime flux (Fopt) at each
site by the ratio of the modeled annual-aver-
age flux to modeled daytime flux at Roaring
Mountain during the other sites’ sampling
times. The average flux at Norris was calcu-
lated from the soil regression equation and
the geometric mean of Norris soil concen-
trations (800 ppb, n=400) determined by
PHELPS AND BUSEck (1980).
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Figure 4. Annual flux modeling at Roaring Mountain.
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Table 1. Fluxes and predicted emissions from sampled areas in the N-M corridor.

Flux (ng/m*-hr)

Average Average  Model Area Emission

Site Observed (+/-) Fopt Annual (+/-) (kmz) (kgly)
Roaring 2.75
Mountain® 1036 139 2179 2254 67 31
Norris Geyser 3.2
Basin 560 1151 585" 244 115 4
Frying Pan 0.007
Springs 463 126 879 583 47 0.02
Beryl Hot Springs 60 73 114 119 28 0.015 0.01
Nymph Lake 19 7 58 38 3 0.0085 0.002
Lava Creek Tuff 11 2 33 28 2 1220 58-171°¢
Swan Lake Flat 2.5 09 6 9 1 248 04-1°

a. 27-hour average.

Total =| 93 — 207

b. From soil regression equation; average, excluding high/low = 468 ng/m?hr.

c. Lower value calculated using observed fluxes; higher value calculated using Qopt (55 L/min).

Annual emissions were estimated by multi-
plying the annual-average fluxes by the sur-
face area of each feature and by an estimate
of the number of snow cover-free days in a
year (207) (Table 1).

CONCLUSIONS

Acidic hydrothermally altered surfaces at
Roaring Mountain and Norris Geyser Basin
were found to have very high surface flux
rates (>2000 ng/m? hr) compared to other
active geothermal (non Hg mining areas)
areas in the U.S. At Roaring Mountain, fluxes
correlated well with solar radiation and wind
speed, which provided long-term model pre-
dictions using hourly meteorological data
from the area. The largest contributor to to-
tal Hg annual emissions, however, was the
Lava Creek Tuff formation due to the higher

than background fluxes observed there and
the area’s large size. Total annual Hg emis-
sions from the N-M area are estimated to be
93-207 kg/y, which is 11-24 % of the 851
kg/y emitted from all of Wyoming’s coal-
fired power plant industry. These results sug-
gest that additional measurements are needed
to assess large areas in Norris Geyser Basin,
tuff formations, and the many other acidic
hydrothermally altered surface in the Park
(total of 36.4 km?) that were not sampled.
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Investigation of the Henry’s Law coefficient for elemental
mercury
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Abstract: In this work the Henry’s law coefficient for elemental mercury was determined
using a novel technique based on direct measurements at temperatures between 5 and 35
sC for MQ- water and for artificial seawater. The results from the MQ-water experi-
ments are in agreement with an earlier study (SANEMASA, 1975). However, in contrast to
this study our results indicate no salting out effect at the temperature interval investi-
gated here. According to our study the Henry’s law coefficient in both MQ and artificial
sea-water is obtained by using the following equation:

H = exp(-2708.4 / T +15.151)

Where H is the Henry’s law coefficient and T is the temperature in Kelvin.

Key words: Henry’s law, partitioning coefficient, artificial seawater, MQ-water

INTRODUCTION

The biogeochemical cycle of mercury is
complex involving transport and transforma-
tion of the metal in the atmosphere as well
as in terrestrial and aquatic compartments
where it also is a subject for bioaccumulation.
Unlike other heavy metals oxidised atmo-
spheric mercury species may after deposi-
tion undergo reduction forming elemental
mercury which may be reemitted to the at-
mosphere. In order to assess the environmen-
tal cycling of mercury the volatilisation of
mercury species in aquatic compartments
needs to be estimated. Various models have
been applied and commonly the Henry’s law
coefficient (H) describing the distribution of
mercury between the aqueous and gaseous
phase is used in these models. In literature
several studies are presented where H is cal-
culated by determination of the solubility of

mercury in water combined with the vapour
pressure of mercury. However, these studies
are not in agreement.

In this work the Henry’s law coefficient for
elemental mercury was determined between
5 and 35 °C in MQ- and in artificial sea-wa-
ter (35 PSU), using a novel technique.

The technique is based on direct measure-
ments of the partitioning of mercury between
the aqueous and gaseous phase. The experi-
mental setup, figure 1, consists of an extrac-
tor composed by a jacketed glass tube cov-
ered by insulation in order to perform ex-
periments under dark conditions at desirable
temperatures. Mercury-free nitrogen gas was
introduced through a glass frit positioned at
the bottom of the extractor. Into the nitrogen
gas flow mercury vapour was injected. The
amount of mercury extracted from the water
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Figure 1. Experimental setup.

column was measured as a function of time
by adsorbing mercury onto a series of gold
traps situated at the outlet of the extractor.
The traps were exchanged every 10 min.

The gold trap was analysed in an analytical
line and the mercury were detected with a
cold vapour atomic fluorescence spectropho-
tometer, CVAFS.

In order to prevent possible oxidation of mer-
cury either SnCl, and HCl or NaBH, and NaOH
was added to the experimental solutions.

RESULT AND DISCUSSION

Assuming mass balance in the system the
following equation (1) can be applied, which
describes the decrease of Hg’ dissolved in
the water during the extraction.

dC(aq) — Q * H'*C(aq)

dt % (1

(aq)
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where Cean is the aqueous mercury concen-
tration in the water during extraction, Q is
the flue rate of purging gas, Vi is the water
volume in the extractor and H’ is the dimen-
sion less Henry’s law coefficient, described
as:

[Hg ]
H=—"""
[Hg (aq) ] (2)

Where [Hgo(aq)] and [Hgo(g)] are the concen-
tration in gaseous and liquid phase respec-
tively.

Integration between C and Cen correspond-
ing to t at time 0 and t, gives

7Q*t*H'

C(aq) —e V(a\q) (3)
C,

this may also be expressed as:

C(aq): COe—u (4)



1486

PART 3 — ATMOSPHERIC

where O is corresponds to:
Q*t*H Vi *H
o = =

V(aQ) V(aq)

)

Repeated extractions from the water column

with subsequent gas volumes, V), are ex-
pressed as:
C(aq)(n) =C,e™ (n=12,..) (6)

The amount of mercury collected on the
sample trap during each extraction corre-
sponds to:

Vg Caa®D) - Vg Cog®@

(aq)

(7

This can also be expressed as:

mHg(n) = V(aq) C,(ea-1)enc (8)
The natural logarithm of equation (8) is
ln(mHg(n)) =-na + V(aq)CO(e“—l) )

If ln(mHg(n)) is plotted versus n, a straight line
should be obtained, with a slope equal to a
and an intercept equal to V(aq)CO(e"—l). H’is
calculated from the slope using equation (5),
where V(g) and V(aq) are known (Figure 2).

5 5
y =-0,8221x + 4,7476
47 R*=0,9998
D 3 -
E 3
z 2
1 N
0 T T 1
0 2 n 4 6
Figure 2. Example of an experimental plot.
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Figure 3. Comparison MQ-water: SANEMASA (4) and ANDERSSON ET AL. (®).
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Figure 4. Artificial sea-water (4) and MQ-water (®).

Our results from the experiments with MQ-
water are in agreement with those of
SanEMaAsaA (1975), as shown in Figure 3.

However, our data shows that the difference
in H between MQ and sea-water, at corre-
sponding temperatures, is maximally 9 %
which is significantly less than previous data
presented in literature (23 %) (SANEMASA,
1975).

The equation for the linear regression for the
temperature interval 5 to 35 $C obtained in
this work is presented as:

H = exp(-2708,4 / T +15,151) (10)

Where H is the Henry’s law coefficient and
T is the temperature in Kelvin.
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CONCLUSIONS

Our investigation of the Henry’s law coeffi-
cient for elemental mercury in MQ-water at
various temperatures between 5 and 35 sC
is in agreement with a previous study pre-
sented in literature (SANEMASA, 1975). How-
ever, our results from the experiments per-
formed in MQ and artificial seawater show
no difference of the Henry’s law coefficient
investigated. This result is in contrast to the
result presented by SANEMAsA (1975). Hence,
according to our results the relevant Henry’s
law coefficient may be calculated using the
same equation (10) for both MQ and artifi-
cial sea water at 35 PSU.

REFERENCES
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Daily Trends of Mercury in off Shore Surface Water
in the Mediterranean Sea
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Abstract: Continuously in situ measurements as well as manual sampling of dissolved gas-
eous mercury (DGM) in surface off shore and coastal waters was preformed at various
locations in the Mediterranean sea during August 4™ till August 28" 2003 and March

17" till April 4" 2004 on board RV Urania.

The result demonstrates that solar radiation influences the formation of DGM in off shore as
well as coastal surface waters showing maximum values of DGM at maximum solar
radiation. The influence of solar radiation on DGM formation was also studied by means
of surface profile measurements with a spatial resolution of 1, 3, 5, 10, 15 and 20 meters.

Key words: Daily variation, off shore sites, surface profile, DGM formation, solar radiation

INTRODUCTION

Mercury evasion from sea surfaces are im-
portant to investigate in order to assess the
biogeochemical cycling of mercury. In the
Mediterranean area there are several depos-
its e.g. Almadén (Spain), Idrjia (Slovenia)
and Monte Amiata (Italy) from where mer-
cury has been released since ancient time.
However, mercury emissions to the environ-
ment have increased significantly during the
industrial revolution and today mercury is a
chronic pollutant problem in lake and sea
water in many areas, among them the Medi-
terranean.

Many scientists has shown the influence of
solar radiation on the formation of dissolved
gaseous mercury (DGM) and a daily trend
in DGM concentration has been recorded at

various coastal sites (AMYOT ET AL, 1994 and
1997; LANZILOTTA AND FERRARA, 2001;
GLRDFELDT ET AL, 2001). On the other hand
the occurrence of a daily trend in DGM con-
centration in off shore waters has been an
open question.

Onboard the RV Urania during August 4"
till August 2812003 and March 17" till April
4™ 2004, both manual and a continuously in
situ technique, which was further developed
from GLRDFELDT ET AL, (2002), were used to
determine the DGM concentration in off
shore surface water and at coastal sites.

The in situ equipment consisted of a teflon
coated titan funnel or a stainless steel fun-
nel, attached to an adjustable floating ring.
Air was introduced through a glass frit un-
der the wider part of the funnel which was
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Figure 1. Schematic figure of the in situ system.

positioned in the sea water. The air was
equilibrated with the water and proceeded
through the funnel and lead by Teflon tubings
to a Tekran 2357A by which air concentra-
tions of mercury was measured every fifth
minute. The actual concentrations in the sur-
face water were determined according to the
following equation

Hg .
DGM:ﬁ
H

where Hg . was the equilibrated air concen-
tration and H was the Henry’s law coeffi-
cient (ANDERSSON ET AL, 2004).

The manual equipment consisted of a Teflon
impinger, composed by Savillex parts. The
impinger could be filled from either Go-Flow
bottles or directly, by immersing into the sea.
The mercury was extracted from the water
by purging with mercury free argon gas and
adsorbed on a solid gold sample trap. The
mercury was desorbed from the sample trap
in an analytical line and detected with a cold
vapour atomic fluorescence spectrophotom-
eter (GRDFELDT ET AL. 2002).
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RESULT AND DISCUSSION

The measurements performed during sum-
mer and early spring season at off shore as
well as coastal sites consistently demon-
strated that maximum solar radiation at mid-
day coincided with maximum DGM concen-
tration. During nights DGM concentrations
were generally lower compared to the con-
centrations measured during daylight. Hence,
a diurnal variation has been demonstrated in
the off shore waters as well as the coastal
sites investigated here.

Comparison between manual and in situ
technique showed good agreement in DGM
data, figure 2

The surface profile measurements showed
that DGM, in contrast to some other aque-
ous parameters e.g. oxygen, temperature and
salinity, was not evenly distributed through
the surface water column.
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Figure 2. Daily variation of mercury at lat 40° 00.00N and long 18° 59.96E, August 2003.
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CONCLUSIONS

A close relation between solar radiation and
DGM concentrations in surface water at off
shore as well as coastal sites has been dem-
onstrated by using a continuously in situ
measurements technique.

It was further shown that DGM, in contrast
to some other aqueous parameters e.g. oxy-
gen, temperature and salinity, was not evenly
distributed through the surface water column.
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Comparison of Manual and Automated Measurements
of Reactive Gaseous Mercury (RGM)
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Abstract: A measurement campaign was undertaken in Ny-Llesund, Spitsbergen (78°55°N,
11°90’E) during April and May 2003. Four mercury depletion events (MDE) were ob-
served during the study. Three research groups measured reactive gaseous mercury (RGM)
at three different measurement spots. All groups observed increased concentrations of
RGM as concentrations of GEM decreased. Recorded concentrations of RGM ranged
from less than 7 to 450 pg/m®. Differences between both measured parallels and the
measurements sites were observed, even though no significant differences in the mean
GEM concentrations were revealed between the measurement spots.

Key words: Mercury depletion events, MDE, Reactive gaseous mercury, RGM, comparison,

INTRODUCTION

Speciation of atmospheric mercury is impor-
tant in order to understand the fate of mer-
cury in the environment and mercury’s im-
plications on the environment. For the past
5-10 years a lot of work have been under-
taken to develop methods to measure inor-
ganic atmospheric forms of mercury, referred
to as reactive gaseous mercury (RGM). Dif-
ferent groups has studied RGM at various
locations through polar regions, and to en-
sure comparable data sets an international
field campaign was undertaken in Ny-
Llesund, Spitsbergen (78°55N, 11°90E),
during April and May, 2003.

This work presents measured concentrations
of reactive gaseous mercury (RGM) obtained

by three different research groups at three
different measurement sites. One group,
NILU, measured at the Zeppelin station,
which is located at the Zeppelin mountain,
474 m.a.s.l. The station is typically posi-
tioned well above frequent ground inversion
of the fjord valley. The second group, MSC,
measured at the Italian station, which is lo-
cated in the Ny-Aesund village, 12 m.a.s.l.
The third group, GKSS, measured at “Ny-
FID Sund”, which is located 500 m east of
Ny-Aesund at about 10 m.a.s.l. The groups
used the same principle for collection and
quantification of RGM as described by
Landis et al, 2002. RGM was collected on
KCI coated annular denuder tubes followed
by thermal decomposition of RGM quanti-
fied as Hg’. Further details are shown in
table 1.
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Table 1. Summary of methods used by 3 research groups for measurements of RGM.

NILU MCS GKSS
Sampling system Manuel Manuel Tekran 1130
Number of parallels 2 2 1
Sampling site (m.a.s.l.) 474 12 ~10
Denuder length : length of active surface (cm) 37,0:20,0 50,8:254 51,4:254
Sampling flow (Ipm) 5 10 8,5
Sampling temperature (°C) 30-40 50 - 60 50
Desorbtion system Lindberg furnace | Lindberg furnace Tekran 1130
Desorbtion temperature (°C) 500 500 500
Quantification system Tekran 2537A Tekran 2537A Tekran 2537A

RESULTS AND DISCUSSION

Four MDE’s where detected during the field
study, and they are labeled according to
Steffen et al, 2004. During non-MDE situa-
tions all groups measured RGM-concentra-
tions at the methods detection limit (MDL =
7 pg/m?). In general during all events all
groups measured increased concentrations of
RGM while concentration of GEM de-
creased, as shown in figure 1 (MDE 1 is not
shown in the figure).
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During MDE 1 small concentrations of RGM
were observed (RGM < 16 pg/m®) and the
agreement between the sampling sites were
good. During MDE 2a higher RGM was ob-
served (max RGM = 80 pg/m?). The preci-
sion between sets of parallels were in gen-
eral good (except for one sample), but not
the agreement between the sites. Both sites
where at sea level, but one site shows 3 times
higher values than the other. Concentrations
of RGM increased further during MDE 2b.
The RGM patterns observed at sea level are
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Figure 1. Development of RGM-concentrations during 3 MDE’s
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similar, but off-set by a factor of 3, with the
highest RGM-concentration observed when
GEM started to increase. RGM observed at
Zeppelin were highest earlier in the event
when GEM concentrations were the lowest.
The precision between the parallels seemed
to decrease as the concentration of RGM in-
creased. During MDE 3 all groups measured
comparable concentrations of RGM
(overall precision within 30 % except for
MSC - 2). The precision between parallels
measured at Zeppelin was good, except for
one sample (overall precision within 15 %).
The variability between parallels measured
at sea level was high. The RGM-pattern ob-
served during MDE 4 shows two peaks and
the measured RGM-concentrations the high-
est correlation (r>=0.93). The agreement be-
tween the sites were relatively good, with a
dicrepancy of 30 %.

Even though the mean GEM concentrations
reveals no significant difference between sea
level and the Zeppelin station (BERG ET AL,
2003, TEMME ET AL, 2004) we can not, with
our current understanding, deduce that RGM
measured at the same sites would show simi-
lar behavior. The authors concern is the huge
differences between parallel samples. Pre-
liminary results from Barrow, Alaska spring
2004 show similar behavior.

Of the two groups measuring manual RGM,
MSC followed the guidelines set by LaNDIS
ET AL, 2002 whereas NILU made a few ad-
justments, such as reduced sampling flow
and shorter denuder length. Both groups used

impactors (cut off 2.5 um) as sample inlet.
The large differences between the parallel
samples might be due to coarse particles en-
tering the system and thus adsorbed to the
denuder walls. This is a plausible explana-
tion for the group using reduced sample flow.
None of the above mentioned groups were
able to attain comparable results. The Arctic
is a harsh environment, which might be a
possible explanation why comparable par-
allel samples were not obtained.

CONCLUSIONS

A comparative study of RGM was conducted
in Ny-Aesund, Spitsbergen during
spring 2003. All groups observed increased
concentrations of RGM as concentration of
GEM decreased. The recorded concentra-
tions of RGM differed between the sampling
sites and also within sampled parallels. At
this point we need more experience to un-
derstand whether the differences between the
sites are due to real differences or not. The
groups’ inability to produce comparable par-
allels reveals the fact that at this point the
method is not robust enough to be credible.
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Abstract: The apparent activation energy (Ea) is an important parameter in improving our
understanding of the processes controlling the emission of mercury from soils. We have
investigated the effect of major environmental variables on mercury emission fluxes
(MEFs) and on the determination of the apparent activation energy for the emission of
mercury from soils (Ea-FHg). Our results show that Ea-F, can be expressed as a function
of soil texture and total mercury concentration in the soils and will generally increase
with increasing clay fraction and decreasing total Hg-concentration in soils. The ob-
served behaviour is in agreement with the Freundlich Adsorption Hypothesis and thus
strongly indicate that MEFs over soils are driven by the interfacial equilibrium of Hg®

between soil matrix and soil air.

Key words: air/surface exchange, soil-temperature apparent activation energy

INTRODUCTION

The correlation between soil temperature and
MEF has often been used to calculate Ea-
FHg (SiEGEL & SIEGEL, 1988; GusTIN, 1997,
Carel, 1998; Poissant, 1998). Consequently,
Ea-F, has been used to assess the processes
controlling the evasion of mercury from
soils. For sites with elevated mercury con-
centrations various groups have reported
values between 50 kJ/mol and 60 kJ/mol for
Ea-F, , which is quite close to the volatili-
sation enthalpy of elemental mercury (62 kJ/
mol at 25 °C) while for background sites the
activation energy seems to be almost twice
as high. (ScHLUTER, 1995) Thus, it has been
suggested that the evasion of mercury at sites
with elevated mercury concentrations is con-

trolled by direct evasion of elemental mer-
cury from the soil surface, while the emis-
sion flux over background soils is effected
by further processes such as for example the
formation of volatile elemental mercury
(ScHLUTER, 2000) However, the influence
of the soil temperature on mercury emission
flux may be superimposed by other environ-
mental factors affecting the emission flux and
which can bias the determination of Ea-F, .

In order to investigate the effect of soil tem-
perature on mercury emissions fluxes (MEF)
and to determine Ea-F, we have carried out
flux studies under controlled environmental
conditions with a laboratory flux chamber
system (BaHLMANN, 2004a) over different
soils. The total mercury concentrations in the
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soils under investigation ranged from 0.72 to
15.2 mg/Kg We have determined the fraction
of elemental mercury in the investigated soils
to 13 + 8 % of total mercury content and found
a strong correlation between the total mer-
cury concentration and the Hg? fraction.

Over each individual soil we have investi-
gated the effect of soil surface temperature
on the mercury emission fluxes under vari-
ous environmental conditions. For all soils
and under all environmental conditions we
found a strong exponential correlation be-
tween the soil surface temperature (SST) and
the mercury emission flux (MEF) with cor-
relation coefficients between 0.81 and 0.999
for MEFs measured under dark conditions
and correlation coefficients between 0.718
and 0,981 for MEFs obtained under light
conditions. As our experiments have shown
that under constant environmental conditions
the MEF remains constant for at least 96 h
within 7 %, to a first approximation Ea-F
can directly be calculated from the tempera-
ture dependency of the MEF.

Ln(MEF) = Ln(k*) = A + aEa/RT (1)
and
MEF =k x ci = k* 2)

where F-Hg is the mercury flux and k is the
reaction rate constant of the mercury flux,
Ea is the apparent activation energy, A is the
frequency factor, T is the absolute Tempera-
ture and R is the gas constant.

RESULTS AND DISCUSSION

Light radiation with a constant intensity
(320W7m?) leads to an constant offset in the
observed flux which is independent of the
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soil surface temperature and thus to an un-
der estimation of Ea. Under the experimen-
tal conditions we generally observed a de-
crease of 50 % to 70 % for the Ea obtained
under light conditions compared to those
compared under dark conditions. As the ob-
served offset is supposed to be due to an ad-
ditional photolytical formation of Hg® at the
soil surface, the concept of the apparent Ea
may not applicable for this case as it refers
to a thermal controlled reaction. Conse-
quently all experiments carried out under
light conditions were excluded from the de-
termination of Ea-F, . However the observed
offset is independent of the soil temperature
the obtained flux can be corrected for the
light induced fraction before calculating the
apparent Ea.

As described in an accompanied contribution
to the conference (BAHLMANN, 2004b) the
observed flux can vary by about two orders
of magnitude with the soil moisture level
Except for dry soils, where we observed an
increase of the apparent activation energy up
to 200 kJ/mol we did not found any effect on
Ea-F . The observed increase in dry soils is
proportional to the increase of the Ea for the
evaporation of water from soils. The increase
is supposed to be related to the increasing
surface tension and will only have an signifi-
cant effect, when the soil moisture tension
increases above levels of 3*10"5 hPa.

The operational conditions of the flux cham-
ber e.g. the flushing flow rate and the fan
voltage had a strong effect on the overall
MEEF. An increase of the flushing flow rate
from 0.5 L/min to 10 L/min lead to increase
of the observed flux of 950 = 90 % and an
increase of the fan voltage from 0 V to 12 V
resulted in a mean increase of the flux by a
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factor of 1.75 £ 0.2 but variations of this
parameters had no significant effect on the
determination of the apparent Ea Variations
of these parameters revealed a relative re-
peatability standard deviation of 3.1 = 1.8 %
for the determination of Ea for each sample
compared to a relative repeatability standard
deviation of 3.5 % under constant conditions.
Thus, if the MEF is given in the Arrhenius
form these parameters will only influence the
frequency factor.

CONCLUSIONS

Consistent with previous published results
we found that the apparent activation energy
for the emission of mercury from soils de-
creases with increasing total Hg-concentra-
tions in the soils. The obtained Eas for soils

with elevated mercury concentrations are
57 kJ/mol and 49 kJ/mol respectively, which
is in a good agreement with the values pub-
lished by SIEGEL & SIEGEL (1988) and GUSTIN
(1997), while for background soils our val-
ues are somewhat lower. (70-80 kJ/mol com-
pared to about 100 kJ/mol (Poissant, 1998;
Carpl, 1998).

We found that under defined conditions in
the absence of light radiation the overall flux,
the frequency factor (A) and the apparent
activation energy can be expressed as a func-
tion of total mercury concentration c(Hg),
for different soil types (e.g., sandy and clayey
soils). At a flushing flow rate of 10.0 L/min,
a fan voltage of 6 V and a soil moisture level
where the flux be became maximal as a func-
tion of soil moisture we found the following
expression for MEFs over sandy soils.

In(MEF) = (-1.508*In(c(Hg)) + 31.984)-(-5.3746*In(c(Hg)) +63.88) 3)
and
In(MEF) = (-1.566*In(c(Hg)) + 34.291)-(-5.3558*In(c(Hg)) +71.791) 4)

for MEFs over clayey soils respectively.

The calculated fluxes from equation 3 and 4 respectively are in excellent agreement with
the measured fluxes. For the sandy samples we got

MEF-calculated = 1’0454*MEF-measured’ 1’124, RZ: 0;9977 (5)
And for the clayey samples we got:
MEF-calculated = 0’9343*MEF-measured und R?= 0’9990 (6)
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When comparing the apparent activation
energy for Hg-emissions from soils with the
vaporization enthalpy of Hg® (62 (kJ/mol)
the contribution from the temperature
dependency of the diffusion which is about
3.5 kJ/mol has to be taken into account, when
assuming simple molecular diffusion. Thus
an Ea of 65.5 kJ/mol would correspond to a
vaporization enthalpy of 62 kJ/mol.

When assuming, that the mercury emission
flux is controlled by the desorption of Hg’
from the soil surface the Ea should roughly
equal the desorption enthalpy which itself
should be in the range of the vaporization
enthalpy and further depend on the proper-
ties of the surface and the amount of mer-
cury sorbed to the surface. The underlying
assumption of the Freundlich adsorption iso-
therm is, that the adsorption enthalpy de-
creases logarithmically (becomes less nega-
tive) with the coverage rate of the adsorbing
surface due to differences of the sorption
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side. For the same reason the enthalpy of
desorption should also decrease (become less
positive) with increasing surface coverage.

The observed relation between the variables
describing the flux and c(Hgt) is in agree-
ment with the assumptions of the Freundlich
Isotherm and thus reinforce the hypothesis
that MEFs over soils are driven by the sur-
face equilibrium of Hg. Therefore we sup-
pose that the observed differences in the Eas
are related to different energetic properties
of the sorption sides in the soils which is at
least also the reason for different findings
for sandy and clayey soils as the latter have
a much higher inner surface.

The possibility to express the MEF in the
Arrhenius form as a function of soil texture
and soil mercury concentration may provide a
cornerstone in up scaling fluxes derived from
field measurements and thus in improving es-
timations of emissions from naturally surfaces.
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Development and test of a mercury emission model
to describe the air
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Abstract: Based on intensive laboratory studies we have developed a kinetic model which
describes the air/surface exchange of mercury over soils. Comparisons of modeled fluxes
with measured fluxes under controlled conditions in the lab have shown a fairly good
agreement between both and shown the capability of the model to describe the mechnisms
controlling the emission of mercury from soils as well as the influence of the most
important environmental variables, such as soil temperature, soil moisture, solar radia-
tion and furhter metereological parameters such as windspeed.

The model is driven by a temperature controlled flux and by a light controlled flux. The
mercury emission potential for the light induced flux is a function of total mercury
concentration (c(Hg)) in the soil, soil texture and soil moisture. which control the phase
equlibrium of Hg® in the soil The light induced mercury emission potential is given by
c(Hg), soil moisture the spectral distribution and the intensity of the solar radiation.
which control the photochemical reaction of divalent mercury species at the soil surface
The soil air transfer of Hg® is modeled by means of a simple two layer resistance model.

Key words: modelling, air/surface exchange
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Air surface exchange of atmospheric mercury in Southern
Canada during colder seasons
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Abstract: Total gaseous mercury (TGM) concentration and mercury flux measurements are
conducted using a Tekran mercury analyzer and a flux chamber in Windsor (42°18’N,
83°01°W, average winter temperature -5 °C), Ontario, Canada from Dec 2003 to March
2004. The measured ambient total gaseous mercury concentration had a mean value of
5.3 ng/m?, higher than values observed in rural Canadian sites: this is likely due to the
impact of local industries in Windsor area and transboundary pollutants from Detroit,
MI, USA. The air-surface exchange flux had an average value of 2.6 ng/m?hr, and solar
radiation had more profound effect on the mercury flux than air temperature. Diurnal
variation of both TGM concentration and mercury flux were observed.

Key words: Atmospheric mercury, Total Gaseous Mercury (TGM), Diurnal variability, Air-

surface exchange

INTRODUCTION

Mercury (Hg) has been known as a neuro-
toxin for a long time. Its (Hg) capability of
being transformed to organic form (e.g.,
methyl mercury) and ultimate bioaccumu-
lation has led to the severity of its contami-
nation problems. Emission of Hg to the en-
vironment, from both anthropogenic and
natural sources, has been identified as a fre-
quently observed occurrence during the last
couple of decades. Recent findings of high
level of ambient mercury despite of a de-
crease in its anthropogenic emission
(SEIGNEUR ET AL., 2002) inspire the scientific
community to extend their research to better
understand the natural sources of Hg. Al-
though several studies have already been
conducted on earth surfaces to quantify air-
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surface exchange of Hg, most of them were
in warmer seasons (PoissANT AND CASIMIR,
1998) whereas we see fairly low tempera-
ture during the colder seasons in countries
like Canada. Moreover, estimation of annual
mercury (Hg) emissions from surfaces over
a large area or region requires the integra-
tion of measured local or discrete fluxes over
space and time.

This study was conducted in Windsor
(42°18’N, 83°01°W), Ontario, Canada from
Dec 2003 to March 2004. A Tekran mercury
vapor analyzer (2537 A) and a polycarbon-
ate flux chamber were used to measure the
TGM concentration and the air-surface ex-
change flux of mercury. Details about the
flux calculation can be found in PoIssANT AND
CasiMIR (1998). All flux data was corrected
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with the field blanks. Air temperature and
solar radiation were measured as well.

RESULTS AND DISCUSSION

The results from February 10 to 20, 2004 are
reported in this paper. The TGM concentra-
tion had a mean value of 5.3 ng/m? (Table 1),
which is almost two times higher than the
mean TGM concentration of 1.8 ng/m? found

Table 1. Statistical summary of TGM and mercury flux

in Point Petre and Egbert, Ontario, Canada
on February 2003. This was likely due to the
impact of local industries and transboundary
pollutants from Detroit, MI, USA.

The mercury flux had a mean value of
2.6 ng/m?*/hr during our study period (Table 1).
Both evasion (flux>0) and deposition (flux<0)
of mercury was observed. Hg flux and TGM
concentration were following a diurnal varia-
tion as shown in Figures 1 and 2.

Max Min Mean S.d.
TGM (ng/m’) 18.4 3.1 53 1.9
Flux (ng/m*hr)  75.3 34.6 2.6 11.4
1
|
: H : 1
A : £
= L1l x , vosyl B !‘ b

Figure 1. Diurnal variability of Hg flux from Febru-
ary 10 to 20, 2004. The dots and the bars represent the
mean and 95 % confidence interval respectively.

Figure 1 depicts the variation of mercury flux
and shows that the maximum flux was ob-
served at noon followed by a decrease dur-
ing the late hours. Evasion (flux>0) was ob-
served mostly during the daytime and depo-

Figure 2. Diurnal variability of TGM from February
10 to 20, 2004. The dots and the bars represent the
mean and 95 % confidence interval respectively.

sition (flux<0) at night. The re-emission of
mercury during daytime due to stronger ra-
diation followed by the deposition during
nighttime may be responsible for the diurnal
variation of TGM, shown in Figure 2.
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In Figure 3, the TGM concentration and
mercury flux on February 19, 2004 are
shown as an example. A diurnal variation is
observed with higher TGM concentration
and flux during the midday followed by a
decrease during the late hours. However, a
sudden increase in mercury deposition flux
is observed around 5:00 hours. A non-steady
state condition caused by local plumes might
be responsible for this observation.

Measurements of air temperature and solar
radiation along with the mercury flux are
shown in Figure 4. The results show that all
three followed diurnal cycles. It is observ-
able from Figure 4 that from 9:00 to 14:00

60

1503

hours air temperature warms up from 2.5 °C
to 8.2 °C, solar radiation changes from
87 W/m? to 323 W/m? and mercury flux in-
creases from 2.2 ng/m?/hr to 54.5 ng/m*hr.
This indicates to the increase of Hg flux with
an increase in solar radiation and air tem-
perature. However, from 14:00 to 19:00
hours, a more than 96 % drop in mercury
flux is observed. During the same time pe-
riod, there is a 97 % decrease in solar radia-
tion, while the air temperature decreases only
45 %. This signifies to the prominent effect
of solar radiation on Hg flux over air tem-
perature. This predominant effect of solar
radiation on Hg flux is also supported by a
stronger correlation (9:00 to 19:00 hours
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Figure 3. TGM concentration and mercury flux on February 19, 2004.
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Figure 4. Measured Hg flux, air temperature and solar radiation on February 19, 2004.
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data) between Hg flux and solar radiation
(r=0.74) than between Hg flux and air tem-
perature (r = 0.90).

CONCLUSIONS

An air-surface mercury flux measurement
study was undertaken in Windsor, Ontario,
Canada from February 10 to 20, 2004. The
measured TGM concentration had an aver-
age value of 5.3 ng/m?, which is more than
double the average value of 1.8 ng/m? found
in Point Petre and Egbert, Ontario, Canada
on February 2003. The local or regional an-
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thropogenic sources are considered to be re-
sponsible for this higher TGM concentration
in Windsor. A diurnal variation of TGM con-
centration and mercury flux was observed
during our study period. Re-emission of
mercury due to stronger solar radiation dur-
ing daytime and deposition at night might
cause that variation. Solar radiation was
found to have more influence on mercury
flux than air temperature.
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An eddy accumulation system for mercury
flux measurements
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Abstract: An eddy accumulation system was designed, constructed, and tested to measure
the mercury flux from natural surfaces. Fluxes of mercury and water vapor are mea-
sured by accumulating air from the updrafts and downdrafts of vertical wind. Simulta-
neous eddy covariance measurements of water vapor fluxes are used as a continuous in
situ calibration of the system. Measured mercury fluxes over a winter leafless hardwood
forest canopy do not exhibit the expected diurnal pattern. The preliminary results of this
study suggest that the mercury exchange process with a leafless hardwood forest is wind

driven.

Key words: Relaxed eddy accumulation, Conditional sampling, Foliar emissions, Surface

flux

INTRODUCTION

The contribution of biogenic and physio-
chemical mercury emissions from land and
water surfaces have recently been estimated
to be roughly equivalent to anthropogenic
emissions (PIRRONE ET AL., 2001; LINDBERG
ET AL., 1998). However, little is known about
the magnitude on the dynamic of these natu-
ral mercury emissions from forests, which
is the primary land cover in the Northeast
(NE) United States.

The eddy covariance (EC) technique is the
method of choice for measuring the turbu-
lent flux of gaseous scalars above forest
canopies. However the EC technique re-
quires fast response measurements, at least
10 Hz, of gas concentration and vertical wind
speed perturbations and currently no instru-
ment has been devised that can measure
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ambient mercury concentrations at this fre-
quency. Dynamic flux chambers (DFC) and
modified Bowen ratio (MBR) techniques
have been used to measure natural mercury
fluxes but both have theoretical and logistic
drawbacks for use above forest canopies
(CoBos ET AL., 2002; GILLIS AND MILLER,
2000).

The relaxed eddy accumulation technique is
another option, which eliminates many of the
problems listed above. The REA technique
separates the air at a point above the forest
into the updrafts and downdrafts, which en-
train air across a vertical concentration gra-
dient. Fluxes can then be calculated by mea-
suring the average concentration of mercury
in the air in the updrafts, the average con-
centration of mercury in the air in the
downdrafts and the turbulent statistics from
a fast response anemometer.
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REA combines fast response vertical an-
emometry to measure upward and downward
air motions, with fast switching of intake air
to isolate the air from the upward and down-
ward motions. The scalar material carried in
the isolated upward and downward moving
air is then accumulated in separate reservoirs.
And the scalar concentrations in the reservoirs
are measured with the available slow response
instrumentation. The REA technique uses a
mathematical approach similar to eddy cova-
riance (BOWLING ET AL., 1998) and allows the
sampling of air at only one height making it
simpler to operate and maintain than the MBR
flux techniques (CoBosS ET AL., 2002).

Updraft side

The University of Connecticut relaxed eddy
accumulation system was deployed to quan-
tify the mercury flux over a mixed hardwood
forest in rural Northeast Connecticut. This
system included REA measurements of Hg
and latent heat fluxes, Figure 1. Co-located
EC instrumentation provided independent
latent and sensible heat measurements. REA
flux calculations are made following
BuSINGER AND ONCLEY (1990). Measurements
were made over the winter of 2003-2004
when the forest was leafless.

Analyzer

Downdraft side

Figure 1. Air flow path diagram of the University of Connecticut’s REA system; a — high
speed sampling valve, b — particle filters, ¢ — high speed zero air valve, d — 21 pressure
perturbation tanks, e — two way valves, f — three way valve, MFM — mass flow meter, Rh/T —

relative humidity temperature enclosure.

RESULTS AND DISCUSSION

REA latent heat and Hg flux measurements
were taken simultaneously throughout the
measurement period. A running calibration
was then performed by correlating the REA
latent heat flux to the EC latent heat flux.

Net Hg fluxes for the winter of 2003-2004
ranged from a maximum rate of 37.97 ng m-
2 h'!' (evasion) to a minimum rate of
-50.56 ng m? h*! (gaseous deposition) with a
small net positive flux over the entire mea-
surements period. Hg evasion from the for-
est was at its highest preceding and follow-
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ing most precipitation events during times
of high wind speed (Figure 2). Net Hg depo-
sition events occurred primarily when a fresh
snow covered the ground.

1507

Wintertime net emissions peaked during the
month of January. January 2004 was cold
with temperature rarely reaching above 0 °C
with frequent snow events. However, Janu-
ary also had periodic high-sustained winds
lasting several days (Figure 2).
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Figure 2. Hg flux (blue diamonds) and the wind speed (purple squares) at the height of the
measurement from 21 December 2003 to 8 March 2004

CONCLUSIONS

Our measurements show that magnitude and
direction of the wintertime mercury flux over
a mixed hardwood forest can be accurately
measured with the REA system. Wintertime
measurements show fluxes from the forest
increase with increased wind intensity, typi-
cally observed with the passing of storms.
Deposition events were measured almost
exclusively during snow events when the
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open path sonic anemometer and krypton
hygrometer were not compromised by accu-
mulation of water on the sensor heads. The
single remaining problem with the system is
that the 3D sonic anemometer does not func-
tion properly during most precipitation
events due to water or ice accumulating on
the sensor heads. Thus our net flux accumu-
lated over the season is likely overestimated
due to poor sampling during times of the larg-
est deposition events.



1508

PART 3 — ATMOSPHERIC

REFERENCES

BUSINGER, J. A. AND ONCLEY (1990): Flux measurements
by conditional sampling; J. Atmos. Oceanic
Technol. 7, pp. 349-35.

PirrONE, N., Costa, P., PAcyna, J. M., anD FErrA, R.
(2001): Mercury emissions to the atmosphere
from natural and anthropogenic sources in the
Mediterranean region; Atmospheric Environ-
ment 35, pp. 2997-3006.

LINDBERG, S. E., Hanson, P. J., MEYERS, T. P., anD Kim,
K.-H. (1998): Air/surface exchange of mercury
vapor over forests-the need for a reassessment
of continental biogenic emissions; Atmospheric
Environment 32, pp. 895-908.

CoBos, D. R., BAKER, J. M. AND NATER, E. A. (2002):
Conditional sampling for measuring mercury
vapor fluxes; Atmospheric Environment, Vol. 36,
pp. 4309-4321.

GiLLis, A. AND MILLER, D. R. (2000): Some potential
errors in the measurement of mercury gas ex-
change at the soil surface using a dynamic flux
chamber; The Science of the Total Environment,
Vol. 260, pp. 181-189.

BowLing, D. R., TurniPsEeD, A. A., DELaNY, A. C.,
BaLpocctr, D. D., GREENBERG, J. P. AND MONSON,
R. K. (1998): The use of relaxed eddy accumu-
lation to measure biosphere-atmosphere ex-
change of isoprene and other biological trace
gases; Oecologia 116, pp. 306-315.

RMZ-M&G 2004, 51



7" INTERNATIONAL CONFERENCE ON MERCURY AS A GLOBAL POLLUTANT

1509

A model for natural emissions of Mercury in the Northeast,
United States

JEsse O. BasH, Davib R. MILLER, PATRICIA BRESNAHAN, HUGO THOMAS

Department of Natural Resource Management and Engineering, University of Connecticut, Storrs
CT, USA, E-mail: jesse.bash@uconn.edu

Abstract: Current mercury emission inventories typically include anthropogenic emissions
only and neglect the contribution of natural emissions and re-emissions. Estimates of
this component of the mercury cycle are on the order of 25 to 50 percent of the total
mercury emissions. A model to estimate the natural emissions of mercury has been
developed, the Mercury (Hg) Surface Interface Model (HgSIM). HgSIM is based on
recent publications on mercury emissions and models and is driven using modeled me-
teorological data using one-hour time steps. The emissions over land are modeled as a
function of the land cover, evapotranspiration, and temperature. The emissions over
water are modeled as a function of the concentration gradient in air, the mixing of the air

and water, and the temperature.

Key words: Surface Flux, Emissions Model, Transpiration, Natural mercury emissions, Air

quality model

INTRODUCTION

The processes leading to atmospheric mer-
cury dispersion are governed by the indus-
trial use of elemental mercury (Hg") and
combustion in the form of anthropogenic
emissions and the emissions from natural
surfaces. The emissions of Hg" from con-
taminated surfaces have long been known.
However, elemental mercury is readily re-
emitted from natural surfaces due to its high
vapor pressure (LINDBERG ET AL, 1998). Re-
cent estimates have indicated that the con-
tribution of natural Hg emissions to the glo-
bal Hg pool is roughly equal to the anthro-
pogenic emissions (PIRRONE ET AL., 2001).
This paper describes a model of these natu-
ral mercury emissions.
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METHODS

Natural Hg’ emissions were modeled using
anumerical model parameterized using fifth-
generation NCAR/Penn State Mesoscale
Model (MMS5) meteorological data and the
EPA’s Biogenic Emissions Inventory Version
2 (BEIS2) land cover data. Natural mercury
emissions were categorized into thee sources
based on the mechanism of the emissions for
the given land cover types. The modeled
domain covered the northeast United States
and southeast Canada using 2500, 36 km on
a side square grids.
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Air-Water Flux

The air water flux of mercury is driven by
the equilibrium between the vapor and aque-
ous phases of Hg’, which is governed by the
concentration gradient and the turbulent dif-
fusion coefficient modeled after W ANNINKHOF
(1992).

Canopy Emissions

Recent studies have indicated that Hg® in soil
water is taken up by vegetation during the
transpiration processes, transported through
the xylem stream and emitted into the atmo-
sphere along with the water vapor (LINDBERG
ET AL., 1998). Thus, emissions from vegeta-
tion are modeled as a linear function of
evapotranspiration. Evapotranspiration was
modeled using the Penmann-Monteith model
as described in CAMPBELL AND NORMAN
(1998). Canopy conductance was modeled
according to STEWART (1988).

Soil Emissions

Emissions of Hg" from soil surfaces are be-
lieved to be dependent on the soil water con-
tent, surface temperature, and solar radiation
(Caprl AND LINDBERG, 1998). However, in-
sufficient measurements have been made to
determine an analytical relationship for Hg’
emissions from soils, but empirical relation-
ships between temperature and emissions
have been described (Xu ET AL., 1999).

Therefore the net soil flux was modeled as a
function of soil temperature by a linear rela-
tionship between the log of the net emission
rate and the soil surface temperature, as de-
scribed in CaPrl AND LINDBERG (1998).

REsuULTS

HgSIM was run for a two-week simulation
period from July 6™ 1997 to July 19" 1997.
The total emission calculated for the two-
week period for the entire domain was
2101.5 kg. The HgSIM model predicted a
spatially averaged daily maximum emission
rate of mercury from vegetation of 4.4 ng m-
2h!, a daily maximum average emission rate
from soil of 2.3 ng m? h'and a daily maxi-
mum average positive flux of mercury from
surface waters of 2.7 ng m* h'. The maxi-
mum fluxes for all three pathways occurred
in the early to late afternoon and the mini-
mum values, ~ 0 ng m2h! for all three mod-
eled pathways, occurred in the early to mid-
morning.

Figure 1 maps the mercury flux spatial and
time variability across the computational
domain. The maximum and minimum ter-
restrial emissions corresponded with the
maximum and minimum ambient tempera-
tures respectively. The highest overall rate
of emissions came from the southern por-
tion of the modeled domain. However, dur-
ing the afternoon peak, the spatial variabil-
ity of Hg" fluxes for terrestrial systems was
at its maximum in the northern parts of the
domain. Over the two week simulation the
highest total natural emissions were 8§20 ng
m? from the Atlantic Ocean off the south-
east US coastline and the lowest total natu-
ral emissions were 74 ng m? in the urban
areas with little vegetation cover around
Washington D.C.

RMZ-M&G 2004, 51



7" INTERNATIONAL CONFERENCE ON MERCURY AS A GLOBAL POLLUTANT

1511
1 L
i i
1M 1m
1415 145
< am < am
nghe=i k) B
a b
im w@ A
i 1]
1/ im
1415 1
] 11 I < am
e k) =Tk
c d

Figure 1. Modeled natural mercury emissions at Eastern Standard Time (EST) a. 2400, b.

0600, c. 1200, and d. 1800

CONCLUSIONS

HgSIM modeled mercury fluxes are highly
variable in both time and space. The spatial
variations in the fluxes are due to the land use
parameterization and the gradients in meteo-
rological parameters over the large domain.
Temporal variations occur on both a diurnal
cycle and a larger synoptic cycle as weather
systems pass over the modeled regions.

The average vegetation emissions rates for
forested regions were roughly twice that of
the soil or water emission rates during times
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of peak transpiration. However, the vegeta-
tion and soil emissions exhibit a strong diur-
nal pattern with lower emissions at night while
the emissions from water do not. Therefore,
the total emissions from the water over the
two-week period were roughly equal to that
of vegetation emission from heavily forested
areas. Emissions from soils below forest cano-
pies contributed about 20 % to 25 % of the
total forest emissions. In agricultural regions,
direct emissions from soils were the largest
source contributing up to 75 % of the total
terrestrial emissions in these locations.
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This study showed that the spatial variabil-
ity in mercury flux across the region was
extreme and that spatially distributed mod-
els are the most feasible way to integrate over
large regions.

This study showed higher Hg fluxes in the
southern portion of the modeled domain,
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Contribution of mercury from national antropogenic
emissions, natural sources and atmospheric long range
transport in Norway

TorUNN BERG, EIrIK FIELD, BRIT-LISA SKIELKVLLE & EILIV STEINNES

Abstract: The environmental loadings of national Norwegian mercury emissions compared
to the loadings of atmospheric long range transported mercury and mercury in natural
background have been estimated. Data used have been the Norwegian participation in
EMEDP, data from Norwegian monitoring programmes on mercury in mosses, soil and
sediments, in addition to official Norwegian emission data for mercury. The results show
that atmospheric long range transport to Norway are somewhat larger than the national
Norwegian emissions of mercury. The results also show that there are still communities
in Norway where the mercury loadings are so high that the environment can be affected.

Key words: mercury, loading, Norway
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Abstract: Development and some highlights from four years “Mercury Depletion Event
(MDE) Campaigns” at Ny-Aesund, Svalbard (78°54°N, 11°53’E) where research groups
from all together eight countries have participated are presented. The purpose of this
effort was to provide further quantitative information on mercury in different environ-
mental compartments including air, snow, ice cores and seawater during polar spring
and extend the database of MDEs. To contribute to the knowledge, we have conducted
time-resolved speciated determination of mercury in the atmosphere (GEM, RGM, PM)
and snow (total mercury) at two altitudes (474 and 12 m a.s.l.). At the sea level gas-
transfer experiments over snow and sea surfaces have been conducted. The observations
have been analysed using meteorological and remote-sensing data.

Key words: Atmospheric mercury, mercury depletion events, Svalbard

INTRODUCTION

The discovery of the mercury depletion
events at Alert in the Canadian Arctic
(SCHROEDER ET AL., 1998) initiated a lot of
activities on atmospheric mercury in polar
regions. At Ny-Aesund the first Tekran
2537A was installed at the Zeppelin moun-
tain in February 2000. Since then spring cam-

paigns have been carried out every year: in
2000 and 2001 with only Norwegian scien-
tists, in 2002 with participation of Swedish,
Norwegian, Lithuanian and Canadian groups
and in 2003 with participation of more than
20 scientists from six countries (Norway,
Canada, France, Germany, Italy, US). The
following presentation gives a summary of
the results from these campaigns.

RMZ-M&G 2004, 51



7" INTERNATIONAL CONFERENCE ON MERCURY AS A GLOBAL POLLUTANT

1515

35

w

N
3}

N
L

GEM (ng/m3)
o

-
L

o
”

0 T
01.01.00 01.01.01

01.01.02 01.01.03

Figure 1. Time series of hourly average values for GEM, Zeppelin, 2000-2003.

MAIN RESULTS

MDEs:

MDEs are taking place every spring at Ny-
Aesund (Fig. 1). Normally mid-April — mid-
May is the period with most frequent MDEs.
Results from the campaigns indicate that
there are different types of depletion events
with varying characteristics. Different envi-
ronmental and meteorological conditions
yield a different distribution of mercury
(SOMMAR ET AL., 2003; STEFFEN ET AL., 2004).
Some the MDEs seem to be locally gener-
ated whereas others are the result of atmo-
spheric long-range transport of depleted air
masses. This conclusionhas been supported
by comparison of BrO columns with mer-
cury data (WANGBERG ET AL., 2003; SOMMAR
ET AL., 2004).

Mercury species:

Reactive gaseous mercury (RGM) and par-
ticulate mercury (PM) in general anticorrelate
with GEM, but the concentrations of RGM
and PM vary in different MDEs. Sometimes
the PM is highest, some times the RGM is
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highest. During other MDEs RGM and PM
are similar. The observed variability in RGM
and PM may be linked to the overall behaviour
of particulate matter during depletion events.
Measurements performed at Ny Aesund have
shown that the number of particles smaller
than ~0.3 micrometers decrease when ozone
and mercury concentrations decrease. Larger
particles seem to increase during such events
(GAUCHARD ET AL., 2004). The size distribu-
tion of particles containing mercury is not
known but it is likely that the gas-particle pro-
cesses involved (e.g., adsorption of RGM on
aerosols) is affected both by the number of
particles available and the size distribution.

Two elevations:

The Zeppelin station (474 mas) is situated
over or at least at the top of the marine bound-
ary layer. GEM levels during depletion
events at 12 m a.s.l and Zeppelin are compa-
rable (BERG ET AL.M, 2003A; SOMMAR ET AL.,
2004; TEMME ET AL., 2004). Considerable
concentration differences between the sta-
tions were often observed prior to depletions,
and a much higher variance was observed
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at 12 m a.s.l. after MDEs (SOMMAR ET AL.,
2004). The vertical spatial gradient in GEM
and it’s temporal development is likely to be
due to re-emission of mercury from the snow
surface, an effect that is enhanced by re-
stricted mixing of air on a micrometeorologi-
cal scale.

Surface snow:

Enhanced concentrations of Hg in surface
snow are clearly evident throughout the
MDE period at Zeppelin. A ten-fold increase
in the concentrations is seen from winter to
spring (BERG ET AL,. 2003b). During spring
2002 time series of total mercury presents a
moderate maximum during the major MDE
and becomes highly episodic during the mi-
nor events with peaks as high as 77 ng L.
The highest values were obtained during one
of the MDE:s, in conjunction with snowfall.
The sample from the Zeppelin station was
collected before the snowfall started and con-
tained small amounts of mercury. The sample
at 12 m a.s.l. was collected approximately
one hour after the snowfall started and con-
tained high amounts of mercury (~15-fold
increase) (SOMMAR ET AL.. 2004). Hence, this
observation clearly indicates that the mer-
cury arrived with the snow. Methyl-Hg was
consistently undetectable (<0.06 ng L-1)
during the campaign 2002 (SOMMAR ET AL.,
2004).

Flux measurements:

During spring an accumulation of GEM was
generally observed in the air passing through
the DFC, corresponding to mid-day peak
emissions of up to 70 ng m? h-' (SOMMAR ET
AL., 2004). Elevated fluxes were observed
contiguous to enhanced deposition events
during the MDEs. The average DFC-flux
obtained was ~8 ng m™ h-'. Late September

flux measurements on snow showed no
reemission at all, but barely detectable depo-
sition corresponding to 0.23 ng m* h-! (con-
centration differences as low as ~0.05). The
vertical two level GEM measurements over
snow generally displayed very small concen-
tration differences (<0.1-0.2 ng/m3) during
spring 2002. However, during one event,
solid evidence for photo-stimulated emis-
sions of Hg(g) from the snow pack was ob-
tained. The GEM gradient represents 9 h fol-
lowing a snowfall during which a large in-
crease in Hg-tot was observed in consecu-
tive samples. The seawater in Kongsfjorden
was supersaturated with respect to dissolved
gaseous mercury (DGM) during measure-
ments in early May 2002. The concentration
of DGM in the surface water showed a pro-
nounced daily variation well correlated with
solar radiation. Hence, it seems like a sig-
nificant part of the oxidised mercury depos-
ited onto snow and water surfaces is quickly
re-emitted back to the atmosphere as elemen-
tal mercury (SOMMAR ET AL., 2004).

Temporal trend:

No temporal trends have been seen in the
GEM level measured at the Zeppelin station
since 1994 (BERG ET AL., 2004). The mea-
surements were carried out using manual
methods during 1994-1999. From 2000 a
Tekran 2537 A have been used. This is also
in accordance with results from

Modelling:

A study was performed in order to assess
whether Hg emitted from anthropogenic
sources in Europe could be transported to and
deposited in the Arctic (BERG ET AL., 2001).
It was concluded that this was not a major
pathway as the concentrations of Hg species
in the Arctic atmosphere were indistinguish-
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able from the global background. Thus, to
assess the impact of anthropogenic Hg emis-
sions on the Arctic ecosystems, the global
cycling of Hg including air-surface exchange
has to be taken into account.
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Biogeochemical Overview of Mercury Cycling
in the Venice Lagoon (2001-03)

Nicoras S. BLoom!, LigiA M. MorerT0?> AND PAoLO UGo?
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Abstract: Mercury and CH,Hg were measured in the sediments, waters, suspended matter
and biota of the Venice Lagoon, in 5 seasonal campaigns between winter of 2001 and
spring of 2003. These data show that the lagoon, which was contaminated with up to
300,000 kg of Hg, largely from two chlor-alkali plants in the 1950’s to 1980’s, is now
only moderately enriched with Hg, but over a very extensive area. This is the result of
massive redistribution of sediments in this highly energetic system. The continuous re-
suspension of sediments, combined with rapid tidal flushing results in the Lagoon being
a major net exporter of Hg (1,100 kg) and CH,Hg (5.6 kg) to the Adriatic Sea.

Key words: Mercury, Speciation, Biogeochemistry, Venice Lagoon

INTRODUCTION

The Venice Lagoon (Figure 1) encompasses
540 km?, of which about 13 % is described
as salt marsh ecosystems (CRITTO AND
Marcommt, 2001). Having an average depth
of only 1.1 m and a tidal cycle that often ran

exceeds that, a large fraction of the lagoon is A
alternately submerged and re-emerged on a o T
daily basis. Although many chemical indus- . I: i Foe
tries are located on the western shore of the

Lagoon, it is likely that the largest source of S

Hg is the mercury-cell chlor-alkali complex, st Mo e
which operated largely without pollution

control equipment from 1951 until 1988. The

circulation properties of the Lagoon confine s

the majority of the pollution to its northern % =

half. Because of the diversion of river inputs, " r -

large-scale re-suspension, and exaggerated i e

tidal flow caused by the deepening of chan- 2 ==

nels for ship traffic, the Lagoon is now a net Figure 1. Map of the Venice Lagoon, Location

exporter of sediments to the Adriatic sea, ;" historsc chuipe-alkall discharpes indicated
L i
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losing 1.1 million m?, or 0.2 cm yr!' (DAy ET
AL., 1995). Although researchers have known
for some time that Hg was a major contami-
nant of concern in the Lagoon (CRITTO AND
Marcoming, 2001), there had not yet been a
comprehensive study of its biogeochemical
cycle. As a result of studies initiated in 2001
by the University of Venice and Frontier
Geosciences, we have recently been able to
fill in many of the gaps in the story of Hg
contamination of the Lagoon. In this paper,
focussing on the Lagoon-wide mass balance
and comparison to other similar sites around
the world, we will briefly summarize our
findings for Hg and CH Hg, the first ever
collected using ultra-clean sampling tech-
niques. Much greater detail can be found by
reference to the original publications, which
were excerpted for this summary (BLoom ET
AL., 2004a,b; BLoom ET AL., 2003A,B;
MORETTO ET AL., 2003).

1519
REsuLTS AND Di1scussioN

Samples were collected and filtered using
established ultra-clean techniques (BrLoom,
1995), and analyzed for Hg species using
cold vapour atomic fluorescence spectromet-
ric (CVAFS) detection (BLooMm AND
FirzGeraLp, 1988). Total Hg was quantified
after BrCl oxidation, using SnCl, reduction
and dual gold amalgamation prior to the
CVAFS step (BLoom anp CRECELIUS, 1983).
CH,Hg was determined with aqueous
ethylation, purging onto Carbotrap™, and
then isothermal GC-CVAFS detection (LIANG
ET AL., 1994). An evaluation of the over 1,000
data points generated (BLooM ET AL., 2004a)
indicated that almost all individual points
were precise (relative replicate differences
<10 %), and accurate (recoveries of 80-
120 %), and virtually all fell well above the
method detection limits (approximately
0.2ng L' for Hgand 0.01 ng L' for CH Hg).

Mesn [Hgl, ng L

| st ~ Tl Meahyl Helerimée

WEmaCE Lritan canaly h o= 1Y 110 4 W Hiloom 2t al., 2iHkEg
Weibe il welkinds LS o B 120 & 0 Blinim 21 al. J0HG
Wimagr industrzl canals . | [ Q0% & 0,03 Bloom ¢ al. 20
Wemsce minth open waier | 0T o ol Plarm &t al_ JiMa
Wemice sorth Open waber 1 4 10 & (L0 Hloom ot al_ 2iHka
| vicn Hay, Teuis k] | i 1300+ 007 Blisom &t al. JiHkER
Tropical Brasil Lagoons a s LM TS B FRloom ¢t al., 2ih
=in Fransisce K i | Wi LN ] L SRR LR L b et ml, SO
Ciull of Triest i k| 2 Horvat ex al |, 2000
Harg Ronigg Harbs [ | = 3 an Blonim et al . 2IHER
Ellasit Py, Seands | = 00 = 0] Rloarm @ ml. JIHEER
Ndrmiic Sea [l [=ATK] Horval et al., 25
Tahle |, Coerguincod ol the svermee imlilherad Mg spoe e i varies regliorms of the Venie
Lagzon fo edfwer psfuaring and lagoon sysbems
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Hg Aux, kg yr .
Flhinw Type Tastal Mthyl
Inilaws Rz nasom (north kagoon ) L] 1.4
Resuspension {south |agoon) il i |
Adrimic Sea mfhow (ioiml) L) 1.9
Indusirial discharges b 1r.4
Hivers 15.2 022
Precipiintion ] .04
Yeneia canak 1.9 LRI
TCYTAL IMFLTS 1471 44
il Mows A drimic Sea ourlloss (nomh s 1. 243 5.
Adrialic Sed outllon [ Soiah oo 175 1.5
Ciseois Hg ¢vasion 4.7 0.00
Sealowed remoal {1.79 .19
TOTAL DUTPFLUTS | 422 7.5
Mt EXPORT T ADRIATIC SEA 104 A6
Table 3. Mercury and methy lmecury mass balances For the Versce Lagoon (2002-2003 ),
s v acd Troem Bloom of &l Tl

Hg ranges from about 1-2 ng L' at the Lido
entrance to the Adriatic, to 5-20 ng L' within
the main body of the northern Lagoon. The
less contaminated southern reaches of the
Lagoon were not studied as intensively, but
found to contain only 1-3 ng L' Hg. Up to
50-200 ng L' Hg were observed in the indus-
trially impacted areas and urban canals. Most
Hg was from re-suspended sediments, as lev-
els are strongly correlated with TSS in this
shallow lagoon. Dissolved Hg concentrations
were narrowly constrained to the range of
approximately 0.5-3 ng L. CH,Hg ranged
from about 0.02-0.4 ng L' in unfiltered
samples and 0.005 to 0.2 ng L' in the dissolved
fraction. Surface (0-3 cm) sediments varied
from about 0.5 to 2.5 pg g' dry basis, with
0.1-0.3 % of that methylated. CH,Hg levels
were about three times higher during the
spring and summer, compared to winter
(BLooMm ET AL., 2004a,b). The Lagoon appears
to be moderately, but extensively contami-
nated by Hg, showing concentrations of both

Hg and CH,Hg higher than those reported in
other coastal harbors and lagoons (Table 1),
but spread over a much wider area. The im-
pact of the past direct chlor-alkali discharges
is diffused throughout the system by an array
of re-suspension pathways, but may ultimately
be mitigated by rapid tidal flushing.

Using all of the data collected together with
literature values for mass fluxes we were able
to construct well-constrained mass balances
for the Lagoon (Table 2). This balance shows
that a large amount of Hg circulates through
the Lagoon, although only about 5 % repre-
sents new contamination. Rather, almost the
entire system mass balance is made up of
the cycling of previously contaminated sedi-
ments, which were estimated to contain a
total of 200,000 to 300,000 kg of anthropo-
genic Hg. Because of the high degree of
anthropogenically mediated sediment re-sus-
pension, combined with the large tidal cur-
rents, approximately 1,100 kg of Hg and
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5.6 kg of CH,Hg is exported to the Adriatic
sea each year, making the Venice Lagoon per-
haps its second largest source of Hg, after
the Isonzo River, which drains the Hg min-
ing areas of Idria, Slovenia. The impact of
the Lagoon sediments may be even more
dramatic, however, as the Hg adsorbed to the
organic fraction of the sediments is likely to
be more bioavailable (BLooMm ET AL., 2003¢)
than the cinnabar-bound Hg derived from the
mining areas.

CONCLUSIONS

Since the Second World War, the Venice
Lagoon has been highly contaminated by
anthropogenic mercury, which is adsorbed
to and transported with the sediments. As a
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Monitoring of mercury in water, sediment, and aquatic biota
to assess responses to changing atmospheric emissions
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Abstract: Mercury is an important contaminant of concern throughout the world and levels
in the environment remain problematic. Many agencies in North America and Europe
are considering new regulations that will reduce atmospheric emissions. Evaluation of
the effectiveness of emission controls will require accurate methods of documenting
responses to changes in mercury loadings from atmospheric deposition. A workshop
was convened in September 2003 to determine a framework for monitoring Hg in wa-
tersheds and airsheds, in waters and sediments, in aquatic biota, and in terrestrial wild-
life. The objectives of this workshop were to (1) identify attributes of indicators that
would be useful for discerning trends in the concentration of Hg or MeHg in water,
sediment and aquatic biota, (2) critically evaluate and rank candidate indicators that
would be most useful in trend-monitoring programs for Hg or MeHg, (3) identify ancil-
lary data needs and possible confounding factors that should be considered or docu-
mented, to ensure the defensible application and interpretation of the indicators in a
trend-monitoring program, and (4) identify the environmental settings (e.g., water-body
type and geographic location) that would be most sensitive for detecting short-term
changes in atmospheric deposition of Hg. We report the workshop recommendations
pertaining to monitoring of mercury in water, sediment, and aquatic biota. The selection
of indicators was guided by required and desirable criteria to ensure that the indicators
are useful, relevant, and possess sufficient discriminatory or diagnostic attributes to
detect a signal (change in Hg deposition) above the background noise (variation in Hg
concentration or MeHg bioaccumulation attributable to other factors). Criteria for indi-
cators for monitoring waters and sediments are that water provides a direct exposure
route to pelagic organisms whereas sediments smooth and integrate benthic exposure
and deposition rates over longer time scales. A sampling design for monitoring water
and sediment should stratify by water body type, and include Mercury Deposition Net-
work sites, replicate sampling, and collection of ancillary data. Criteria for indicators
for monitoring aquatic biota include relevance to public and ecological health and the
development of policy, the need to standardize procedures for sample collection and
analysis and reporting of results, the presence of historical data, and the recognition of
confounding factors and co-variables. Candidate organisms should be evaluated with
respect to criteria including wide geographic range, importance in the trophic transfer of
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MeHg, knowledge of feeding ecology and trophic position, rapid response time
(3-5 years) to changes in Hg loadings, and the possibility of non-intrusive sampling
methods. It is important to integrate the monitoring of Hg in waters, sediments and
aquatic biota with modeling needs. Many anthropogenic and natural factors, indepen-
dent of the bulk loading of Hg from atmospheric deposition, can strongly influence the
concentrations and trends of Hg in aquatic biota and in water and sediments. Our ability
to discern trends in MeHg or Hg concentrations in aquatic biota and other media will
depend on knowledge of the influence of such factors on the concentration of Hg in
water and sediment and the bioaccumulation of MeHg.
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Modelling Mercury in the Connecticut River Basin Airshed

PATRICIA BRESNAHAN

Abstract: The Atmospheric Resources Laboratory at the University of Connecticut is using
the USEPA Models III system in a Linux cluster to model the atmospheric transport and
transformation of mercury in Northeast North America. The air quality model CMAC
with mercury chemistry included is the basic program. This paper describes the model
preformance on multiprocessor computer systems. It also presents simulations demon-
strating the spatial and time variability of mercury in atmosphere and deposition to the
Connecticut River Basin.

Key words: deposition, Models III, variability
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Problems Associated with Spatial Extrapolation
of Springtime Mercury Deposition to Polar Regions

STEVEN BROOKS '& STEVEN LINDBERG >

! National Oceanic and Atmospheric Administration, Atmospheric Turbulence and Diffusion
Division, 456 S. Illinois Ave, Oak Ridge, TN 37830 USA, e-mail: steve.brooks@noaa.gov
2 Oak Ridge National Laboratory, Environmental Science Division, Oak Ridge, TN US, e-mail:
sli@ornl.gov

Abstract: Schroeder et al. (1998, Nature) first reported springtime episodic gaseous elemen-
tal mercury (GEM or Hgo) depletions based on ground measurements of air at Alert,
Canada. Since then these events have proven to be widespread in the Arctic occurring
every springtime at Alert, Barrow, Ny Llesund, and Station Nord. At Barrow these events
have been linked with the near-surface air formation of reactive mercury (Hg(I)) in the
gas form (RGM), fine particulate form (FPM), and the accumulation of total mercury in
the snowpack (~100 ng/L just prior to melt). This transport of Hg via atmospheric con-
version, to deposition, to bio-available forms is likely the predominate pathway for mer-
cury into Arctic biota.

For the first time, we have spatial extended the Barrow measurements by conducting
two weeks of concurrent measurements roughly 350 km upwind of Barrow on the
multiyear sea-ice edge.

At the US Navy Applied Physics Laboratory Ice Station (APLIS) 2003 atop multiyear
sea-ice in the Beaufort Sea, we measured mercury speciation in the near surface air, and
monitored total mercury in the local snow and ice surfaces. These measurements add to
the growing database of polar mercury depletion events. Further, the upwind location
from Barrow provided a two week glimpse into the mercury chemistry of airmasses
traversing this region of the Arctic.

Our mercury measurement sensors consisted of Tekran models 2537a/1130/1135 for
the determination of GEM, RGM, and FPM, respectively. Airmass trajectories were
computed using the National Oceanic and Atmospheric Administration HYSPLIT model.
Snow samples and ice samples were collected from the upper surface (~5cm) using
clean techniques.

Measurements at the ice station began on March 30, 2003 at Latitude 73.03N and Lon-
gitude 148.07W (364 km NE of concurrent measurements at Barrow,Alaska), and ended
on April 14, 2003 at 73.42N and 149.91W (341 km NE of Barrow). The total station
drift was 73 km to the NW.

Airmass movement in this region is dominated by flow from the North (termed the
Siberian Express) which, around the latitude of Barrow, takes on the counter-clockwise
(towards the West) circulation of the persistent Aleutian Low. Trajectory computations
during the measurement period showed that airmasses over the ice station predomi-
nately headed towards Barrow, and on two occasions, the model showed airmasses fol-
lowing a exact line between the Ice station and Barrow.

The Ice Station site experienced episodic mercury depletion events of similar character
to typical Barrow measurements, but with some notable differences. Compared to Bar-
row, the Ice station average GEM was similar, average RGM was similar, average FPM
was much higher and, total Hg in the surface snow and ice was less.
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Taken as a whole, this suggests that the more compact snowpack and snow-free ice at
the Ice station, with less wind forced ventilation, does not deposit reactive gaseous mer-
cury as effectively from the air (lower deposition velocity). The reactive gaseous mer-
cury remaining in the near surface air has more time to adhere to airborne particulates to
form enhanced concentration of FPM, explaining the higher FPM concentrations and
the lower snowpack Hg.

Ice station depletion events were not of coincident timing or duration, to the concurrent
Barrow monitoring, even when modeling showed that an airmass had transected both
sites. This suggests that depletion events are forced by very local conditions (i.e. local
refreezing of leads).

Episodic mercury depletion events ~340 km upwind of Barrow, Alaska appear to be
decoupled from the concurrently measured events at Barrow. While of similar character,
the upwind Ice station site saw higher fine particulate mercury levels in the near surface
air, and lower Hg levels in the surface snow. This suggests that; Mercury depletion
events are driven by local conditions. Following a depletion, gaseous elemental mer-
cury levels in the near surface air are replenished to ambient levels within hours. And,
that the physical characteristics of the surface (wind scoured sea-ice and a compacted
snowpack) are likely the critical factors controlling the deposition rate of reactive gas-
eous mercury and the partitioning of reactive gaseous mercury and fine particulate mer-
cury in the near surface air.

Key words: Arctic, deposition, Sea-ice
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Aqueous reduction of Hg** to Hg’ by HO,
in the CMAQ-Hg model

O. RusseLL BuLLock, JRr.

27711, USA, e-mail: bullock.russell@epa.gov

Abstract: Numerical models of atmospheric mercury are formulated based on the current

understanding of mercury chemistry in air and in atmospheric water. Recent evidence
that significant reduction of Hg*" by reaction with HO, may not actually occur in natural
atmospheric water has obvious implications for the modeling of atmospheric mercury,
the seriousness of which has been investigated in the context of the Community Multi-
scale Air Quality (CMAQ) model. A published rate constant of 1.1x10* M's" for the
aqueous reduction of Hg** by HO, was used in the mercury version of the CMAQ model
(CMAQ-Hg) that was previously tested for its agreement to observed measurements of
mercury wet deposition in the United States. A modeling analysis has now been con-
ducted to investigate the effect of removing this controversial reaction from the CMAQ-
Hg model. The results show more mercury wet deposition, thus reducing the low bias
previously found from the base model configuration. However, other sources for this
low bias have also been identified. An examination of mercury concentrations in pre-
cipitation brings into question the apparent model improvement and highlights the need
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for confident determination of chemical kinetic modeling parameters.

Key words: atmospheric, mercury, modeling, chemistry, uncertainty

INTRODUCTION

A recent study of the potential for aqueous
reduction of Hg** species by HO,/O,” under
atmospheric conditions described in
GLRDFELDT (2003) has concluded that the
reaction is not thermodynamically favored.
The formation of Hg® observed during an
earlier study of the reaction described in
PEHKONEN (1998) was probably due to photo-
reduction of Hg*" complexed with oxalate
used to produce HO,/O,". The study con-
cluded that the aqueous phase reduction of
Hg* species by HO,/O," should not be in-
cluded in models describing the atmospheric

RMZ-M&G 2004, 51

transport and transformation of mercury.
Because this controversial reaction is cur-
rently included in the special version of the
Community Multi-scale Air Quality
(CMAQ) model developed at the U.S. Envi-
ronmental Protection Agency to simulate at-
mospheric mercury, a study was conducted
to determine the importance of the reaction
in the model’s simulation of mercury in cloud
water and its subsequent effects on the simu-
lation of total mercury wet deposition as
compared with observations from the Mer-
cury Deposition Network (MDN)
(VERMETTE, 1995).
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The mercury version of the CMAQ model
(CMAQ-Hg) was previously applied to as-
sess the model’s accuracy based on weekly
wet deposition measurements from the MDN
during two separate 4-week periods in 1995
as described in BuLLock (2002). The model
currently simulates in its cloud-water chemi-
cal model the reduction of all aqueous Hg*
species by HO, using a rate constant of
1.1x10* M 7! from PEHKONEN (1998) based
on the assumption that some chloride is
present in the cloud water. This rate con-
stant has not changed in the CMAQ-Hg
model since the study in BurLock (2002).
However, a few minor changes have since
been made to the standard CMAQ codes and
to mercury-specific parts of the model to
improve numerical accuracy, whereby the
model’s ability to reproduce observed mer-
cury wet deposition has improved slightly.
To investigate the importance of this reac-
tion in the full-scale CMAQ-Hg model, the
test period of 4 April — 2 May 1995 previ-
ously applied in Burrock (2002) was simu-
lated once again, this time with the model
rate constant for the aqueous reduction of
Hg* by HO, set to zero. Changes in simu-
lated wet deposition of total mercury due to

(1]

Modeled jng Mg m )

SEserved (ng Ham ™)

removal of the reaction from the model were
analyzed and compared against the same set
of MDN observations previously used in
BuLLock (2002).

RESULTS AND DISCUSSION

As expected, elimination of the HO, reac-
tion resulted in increased simulated wet
deposition of mercury during all weekly pe-
riods of observations at all MDN sites. How-
ever, these increases were highly variable and
ranged from 3.3 % to 110.1 %. The mass-
weighted average change in simulated wet
deposition for all MDN observation periods
was 23.9 %. Fig. 1 shows analyses of mod-
eled versus observed mercury wet deposi-
tion from the base CMAQ-Hg model and
from the test version without the HO, reac-
tion. The model correlation to wet deposi-
tion observations dropped slightly with the
elimination of the HO, reaction. Where the
normal CMAQ-Hg simulation showed a
Pearson correlation coefficient of R = 0.700,
the test simulation showed a value of R =
0.676. BuLLock (2002) reported a value of
R =0.657 for the base model before program-

Modeled jng Hg m 7|

Ditssersed (mg Hg m™]

Figure 1. Scatter plots of the observed versus modeled wet deposition of mercury: (a) from
the base CMAQ-Hg model; (b) from the CMAQ-Hg model without the HO, reaction
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ming improvements were made to increase
numerical accuracy.

Removing the aqueous HO, reaction negated
slightly over half of the improvement
achieved through these coding modifications,
but neither effect was highly significant.
Removing the HO, reaction did improve the
slope of the standard least-squares regres-
sion for mercury wet deposition from 0.703
to 0.825, but the associated zero intercepts
for the regression increased from 74.66 to
99.61 ng(Hg) m™. The slope of the zero-in-
tercept least-squares regression increased
from 0.863 to 1.038 with the elimination of
the HO, reaction.

The apparent improvement in CMAQ-Hg
model results with the HO, reaction removed
may be somewhat misleading. The analysis
in BuLLock (2002) has shown that the low
bias in simulated mercury wet deposition
from the base CMAQ-Hg model is attribut-
able to an even stronger low bias in the pre-
cipitation amount simulated by the model
used to define meteorology for CMAQ simu-
lations. Fig. 2 shows analyses of modeled
versus observed Hg concentration in precipi-

Modeled (ng Ha per fer)

Dibsereed |mQ Hg per brer
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tation with and without the HO, reaction in
the CMAQ-Hg model. The mercury concen-
trations in precipitation simulated by the base
model are already too high in most instances.
Thus, the 23.9 % increase in total mercury
wet deposition observed in this study from
the elimination of the HO, reaction in
CMAQ-Hg may in fact be a significant
model adjustment in the wrong direction.
Bullock (2002) showed that the base CMAQ-
Hg model was simulating much higher mer-
cury concentrations than were observed for
the lighter-intensity precipitation events dur-
ing the spring 1995 test period.

CONCLUSIONS

The reduction of aqueous Hg*" species to Hg’
by reaction with HO, is an important factor
in the amount of mercury contained in cloud
water and deposited in precipitation as simu-
lated by the CMAQ-Hg model based on the
chemical kinetics information available as
of 2002. New information suggesting that
this reaction may not be important in the real
atmosphere causes obvious concern among
the developers of the CMAQ-Hg model and

i}

Madeled (ng Mg per e

Observed (ng Hg par iter)

Figure 2. Scatter plots of the observed versus modeled concentrations of Hg in precipitation:
(a) from the base CMAQ-Hg model; (b) from the CMAQ-Hg model without the HO, reaction.
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other models that also simulate this reaction.
These numerical models are a synthesis of
our current understanding of atmospheric
mercury behavior and general atmospheric
transport and deposition processes. It is
widely acknowledged that our scientific un-
derstanding of atmospheric mercury remains
incomplete. Numerical modeling is continu-
ally used to test our understanding by com-
paring process simulations against available
measurements. However, the degrees of free-
dom inherent in the system being modeled
are numerous, as are the state variables not
measured due to sampling costs or the lack
of appropriate methods. Thus, modeling
alone cannot be used to define the true na-
ture of any specific state variable such as the
rate of a particular chemical reaction. This
model sensitivity study has demonstrated that
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Modeling the Atmospheric Transport and Deposition
of Mercury to the Great Lakes

Mark COHEN

Abstract: To effectively address mercury pollution issues in the Great Lakes, it is important
to know the relative importance of different sources of the contamination. This model-
based analysis attempts to provide estimates of such source-receptor information.

A special version of the NOAA HYSPLIT 4 model has been developed and used to
estimate the atmospheric fate and transport of mercury in a North American modeling
domain. The model is a three-dimensional Lagrangian puff model, with detailed simula-
tion of dispersion, deposition, and chemical transformation processes for atmospheric
mercury. Spatial and chemical interpolation procedures were used to expand the
HYSPLIT_ 4 modeling results to provide detailed source-receptor information.

Overall simulation results include the following: (a) transfer coefficient maps, showing
the propensity of mercury of different forms [Hg(0), RGM, and Hg(p)] emitted through-
out the model domain to atmospherically wet and dry deposit into each of the Great
Lakes; (b) comparison of simulated and measured ambient concentrations and deposi-
tion fluxes at monitoring sites for model evaluation purposes; (c) estimates of the contri-
bution of each of the 107,000 sources in a 1996 anthropogenic U.S./Canadian emissions
inventory to atmospheric mercury deposition to the Great Lakes (and other receptors);
(d) maps summarizing the source-receptor relationships for each lake; () information
on the amount of mercury contributed to each lake from different distance ranges away
from the lake and from different source categories; and (f) overall budgets for the atmo-
spheric fate of emitted mercury of different forms.

While there are uncertainties in the emissions inventories and in the simulation of
mercury’s atmospheric fate and transport, model results were found to be reasonably
consistent with wet deposition measurements in the Great Lakes region and with inde-
pendent measurement-based estimates of deposition to Lake Michigan. The spatial pat-
terns of source contributions to atmospheric mercury deposition were different for each
lake, but sources up to 2000 km away from the Great Lakes contributed significant
amounts of mercury. While there were significant contributions from incineration and
metallurgical sources, coal combustion was generally found to be the largest contributor
to atmospheric mercury deposition to the Great Lakes.

Key words: source-receptor, atmospheric model, Great Lakes
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Sequential Two-Photon LIF detection of Hg’ and RGM

DEeAaNNA DoONOHOUE, DIETER BAUER, AND ANTHONY J. HYNES

Division of Marine and Atmospheric Chemistry, Rosenstiel School of Marine and Atmospheric
Science/University of Miami, 4600 Rickenbacker Causeway, Miami, F1 33149, USA;
E-mail: ddonohoue@rsmas.miami.edu

Abstract: In an effort to understand the atmospheric distribution of gas phase elemental
mercury, we have developed a sequential two-photon laser induced fluorescence (LIF)
detection system for elemental mercury (Hg°) and reactive gaseous mercury (RGM).
The sensitivity and time resolution associated with the configuration of the instrument

will be discussed.

Key words: mercury detection, laser-induced fluorescence, RGM.

INTRODUCTION

Mercury (Hg) is a known toxin. Understand-
ing the atmospheric and biospheric interac-
tions of mercury is essential in assessing both
the ecological and health risks associated
with the pollutant. Recent observations in the
Arctict"? suggest that under certain condi-
tions gas phase halogen chemistry may play
a role in the fast atmospheric transformation
of Hg. An atmospheric transformation of
mercury will impact the rates and mecha-
nisms of deposition and re-emission. The
most substantial challenge to evaluating the
possibility of an atmospheric transformation
of mercury is the slow time response of con-
ventional methods for determining Hg° and
RGM concentrations. The ability to monitor
both the Hg’ and RGM concentrations on a
time scale that is fast compared to changes
in environmental conditions, such as solar
radiation, is critical to evaluating the poten-
tial role of rapid gas phase chemistry in the
biogeochemical cycling of mercury. One
novel system, which could provide the sen-

sitivity and the time resolution necessary for
these measurements is a sequential two-pho-
ton LIF detector.

Sequential two-photon LIF involves the se-
quential excitation of two atomic transitions
followed by detection of the emission from
a third. This technique is extremely specific
and precludes detection of anything other

A '8

Figure 1. Excitation scheme for 2-photon LIF
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than the species of interest. We have dem-
onstrated the feasibility of a sequential two-
photon laser induced fluorescence (LIF) sys-
tem for the detection of Hg*4. A frequency
doubled tunable dye laser is used to gener-
ate the initial excitation, the 6°P -6'S  tran-
sition at 253.7 nm. This is followed by exci-
tation of the 7! SO—63Pl transition at 407.8 nm,
which is generated by a second dye laser.
The 7'S level can be quenched or radiate to
the 6'P, level and the subsequent fluores-
cence at 184.9 nm from the 6'P -6'S transi-
tion is observed using a solar blind photo-
multiplier.

RESULTS AND DISCUSSION

Detection of Hg":

Our lab-based study evaluated a sequential
two-photon LIF system for applications in
field measurements, in order to answer the
pressing questions concerning the gas phase
transformation of mercury. Our laser-based
system has both the high sensitivity and tem-
poral resolution required. The detection limit
of the system is 0.4 ng m* when averaged
for 1s with a repletion rate of 10 Hz. If the
sample time is increased to 10s the detec-
tion limit is reduced to 0.1 ng m. These re-
sults show that our system offers similar sen-
sitivity to the Tekran 2537A with an in-
creased time resolution of more than two
orders of magnitude. This improved time
resolution means it may be possible to apply
sequential two-photon LIF detection as a
sensor for micrometeorological techniques,
such as eddy-correlation. Subsequent efforts
have focused on the development of a more
compact field instrument and investigation
of the use of gold amalgamation prior to de-
tection.
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Detection of RGM:

By coupling sequential two-photon LIF and
KCI denuder sampling it is possible to de-
termine atmospheric concentrations of RGM.
The LIF system is limited to detection of Hg".
However, RGM from ambient air can be
collected on a KCl denuder and subsequently
decomposed and desorbed as Hg’. In an air
or N, based system, like the system employed
for the detection of Hg’, the detection sensi-
tivity of the two-photon system is limited by
the quenching of the excited states of mer-
cury. By introducing an inefficient quencher,
such as argon, as the bath gas, the sensitivity
of the mercury detection is increased. There-
fore, we can directly observe Hg’, which
decomposed and desorbs from the KCI
denuder.

We sampled ambient air for 5 hours on a
KCI denuder with a sample flow rate of
10 L min'. The KCI denuder was then
flushed with argon at a slow flow rate of
200 sccm and heated to 500 °C. The evolv-
ing Hg" was detected by the LIF system and
LIF area was plotted vs. time (Figure 2). This
is the first direct observation of the evolving
Hg’ from a KCI denuder. From this data we
determined that sequential two-photon LIF
is an effective detector of RGM in the atmo-
sphere when coupled with KCl denuders. The
reported 5-hour sample had a S/N ratio of
10/1; therefore it should be possible to de-
tect RGM from KCI denuders that have been
sampled for 30 min. This detection sensitiv-
ity could be enhanced by preconcentration
of the evolving Hg" on gold tubes, thereby
further decreasing the necessary denuder
sampling time. Another interesting result of
this work is that the RGM is released from
the denuder within the first 3 min. This is
important because current sampling proce-
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dures require a 20 min sample desorption
step. This result indicate that this desorption

step could be reduced without impacting the
efficiency of the denuder.

Denunder Run (5hrs; direct observation)

2.50E-10
—— Denunder Blank
2.00E-10 M — Denunder Sample
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Figure 2. 5 hour denuder sample, Sample flow rate = 10 L min’!

CONCLUSIONS

Sequential two-photon LIF offers a sensitive
and specific method for the detection of Hg’
and RGM at ambient levels. The challenge
is to produce an instrument that is reason-
ably compact and that can be deployed for
field measurements.
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Seasonal Behavior of Atmospheric Mercury Species
in Polar Regions

RALF EBINGHAUS & CHRISTIAN TEMME

Institute for Coastal Research, GKSS Research Centre, Max-Planck-Str. 1, D-21502 Geesthacht,
Germany; E-mail: ralf.ebinghaus@gkss.de

Abstract: Atmospheric Mercury Depletion Events (AMDESs) during polar springtime have
been experimentally observed in the Arctic and in the Antarctic. During these events
Hg(0) and ozone concentrations are significantly depleted and well correlated, whereas
concentrations of ionic mercury species (RGM) simultaneously increase. During Ant-
arctic summer however, we frequently observed decreasing Hg(0) concentrations along
with simultaneous increases in RGM as well as ozone levels.

Key words: Atmospheric mercury, Speciation, Arctic, Antarctica, Mercury depletion events, AMDE

INTRODUCTION

Atmospheric Mercury Depletion Events
(AMDE:s) have been observed in the Arctic as
well as in the Antarctic (SCHROEDER ET AL., 1998;
EBINGHAUS ET AL., 2002). A possible explana-
tion for AMDEs may involve chemical or pho-
tochemical oxidation of Hg’ to Hg?* by reac-
tive halogen species [resulting either in particle-
associated mercury (Particulate-Phase Mercury:
PM) and/or RGM species]. This is accompa-
nied by significantly enhanced deposition fluxes
of mercury leading to unequivocally increased
input of atmospheric mercury into the polar eco-
system. AMDEs in the north and south polar
regions are strongly correlated with tropo-
spheric ozone depletions. Polar mercury and
ozone depletions coincide with simultaneous in-
creases in tropospheric BrO’ mixing ratios dur-
ing spring as shown by differential optical ab-
sorption spectroscopy measurements from the
ground and from satellite borne instruments.

For the atmospheric deposition, its mechanism and
environmental impact the speciation of mercury
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plays a key role. In this work we present concen-
tration data of different atmospheric mercury spe-
cies and indications for a variety of dynamic spe-
cies transformations of atmospheric mercury dur-
ing different seasons and in different hemispheres
(Arctic spring and Antarctic spring and summer).

First results from an Arctic international field
study in Ny Aesund, Spitsbergen (78°55°N,
11°90” E) are presented, showing that strong
AMDE:s of Gaseous Elemental Mercury (GEM)
concentrations occurred during Arctic springtime
2003. Supplementary data were obtained during
Antarctic spring giving experimental evidence
for AMDEs and Australian summer respectively,
where AMDEs normally do not occur.

RESULTS AND DISCUSSION

Annual time series of GEM at an Antarctic
coastal site (Neumayer / 70°39°S, 8°15°W)

The results of GEM measurements and
ground-level ozone concentrations for the
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time period January 2000 to January 2001 are
presented in Figure 1. The arithmetic mean
of all GEM measurements between January
2000 and January 2001 was (1.06 + 0.24)
ng m? whereby the complete data set con-
form only broadly to a normal distribution.

The GEM concentration data shown in
Figure 1 can briefly be characterised for three
different time periods:

1. Between January and February 2000,
and December to February 2000/01,
GEM concentrations were highly vari-
able [(1.04 £ 0.28) ng m~] . During this
time period, GEM and ozone concen-

trations are frequently negatively cor-
related (see next chapter)

2. Between March and July 2000 the
GEM concentrations remained at a
fairly constant level of (1.15 = 0.08)
ng m while ozone concentrations con-
stantly increased

3. Between August and November 2000
several simultaneous depletion events of
surface-level GEM and ozone were de-
tected with minimum daily average GEM
concentrations of about 0.1 ng m™. The
arithmetic mean during MDE‘s was cal-
culated with (0.96 £ 0.28) ng m™.

?E -‘"i. — TEMn }
2 .
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Figure 1. Annual time series of 1-h averaged atmospheric mercury and ozone concentrations
and their weekly mean correlation coefficient (r) measured at the Antarctic coastal site Neumayer.

Mercury species concentrations during
Antarctic summer

The Antarctic measurements reported here
comprise a comprehensive dataset of differ-
ent atmospheric mercury species carried out
at research station Neumayer during Austra-
lian summer 2000/01.

GEM concentrations measured during the time
period December 23, 2000 to February 5, 2001
represent typical southern hemispheric back-
ground values with a mean of (1.1 + 0.3) ng m~.
However, GEM concentrations during sunlit sum-
mer period varied more than during the dark win-
ter months and decrease to concentrations
<0.3 ngm?. RGM concentrations varied between
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5 pg m? to maximum levels of more than
300 pg m?. In contrast to AMDEs during polar
springtime a negative correlation with surface-
level ozone concentrations during Antarctic sum-
mer was observed. The reaction mechanism could
be explained by a gas-phase oxidation of elemen-
tal mercury by potential atmospheric oxidants
such as hydroxyl radicals (TEMME ET AL., 2003).

1537

Mercury species concentrations during
Arctic springtime

Strong Atmospheric Mercury Depletion
Events (AMDESs) of Gaseous Elemental
Mercury (GEM) concentrations occurred
during Arctic springtime 2003 at Ny Llesund,
Spitsbergen (78°55°N, 11°90’E) as shown in

11
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Figure 2. Atmospheric mercury species concentrations at Neumayer Station between 23 of
December 2000 and 05" of February 2001. TGM, RGM and GEM levels are 2-hourly mean
concentrations. TPM concentrations were obtained from 48-h integrated samples.
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Figure 3. Atmospheric mercury species concentrations at Ny Llesund, Spitsbergen during

April and May 2003.
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Figure 3. Simultaneously Reactive Gaseous
Mercury (RGM) concentrations increased by
a factor of 10 to 20 to more than 250 pg m™
during several AMDEs which were also as-
sociated with ground-level ozone depletions.

CONCLUSIONS

AMDESs were observed during springtime at
coastal Arctic and Antarctic stations. In both
locations GEM concentrations were strongly
correlated with ground-level ozone concen-
trations. It is hypothesized that Br atoms and/
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Speciated Hg Measurements at a Rural Site Near Atlanta,
GA, USA

E. S. EpGertoN', :J. J. JANSEN? & B. E. HARTSELL?

'ARA, Inc., 410 Midenhall Way, Cary, NC, 27513, USA, e-mail, ericedge@gte.net
*Southern Company, Birmingham, AL, USA, e-mail: JJJansen@southernco.com
SARA, Inc., 720 Ave. F, Ste. 104, Plano, TX, 75074, USA, e-mail: hartsell@gte.net

Abstract: Recent inventories of atmospheric Hg emissions show that anthropogenic sources
are important on local, regional and perhaps even global scales. As important as the
magnitude of emissions is their chemical form. Elemental Hg has a long atmospheric
lifetime (approx. 1 year) and is therefore broadly dispersed from the point of emission.
Reactive gaseous Hg (RGM), on the other hand, is removed from the atmosphere much
more quickly (atmospheric lifetime several days) and thus has a more localized range of
influence than elemental Hg. Coal fired power plants (CFPPs) are recognized as a major
source of atmospheric Hg. The form of Hg in CFPP emissions is a complex function of
fuel composition, combustion characteristics and pollution control technology, but is
generally considered to be about two-thirds RGM, one-third elemental Hg and less than
a few percent particulate Hg.

The purpose of this research is to elucidate Hg speciation in coal-fired power plant
(CFPP) plumes opportunistically observed at a rural research site., during a 2-year study
period.

The experimental approach is to make continuous (60-minute resolution, or better) mea-
surements of elemental Hg, RGM, and particulate Hg at a research site located approxi-
mately 60 km WNW of downtown Atlanta. Simultaneous measurements of tracer spe-
cies (NOy, CO and SO,) and meteorological variables permit identification of episodes
when the site is influenced by CFPP emissions. Back trajectory analysis (HY-SPLIT)
and hourly CEM data are then used to identify the CFPP and to estimate trnsit time from
the CFPP to the research site.

Statistically significant relationships were observed between RGM and SO, in CFPP
plumes, however, substantially less RGM was observed than expected, based on coal
analysis and estimated partitioning between elemental Hg and RGM. Analysis of roughly
2 dozen plume events showed RCM/SO, ratios between 10 percent and 50 percent of
expectation. Episodes occurred without precipitation indicating that wet deposition could
not account for the difference. Model investigations (see Seigneur abstract) all indicate
that dry deposition could not account for differences. Results suggest significant errors
iand uncertainties n Hg partitioning estimates for CFPP emissions.

Key words: RGM, power plant plumes, atmospheric Hg
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Elemental Hg Measurements in Atlanta, GA, USA:
Evidence for Mobile Sources?

ERric EDGERTON & JOHN JANSEN!

'Southern Company, 600 18th Street N, 35203, Birmingham, USA

Abstract: Semi-continuous (1-hour integrated) speciated Hg measurements wewre made
over a 2-year period at a research site located 4 km NW of downtown Atlanta, GA,
USA. Measurements were performed using a Tekran 2537A analyzer equipped with
1130 and 1135 modules for reactive and particulate Hg, respectively. Ancillary mea-
surements included continuous or semi-continuous surface metoroology, trace gases
(0,, CO, SO,, NO, NO,, NO,, HNO,) fine particle mass and composition. Trace gas
ratios CO/NO and SO /NO were used to identify periods when the data were influ-
enced by mobile and coal burmng point sources, respectively. Mean Hg(0) concentra-
tions for the 2-year period were 1.8 ng/m?, or very similar to that for a rural site 55 km
NW of the city (1.7 ng/m?). Time series data show occassional peaks in Hg(0), some-
times exceeding 5 ng/m’, or several times assumed hemispheric background. Excur-
sions occurred at night during the winter and early spring, and when surface winds were
very light (<0.5 mps). Inspection of trace gas data showed that excursions coincided
with high concentrations of CO and NO_. Regressions of Hg(0) vs. CO were found to be
highly significant, with slopes ranging from 0.4 ng/m*/ppm to 1.6 ng/m¥/ppm, suggest-
ing a mobile source for Hg. Using a carbon content Of 83 % for gasoline and diesel fuel,
regression slopes imply Hg content of motor vehicly fuel in the range of 14-54 ng/kg.
Observations also show that Hg(0)/CO regression slopes increas from winter through
spring; that is, with surface temperature. This raises the possibility that evasion may
also be contributing to Hg(0) excursions. The full presentation will attempt to differen-
tiate between evasion and mobile sources of Hg(0) in Atlanta.

Key words: Hg(0), mobile sources, evasion
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Speciated Hg Measurements at an Industrial and
a Near-Coastal site in the Southeastern U.S.

Eric EDGERTON & JOHN JANSEN!

'Southern Company, 600 18th Street N, 35203, Birmingham, USA

Abstract: Continuous, speciated Hg measurements are needed to understand sources, sinks
and transformations of atmospheric mercury. This presentation will analyze recent spe-
ciated Hg data from a suburban site on the outskirts of Pensacola, FL (OLF) and an
urban site in Birmingham, AL (BHM). OLF is located near the Gulf coast and, hence,
opportunistically observes air parcels which have had significant residence time over
the Gulf of Mexico as well as the U.S. landmass. Several industrail facilities, a paper
mill and a power plant are also located within 20 km of the site. BHM is in a residential-
indistrial area about 5 km NW of downtown Birmingham. Numerous steel mills, coking
facilities, pipe plants and power plants are in and around the city. Both sites are equipped
with Tekran 2537A analyzers and 1130/1135 modules for semi-continuous (1-hour av-
erage) speciation of Hg(0), RGM and TPM. Other measurements include continuous
(typically 1-minute average) surface meteorology, trace gases (CO, SO,, NO, NO,, NO,,
HNO,, O,)and fine particle mass and composition. Early results show contrasts and
similarities between the two sites. At OLF, mean Hg(0) concentrations are relatively
invariant and near the hemispheric average of 1.7 ng/m*. At BHM, Hg(0) exhibits fre-
quent sharp excursions (possibly from local industrial sources) and a mean concentra-
tion about 50 % higher than OLF. Overnight excursions of Hg(0), in association with
elevated CO, also suggest possible mobile or area sources. RGM at both sites is charac-
terized by brief spikes almost invariably associated with local sources. TPM, in con-
trast, is rarely above detection limit at either site and bears no clear association with any
local source(s). The full presentation will analyze the first 6 months of data from these
sites and attempt to derive local source signatures for Hg(0), RGM and TPM.

Key words: mercury speciation, mobile sources, industrial sources

RMZ-M&G 2004, 51



1542

PART 3 — ATMOSPHERIC

Atmospheric Mercury Emissions from Substrate
and Fumaroles associated with two Hydrothermal Systems
in the Western United States

MAaRK A. ENGLE', MAE SEXAUER GUSTIN', FRASER GOFF?, CATHY J. JANIK?,
DaLE A. Counce?, & JaMEs J. RyTuBa’

"Nat. Res. and Env. Sci., University of Nevada, Reno, NV 89557, USA
’EES-6, Los Alamos National Lab, Los Alamos, NM 87545, USA
3US Geological Survey, Menlo Park, CA 94025, USA

Abstract: We quantified atmospheric Hg emissions from soils and fumaroles at two magma
driven hydrothermal systems: Lassen Volcanic Center, CA (LVC) and Yellowstone
Caldera, WY (YC). Mercury emissions from substrates and thermal features at LVC
were estimated at 12.5 to 28.0 kg yr' (10.3-19.0 kg yr' from substrates [dominantly
from background areas] and 2.2-8.9 kg yr' from thermal features). At YC total emis-
sions were estimated at 18.5-64.2 kg yr'. Emission of Hg from soils in acidically al-
tered areas were the dominant source (17.7-47.3 kg yr'). This research demonstrates
that emissions from hydrothermal features in volcanic areas are significant natural sources

of Hg.

Key words: air-surface exchange; mercury; flux; geothermal; hydrothermal

INTRODUCTION

Despite significant progress characterizing
atmospheric mercury (Hg) emissions from
natural systems there are still some data gaps
on emissions from specific sources. One of
these is Hg emission from substrate and fu-
maroles associated with active hydrothermal
systems. In an attempt to reduce this data
gap, this project focused on quantifying Hg
emissions from two types of hydrothermal
systems.

The Lassen Volcanic Center (LVC)
(637 km?), located at the southern end of the
Cascade mountain range in northern Califor-
nia, last erupted in 1917 and is a product
of subduction-related volcanism. The

Yellowstone Caldera (YC), Wyoming, USA,
a 2,294 km? volcanic complex that formed
during the last 0.6 Ma, has an active hydro-
thermal system that is driven by magmas
evolved from an underlying mantle hotspot.
Both systems contain one or more high-tem-
perature, liquid-dominated reservoirs
(=250 °C) and localized vapor-dominated
zones.

At all locations, mercury fluxes were mea-
sured using established flux chamber meth-
ods, along with a suite of environmental pa-
rameters. Fumarole gas samples, collected
using KOH-filled double-port evacuated
flasks or a Lumex Zeeman Atomic Absor-
bance Spectrometer (Lumex), were taken
from representative thermal sites in each
study area.
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RESULTS AND DISCUSSION

Lassen Volcanic Center:

Over the last 2 years, 192 Hg flux measure-
ments at 31 sampling points have been made
at representative areas including: areas dis-
tal to thermal features and hydrothermal al-
teration (background data), areas of fossil
hydrothermal alteration (hydrothermally ac-
tive in the past), and hydrothermally active
areas at LVC.

Summarized results from Hg flux measure-
ments are presented in Table 1. Background
and altered areas had similar Hg fluxes and
Hg substrate concentrations and were com-
bined for analysis. Average fluxes for each
sampling point ranged from —80.1 to
42.8 ng m? h'! for background and fossil al-
teration areas and 16.2 to 103 ng m? h*! for
thermally active areas. Highest fluxes were
associated with areas of thermal activity.

Regression analysis was used to determine
environmental parameters that were best
correlated with Hg fluxes. Measured param-
eters included: soil temperature, air tempera-
ture, relative humidity, light intensity, and
Hg concentration of the substrate beneath the
flux chamber. Of these, the natural log of Hg
concentration in the substrate (soil) was
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found to be the most predictive, although
the correlation is not particularly strong
(r* = 0.26, p < 0.01). Using individual flux
measurements from background and fossil
alteration areas a significant correlation
between light and Hg flux was observed
(r* = 0.45, p <0.01). Concentrations in the
substrate for these areas were low (<100 ppb)
and thus were not a significant factor driv-
ing flux.

Using this correlation between light and Hg
flux at background and fossil alteration ar-
eas and 24-hour average light intensity data
collected at 2 sites in LVC near the autumn
equinox, area Hg emissions were estimated.
Emissions were then adjusted by assuming
that no emission occurs from background/
altered sites during snow cover (~7 months
a year) and 30 % of the annual deposited at-
mospheric Hg is re-emitted (and subtracted
from our estimates; using Hg deposition net-
work [MDN] data). In thermally active ar-
eas, the mean and median of the fluxes were
scaled up to the area impacted by thermal
features. This calculation assumed that no
snow accumulated in thermal areas and that
daily variations in flux are small. These initial
results suggest that Hg emissions from natu-
ral substrates in LVC are ~10.4-19.1 kg yr'!
and that >98 % of these emissions are from

Table 1. Results from Hg soil flux measurement in the Lassen Volcanic Center. “Adjusted for re-emitted Hg
from atmospheric deposition and lack of emission due to snow cover.

Area Flux number of Area Emission”
ng m?hr' sample locations km? kg yr'

Background

and mean +/- std. dev. 10.2 +/- 23.7 27 637 10.1

fossil alteration median 10.5 18.9

Thermally

active mean +/- std. dev. 57.5 +/- 44.6 4 0.44 0.22
median 55.5 0.21

RMZ-M&G 2004, 51



1544

PART 3 — ATMOSPHERIC

background and fossil alteration areas. The
lack of contribution from soil emission from
thermally active areas is due to their small pro-
portion of the total study area (<1 %). Emis-
sions from background and fossil alteration
areas at Lassen were elevated relative to other
background areas, especially given the low Hg
concentration in the substrate. This may be a
result of elevated Hg concentrations at depth
and/or regionally elevated heatflow is produc-
ing elevated emissions throughout the study
area.

To determine atmospheric emissions from
thermal features, 19 Lassen fumaroles were
sampled for Hg using KOH-filled evacuated
flasks. Initial results from 3 flasks indicate
Hg:CO, range from 1:1.0-5.0 x 10%. These
were applied to the annual CO, emission
budget from Lassen thermal features of
3.5x 107 kg yr' (Rose aAND DavissoN, 1996)
to provide a roughly estimated emission of
2.2 to 8.9 kg Hg yr! from thermal features.

Yellowstone Caldera:

During the autumn of 2003, 550 Hg fluxes
at 151 sampling locations in 13 areas were
measured across YC. Locations were classi-
fied based on the type or lack of hydrother-
mal alteration present: unaltered (back-
ground), neutral alteration (areas where neu-

tral pH hydrothermal fluids typically precipi-
tate silica and travertine), and acidic alter-
ation (areas where acidic hydrothermal flu-
ids have leached out and converted rocks to
clay minerals and other low pH phases).
Unlike LVC, most of the altered areas are
thermally active. For data analysis, flux mea-
surements for each sampling point were av-
eraged from 1-100 individual flux measure-
ments taken at that location. Additional mea-
surements obtained north of the caldera by
Abbott et al. (this volume).

Results from YC are presented in Table 2.
Fluxes were highest in the areas of acidic
alteration, followed by neutral alteration, and
the lowest fluxes from the unaltered areas.

Statistical regression analysis was applied to
determine possible relations between Hg flux
and other parameters using data for each al-
teration type. This analysis provided poor
results for single predictors (1> = 0.082-0.28,
p>0.05). Because of the lack of statistical
strength of individual predictor variables at
YC, mean and median fluxes for each alter-
ation area were applied and scaled up as a
first estimate (Table 2). For background ar-
eas, it was assumed that no flux occurred
during the snow season (November-April).
Re-emitted (assumed 30 %) Hg derived from
atmospheric deposition using MDN data was

Table 2. Results from Hg soil flux measurement in the Yellowstone Caldera. “"Adjusted for re-emitted Hg from

deposition and lack of emission due to snow cover.

Area Flux number of Area Emission’
ng m? hr' sample locations km? kg yr'

Background

and mean +/- std. dev. 10.2 +/- 23.7 27 637 10.1

fossil alteration median 10.5 18.9

Thermally

active mean +/- std. dev. 57.5 +/- 44.6 4 0.44 0.22
median 55.5 0.21
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also subtracted from emissions for all areas.
Emissions from neutrally and acidically al-
tered generally overlie hydrothermal systems
and thus effects from snow were ignored.
These preliminary Hg emission estimates
range from 18.4-63.2 kg yr'! and suggest that
the largest source of Hg emissions from sub-
strate in the caldera (75- 96 %) occur from
acidically altered areas.

Our initial estimates suggested that very high
loads of Hg were being emitted from YC
fumaroles. Mud Volcano (MV) is the domi-
nant vapor-dominated system in the caldera
and was selected as the primary focus of this
investigation. Mercury concentrations in fu-
maroles at MV ranged from 722 to
29,970 ng m (mean = 8,324 ng m~, median
= 1,302 ng m?; n=4) as determined by a
Lumex Hg analyzer. These mean and me-
dian concentrations were applied to the CO,
emission estimates from fumaroles at MV
by Werner et al. (2000) of 2.4 x 108 to 4.0 x
10° mol yr! to derive rough estimates of 0.10
to 1.07 kg of Hg per year. This suggests that
Hg emissions from fumaroles may be a fairly
small source of atmospheric mercury rela-
tive to emissions from substrates at YC.

CONCLUSIONS

Results from this paper demonstrate that Hg
emissions from both soils and fumaroles in
hydrothermal systems are significant natural
sources of atmospheric Hg and their emis-
sions are similar to those of “fossil” hydro-
thermal systems (2.4-110 kg yr') from which
fluxes have been scaled (GusTiN, 2003). Mer-
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cury emissions from soils at LVC were esti-
mated at 10.3-19.0 kg yr' (dominantly from
background areas) with an additional output
of 2.2-8.9 kg yr! from fumaroles. At
Yellowstone, the dominant source of Hg emis-
sions appears to be from soils in acidically
altered areas (17.7-47.3 kg yr' of the 18.5-
64.2 kg yr' emitted from all sources). These
estimates also suggest that the much smaller
LVC emits 1.5 to 2.5 times more Hg per unit
area than YC. This variation in Hg emissions
between the study areas reflects the different
geologic and geochemical environments at
these volcanic centers.
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Abstract: This paper describes experiments investigating the effect of atmospheric oxidants,

specifically O,, on Hg emission from a variety of Hg-bearing substrates. Substrates with
Hg(Il) as the dominant Hg phase demonstrated a 1-3 order of magnitude increase in
elemental Hg (Hg") flux and a 1.5- to 10-fold increase in reactive gaseous mercury
(RGM) flux in the presence of O, (up to 69 ppb) relative to oxidant-free air. In contrast,
Hge fluxes from two Hg’-amended substrates decreased 40-93 % during exposure to O,
relative to oxidant-free air. RGM fluxes from the latter increased immediately after ex-
posure to O, but then decreased quickly. Specific chemical mechanisms that produced
these trends are not well understood and we speculate that increased emissions of Hg®
and RGM from substrates in the presence of O, may be a result of physical displacement
from the substrate surface by O, and possible heterogenous formation of RGM. Inhibi-
tion of Hg® emission from Hg’-amended substrates may occur through heterogenous

oxidation of Hg® to the much less volatile HgO species via reaction with O,.

Key words: air-surface exchange, ozone, mercury, reactive gaseous mercury

INTRODUCTION

Mercury emissions from natural substrates
typically exhibit a diel pattern that correlates
with light intensity (GUSTIN ET AL., 2002) and
temperature (PoIssANT ET AL., 1999). How-
ever, ZHANG AND LINDBERG (1998) observed
strong diel cycles of gaseous elemental Hg
(Hg" emission from soil samples during
exposure to ambient air in a dark, constant
temperature laboratory environment but were
unable to explain the mechanism involved.
They suggested interaction with an unknown
chemical substance in ambient air. During
laboratory experiment similar to Zhang and
Lindberg’s, we observed several large pulses

of Hg? emission from a sample of mine tail-
ings that correlated strongly (R?=0.98;
p<0.05) with concentrations of O in the in-
coming ambient air. Fluxes of reactive gas-
eous mercury (RGM) also appeared to vary
with O, concentrations. These initial results
initiated further study on the effects of O,
and other atmospheric oxidants on control-
ling atmospheric Hg emissions substrates.

In this laboratory study, seven substrate
samples were exposed to oxidant free air
(cleaned air), O, enriched (50 ppb) cleaned
air, and ambient air (0 to 70 ppb O,). Fluxes
of RGM and Hg® from each substrate were
measured during 24-hour air exposures. The

RMZ-M&G 2004, 51



7" INTERNATIONAL CONFERENCE ON MERCURY AS A GLOBAL POLLUTANT

experiments were conducted in a tempera-
ture-controlled environment in the absence
of light to minimize effects from other fac-
tors that control Hg emissions. Hg(II)- and
Hg°-bearing substrates were used in this
study and are described below:

Hg(ll)-bearing substrates:

Oklahoma Soil: (OK) Clay-rich soil (5 ppb
Hg) from south-central Oklahoma.

Bessel Mill Tailings: (BMT) Mercury-con-
taminated mine tailings from the Carson River
Superfund site, Nevada (347,000 ppb Hg).
Washington Hill Prospect Waste: (WHP)
Naturally Hg-enriched mine waste from a
Mo-W porphyry deposit in western Nevada
(229,000 ppb Hg).

HgCl -amended sand: (HgCl, sand) Clean
sand (Fisher brand) amended with HgCl,
solution (313 ppb Hg).

HgS-amended sand: (HgS sand) Clean sand
amended with HgS (24,400 ppb Hg).
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Hg’-amended substrates:

Hg%amended Pyramid Lake Sand: (PLS)
Sand from Pyramid Lake, Nevada rich in
feldspar, muscovite, biotite, and quartz
amended with Hg".

Hgl-amended sand: (Hg" sand) Clean sand
(quartz-dominated) amended with Hg®.

RESULTS AND DISCUSSION

Results from experiments are summarized
in Table 1. Data are corrected for system
blanks and fluxes were calculated based on
subtraction of Hg° and RGM in incoming
ambient air from that in the chamber divided
by the surface area of the substrate in the
chamber times the flow rate of the air mov-
ing through the chamber.

Table 1. 24-hour average +/- standard deviation Hg® and RGM fluxes (ng m™ h') from substrates during expo-
sure to different air sources. *Indicates fluxes are significantly larger than fluxes for the same substrate in
cleaned air (p<0.01). 'Indicates fluxes are significantly smaller than fluxes for the same substrate in cleaned air
(p<0.01). O, concentrations in ambient air ranged from 0 to 69 ppb with 24-hour average concentrations ranging

from 19 to 42 ppb.

Hg° flux in Hg° flux in Os-  Hg® flux in ambient RGM fluxin  RGM flux in O3- RGM flux in
Substrate cleaned air enriched air air cleaned air enriched air ambient air
Hg(ll)-bearing substrates
OK 8.3 +/-27.8 40.5 +/- 27.2* - 7.89 +/-4.28 15.1 +/- 3.88* -
WHP 76.7 +/- 59.3 3216 +/- 1068* 3820 +/- 882* 0.28 +/-0.33  11.0 +/-2.42* 29.4 +/- 4.25*
HgCl, sand 343 +/- 233 1490 +/- 348* 1790 +/- 685* 174 +/-123 669 +/- 125* 600 +/- 112*
HgS sand -3.8 +/- 156 1632 +/- 257* 1600 +/- 315* 7.52 +/-3.13 66.3 +/-16.6* 67.6 +/- 0.55*
BMT 605 +/- 151 5946 +/- 2653* 37200 +/- 10500* 4.35+/-0.50 5.72 +/- 0.55*  23.9 +/-4.78*
Hg°-amended substrates
PLS 72830 +/- 16810  17410+/- 10230" - 13.6 +/-2.11  19.0 +/- 2.73* -
Hg° sand 200730 +/- 8060 14460 +/- 308407 119030 +/- 63640" 7.07 +/-2.11 517 +/-4.08 11.7 +/- 1.76*
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Emissions from Hg(ll)-bearing substrates :
All Hg(Il) containing substrates showed a
significant (p<0.01) increase in Hg’ and
RGM emissions during exposure to O,-en-
riched air relative to cleaned air. Exposure
of the substrates to near constant concentra-
tions of O, (50 ppb) produced an immediate
large pulse of both Hg’ and RGM. Fluxes of
Hge then asymptotically declined to a lower
but still elevated flux while RGM fluxes ei-
ther continued to increase slightly through-
out the rest of the run or decreased asymp-
totically. Elemental mercury emissions in-
creased by 1-3 orders of magnitude and RGM
emissions increased by factors of roughly 1.5
to 10 (24-hour averages). Mercury flux from
substrate samples exposed to ambient air also
exhibited significant (p<0.01) increases rela-
tive to cleaned air, except for fluxes from
the OK sample which were too small to sepa-
rate from incoming Hg concentrations. In-
creases in Hg® and RGM emissions followed
temporal patterns of O, concentrations in the
incoming ambient air (regression relation-
ships were significant at p<0.01 for all sub-
strates except for the HgS-amended sand).
Better correlations were observed between
O, and Hg° emissions from the natural sub-
strates and may be related to increased O,
reactivity with Al- and Fe-bearing minerals
absent in the amended substrates.

Emissions from Hg°-amended substrates:

Unlike the Hg(II)-bearing substrates, O, de-
creased Hg emissions from both Hg’-
amended substrates by 40-95 % in both O,-
enriched air and ambient air relative to
cleaned air [(p<0.01); only Hg" sand was
exposed to ambient air]. During exposures
of the substrates to O_-enriched air, Hg’ con-
centrations inside the reaction chamber

dropped off asymptotically while RGM
emissions showed an immediate pulse in
emission followed by an asymptotic de-
crease. During ambient air exposure of Hg’
sand, Hg° fluxes decreased with increasing
O, concentrations (R*=0.71, p<0.01). RGM
fluxes positively followed temporal patterns
of O, concentration.

These results demonstrate that O, in ambi-
ent air controls Hg’ and RGM emissions
from substrate and the magnitude of influ-
ence is proportional to the O, concentration.
For Hg(Il)-amended substrates, increased
emissions of Hg® with O, are thought to be a
result of physical displacement of Hg® from
the substrate surface. RGM emitted in re-
sponse of O, exposure, could be formed from
homogeneous gas-phase oxidation of Hg(’(g)
or heterogenous reactions on the substrate
surface. Experiments to test the potential for
homogenous gas-phase reaction between
Hgo(g) and O, failed to produce RGM, dem-
onstrating that this is not the source of in-
creased RGM air concentrations in the
Hg(II)-bearing substrate experiments.
Rather, the increased RGM concentrations
are hypothesized to be due to 1) physical dis-
placement of the RGM on the soil by O, or
other oxidants or; 2) heterogenous oxidation
of Hg" on the substrate surface and subse-
quent emission. The exact chemical reaction
for RGM formation is unknown. Inhibition
of Hg" emission from Hg’-amended sub-
strates in the presence of O, is likely a result
of heterogenous oxidation of Hg to HgO;
HgO is ~10" times less volatile than Hg".
The pattern of a pulse of RGM release fol-
lowed by rapid decline of RGM emission
from Hg’-amended substrates in the presence
of O, is not well understood.
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CONCLUSIONS

Results from this work demonstrate that at-
mospheric oxidants appear to control Hg
emissions from substrates. Speciation of the
Hg in the substrate sample appears to influ-
ence the net affect, with Hg(Il)-bearing sub-
strates emitting significantly more Hg° and
RGM in the presence of O, and Hg’ emis-
sions from Hg’-amended substrates being
strongly inhibited by O,. RGM emissions
from Hg-amended substrates exhibit an ini-
tial increase in emission followed by an as-
ymptotic decrease in the presence of O,.

Potential implications of this are related to
increasing concentrations of atmospheric
oxidants, such as O,, over the last 100 years
as a result of human activity. Because most
soil-bound Hg is thought to be in the Hg(II)
state (ANDERSSON, 1979), results from this
study suggest that increased oxidant emis-
sions could produce a net increase in Hg® and
RGM emissions from natural substrates.
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Subsequent deposition of the released Hg is
also likely to occur with increasing oxidants
in the atmosphere. This would cause an in-
crease in the rate of global Hg cycling and
could contribute to observed elevated Hg
concentrations observed in long-term Hg
records that are typically attributed to a con-
temporaneous increase in Hg emission from
industrial sources (FITZGERALD ET AL., 1998).
This previously unrecognized process has
important implications for proposed effec-
tive strategies to reduce atmospheric Hg
deposition and impacts.
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Abstract: We reconstruct from lake-sediment archives atmospheric Hg deposition to Arctic
Alaska over the last several centuries and constrain a contemporary lake/watershed mass-
balance with real-time measurement of Hg fluxes in rainfall, runoff, and evasion. Re-
sults indicate that (1) anthropogenic Hg impact in the Arctic is of similar magnitude to
that at temperate latitudes; (2) whole-lake Hg sedimentation determined from 55 ?'°Pb-
dated cores from the five small lakes demonstrates a 3-fold increase in atmospheric Hg
deposition since the advent of the Industrial Revolution, (3) due to high soil Hg concen-
trations and relatively low atmospheric deposition fluxes, erosional inputs to these lakes
is more significant than in similar temperate systems, (4) volatilization accounts for
about 20 % of the Hg losses (evasion and sedimentation), and (5) another source term is
needed to balance the evasional and sedimentation sinks. This additional flux, though
small and non-dramatic, is comparable to direct atmospheric Hg deposition. It may be
due to some combination of springtime Arctic depletion and more generalized deposi-
tion of reactive gaseous Hg species. As the degree of secular change in these cores is
similar to that from other remote sites at lower latitudes, we conclude that if this un-
known flux term represents the impact of springtime depletion, that this phenomenon
was active to some extent in the pre-industrial past.

Key Words: Arctic depletion, lake sediments, deposition, historic trends, soils
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Abstract: High-altitude mountain glaciers are well suited as paleoarchives which allow to

estimate the historical and present-day atmospheric emission of air pollutants both on a
global and local scale. The Altai mountain region (Russia) is especially interesting for
Hg, since it’s located close the large Hg mine in Aktash (one of largest Hg producers in
the USSR) and to the sources of air pollution in East Kazakhstan and South Siberia
during Soviet Union times. Thus, local, regional and long-range transport is supposed to
contribute to Hg contamination in this area. The preliminary data is the first data on Hg
levels in snow ever obtained for the Altai region. The Hg concentrations in the snow pit
(0.8-1.4 ng/l) and in the firn core (most values are around 1.2-1.8 ng/l) from Belukha
glacier (3896 m asl) are comparable with those (1.5 - 2 ng/l) determined in snow from
the Jungfraujoch (3500 m asl, Swiss Alps) and Hg levels reported for the snow from
French Alps. The similar Hg levels found in high-alpine snow in Central Asia and in
Europe indicate that present-day Hg level in the Altai region is determined mostly by

long-range transport and global emissions of Hg.

Key words: Hg in snow, Altai, Swiss Alps, high-mountain glaciers, CV ICP-MS.

INTRODUCTION

Many studies have been conducted on Hg in
water and other compartments of environment
in recent years. With regard to ice and snow
much less work has been performed. Most of
it concerns the Hg behavior in fresh snow,
processes of transformation of different Hg
forms and historical records of Hg occurrence
in remote areas (Greenland, Arctic and Ant-
arctic)!'?. Regarding the Hg content in mid-
and low-latitude glaciers, which are also suit-
able as paleoarchives of natural and anthro-
pogenic Hg emissions, only scares informa-
tion is available?®*. The Altai mountain region
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is interesting for a Hg study because it might
be influenced by Hg emissions from the in-
dustry in East Kazakhstan and Southwest Si-
beria and also by local Hg pollution from the
Aktash smelter and natural mercury deposits
(one of the major in Russia). The aim of our
study is to establish the analytical method
using ICP-MS equipped with a Hydrogen
Generator and to apply this method to samples
of snow and ice from the Altai to assess the
present and historical air pollution level. Here
we present preliminary results obtained from
the analysis of present snow layers from the
Altai and the Alps and of a 6 m firn core from
Belukha glacier. This firn core at this site cov-
ers the period of ~ 1995 to 2000.
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EXPERIMENTAL PART

The Altai mountain region is located on the
border between East Kazakhstan, Southwest
Siberia, Northwest China, and West
Mongolia. The Altai belongs to the large
Kuznetsk-Altai mercuriferrous belt stretch-
ing along the South of Siberia. One of the
major Hg mines is operated in Aktash.

Our studies were conducted in the Altai
Mountains in July 2000, where a 6 m firn
core was drilled and snow samples were col-
lected from a 1.5 m deep snow pit on the
Belukha glacier (3896 m asl, 28 samples) and
from a 0.7 m snow pit on the Aktru glacier
(3150 m asl, 7 samples). Snow samples were
also collected from a 1.3 m snow pit on the
high-mountain site Jungfraujoch (3500 m asl,
68 samples) in the Swiss Alps. Samplings
and analysis were carried out following rec-
ommendation of a protocol for ultra-clean
work. All samples were transported frozen
to PSI and kept in frozen condition until

analysis. The firn core was cut into 3.5 cm
segments resulting in 152 samples. Snow and
ice samples for Hg determination were acidi-
fied with ultra-pure HNO, and melted at
room temperature inside a clean bench?!.

The precleaning procedure and types of
sample containers were tested both with stan-
dard solutions and with real snow samples
from the Alps. Depending on the type of con-
tainer and the precleaning procedure, the
concentration of Hg in samples can increase
more than two-fold. Containers “drying” (af-
ter precleaning treatment) that is commonly
used for other trace metal analysis was found
unsuitable for Hg analysis. Containers must
be kept filled with acidified MQ-Water be-
fore use. Referring tol®! PFA is the best suited
material of fluorinated polymers for extreme
trace metal analysis. Nevertheless we found
that high-density polyethylene (HDPE) ma-
terial is also quite suitable for storage and
Hg analysis after appropriate pretreatment.

Figure 1: Map of the Altai mountain region, showing the locations of Belukha and Aktash mine
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ANALYTICAL TECHNIQUE

Hg was determined by inductively coupled
plasma mass spectrometry ICP-MS (ELE-
MENT, Finnigan MAT) with a Hydrogen
Generator having a membrane gas-liquid
separator. The potential of this technique for
Hg determination was studied with Hg stan-
dard solutions and snow samples. Results
presented in this work are operationally de-
fined as “reactive mercury”, i.e. the fraction
of Hg which is easily reducible by SnCl, (Hg
in ionic or weakly bonded form). The detec-
tion limit of the method, calculated as 3-0
the standard deviation of the blank, is 0.4
ng/L (for 20 blank samples). The reproduc-
ibility of the analysis is 3-6 %.

RESULTS AND DISCUSSIONS

The stability of Hg solutions during storage
and the influence of acid concentration on
the Hg signal were tested. Hg concentrations
in standard and blank solutions kept at room
temperature and at 4 °C for 17 days and 1.5
month showed almost full loss of Hg even
from acidified standard solutions (in the con-
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centration range 3-100 ng/l). The loss was
most pronounced for Hg solutions with low
acid concentrations. Blank solutions showed
that the Hg content in nitric acid is relatively
low and that there is no contamination from
laboratory air during long-time storage.

Hg solutions are usually stabilized by acidi-
fication with HNO,. The acid concentration
should be optimized for best stabilization of
Hg in solution and for ICP-MS analysis to
avoid influence of acidity on the plasma. A
strong dependence of the obtained Hg sig-
nal on the acid concentration was observed,
as shown in Fig. 2.

The intensity of the Hg signal increased
steadily until acid concentrations of 0.5 to1N
HNO,, where it became sufficiently stable.
Thus, we consider 0.7N HNO, as optimal
acid concentration.

Instrumental conditions and measurement
parameters of the ICP-MS were optimized
for Hg analysis: speed of peristaltic pump
600 pL/min; washing time 2 minutes. The
sensitivity for Hg ranged from 120 000 to
200 000 cps/100 ng/l.

250000

\+20 ng/l Hg, ——100 ng/l Hg

200000

150000

100000

50000

o

Intensity of Hg_202 signal, cps

0

0 0.5 1

Concentration of nitric acid, N

1.5 2 2.4

Figure 2: Dependence of *** Hg signal on HNO, concentration.
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Table 1. Comparison between mercury concentrations in snow and ice from different sites

Sample site Object Hg total, ng/l | Hg reactive, ng/l
Aktru glacier (Altai 3150 m)"” snow pit 36-44
Belukha glacier (Altai, 3895 m)"” snow pit 08-14
firn core 1-33
Jungfraujoch (Swiss Alps, 3450 m) " snow pit 1.5-2 1-15
Mont Blanc (French Alps, 250-2100 m) ™! snow 13— 130 <DL (0.8 ng/l)
ice core 0.86-5.8 02-1.8
Upper Fremont glacier (USA, 4100 m) 1] ice core 3-21
Rawson lake (Ontario) ™ surface snow | 0.95-9.31
Central Greenland (1949-1989)" ice <0.05-2.0
801 . Sulphate o Hg [*
70+
v’_? 60+ r3
=z 50 —
e 4
S 40| 2&
® o
5 301 T
>
@ 20 -1
10
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Figure 3: Concentration of Hg and sulfate in a firn core from Belukha glacier

The preliminary data are the first data on Hg
levels in snow and ice ever obtained for the
Altai region. They are compared with data
from other sites in table 1.

The only Hg concentrations that were higher
than background for remote areas were ob-
served in the snow pit from Aktru glacier
(3.6-4.3 ng/l), indicating an influence from
the Hg mine in Aktash (70 km distance). The
Hg concentrations in the snow pit (0.8-1.4
ng/l) and in the fir core (most values are
around 1.2-1.8 ng/l) from Belukha glacier are
similar to concentrations reported for Hg in
snow of remote areas such as Central
Greenland!l. Low Hg concentrations were
also determined in snow from the Jungfrau-

joch (Swiss Alps) which is in good agree-
ment with results from the French Alps®?.

The concentration of Hg in the 6 m firn core
from Belukha is presented in Figure 3, along
with the corresponding concentration of sul-
phate. Both trace species show comparable
concentration fluctuations, which is expected
because of joint atmospheric transport from
the source areas to the remote glacier.

CONCLUSIONS AND OUTLOOK

Since similar Hg levels were found in high-
alpine snow in Central Asia and in Europe,
long-range transport and global emissions
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seem to determine the present-day Hg level
in the Altai. However, historically, the local
Hg contribution might have been more im-
portant. In 1970-80th the production of Hg
in the Aktash smelter amounted to
120-130 t/year, a significantly larger produc-
tion than in recent years. In addition an in-
dustrial activity in Former Soviet Union was
more considerable in 20" century. In this
work only a 6 m firn core was analyzed and
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reactive Hg was determined there. Further
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dustrial sources of atmospheric mercury con-
taminations in the Siberian Altai.
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atmosphere interface
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Abstract: DGM fluxes datas propitiates a key indication about the tendency of the mercury
stay in water column or be lost to the atmosphere. Fick’s law and fluxes chambers can
be used for this purpose, and in this study both techniques were used on the same samples
from the Negro River Basin, in the Amazon region, Brazil, with mercury measurements
carried out after pre-concentration in quartz gold-sand columns and detection by Cold
Vapor Atomic Fluorescence Spectrometry (CVAFS). Estimated values between less than
+0.5 and +6.5 pmol m™? h”! were obtained using Fick’s law and values between
—20.7 and +32.7 pmol m? h! were measured using plexiglass flux chambers. Although
different, the values obtained by both alternatives are closed in the sense of direction
fluxes and consequently, in the indication of the water column permanence and

bioaccumulation tendency.

Key words: mercury fluxes, DGM; Rio Negro

INTRODUCITON

The global biogeochemical cycle of mercury
is largely influenced by volatile species
formed in the aquatic system called dissolved
gaseous mercury (DGM). Studies carried out
in the Great Lakes have shown that evasional
fluxes of DGM can reach up to 50 % of the
annual input to the system (FITZGERALD ET
AL., 1991; WATRAS ET AL., 1994; MASON ET
AL., 1997). The importance of DGM species
in the mobilization of mercury at the air/
water interface has also been investigated in
many other freshwater bodies such as in the
Arctic Lakes (AMYOT ET AL., 1997a), in the
Everglades (ZnanG & LINDBERG, 2000), and
in different coastal waters, including the Gulf
of Mexico (AMYOT ET AL., 1997b), and in

Mediterranean seawaters (FERRARA ET AL.,
2000). According to MasoN ET AL. (1994),
oceanic evasion of Hg(0) is estimated to be
10 Mmol/year, which accounts for 30 % of
the total flux to the atmosphere.

Operationally defined, DGM comprehends
all mercury species that can be amalgamated
in gold traps after gas stripping from the
water sample. Although that elemental mer-
cury is the most important species in the
DGM pool, monomethylmercury chloride
and dimethylmercury may also contribute to
this parameter. In natural water bodies, abi-
otic in situ formation of DGM is related to 3
major aspects: (a) the presence of a suitable
substrate, Hg?" and other easily reducible
mercury species (AMYOT ET AL., 1997c;
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Rorpaus & FrrzGeraLp, 2001); (b) intensity
of solar light in the UV and visible range
(AMYOT ET AL., 1997a; Costa & Liss, 2000),
and (c) some key physico-chemical param-
eters such pH and Dissolved Organic Car-
bon (Amyot et al., 1994). The biotic forma-
tion of DGM may also occur, and has also
been observed at higher concentrations of
suitable substrates (BARKAY ET AL., 1991).

Due to the low solubility of Hg(0), evasion
is an important mechanism of mercury losses
from water bodies. The amount of mercury
in the water column has a direct influence
on its production and accumulation in the
biota, which is a serious public health con-
cern. In this study, fluxes of Dissolved Gas-
eous Mercury (DGM) were estimated by
Fick’s law and measured with plexiglass
fluxes chambers, in the Negro River Basin,
Amazon, a basin characterized by black wa-
ters, showing high levels of dissolved organic
carbon (up to 20 mgC L) and average pH
around 4.5 with a atypical mercury oxida-
tion mechanism sometimes observed during
the day (FAapmi & Jarpiv, 2000a). Mercury
fluxes were estimated using Henry’s law af-
ter measuring DGM in the aqueous phase as
well as gaseous mercury in the atmosphere
by cold vapor atomic fluorescence spectrom-
etry (CVAFS). Clean sampling techniques
were used all the time as described elsewhere
(FAapiNT & JarDIM, 2001). Polyethylene
terephthalate (PET) bottles were used for
sample collection and purge on the DGM
determination (FADINI & JarDIM, 2000D).

RESULTS AND DISCUSSION

Conversely under sub-saturation conditions
of the water, fluxes are invasive, from the

RMZ-M&G 2004, 51

1557

atmosphere to the water. In this study, eva-
sive fluxes were considered as positive (+)
and invasive fluxes as negative (-). Fluxes
directions and intensities determine the resi-
dence time of mercury in the water column
and influence the bioaccumulation and
biomagnification process across the food
web. According the investigation develop-
ment in the Negro River Basin, stimulation
or inhibition of the Hg(0) formation can be
the result of the oxidative hydrogen perox-
ide action or due to the reductive role of or-
ganic matter.

However, the exact flux measurement at the
level of pmol m? h! (1 ng =5 pmol), is not a
trivial task. Fick’s law and fluxes chambers
can be used for this purpose, and in this study
both techniques were used on the same
samples from the Negro River Basin, in the
Amazon region, with mercury measurements
after pre-concentration in quartz gold-sand
columns and detection by Cold Vapor Atomic
Fluorescence Spectrometry (CVAFS). Esti-

Table 1. Fluxes measurements with Fluxes Chambers
and estimated with Fick’s Law in black waters.

Fluxes Chambers Fick’s Law
(pmol m? h™) (pmol m™? h™)
-15.1 <0.5
-0.60 <0.5
+17.3 +1.8
+29.9 +6.5

Table 2. Fluxes measurements with Fluxes Chambers
and estimated with Fick’s Law in white waters.

Fluxes Chambers Fick’s Law
(pmol m? h') (pmol m? h')
-20.7 <0.5
+29.5 1.6
+32.7 2.9
+8.2 0.9
-0.5 <0.5
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mated values between less than +0.5 and
+6.5 pmol m? h! were obtained using Fick’s
law and values between —20.7 and
+32.7 pmol m? h! were measured using
plexiglass flux chambers. Results are sum-
marized in Table 1 for black waters were
mercury oxidation is observed during light-
ing periods and in Table 2 for white waters,
where mercury reduction is observed under
sunlight periods, as already described else-
where (FAbDINI & JarRDIM, 2000a).

With flux chambers is possible to monitor
negatives fluxes better than by applying the
Fick’s Law. Although fluxes chambers and
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Abstract: Mercury exchange between air and water surface is recognized to be one of the

most important processes governing the biogeochemical cycling of mercury in aquatic
system. Baihua Reservoir is seriously contaminated with mercury due to anthropogenic
activities, while Hongfeng Reservoir does not receive any direct input of wastewater
contaminated with mercury. Both reservoirs are alkaline because the bedrocks of their
catchments are limestone and dolomite. In order to compare the differences in the bio-
geochemical cycling of Hg in these two reservoirs, we measured mercury exchange
fluxes between air and water surface by using a quartz flux chamber method coupled
with high time resolved atmospheric Hg analysis technique. Mercury evasion from wa-
ter surface is the predominant process at both cold and warm sampling periods, though
the average GM emission flux in warm season is significantly larger than that in cold
season. The correlations between Hg exchange flux and meteorological parameters
showed that mercury flux only correlated significantly with solar irradiation in warm
season, and that it only correlated with wind speed in cold season on the other hand,
which indicated that the driving force of Hg emission from water in different seasons
differed significantly. In general, the emission rate of Hg from Baihua Reservoir is much
larger than that from Hongfeng Reservoir.

Key words: TGM, exchange flux, reservoir, Guizhou, Alkaline reservoir.

INTRODUCTION

Baihua reservoir (26°35'-26°42" N, 106°27"-
106°34" E) dammed in 1966 is situated at
16 km Northwest of Guiyang, the capital of
Guizhou Province. Guizhou Organic Chemi-
cal Plant (GOCP), which is the only one in
China that uses metallic mercury as a cata-
lyst to produce acetic acid, is located at the
upper reach of Baihua Reservoir (see Figure
1). GOCP went into operation in 1980, and

so far around 160 ton mercury has been con-
sumed. From 1980 to 1985, the wastewater
from GOCP was directly discharged into
Dongmen river without any treatment, which
seriously contaminated the surrounding en-
vironments including Baihua Reservoir. Af-
ter 1985, a mercury removal device went into
operation to prevent mercury discharging
into Dongmen river. At present, total mer-
cury concentrations in this river range from
250 to 1000 ng 1. In addition, 7 small coal
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mines, one iron mine and Guizhou Alumi-
num Plant are situated at the upper reaches
of the reservoir, and these may also be mer-
cury emission sources. Even though Baihua
Reservoir is seriously contaminated in terms
of mercury, so far no research related to
mercury biogeochemical cycling in Baihua
Reservoir has been conducted yet. The total
water surface area of Baihua Reservoir is
14.5 km?, the average water depth is 12 m,
and the average salinity and DOC concen-
trations are 0.2 %o and 0.3 mg 1", respec-
tively. Hongfeng reservoir established in
1960 with a surface area of 57.2 km? and a
volume of 6.01x10% km® is located at the
suburb of Guiyang city in Guizhou province
where coal is the main energy source of in-
dustry and living. Hongfeng reservoir is a
hyper-eutrophic and seasonal anoxic reser-
voir due to the contamination from domes-
tic and industrial wastewaters, but so far no
wastewaters with high Hg concentrations
have been identified. The source of Hg pol-
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lution to Hongfeng reservoir may be mainly
come from deposition of the atmospheric
mercury. Calcareously and sienna are domi-
nant in drainage area and the bedrocks of the
watershed of both reservoirs are limestone
and dolomite.

Three sampling sites were chosen in Baihua
reservoir for Hg exchange fluxes measure-
ment between air and water surface as shown
in Figure 1. Three measurement campaigns
were conducted. The first one representing
the cold season was carried out from Octo-
ber 31 to November 4, 2001 at Matuo site,
the second representing the warm season was
performed from May 23 to 30, 2002, at
Matuo site and the third representing the tran-
sition from the cold to the warm season was
conducted from March 31 to April 6, 2003
at all 3 sampling sites. Two sampling sites
were chosen in Hongfeng reservoir for Hg
exchange fluxes measurement between air
and water surface as shown in Figure 2.

@""’ﬁ@ég,

i

| ol — . s Rl

| B s

Figure 1. Sampling locations for gaseous mercury
exchange flux measurement over Baihua reservoir (*).
A: Matuo; B: Huagiao; C: Daba.
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Figure 2. Sampling locations over
Hongfeng reservoir.
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Figure 3. Relationships between Hg flux and solar irradiation at five sampling campaigns: a)
October 31-Noveber 05, 2001 at Matuo of Baihua reservoir; b) May 23-30, 2002 at Matuo of
Baihua reservoir; ¢) March 31 to April 02, 2003 at Matuo of Baihua reservoir; d) April 02-04,
2003, at Huaqiao of Baihua reservoir; e) April 04-06, 2003 at Daba of Baihua reservoir; f)
March 10 to 11,2004 at Daba of Hongfeng reservoir; g) March 11 to 12 at Houwu of Hongfeng

reservoir.
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RESULTS AND DISCUSSION

High temporal resolved Hg flux measurement
results as well as solar irradiation are illus-
trated in Figure 3. At Daba measurement site
of Baihua reservoir, short-term large varia-
tion of mercury flux events occurred between
18:00pm April 4 and 9:00 am April 5. This is
obviously caused by the local mercury emis-
sion source that led elevated and rapidly var-
ied TGM concentrations. Definitely mercury
flux measured during that period of time us-
ing our method could not represent the true
mercury flux values. It points out that our
DFC method is not applicable to measure
mercury flux between air and water/soil sur-
face when irregularly large short-term TGM
fluctuation occurs due to local mercury emis-
sions. At all sampling campaigns, mercury
flux significantly positively correlated with
solar irradiation with linear correlation co-
efficients of 0.38 (p<0.01) at Matuo site of
Baihua reservoir in cold campaign in 2001,
of 0.57 (p<0.01) at Matuo site of Baihua
reservoir in May 2002 campaign, of
0.82 (p<0.01) at Matuo site of Baihua reser-
voir in March-April 2003 campaign, of
0.91 (p<0.01) at Huaqiao site of Baihua res-
ervoir in April 2003 campaign, of 0.87
(p<0.01) at Daba of Baihua reservoir in April
2003 campaign, of 0.47 (p<0.01) at Daba of
Hongfeng reservoir in March 2004 cam-
paign, and of 0.43 (p<0.01) at Houwu of
Hongfeng reservoir in March 2004 cam-
paign, respectively. This observation agrees
well with previous studies (e.g., POISSANT AND
CASIMIR, 1998; GLRDFELDT ET AL., 2001; FENG
ET AL., 2002).
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CONCLUSIONS

The surface water of both Baihua reservoir
and Hongfeng reservoir are a strong local
atmospheric emission source at all seasons.
Sunlight induced reduction of divalent mer-
cury to Hg’ is the predominant process of
DGM formation in surface water of Baihua
reservoir, and the process is very fast. Com-
pared to Baihu reservoir, mercury emission
rate from water surface from Hongfeng res-
ervoir is much slower.
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Atmospheric particles evolution during Hg depletion events
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Abstract: During a field experiment campaign in Ny-Alesund, Svalbard, atmospheric par-
ticles (sizes 0.3-0.5 pm; 0.5-1 pm; 1-5 pm; > Spm), elemental gaseous mercury, reac-
tive gaseous mercury and ozone have been measured continuously for one month from
April to May, 2003. The purpose was to study the atmospheric particle concentration
evolution during successive Atmospheric Mercury Depletion Events (AMDEs) so as to
better understand the origin of these phenomena. During some events, negative correla-
tions between concentrations of atmospheric particles in the range of 0.5 - 5 mm and
concentrations of ozone and atmospheric mercury were observed. Other events were
characterized by positive correlations between concentrations of particles in the range
of 0.3 — 0.5 mm and concentrations of ozone and mercury. Furthermore, particles have
been measured in the surface snow samples collected during the whole campaign. As-
suming that these phenomena imply either a chemical link either an association through
transport, we studied air masses trajectories in order to clearly define the origin of these
AMDE:s.

Key words: AMDE, particles, snow, transport
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Hg deposition onto snow surface during Mercury Depletion
Events in Ny-Alesund (Svalbard) from April to May 2003:
Temporal and spatial evolutions.

Evaluation of deposition and re-emission fluxes of Hg.
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Abstract: During a field experiment campaign in Ny-Alesund, Svalbard, for one month
from April to May, 2003, snow surface samples were collected using ultra-clean proce-
dures so as to avoid any contaminations. During this time period, snow was collected
every day when there was no MDE and every 8-10 hours during MDE periods. The aim
of this study was to determine the temporal evolution of Hg concentration in snow and
also spatial differences in surface snow concentrations of Hg after analysis with Cold
Vapor Atomic Absorption Spectrophotometry (CVAAS). Deposition fluxes of Hg have
been calculated for each MDE so as to give a raw evaluation of Hg deposition flux to the
snow pack in the Arctic. After each MDE, Hg concentrations in snow surface samples
seemed to decrease indicating possible re-emission of Hg to the atmosphere by photore-
duction processes. The re-emission fluxes have been evaluated after each MDE and
integrated for the whole Arctic surface. Differences in these fluxes allow us to calculate
the net balance of Hg affecting the snow pack, and then to have a better idea about the
impact of MDE for Arctic ecosystems.

Key words: AMDE, snow, interstitial air, flux
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The Hg/*''Pb Hypothesis: Apportioning Regional and Global
Components of Current and Historical Hg Deposition
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Abstract: In a paper published in 2001, Lamborg et al. reported good correlations between

total Hg and the naturally occurring, particle-reactive radionuclide ?'°Pb in rainwater
from northern Wisconsin and the equatorial Atlantic Ocean. The precise cause of this
correlation is not known, but suggests an analogy between the 2'’Pb system (solid
226Rargaseous **’Rnfparticulate 2'’Pbfprecipitation *'°Pb) and Hg chemistry in the atmo-
sphere (gaseous Hgsrgaseous Hg(Il)fparticulate Hg(Il)fprecipitation Hg(II)).

The precipitation correlation of Hg and ?'°Pb offers a hypothetical tool for discerning
regional and global influences on local Hg depositional fluxes. This tool would take the
form of Hg:*'Pb ratios in precipitation from a variety of locations. Sites which receive
little local/regional Hg should show Hg:*'°Pb ratio values similar to those observed at
remote locations while sites that receive Hg deposition of a more localized nature should
show greater ratio values. In effect, the application of ?'’Pb as a normalizing tracer of
particulate scavenging should remove the issue of site-to-site variation in climatology
(rain depth, frequency, temperature, etc.) and permit direct comparison of sites from
widely differing locations.

We are currently engaged in a test of this hypothesis. ?!'’Pb and Hg determinations in
precipitation are being made at § locations in North America, many at Mercury Deposi-
tion Network sites. These collections will continue for about 2 years and yield an unprec-
edented set of Hg and ?'°Pb comparisons. Concurrently, we are collecting and analyzing
sediment cores from undisturbed lakes from continental upwind (southeast Alaska) and
downwind (Newfoundland) locations to assess the impact of continental/regional-scale
sources on the anthropogenic enhancement of Hg deposition in the last few centuries.

Key words: atmosphere, lead, deposition, sediments, precipitation

INTRODUCTION

Knowledge of the behavior and fate of Hg
in the atmosphere is increasing. However,
assessment of natural and anthropogenic
sources is uncertain, the mechanisms by
which Hg is removed from the atmosphere

are not well constrained, and linkages be-
tween inputs of anthropogenic Hg, especially
from the atmosphere, and the bioaccumu-
lation MMHg in sensitive aquatic ecosys-
tems has not yet been established. This
project is addressing questions relating to
natural and anthropogenic contributions from
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global and localized sources, the identifica-
tion of Hg deposition with a regional origin
(e.g., U.S.), and the examination of spatial
and temporal trends (e.g., increases, declines)
in atmospheric Hg deposition for predictive/
modeling purposes. This research is focused
on current measurement, reconstruction,
quantification, and interpretation of the mod-
ern and historical variation in atmospheric
Hg fluxes associated with the mid and sub-
tropical latitudes of North America.

Our studies are taking place in the lacustrine
environs of the Tongass National Forest of
southeastern Alaska (June ’03) and Deer
Lake/Cornerbrook, Newfoundland (Sep. *04).
This work is complemented by event-scale
Hg and ?'Pb depositional investigations at the
lake study-areas and other key geographic
regions which display a range of variation in
Hg deposition as determined from the Mer-
cury Deposition Network (MDN). The re-
gions include the West Coast North America,
Mid-Continent U.S., East Coast North
America, and the southeastern U.S. Our pro-
gram benefits from the cooperation and as-
sistance of interested colleagues associated
with current operations and facilities (Na-
tional Parks, and the MDN sites).

We are addressing the following hypotheses:

1) Atmospheric mercury deposition in
southeastern Alaska can be viewed as an
integrated sample of global Hg pollution
in the Northern Hemisphere, and there-
fore represents a component of the Hg
deposition experienced by sites closer to
local and regional emission sources.
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2) Atmospheric mercury deposition in
Canada’s maritime provinces is el-
evated above the northern hemispheric
average by regional contributions from
the industrialized Northeast/Midwest
and can be separated into global and
regional components by a comparison
of sedimentary archives.

3) The linear correlation between Hg and
219Pb found in rainwater from other re-
mote and semi-remote locations
(Lamborg, 2000; Figure 1) is observed
in southeastern Alaska, and this behav-
ior can be used to constrain the global-
scale wet atmospheric flux of Hg to
lakes and watersheds of temperate
North America.

4) At less remote sites, enhanced atmo-
spheric Hg deposition that is locally/
regionally derived, is indicated by de-
viations from Hg and *'°Pb relationship
observed in southeastern Alaska.

5)  Sediment archives will show, when cor-
rected for climatology using *'°Pb, that
the Pacific and Atlantic seaboards of
North America received equivalent
preindustrial atmospheric Hg fluxes,
and provide a baseline for assessing the
global component of anthropogenic Hg
deposition at any given locality.

This research should yield the high quality
biogeochemical data needed for quantitative
assessment of the scale and historical record
of potentially enhanced atmospheric Hg
deposition related to increased human-re-
lated Hg emissions over the past 150 years.
This information will be especially useful in
improving models of the global and regional
biogeochemical and atmospheric cycling of
Hg, and assessing the impact associated with
atmospherically transported pollutant-de-
rived Hg in the environment.
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Figure 1. Hg/”'°Pb correlation in precipitation from
Wisconsin (circles), South Atlantic (triangles) and from
Arctic Alaska (squares). Adapted from LAMBORG
(2000).

The project began with the establishment of
219Pb collection capabilities at 7 MDN sites
(Table 1). Two modified IVL, bulk deposi-
tion collectors (based on CHAzIN, 1995) were
installed at these sites and samples are re-
trieved on the same schedule as the Hg
samples. Some examples of the collectors
can be seen at www.teamhg.uconn.edu. ?'°Pb
radioactivity is determined indirectly by a
spectrometry of the >'°Po progeny. Initially,
however, Pb and Po are not at secular equi-
librium, and therefore the samples must be
held for about a year to allow sufficient Po
“grow-in.” 2'°Po is then determined by spon-
taneous plating onto a Ag disc (FLynN, 1968;

Table 1. Sites for >'°Pb and Hg collocated collection.

Benoit, 1988) after adding a **Po yield
monitor to the sample. The 2!°Pb activity is
then inferred from the *'°Po/>“Po activity
ratio, the activity of the *Po spike and the
219Po grow-in rate. At the 8" site, located in
Glacier Bay National Park, we also installed
the same ultraclean, automated Hg precipi-
tation collector as is currently used at MDN
sites (Loda Electronics; LINDBERG, 1995). Hg
analyses are being performed at the Univ. of
Connecticut.

The lakes cored during the summer of 2003
were all located in the Point Adolphus area
on the northern end of Chichagof Island (part
of the Tongass National Forest), across Icy
Strait from Glacier Bay National Park and
the town of Gustavus. Four remote lakes
were sampled by Zodiac and using a piston-
like gravity corer (HTH, Sweden). The cores
were sectioned at high resolution (0.5-2 cm)
soon after and are being processed, dated and
analyzed for Hg. As with previous studies,
we are selecting small headwater or kettle
lakes with small watersheds and simple bot-
tom morphometries. Lake sampling includes
bottom mapping using a GPS equipped, re-
cording sounder and GIS analysis of the lake
watersheds. A comparable effort will take
place in Newfoundland in the summer/fall

Site MDN # Description
Glacier Bay N.P,, AK --- Remote Northwest
Seattle, WA WA18 Suburban Northwest
Marcell E.F., MN MN16 Remote Midwest
Lamberton, MN MN27 Agricultural Midwest
Cormack, NL NF09 Remote Northeast
Acadia N.P., ME ME96 Rural Northeast
ENRP Site, FL FL34 Rural Southeast
Andytown, FL FLO4 Suburban Southeast
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of 2004. As part of the dating process, the
210Pp content of the sediments is determined,
also by a spectrometry of *'°Po isolated by
distillation (Eakins, 1978). Sediment accu-
mulation rates are calculated using the Con-
stant Rate of Supply model (ApPLEBY, 1978)
which makes use of the total '°Pb inventory
of the sediment core. Thus, we will have a
good estimate of the long term, average *'°Pb
flux to the region which can be combined
with the Hg:?'°Pb ratio to make additional,
corroborative estimates of contemporary Hg
fluxes.

Applying the relationship found in Lamborg,
2000 ([Hg]=[*"Pb]x(0.06+0.01 ng mBq
+(2+2 ng L)) to the *'°Pb flux implied by
the inventory of cores analyzed from Gla-
cier Bay (Flux = 120+20 Bq m? y'; rain
depth 1.77 m) suggests a Hg deposition to
the SE Alaska region of 1144 pg m? y'.
Similarly, it is interesting to apply the
Hg:?'"Pb relationship on a global-scale. The
global flux of 2!°Pb from the atmosphere has
been previously estimated to be about 5 x
10' Bq y!' (TUrekiaN, 1977; Preiss, 1996),
and annual precipitation flux about 4.5 x 10%
g vy (GarreLs, 1971). Again applying the
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empirical Hg:?'°Pb relationship to these val-
ues yields a global atmospheric Hg flux of
about 20£5 Mmole y!, which is comparable
to independent estimates (e.g., MASON,
1994).
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Mercury and selenium levels in the atmosphere
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Abstract: Vascular plants uptake mercury and accumulate it in the roots. Leaves are sup-
posed to absorb volatilised elemental mercury. Thus airborne mercury seems to contrib-
ute significantly to the mercury contents in plants. Lichens are uptaking nutrients and
pollutants directly from the atmosphere. In this work, mercury and selenium in Parmelia
sulcata (Taylor) contents through Portugal mainland in 1993 are shown and compared.
Mercury levels in airborne mercury are shown for a few sites in Portugal mainland,
obtained in the last 10 years. It is known that selenium uptake is a form of protection of
plants to excessive mercury availability. This was not evident from the results obtained
for lichens. In airborne, selenium and mercury are emitted by the same source at one of
the studied sites. Mercury and selenium were determined by instrumental neutron acti-

vation analysis.

Key words: mercury, selenium, lichens, particulate matter

INTRODUCTION

Mercury poisoning has become a problem
of current interest as a results of environmen-
tal pollution on a global scale. Natural emis-
sion of mercury is an important component
(still the major part) in the global mercury
input. Anthropogenic mercury sources in-
clude agricultural soil sludge, fertilizers,
chloroalkali industrial production, and coal
combustion, among others. For evaluation
of'the levels of mercury either biomonitoring
or airborne monitoring can be used. This
work aimed at presenting a few data on Hg
and Se in lichens and air particulate matter,
obtained in Portugal in the last 10 years.

RMZ-M&G 2004, 51

RESULTS AND DISCUSSION

Figs. 1 and 2 show respectively the Hg and
Se mapping, based on Hg and Se contents in
native Parmelia sulcata (Taylor) collected
through July and August 1993. The used grid
followed 10 km x 10 km through the Atlan-
tic Ocean coast and 50 km x 50 km through
the interior of the country. Interpolation of
the contents in the grid squares was based in
1/r* where r is the distance between two ad-
jacent points. Mapping of Hg and Se as well
as other chemical elements appeared in
FreiTas (2000).
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Figure 1. Distribution of Hg in Parmelia sulcata (Tay-  Figure 2. Distribution of Se in Parmelia sulcata (Tay-
lor) in Portugal collected in 1993. Hg was determined  lor) in Portugal collected in 1993. Hg was determined
by instrumental neutron activation analysis (INAA). by instrumental neutron activation analysis (INAA).

Table 1. Hg concentrations (mean; maximal) in particulate matter below 2.5 um, in ng.cm, as measured by
INAA through Portugal since 1994.

Nearby coal power plants Porto (1994/1995)
0.97; 3.68

Sines (1994/1995)
234,48

Nearby fuel power plants Setubal (1995/1996)
0.17; 1.04

Settibal (1997/1998)
0.33;1.30

Far from power plants Lisbon North (2002)
0.065;0.15
Lisbon North (2003)
0.079; 0.31

The Hg pattern put in evidence the influence  due to the NW wind predominance. The Se
of main industrial areas localized in Porto pattem appeared by layersj with more con-

and Lisbon regions, spread over the interior  centrated spots near the coal power stations
of the country in a southwestern direction  of Porto and Sines.
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Table 1 presents Hg concentrations (mean
and maximal values) in air particulate mat-
ter below 2.5 um (i.e. PM, ) for a few sites
in Portugal. PM, ; was collected in a Gent
sampler either for 24 h periods or some min-
utes out of the hour for 1 week.

The sites near coal power plants appeared
with higher Hg concentrations than the other
sites. The levels were quite low for the
Lisbon northern area.

The individual values of the Hg concentra-
tions for this area, shown in Fig. 2, put in evi-
dence a seasonal influence on the Hg con-

1573

centrations. These latter increase by the end
of the year. As shown in Freiras (2004) the
Hg increase during winter concerned the
northeastern wind predominance, which had
as effect the reduction of the natural sea-spray
and soil related chemical elements and the
increase of the anthropogenic ones. The in-
crease was particularly important for selenium
in PM, , as shown in Freitas (2004). This
might have occurred because Hg vapor phase
could not be determined and usually accounts
for over 90 % of the emitted mercury.

As mentioned above, in Portugal the indus-
try concentrates in the Atlantic Ocean coast
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03-07-2003
03-05-2003
03-03-2003

03-01-2003 -

Hgin PM2.5

03-11-2002 A
03-09-2002 A

03-07-2002 1

03-05-2002
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03-01-2002

"

S

0.1

0.2 0.3 0.4
ng/m3

Figure 3. Hg concentrations, in ng.cm?, in Lisbon North during 2002 and 2003 (24h sam-

pling/week).
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and the predominant winds (NW) spread the
pollutants towards the interior of the coun-
try. When the winds invert for an opposed
direction (NE) it is possible to figure a real-
istic order of magnitude of the pollutants.
This inversion occurs more during autumn
and winter.
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Contribution from biomass burning to global
mercury budgets

Hans R. FriepLl' & LAWRENCE F. RADKE'

National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO, 80307-3000, USA,
e-mail: friedli@ucar.edu

Abstract: Burning of biomass samples from North American forests (boreal, temperate and
Mediterranean) and from African savanna was investigated in small-scale (~0.5 kg)
laboratory burns. Essentially all mercury was released during the flaming phase of the
burn, mostly in form of gaseous elemental mercury (GEM), with particulate mercury
(pHg) contributing up to 13% of the mercury released in the case of live conifer needles.
The mercury content of the fuels reflected species- and life-cycle related differences:
grasses and young leaves had lowest mercury content (<10 ng/g (dm)), while leaf litter
contained up to 71 ng/g (dm) resulting from dry and wet deposition accumulated in the
plant parts during their life cycle, followed by senescence. Aircraft measurements in the
plumes of wildfires in temperate North American forests revealed the absence of ionic
mercury (RGM) above detection limits, pHg at 2.5-13 %, remainder GEM, and emis-
sion factors (EF) with a broad range of (113+/-59) x10° g Hg/kg fuel burnt. This value
is much larger than the EF obtained for fuels burnt in the laboratory. The explanation for
the excess mercury in wildfires is the contribution of the organic soil, which is often
burnt to the mineral layer and is highly enriched in mercury (e.g. 300 ng/g (dm) in
boreal forest samples). From the analysis of the distribution of mercury in live and dead
vegetation and in the organic layers in a boreal forest it is evident that boreal forest soils
contain a large fraction of the temporarily sequestered mercury. Global estimates of
mercury release from biomass burning are still uncertain because of the wide range of
EF, uncertain estimates for fuel consumption, large annual variability of biomass burn-
ing and the fact that biofuel emission estimates are not yet included. Our current esti-
mate is 500+/-260 t/y or 8 +/- 4 % of the published annual mercury emissions. The
resulting wet and dry redeposition of the emitted mercury has local (pHg) and global
(GEM) impacts.

Key words: mercury speciation, biomass burning, budgets
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Mapping Errors of Mercury Source Emissions with
Geostatistical Tools

G. GARrO', S. CINNIRELLA' & N. PIRRONE!

'CNR-Institute for Atmospheric Pollution, 87036 Rende, Italy; E-mail: g.garro@cs.iia.cnr.it

Abstract: Nowadays model complexity in terms of input data suggests the necessity of a

complete and well structured database (DB). Within the construction process of a DB
the check of data validity follows the collection of datasets. The above is more interest-
ing when data gathered from different sources are considered. Also the integration of
socio-economic evaluation stresses the importance of data integration for improving
holistic analysis. The effort aimed to integrate and manage different data within a com-
mon database comply the requirements of the European Commission priorities to en-
courage the development of integrated and multi-compartment projects. Among these
MERCYMS concerns the cycling of mercury in the Mediterranean environment. For
the project purpose mercury emissions at point and non-point level were collected for
Europe and Mediterranean countries.
This study illustrates the work done on 1995 and 2000 DB to detect errors in source
emissions. After a preliminary check on displacement of emission sources, we use a
probabilistic approach under the geostatistical analysis to obtain spatial distribution of
error. Results show an elevated degree of uncertainties in few areas like Portugal and the
East Europe. Finally a comparison of differences between the two DBs was assessed.
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Mercury speciation into tropospheric clouds

PiERRE-ALEXIS GAUCHARD™", AURELIEN DOMMERGUE', CHRISTOPHE P. FERRARI™ ¥,
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$ Service Météorologique du Canada, Processus des Toxiques Atmosphériques, Environnement
Canada 105 rue McGill, Montréal, Québec H2Y 2E7
# Unités de Formation et de Recherche de Mécanique et de Physique, Université Joseph Fourier
(Institut Universitaire de France), BP 68, 38041 Grenoble, France.
*Corresponding author. Tel.: +33 4 76 82 42 00; fax: +33 4 76 82 42 01,
E-mail: gauchard@lgge.obs.ujf-grenoble.fr

Abstracts: Mercury speciation into tropospheric clouds has been studied during a two months
field experiment campaign at the meteorological station of the Puy De Dome (France,
1465 m ass.l, 45°46°N, 2°57°E). Gaseous Elemental Mercury (GEM), Reactive Gas-
eous Mercury (RGM) and Particulate Mercury (PM) have been measured by a complete
speciation unit (Tekran, Canada) in the troposphere with and without clouds. Cloud
water has also been sampled for inorganic mercury determination. Finally, some tests
have been done to analyse mercury species in the interstitial phase of the cloud and to
measure dissolved elemental mercury into the cloud water. These tests have been done
using specific installations devoted to the study of the microphysics of clouds. Mercury
speciation results as well as a discussion on competitive oxidation/reduction processes
into cloud water will be presented in order to better understand the role of tropospheric
clouds on the global Hg cycle.

Key words: tropospheric clouds, speciation, oxydo-reduction processes
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Sources of Atmospheric Mercury Impacting
the North American Great Lakes

AMY GILDEMEISTER, GERALD KEELER & KHALID AL-WALI

Abstract: The Quantitative Transport and Bias Analysis (QTBA) model identified the most
important source areas contributing to atmospheric mercury concentrations in the Lake
Superior watershed, showing that contributions from both local sources and long-range
transport from source regions as distant as the Gulf of Mexico resulted in elevated am-
bient mercury concentrations in the North American Great Lakes Region. The model
combines data from the Hybrid Single Particle Lagrangian Integrated Trajectory (HY-
SPLIT) model (used to calculate meteorological back-trajectories) with measured mer-
cury concentrations and precipitation to calculate a two-dimensional transport probabil-
ity distribution and estimate the potential for upwind sources to contribute to elevated
mercury concentrations at the measurement sites. Hg concentrations were measured at
three sampling sites in the North American Great Lakes region from January 1, 1998
through May 5, 1999. The QTBA model output was plotted onto a map of the Lake
Superior basin using ArcView GIS. Possible sources of particulate, fine particulate (d<2.5
um), elemental, and divalent mercury in the region were identified and included on the
map. Northern lowa, southeastern Minnesota, Wisconsin, and northern Illinois rely
heavily on fossil fuel and waste incineration and made important contributions to the
amount of particulate mercury in the North American Great Lakes. Another important
source of particulate mercury was a large gold mine on the southern end of Lake Winnipeg
in Ontario, Canada. Results of the size-fractionated particulate sampling reveal that there
is a large fine fraction mercury contribution from across the entire US Great Lakes
region, with an additional contribution from Thunder Bay, ON. The identified sources
of vapor-phase mercury are areas in which there exist numerous industrial sources, coal
fired power plants, and incinerators (e.g. Minneapolis MN, Chicago IL, and Gary IN).

Key words: mercury, transport, Great Lakes, model
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Urban Mercury Cycling: Differences between Urban and
Rural Mercury Cycles Affecting the Deposition of Mercury
in the North American Great Lakes Watershed

AMY GILDEMEISTER, GERALD KEELER & JOSEPH GRANEY

Abstract: Although there are many inherent differences between pollutant pathways in rural
and urban environments, the impact that these differences may have on the environmen-
tal cycling of mercury in rural and urban areas of the North American Great Lakes basin
has largely been ignored. To determine the impact of local sources on mercury cycling
in an urban environment, dry deposition, wet deposition, and runoff were collected in
southwest Detroit, MI from April through October of 1996. The sampling was con-
ducted in a major industrialized area and was near coke refineries, smelters, and incin-
erators. It was determined that during the 1996 campaign, wet and dry deposition con-
tributed approximately equal amounts to the overall mercury deposition in Detroit, with
the monthly dry deposition ranging from 0.7-3 pg/m? and the wet deposition from
0.4-3.0 pg/m? The amount of mercury measured per month in impervious surface run-
off ranged from 0.7-6.0 pg/m?. Simultaneous collection of total particulate and fine
fraction (d < 2.5 um) particulate mercury during the later part of the mercury deposition
study indicates that, although the long-range transport of particulate mercury is associ-
ated with small, combustion-related particles, a significant percentage of the particulate
mercury in an urban area is associated with coarse particles, thus enhancing the contri-
bution of dry deposition mercury to total mercury deposition and subsequent runoff
concentration. These data clearly demonstrate that it is critically important to evaluate
the impact of the dry deposition of mercury on overall mercury deposition, particularly
in urban areas or near combustion sources.

Key words: mercury, deposition, Great Lakes, urban
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Millennial-scale records of atmospheric mercury deposition
in the Arctic of Canada from peat profiles

NicoLas GIveLET!, Flona Roos-BarracLouGH?, MICHAEL E. GoopsiTE® & WiLLIAM SHOTYK*

Institute of Geological Sciences, University of Berne,
Baltzerstrasse 1-3, 3012, Berne, Switzerland, e-mail: givelet@geo.unibe.ch
YInstitute of Geological Sciences, University of Berne,
Baltzerstrasse 1-3, 3012, Berne, Switzerland
*Department of Chemistry, University of southern Denmark,
Campusvej 55, 5230, Odense, Afghanistan
“Institute of Environmental Geochemistry, University of Heidelberg,
INF 236, 69120, Heidelberg, Germany

Abstract: Because of the strong tendency of mercury to bioaccumulate in the food chain,
one of the greatest challenges faced by environmental mercury research in the Arctic is
to quantify the relative contribution of anthropogenic sources of mercury to the con-
tamination of this environment, as anthropogenically elevated mercury deposition over
the past 150 years in Arctic ecosystems is potentially a serious environmental problem.
To determine the magnitude of this concern, it is necessary to quantify the natural “back-
ground” of atmospheric mercury deposition and its variation over a millennial-scale
period of time. Geochemical studies of two peat hummocks from Bathurst Island, Nunavut
reveal substantial inputs from soil dust (titanium), marine aerosols (bromine) and min-
eral-water interactions (uranium). Mercury, however, was supplied to these peat mounds
exclusively by atmospheric deposition. Mercury concentration measurements and age
dating of the peat profiles indicate rather constant natural “background” mercury flux of
ca. 1 microgram per square meter per year from 5900 to 800 calibrated year BP. The
values are well within the range of the Hg fluxes reported from other Arctic locations
but also by peat cores from southern Canada which provide a record of atmospheric Hg
accumulation extending back to eight thousand years. Thus, pre-anthropogenic Hg fluxes
in the Arctic were not significantly different from atmospheric Hg fluxes in the temper-
ate zone. In pre-industrial times, therefore, the High Arctic was no more important as a
sink for global atmospheric mercury than the temperate zone. Therefore, other processes
have to be invoked as chief mechanism for transferring atmospheric Hg to the Arctic
environment, possibly made more efficient in recent years by environmental changes,
resulting in the mercury contamination of the Arctic food chain.

Key words: Arctic, archive, Hg deposition flux
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Lidar Measurements of Mercury Emissions
from the Idrija Mercury Mine

Rasmus GRONLUND', HANS EDNER', SUNE SVANBERG', JoZE KOTNIK? & MILENA HORVAT?

'Atomic Physics Division, Lund Institute of Technology, P.O. Box 118, 221 00 Lund, Sweden,
e-mail: rasmus.gronlund@fysik.Ith.se
2Jozef Stefan Institute, Ljubljana, Slovenija

Abstract: Mercury emission measurements from the Idrija mercury mine in Slovenia were
performed during a late October campaign, where the DIAL (DlIfferential Absorption
Lidar) technique was used to map mercury concentrations and attempts were made to
quantify the total mercury flux from the most contaminated area, the abandoned cinna-
bar roasting oven complex. Lidar concentration data were compared with data recorded
with a portable mercur point-monitor, operated from a vehicle equipped with a GPS
localization system. Concentrations and fluxes were comparatively low due to low tem-

perature and rainfall.

Key Words: Lidar, Atmospheric mercury flux, Mercury mine

INTRODUCTION

The Idrija mercury mine is the second larg-
est mercury mine in the world, second only
to the Almadén mine in Spain. Mercury was
found here in 1490 and the mine was in op-
eration for 500 years. With mining operations
now stopped the surroundings are still mer-
cury and cinnabar contaminated.

The objectives for the one-week late Octo-
ber lidar (light detection and ranging) mea-
surement campaign were to map the emis-
sion sources from the mine and to estimate
the total flux of mercury from the site.

The Lund group has developed differential
absorption lidar techniques for three-dimen-
sional mapping of atmospheric atomic mer-
cury! 2, Lidar measurements of the concen-
trations of mercury utilize the Hg absorption
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peak at 254 nm and a close-by reference
wavelength for differential measurements in
the backscattered light. By vertical scanning
of the measurement direction, a cross-sec-
tion of the mercury plume can be found. The
total flux can then be obtained by taking the
wind speed into account.

The lidar system has previously been used
in measurements at the two other main mer-
cury mining areas, Abbadia San Salvatore
(Ttaly)®®! and Almadén (Spain)*. High con-
centrations, up to 5 ug/m? were found and at
Almadén a total flux of 600-1200 g/h could
be determined in a September measurement
campaign. At the Italian site, particularly
high concentrations were found around the
mercury distillation plant®® 31, The present
measurements at Idrija were concentratrated
to the area around the abandoned distillation
plant, where high concentrations were ex-
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pected from previous point-monitoring mea-
surements.

RESULTS AND DISCUSSION

The Idrija measurements were performed
during the time October 30 — November 4,
2003. The terrain in Idrija with a rather nar-
row valley along the Idrijca river is some-
what complicated in view of positioning li-
dar scans for flux measurements. Wind con-
ditions were not very favourable for flux
measurements: frequently the wind speeds
were very low. Heavy rainfall and associ-
ated low temperatures during most of the
campaign decreased the mercury emission
from the ground. Lidar measurements were
performed from two locations. The first one
was located inside the city of Idrija at an el-
evation of about 30 meter above the Idrijca
river, and close to the present visitors en-
trance to the mine. From here mostly hori-
zontal scans over the city was made in di-
rections where the beam was not obstructed
by vegetation or other structures and all re-
sults showed fairly low concentrations. The
second location was close to the Idrijcariver,
about 250 meters downstream of the distil-

lation plant and about 10 meter above the
river surface. From here vertical scans down-
wind from the distillery were made, and also
horizontal scans over the valley in the direc-
tion towards the city of Idrija.

The results of vertical scans downwind from
the distillation plant as recorded from the
second lidar site are shown in Figures 1 and
2. Strongly elevated concentrations of the
order of a few hundred ng/m® at a length in-
tegration interval of 7.5 m are observed as-
sociated with the plant. The wind was blow-
ing down the valley with a quite small and
non-optimal angle between the wind and
scan directions. This lowers the accuracy in
a flow determination. Further, because of
buildings blocking the lowest directions of
interest some mercury flow escapes under
the scan. However, from the two diagrams
measured flux values of 2.4 g/h and 5.6 g/h
can be evaluated. Horizontal scans starting
at the distillery which is quite close to the
quickly rising valley side, and extending out
over the Idrijca river in a 20 degree sector
are shown in Figure 3. Again, it can be seen
that the concentrations rapidly fall off away
from the plant.
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Figures 1. and 2. Vertical scans downwind from the distillation plant corresponding to el-
emental mercury fluxes of 2.4 g/h and 5.6 g/h, respectively.
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As mentioned above, mercury mapping over
the area were also performed using the por-
table absorption spectrometer installed in a
car traversing the roads of the area with the
geometry given by GPS recordings. Results
from October 30, November 2 and 3, 2003
are given in Figures 4 a, b and c. The concen-
tration values recorded in individual points
are here smoothed into a map using a com-
puter routine. The data sampling time varies
between about 2 and 7 hours. As can be seen,
the distillery completely dominates the emis-
sion situation with values reaching above 2
pg/m? being observed. It could be noted that
such values corresponds to sampling 1 meter
above the road surface in direct vicinity to
the plant. Average temperatures were 6, 15

1583

and 8 degrees centigrade during the record-
ings of Fig. 4a, b and c, respectively.

]
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Figure 3. Horizontal scan over the distillation plant
and the river valley.

Figure 4. Concentration maps obtained using a portable mercury point-monitor

CONCLUSIONS

Lidar and point-monitoring data were found
to be complementary in mapping the mer-
cury distribution. Lidar provides a fast map-
ping and the potential for total flux measure-
ments for favourable wind conditions. The
mobile point monitor provided powerful
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large area mapping, but recording times are
rather long which may influence mapping
accuracy during changing wind and tempera-
ture conditions. Generally, comparatively
low concentrations and fluxes were observed
at [drija due to reduced ambient temperatures
and rainfall during the measurement cam-

paign.
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Mercury Emissions from Chlor-Alkali Plants
Measured by Lidar Techniques
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Abstract: The EC-supported EMECAP (European Mercury Emissions from Chlor-Alkali
Plants) project aims at risk assessment of the mercury emission from European chlor-
alkali plants. Three pilot sites are selected, one in Sweden, one in Italy and one in Po-
land. The objective of the Lund group has been to perform lidar (light detection and
ranging) measurements of the mercury flux from the plants, and to map the distribution
of elemental mercury around the plants. This has been performed at each of the sites, in
Sweden and Italy both in summer and winter, whereas in Poland only a summer cam-

paign has been performed.

Key Words: Lidar, atmospheric mercury flux, chlor-alkali plant

INTRODUCTION

The objectives of the EMECAP project are
risk assessment of the mercury emissions
from European chlor-alkali plants. The
project includes atmospheric concentration
and flux measurements, human health influ-
ence, vegetable, fish and soil concentration
measurements, data handling as well as de-
velopment of new technology for mercury
monitoring, all to provide decision makers
with an improved tool to evaluate the risk
for human health and for the environment
around MCCA (Mercury Cell Chlor-Alkali)
plants!',

Three test sites has been selected, one in
Sweden, one in Italy and one in Poland. A
total of 6 measurement campaigns has been
performed. In 2001 an intercalibration cam-
paign was performed in Sweden to test the
lidar concentration measurements compared

RMZ-M&G 2004, 51

to conventional mercury point-monitorsfl.
Moreover, in Sweden and Italy both winter
and summer campaigns has been performed,
in Poland only a summer campaign.

The Lund group was responsible for mea-
surements of elemental mercury flux from
the different test sites. The DIAL
(DIfferential Absorption Lidar) techniquel™
was used, employing the mercury absorption
line at 254 nm to measure the concentration
of elemental mercury along the laser beam.
By vertical scanning of the laser beam, a
cross-section of the mercury plume can be
found. Each such sweep takes about 4 min-
utes to perform. The area integrated concen-
tration multiplied by the perpendicular wind
direction yields the mercury flux.

The measurements were performed using the
mobile lidar system of the Lund Institute of
Technology. The system, built inside a Volvo
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F610 truck, utilises an OPO (Optical Para-
metric Oscillator), pumped by a 20 Hz tripled
Nd:YAG laser at 355 nm, to generate the ra-
diation at the desired wavelength. The OPO
is modified to be able to switch wavelength
on a shot-to-shot basis. The line width of the
system is typically <0.2 cm™. The laser ra-
diation is transmitted to the atmosphere
through the dome, which can be rotated 360s
and a mirror can be tilted to direct the radia-
tion from -10s to 555 vertically. An overview
of the system is found in Fig. 11,

Each measurement campaign was carried out
over 10 days during which time many scans
could be performed, that were later averaged to
give a final value for the elemental mercury flux
from the plant over the entire period. During the
measurements, the wind was monitored all the
time, using wind vanes and anemometers.

- i o

[ T

Figure 1. An overview of the Swedish mobile lidar system.

RESULTS AND DISCUSSION

Each vertical scan yields a vertical cross-sec-
tion of the mercury plume, an example is
given in Fig. 2. This particular scan is from
the summer campaign in Italy and with a
wind speed of 2.9 m/s the flux was calcu-
lated to 35 g/h. Multiplying each scan with

the perpendicular wind speed gives a value
for the mercury flux. The wind measure-
ments gave uncertain results when wind
speeds were low; these values have been
excluded, as well as values where the wind
direction gave a too large sinus correction.
The final results can be seen in Fig. 3.
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Figure 2. A cross-section of the mercury plume from
the Italy summer campaign.
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Figure 3. Total average results from the different cam-
paigns.

As can be seen, the summer campaigns gave
higher emission values, indicating that gas-
sing from spills may be important, increas-
ing with higher ambient temperatures. To
make comparisons between the different
plants, the results should be normalised with
respect to chlorine production, which differs
significantly between the sites!.
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Figure 4. Mercury flux as a function of wind speed at
the Italian campaigns.

During the summer campaign in Italy, it was
found that there was a correspondence be-
tween the wind speed and the flux. It can be
understood that this effect should be particu-
larly large in Italy since the cell house has
an open structure and a higher wind speed
would allow greater gassing because the
vapour pressure will be kept low. The flux
from every different sweep has been plotted
in Fig. 4 as a function of wind speed from
the two Italian campaigns.
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The measurement of the wind has been good;
however, it is only a point monitoring. The
wind speed may be quite different over the
cross-section area of the plume. Since the
wind-profile is not known, the cross-section
concentration is just multiplied by the mea-
sured wind. There may also be parts of the
plume being trapped behind a building, and
thus not adding to the flux at all, although
the concentrations may be high. In measure-
ments where this has been found to be the
case, the lowest direction has been excluded.

CONCLUSIONS

The Lidar technique could be successfully
used to measure the total flux from individual
chlor-alkali plants. These unique data are im-
portant in assessing environmental impact and
as input for models of mercury dispersion.
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Assessment of the significance of mercury release
from coal fly ash

Mat GustiN', KeN Labwic?, MEr XIN' & RICHARD ZEHNER'
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Abstract: The potential for mercury release from coal fly ash to the atmosphere and water
was investigated using laboratory studies. The former was also investigated in the field
at two coal fly ash landfills. All fly ash samples used in the laboratory with the exception
of that derived from lignite-based coals acted as a sink for atmospheric mercury. Depo-
sition rates were higher for ash collected from carbon injection demonstration projects
used for mercury removal from the flue gas stream than from ash collected prior to
injection. Deposition was the dominant mercury flux at one landfill while emission rates
similar to that reported for soils with background concentrations of mercury occurred at
the other. Mercury concentrations of SPLP leach extracts were < 14 ng/L. Data devel-
oped demonstrated that fly ash will not release significant amounts of mercury to the

environment.

Key words: Coal fly ash, SPLP leaching procedure, air surface exchange, mercury flux

INTRODUCTION

Mercury (Hg) occurs naturally in all types
of coal. During combustion for produc-
tion of electricity, the Hg in the coal is emit-
ted to the atmosphere or captured with the
combustion by-products (CCB), such as fly
ash and flue gas desulfurization solids. An
estimated 75 tons of Hg are contained in the
fuel burned annually at coal-fired power
plants in the United States, with ~60 percent
released to the atmosphere, and the remain-
ing 40 percent removed by particulate and
sulfur dioxide control devices and managed
with the coal combustion by-products!?!. Pre-
vious work has indicated that Hg in the by-
products is present in relatively low concen-
trations (<500 ng/g) and is relatively stable,
with little evidence of leaching or volatiliza-

tion 431, The amount of Hg in CCBs is ex-
pected to increase over the next 5 to 10 years
due to enhanced Hg control technologies that
are being required by US EPA.

This study examined the potential for Hg re-
lease from CCB samples using more sensi-
tive laboratory techniques than most previ-
ous studies!®. The primary focus was investi-
gation of air-ash Hg exchange. Total and
leachable Hg concentrations in the ash were
also determined. The samples included fly
ash derived from bituminous, subbituminous,
and lignite coals collected from plants using
a variety of combustion and particulate con-
trol technologies. Samples were also collected
from demonstration projects using activated
carbon injection (ACI) for enhanced Hg con-
trol. Two fly ash landfills were visited to de-
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termine if laboratory derived Hg fluxes were
similar to that measured in the field.

RESULTS AND DISCUSSION

Ash samples for the laboratory study were
collected dry from ash collection hoppers
into clean amber glass bottles and shipped
to the University of Nevada-Reno. Recover-
able Hg concentrations (aqua regia digestion
and cold vapor hydride generation and AA
spectrometry) were < 600 ng/g and total Hg
concentrations (aqua regia + hydrofluoric
acid digestion) <2,300 ng/g. Total Hg and
recoverable Hg concentrations were well
correlated (r>=0.94 p<0.05), however recov-
erable concentrations were usually 30 to
60 % lower than total concentrations. Fly ash
collected during activated carbon injection
exhibited higher Hg concentrations than fly
ash collected prior to injection. Mercury con-
centrations in the extracts derived using the
Synthetic Precipitation Leaching Procedure
(SPLP, EPA Method 1312), which is a weak
acid (pH= 4.5 to 5) leach, were always less
than 15 ng/L and in most cases less than
10 ng/L.

A single-pass gas exchange system was uti-
lized for controlled laboratory measurement
of atmospheric Hg flux (emission and depo-
sition) associated with individual ash
samples. Mercury fluxes measured from sub-
strate with this system have been demon-
strated to be similar to those measured in situ
from soil using field flux chambers and mi-
crometeorological methods!”. All of the bi-
tuminous and subbituminous ash samples
used in the laboratory study exhibited nega-
tive flux, or deposition of atmospheric Hg
for the three experimental conditions (dark
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25 °C, light 25 °C and dark 45 °C). All lig-
nite derived ash samples, with the exception
of one, consistently exhibited emissions.
Deposition of atmospheric Hg to ash in the
dark at 25°C was statistically significantly
(p<0.05) greater than that occurring during
light and dark exposures at 45°C. For those
samples for which a positive flux was mea-
sured at 25 °C in the dark, greater emission
occurred at 25 °C in the light and at 45 °C in
the dark than at the lower temperature. This
is due to the fact that both light and tem-
perature enhance Hg emissions™ * ', There
was net deposition of Hg from the ambient
air to the fly ash for all samples collected
from the ACI demonstration projects. Depo-
sition was higher for ash collected during the
ACI than that collected prior to carbon in-
jection. It is possible that the higher carbon
in the ash facilitated atmospheric Hg uptake.
Air Hg concentrations were also found to
significantly influence flux; that is as air con-
centrations increased, Hg emissions declined
or deposition increased.

In situ Hg fluxes were measured a dynamic
field flux chamber linked to a Tekran 2537A
total Hg analyzer!"!. Simultaneously with Hg
flux measurements, micrometeorological
parameters were measured including air and
soil temperature, relative humidity and inci-
dent light®. At a bituminous ash landfill,
with relatively high Hg concentrations,
Hg flux was measured from topsoil covered
and vegetated ash (80 to 110 ng Hg/g),
barren fly ash and vegetated ash (870 to
1500 ng/g). Even though the Hg concentra-
tions of the fly ash were higher than concen-
trations considered representative of natural
background substrate (<100 ng/g'?) depo-
sition of atmospheric Hg to the ash was the
dominant flux and all emission fluxes mea-
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sured were within the range for that reported
for background soils!"?l. At the second site,
which had bituminous-subituminous derived
and substrate Hg concentrations ranging
from 21 to 230 ng/g, mean barren ash flux
was 0.93 ng/m?h, and covered and vegetated
ash was -0.7 ng/m*h. Average flux from
the soils surrounding the deposit was
0.51 ng/m?h. Geographic Information Sys-
tem technology was applied to scaling up Hg
flux for these landfills and based on the field
data ~ 6 g of Hg would be deposited to the
bituminous site over a year. If emissions were
scaled up for a naturally enriched site, with
similar Hg concentrations in the substrate,
the total annual flux would be on the order
of 20 g per year (based on data in!'*!). Ap-
proximately 0.2 g would be emitted per year
from the bituminous-subituminous ash land-
fill, which is roughly the same as that would
be emitted from a similar area of the sur-
rounding soil.

CONCLUSIONS

Most samples of fly ash, with the exception
of that which is lignite-based, were sinks for
atmospheric Hg. Air Hg concentrations, light
and temperature significantly influenced
deposition and emission rates. Fly ash from
carbon injection projects had higher rates of

atmospheric Hg deposition than did ash col-
lected prior to carbon injection. The addition
of carbon could have enhanced deposition for
Hg has a strong affinity for carbon. Similar
Hg fluxes, and factors influencing these
fluxes, were measured in the field and labo-
ratory indicating that the laboratory chamber
serves as a good surrogate for field measure-
ments as was indicated in earlier work
(cf. 7). Mercury released from fly ash directly
to water, investigated using SPLP leaching pro-
cedures, was very low. Fly ash samples used
in this study released little Hg to the air and
water, indicating that releases will be insignifi-
cant. Even if the worse case scenario for emis-
sions from a lignite-based ash of 50 ng/m*hr
were applied to a landfill of 100,000 m? ap-
proximately 43 g would be emitted per year.
This is small in comparison to that estimated
to be emitted or from naturally enriched areas,
~10 to 100’s of kg/yr!'sl.
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Experimental examination of the influence of precipitation
and moisture content on mercury emissions from soils
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Abstract: Several studies have demonstrated that the addition of water causes a significant
and immediate release of Hg from substrate. The effect of water addition and soil mois-
ture on Hg fluxes, from soils enriched in Hg and with low Hg concentrations, was inves-
tigated using large mesocosms and small dynamic field flux chambers. The addition of
water resulted in a significant release of Hg from both types of soils, however if soil
pores were initially saturated with water, an increase in emissions was not observed
until the next day. As the soils dried out over time, Hg flux also declined. Increasing soil
moisture content for an extended period of time resulted in elevated daytime and night-
time Hg emissions relative to that occurring from dry soils. Addition of water during the
day did not elicit the same response as nighttime addition due to competition with other
factors controlling Hg flux. Data suggests that precipitation is an important process
facilitating Hg emission and re-emission, of deposited atmospheric Hg, from soils.

Key words: soil moisture, air surface exchange, mercury flux

INTRODUCTION

In order to estimate Hg emissions from soils,
those processes controlling emissions and the
forcing potential of those processes must be
understood. It has been demonstrated that
temperaturel’-2), light®®4, precipitation! ¢, air
Hg concentration and chemistry!”, and soil
Hg concentration™ are important parameters
controlling emissions. For several of these
factors, algorithms have been developed that
allow us to apply light intensity, tempera-
ture and substrate Hg concentration for esti-
mating Hg emission from soils!® % ', Sev-
eral studies have demonstrated that the ad-
dition of water significantly enhances Hg
release from soil™ ¢, FrREscHOLTZ ET AL.!Z
demonstrated that for one substrate type the
magnitude of the release was correlated with
Hg concentration. This release of Hg has

been hypothesized to be due to displacement
of Hg by the more polar water molecules!®.
Frescrorrz ET AL.'? found no simultaneous
increase in CO, flux in controlled laboratory
experiments and suggested that this indicated
that soil microbes were not responsible.
Similar observations have been made for a
variety of types of pesticides with emissions
facilitated by soil wetting by rain, dew or ir-
rigation'> . A marked increase in the diur-
nal emission of pesticide was also observed
when the soil was moist!'3. Similar to the
hypothesis regarding Hg emissions, these re-
sponses were attributed to the adsorption of
the pesticide being reduced under moist con-
ditions.

This study focused on characterizing the ef-
fect of irrigation and soil moisture on the

release of Hg from background and enriched
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soils through controlled experiments using
large mesocosms and small dynamic field
chambers. Three experimental designs were
applied. Two utilized the Ecologically Con-
trolled Enclosed Lysimeter Laboratories
(EcoCELLs) at Desert Research Institute,
Reno, NV. These mesocosms (7.3 x 5.5 x
4.5 m (I x w x d)) are totally enclosed and
naturally lit plant growth chambers!¢.
Whole mesocosm Hg flux response to wa-
tering was measured along direct soil sur-
face flux using dynamic flux chambers (cf.
6). The first experiment (EXP 1) used
Hg-enriched soils and two EcoCELLs. The
substrate was sandy loam topsoil amended
with Hg containing mill tailings (12000 +
1400 ng Hg g'). Water was added directly
to the soil surface by a drip irrigation system
daily. During the first year, approximately
100 one-year-old bare-rooted dormant whips
of Populus tremuloides (quaking aspen) were
planted in each of the EcoCELLs. During
2001 only one EcoCELL was planted.

The second experiment (EXP 2), that is on-
going, uses four EcoCELLs containing in-
tact monoliths of tall grass prairie vegeta-
tion and soil (~ 10 ng/g Hg) obtained from
Oklahoma, USA (cf. 17). In this experiment
water is added from an overhead sprinkling
system to maintain soil moisture and precipi-
tation volume typical of annual averages in
Oklahoma. The third experimental design
(EXP 3) used tubs (39 x 28 x 16 cm) of ap-
proximately 4.7 L of soil housed in a tem-
perature-controlled greenhouse. Mercury
flux from the soil surface was measured us-
ing the dynamic flux chamber. Low Hg con-
centration topsoil obtained from the Okla-
homa field site and naturally Hg-enriched
soils (~ 4500 ng/g) were used. Experiments
were configured to investigate the influence
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of soil moisture and wetting and drying on
Hg flux.

RESULTS AND DISCUSSION

During the mesocosm EXP 1, watering oc-
curred daily typically in the evening. With
every watering event over a ~1.5 year pe-
riod a pulse of Hg was released. During
nighttime watering, Hg release was imme-
diate and it took > 3 hours for the flux to
decline to previous values. When water was
added during the day the peak was short-
lived and not as apparent suggesting that
other factors were more significant in driv-
ing emissions. When watering occurred close
to daybreak, the increase in flux with increas-
ing light was not as dramatic. Nighttime
peaks in Hg flux due to watering were greater
than midday fluxes. The magnitude of the
Hg release with watering was influenced by
the presence or absence of plants, with a
greater response in the unplanted cell.

In EXP 2 distinguishing whole system re-
sponse to watering is difficult using the day-
time data due to the low flux and other fac-
tors influencing flux. We are currently ad-
justing watering times to the night to see if a
flux response occurs.

In EXP 3 for both enriched and background
soils after initial watering to 25 % moisture
content, there was no immediate increase in
Hg flux. However, the day after watering
daytime fluxes were significantly elevated
above that occurring from dry soils; ~5-fold
for unenriched soils and 3-fold for enriched
soils. After watering daytime flux from Hg-
enriched soils remained exacerbated above
dry soil flux and declined gradually over time
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similarly to the decline in soil moisture. Flux
from low Hg soils returned to the original
dry flux within two days after watering al-
though soil moisture remained elevated sug-
gesting that the available pool of Hg will in-
fluence the longevity of the effect. Watering
of enriched soils to 13 % elicited an imme-
diate flux response indicating the amount of
water added will affect the initial response.
For tubs whose soil moisture was elevated
and maintained at 13 % and 20 % nighttime
and midday Hg fluxes were in general sig-
nificantly greater than for dry soils.

CONCLUSIONS

With the addition of water to substrate Hg
flux is enhanced; however, environmental
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conditions, the amount of water added, the
available soil Hg pool and the presence of
vegetation will influence the magnitude of
the response. This study demonstrated that
precipitation events will play an important
role in the re-emission and recycling of at-
mospherically deposited Hg, as well as en-
hance the release of Hg from naturally en-
riched soils. It is thought that similar to pes-
ticides, water addition and increased soil
moisture reduce the adsorption of Hg to soils
and therefore facilitate its release.
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Regional Differences in Methylmercury Concentrations
in Wet Deposition to Northern Areas
of Wisconsin, Michigan, and Ontario

B HaLL, G.J. KegLER, J.P. HURLEY, H. MaNoLorPouLOS, J. GRAYDON & V.L. St.Louis

Abstract: Methylmercury (MeHg) and total mercury (THg) concentrations were measured

in precipitation samples collected using automated precipitation collectors situated in
Wisconsin, Michigan, and northwestern Ontario. Precipitation samples were taken be-
tween May 1997 and October 1999 at two sites of the southern shore of Lake Superior
(Brule River, WI and Tahqumenon River, MI) and at the Isle Royale National Park (MI).
Precipitation collection from Eagle Harbor (MI) and Devil’s Lake (WI) occurred be-
tween May 1997 and December 2003 and between October 2002 and December 2003,
respectively. MeHg and THg concentrations were compared to a longer dataset (1992-
2003) of MeHg and THg in precipitation collected at the Experimental Lakes Area (ELA)
in northwestern Ontario.
Detectable MeHg levels (>0.01 ng L!) were found in the majority of rain and snow samples
collected from all sites. In general, the highest MeHg levels in precipitation were observed
in samples collected from Brule River and Eagle Harbor, where concentrations often ex-
ceeded 0.2 ngL! and were as high as 0.8 ng L. The lowest MeHg concentrations were
observed in samples taken at the ELA, where concentrations never exceeded 0.2 ng L.
THg concentrations in precipitation were between 10 and 60 ng L', with THg concentra-
tions exceeding 80 ng L' in precipitation collected from the Brule River, Isle Royale, and
DevilsLake sites. The proportion of THg that was MeHg (% MeHg) was under 7 % MeHg
for samples taken from all sites, with the exception of 7 events sampled at the Tahqumenon
River that between 7 % and 18 % MeHg. Although the highest MeHg concentrations were
found in low volume precipitation events, there was no correlation between MeHg concen-
trations and event volume (r2= 0.044). Differences in MeHg and THg concentrations and
% MeHg will be explored using storm trajectory data which will help determine the sources
of MeHg and THg to remote ecosystems.
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Mercury emission to atmosphere from natural sources
in Chongqing, China

Ler He! & DINGYONG WANG'!

'College of Resources and Environment, Southwest Agricultural University,
Chongging 400716, P. R. China, e-mail: wangdy@swau.cq.cn

Abstract: This report is to estimate the mercury emissions to the atmosphere from the natu-
ral sources in Chongqing, China, and to present an assessment of the contribution to the
local mercury budget from selected natural sources. Air/surface exchange of mercury
was investigated over five soil sites of three different areas (mercury polluted area,
farmland and woodland) and above tow surfaces of watershed (Jialing river and Beibei
reservoir in north Chongqing) from August to November in 2003. Measurements of
mercury fluxes were performed by dynamic flux chamber (DFC). The results indicated
that mean mercury emission fluxes were 8.44+2.1 ng m? hr' for five soil sites and
21.6+5.9 ng m? hr' for tow watersheds. Mercury dry deposition fluxes was observed
over tow soil sites at overcast days (mean=6.4+1.5 ng m™ hr'). The mercury release
fluxes measured at those soil sites are similar to those found other soil sites in Guizhou
province, China. A diurnal cycle was observed for mercury emission from a campus site,
with day-time volatilization rates significantly higher than night-time rates (mercury re-
lease to the atmosphere from land surface during day, deposition to earth surface from
atmosphere during night). Rapid response of mercury emission to solar radiation was
observed, whereas soil or surface water temperature was found to less influential to mer-
cury air/surface exchange over those sites. Based on local weather situation and results of
field measurement, the emission factors of soil and water were 16 g Hg km?yr' and
59 g Hg kmyr!, respectively, were used to estimate natural release of mercury. The an-
nual emission to atmosphere from natural sources is about 1.36 t of mercury in Chongiqng,
China.

Key words: Atmosphere, dynamic flux chamber, natural mercury emission
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Modelling RGM Concentrations from Hg" Measurements
in the Pacific Ocean and Mediterranean Sea:
Comparison with Measured Values
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’Chesapeake Biological Laboratory, Center for Environmental Science, University of Maryland,
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Abstract: Measured Hgo(g) and ancillary chemical and meteorological data have been used to

constrain the multiphase photochemical box model AMCOTS (Atmospheric Mercury
Chemistry Over The Sea), and the predicted Hg” (HgCl,, HgBr, and HgO) concentra-
tion compared to the Reactive Gaseous Mercury (RGM) results obtained during two
oceanographic cruises. The two oceanographic Hg measurement campaigns - the R.V.
Melville campaign from Japan to Honolulu, and the R.V. Urania campaign around the
Mediterranean - used the same techniques to determine the atmospheric concentrations
of Hgo(g) and Hg" © The model reproduces both the magnitude and temporal variation of
RGM for both data sets, using all the measured meteorological and chemical species
concentration data and just one fitting parameter. The different atmospheric and chemi-
cal conditions encountered on the two cruises are reflected in the relative importance of
the OH and halogen oxidation reactions. The halogen oxidation reactions account for
by far the greater part of RGM in the Pacific simulations, whilst in the summertime
Mediterranean simulations OH played as an important a role as the halogen oxidation

reactions.

Key words: mercury, modelling, measurements, marine boundary layer

INTRODUCTION

The measurement of significant, consistent
and diurnally varying concentrations of
RGM in the MBL has led to the hypothesis
that the same halogen chemistry which is
believed to be responsible for polar spring-
time Mercury Depletion Events (MDEs) also
occurs to a lesser extent, but on a daily basis
in the MBL. Photochemical box modelling
studies have shown that the cycling of
oxidised Hg compounds (such as HgO(g)) via
the sea salt aerosol could result in the out-

gassing of the more stable and more volatile
HgCl, resulting in a non-anthropogenic con-
tribution to measured RGM in the MBL
(HEDGECOCK AND PIRRONE, 2001). These first
modelling studies could not however account
for the levels of RGM actually measured.
Inclusion in the photochemical model of the
recently measured reactions between Hg’

and halogen compounds (ARIYA ET AL., 2002),
particularly the Br radical, showed that as a
result of the release of active halogen com-
pounds from deliquescent sea salt aerosol,

Hg"(g) oxidation could occur at an appreciable
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rate, producing RGM levels compatible with
experimentally determined concentrations in
the MBL, (HEpGEcock ET AL., 2003;
HebpGecock AND PIRRONE, 2004). The model-
ling and experimental results above were pri-
marily concerned with the Mediterranean,
which is not however representative of the
‘typical’ MBL, being almost landlocked, in-
fluenced by anthropogenic emissions, and
warm both in terms of sea and air tempera-
ture. Therefore, in order to test the model
more comprehensively it has been used to
simulate Hg”(g) concentrations using mea-
sured Hgo(g) concentrations, and has been
further constrained by the use of measured
0O,, and meteorological data and other avail-
able ancillary data pertinent to the model.
The details of the measurements performed
and the precise routes of the two oceano-
graphic cruises can be found in the litera-
ture; LAURIER ET AL. (2003) describe the R.V.
Melville campaign, lasting from May Ist to
June 5th 2002, which started from Osaka,
Japan and finished in Honolulu, Hawaii, and
SpPROVIERI ET AL. (2003) describe the R.V.
Urania campaign between July 14th and
August 5th 2000, in both the Eastern and
Western Basins of the Mediterranean. Dur-
ing both cruises Hgo(g) and RGM were mea-
sured using the same analytical techniques
and the same type of instrument: the Tekran
1130 speciation unit coupled with to the
Tekran 2537A analyser (Tekran, Inc.,
Toronto, Canada). The AMCOTS model is
described in HEDGECOCK AND PIRRONE (2004).
It is based on the MOCCA model chemical
reaction database (SANDER, 1999), but uses a
different photolysis rate calculation routine,
(FasT-1, WILD ET AL., 2000), and a different
integration routine, ROS2 a second order
Rosenbrock method for stiff ordinary differ-
ential equations, (SANDU ET AL., 1997,
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DaMIAN-IORDACHE ET AL., 2002). The Hg
chemistry includes gas and aqueous phase
reactions and aqueous phase equilibria, as
well as phase transfer processes. Deposition
is modelled using a constant deposition ve-
locity which means that loss via deposition
is directly dependent only on MBL height, -
d(Hg" )/dt=v, /7, wherev, isthedepo-
sition velocity and z,, is the height of the
MBL expressed using the same length units
as v, . It proved to be necessary to vary z, .
during the simulations to ensure a reason-
able fit between the simulated concentrations
of Hg" (» and measured RGM values.

REsuLTs AND Di1scussioN

A reasonable fit of the maxima and also daily
variation of the simulated Hg" | concentra-
tion with measured RGM values was ob-
tained using just three z,, values to fit the
data over the entire campaign period, for both
the Pacific and Mediterranean measure-
ments. The timing and the magnitude of the
changes in z,,, were chosen solely to obtain
areasonable fit with the measured data. How-
ever it comes as no surprise that the timing
of the z,,, changes in the simulations corre-
spond to changing meteorological conditions
as measured during the campaigns. Tempera-
ture, pressure and relative humidity as mea-
sured on board the research vessels have been
included with the Hgo(g) and O, concentra-
tions in the model input; the meteorological
parameter not included specifically is wind
speed, which has an effect on sea salt aero-
sol production, which affects directly affects
atmospheric liquid water content, and in time
the multiphase chemistry of the MBL, (von
GLASOW ET AL., 2002). Introducing a
parameterisation of sea salt aerosol produc-
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tion would have added another possible
source of error to the model, and as the aim
was to assess the validity of the chemistry
model, the use of just z,, to fit the data was
preferred. Bearing in mind the ‘typical’ MBL
heights for the Pacific and Mediterranean,
1000 m and 400 m respectively, the values
used in the simulations were as follows: for
the Pacific: day 1 to day 8, 100 m; day 8 to

day 17, 700 m, and after day17, 200 m; for

*+ Model RGM \ R. V. Melville RGM

the Mediterranean: dayl to day 14, 50 m,
day 14 to day 20, 200 m, and after day 20,
100 m. The first two figures below (Figs. la
and b), show the periods in which z, is at
its highest value. The fit is not perfect but it
can be seen that the general trend is repro-
duced, although some of the highest mea-
surements are noticeably greater than the

simulated concentrations.

"+ Model RGM \ R. V. Urania RGM
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Figure 1. The modelled and measured RGM concentrations during the periods in which z
was closest to its typical value, for the Pacific (a) z

Zyp =200 m.

One of the more interesting results from the
simulations arises from the comparison of
the relative importance of the Hgo(g) +Br -
~ Hg' and He’, +OH, - - Hg', re-
actions. Figures 2a and b show the produc-
tion rates in molecules cm™ s, for the peri-
ods when the fitting parameter z,,, was at
its highest in the Pacific and Mediterranean
cases respectively. It is clear that in the Medi-
terranean oxidation by the OH radical is of
much greater importance than in the remote
MBL.

This is due both to the geographical location
and the specific meteorological conditions
encountered in the Mediterranean during the

384 408 432
Time / hours from 00:00 14th July

Figure 1b

336 360 456 480

MBL

=700 m, for the Mediterranean (b)

MBL

summer. The high air temperatures and in-
solation in the Mediterranean favour the pro-
duction of O,, as does the general southerly
air flow from the more industrial and
urbanised areas of Europe toward the Medi-
terranean Basin, bringing with it O, precur-
sor pollutants. In fact large areas of the Medi-
terranean regularly exceed the European 8
hour exposure limit for O,. This difference
in average O, concentration between the
Pacific and the Mediterranean can be seen
from the results obtained during the R.V.
Melville and Urania cruises: less than 40 ppb
for the Pacific (less than 20 pbb in the latter
stages of the campaign) and over 50 ppb for
the Mediterranean.
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Figure 2. The modelled rate of Hgo(g) oxidation by the Br and the OH radicals for the same
periods as Figure 1. Figure 2a is the Pacific simulation and Figure 2b the Mediterranean. The
higher overall rate and generally higher contribution from OH for the Mediterranean simula-

tion can be seen clearly.

CONCLUSIONS

The AMCOTS model has been used to study
results obtained from the Pacific and the
Mediterranean with reasonable success. This
study has highlighted the differences be-
tween the chemistry that occurs in the re-
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On the Atmospheric Lifetime of Elemental Mercury
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Abstract: The lifetime of elemental mercury in the Marine Boundary Layer (MBL) has been
studied as a function of time of year, latitude, temperature, liquid water content and
cloud optical depth using the AMCOTS (Atmospheric Chemistry of Mercury Over the
Sea) box model. The model includes gas and aqueous phase chemistry, and includes
heterogeneous reactions as well as mass transfer processes. The sea salt and sulphate
components of the ambient aerosol are treated separately. Photolysis rate constants are
calculated as a function of latitude, time of year and cloud optical depth. Simulation of
HgO(g) depletion and Hgll(g) production show that under clear sky conditions signifi-
cant reduction (up to 90 %) of Hg0(g) concentrations could occur within a week, in the
absence of emissions, and that over the same period Hgll(g) concentrations could reach

more than 100 pg m-3.

Key words: mercury, modeling, lifetime, MBL

INTRODUCTION

The AMCOTS (Atmospheric Mercury
Chemistry Over The Sea) model is a 0-di-
mensional combination of gas and atmo-
spheric aqueous phase MBL chemistry, gas
and aqueous phase Hg chemistry, (the aque-
ous phase being either sea salt or sulphate
aerosols), mass transfer between phases and
gas and aqueous phase photolysis. The
chemical reaction database used to simulate
the chemistry of the MBL is based on that
used in the MOCCA model (SANDER, 2001),
the rate constants have been updated where
appropriate with reference to voNn GLAasOw
ET AL. (2002); the Hg chemistry included is
described in HEeDGEcock ET AL. (2003) and
HEepGEcock AND PIRRONE (2004).

Simulations were performed starting with an
initial Hgo(g) concentration of 4.5x10° mol-

ecules cm™ (1.5 ng m? at 1 atmosphere,
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298K). The other initial gas phase concen-
trations used were from SANDER AND CRUTZEN
(1997) and voN Grasow ET AL. (2002). The
aerosol number density and radii used, were
those from MOCCA and the respective LWC
values were 1.07x10"? and 3x10"" vol/vol
for the sulphate and sea-salt particles respec-
tively. Aerosol deposition is simulated us-
ing an atmospheric lifetime of 2 and 7 days
for sea-salt and sulphate particles respec-
tively. Dry deposition is modelled as a con-
stant deposition velocity, for HgO, HgCl,,
and HgBr,, 2 cms™ was used, the same as
that used in MOCCA for the inorganic acid
gases HNO,, HCI and H,SO,. The air tem-
perature was taken from the monthly aver-
ages for the Atlantic ocean (ISCCP, 2002).
In all simulations a boundary layer height
was assumed to be 1000 m and clouds as-
sumed to be above this if present. Cloud op-
tical depths used were 10, 20, 40 and 60.
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REsuLTS AND Di1scussioNn

The reduction of the Hgo(g) concentration
expressed as a percentage of the starting con-
centration is shown in Figures 1-5 for differ-
ent latitudes (°N) in January and July for the
five cloud optical depth scenarios simulated.

The influence of sunlight on Hg(’(g) depletion
is evident from both the generally lower
depletion seen at 60° N in January, shorter
days and the generally decreasing depletion
seen with increasing cloud optical depth.
There are some results in the simulations
which at first sight seem a little odd. For ex-
ample Hgo(g) depletion at 10°N in July has a
maximum with a cloud optical depth of 20.
The Hgo(g) depletion at 30°N in January is
higher than that at 10°N in the same month
even though at 30° N the days are shorter.
The reasons behind these apparent anoma-
lies lie in the influence of air temperature,
and the wavelength dependent attenuation of
incoming solar radiation by clouds on the
processes which lead to the production of
reactive halogen species in the MBL,
(HEDGECOCK AND PIRRONE, 2004). Cooler air
temperatures increase the solubility of acidic
gases in the sea salt aerosol increasing the
rate of acidification and enhancing the rate
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ofreactive halogen precursor species outgas-
sing from the aerosol. Hence the greater
depletion at 30°N where the air temperature
is lower than at 10°N where it is warmer.
One of the major sinks BrO (formed from
O, + Br, and rapidly photolysed to Br + O,
and therefore in dynamic equilibrium with
Br, recently identified as an important Hg(’(g)
oxidant (ARIYA ET AL., 2002), is HO,, which
depends for its production on the OH radi-
cal which is therefore strongly influenced by
the rate of O, photolysis. The attenuation of
incoming solar radiation by clouds is greater
at the shorter wavelengths which photolyse
O, than at the longer wavelengths which
photolyse Br, and BrCl, the two principal
precursors for Br. Therefore, up to a certain
point increasing cloud cover reduces HO,
production, limiting the BrO sink, whilst at
the same time having a lesser effect on the
photolysis of Br precursors. Thus under
slightly cloudy conditions the Br concentra-
tion can be higher than under clear sky con-
ditions enhancing Hg"() depletion. Using
average cloud optical depth and surface air
temperatures the lifetime of HgO(g) can be
calculated. The lifetime is the sum of the in-
verse of the oxidation reaction rates (rate
constant multiplied by concentration):

T = { k(Hg"+0,).[0,] + k(Hg"+OH).[OH] + k(Hg’+Br).[Br] }",
T'=2x 10 +8.7 x 10¥+ 1 x 10 thus, t = 10.5 days,

alternatively the lifetime with respect to the
individual reactions under the model condi-
tions are: t (Hg"+O,) = 578 days, t (Hg*+OH)
= 133 days and t (Hg"+Br) = 11.5 days
(HEDGECOCK AND PIRRONE, 2004). The atmo-
spheric lifetime of Hgo(g) therefore would
appear to depend on which part of the atmo-
sphere is being considered; in the free tro-
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posphere and in continental boundary layers
the answer is probably around a year as is
generally thought, although it should be
borne in mind that the O, concentration used
in these studies (21 ppb) for the remote MBL
is low compared to the concentrations found
for example in the Mediterranean and also
in some continental air masses. Higher O,
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itself would not lead to a much lower life-
time, but the higher OH concentrations re-
sulting from increased O('D) would decrease
the Hgo(g) lifetime with respect to OH oxida-
tion. If the daily average concentration in-
creased to say 5x10°molecules cm the life-
time with respect to OH oxidation would
decrease to a little less than 1 month. How-
ever global scale modelling studies have
found that such a rapid rate of oxidation is
difficult to reconcile with the stable hemi-
spheric background concentrations, whilst
noting that the reaction of Hg"(g) with O, © is
too slow to account for all the Hg"(g) removal,
(Bergan and Rodhe, 2001). In the MBL,
depending on time of year and atmospheric
conditions, the atmospheric lifetime of Hgo(g)
may well be as short as two weeks, and this
would apply also to continental air masses
moving over the sea. Bearing in mind that
halogen activation is more rapid under pol-
luted (high NO ) conditions (SANDER AND
CRUTZEN, 1996) Hgo(g) from continental air
masses could be deposited relatively close
to the coast. This would particularly be the
case in areas such as the Mediterranean.

CONCLUSION

Using a detailed multiphase photochemical
box model of the MBL, it has been shown
that it is probable that Hg’ in the remote MBL
can have an atmospheric lifetimes as short
as 10 days, depending on time of year, cloud
cover (optical depth) and latitude. The fac-
tors influencing the rate of Hg® oxidation are
the relative rates of O, and Br,/BrCl photoly-
sis, the air temperature and the length of the
day. The role of Hg emission from the world
oceans in global Hg budget estimations needs
to be reassessed. This already been addressed
to some extent by MAsoN AND SHEU (2002),
who have revised downwards their estimate
of the contribution of the Hg evasion flux
to the overall global budget, due to the more
rapid cycling and re-deposition of Hg in the
MBL when compared to the continental
boundary layer. However it should now be
possible to constrain these estimates even
more closely, with knowledge of average
cloud optical depth, surface air temperatures
and perhaps parametrizing aerosol produc-
tion rates
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Biomonitoring of mercury in air by transplanted lichens
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Abstract: Mercury biomonitoring in air using transplanted lichens specie Hypogymnia
physodes was used at natural gas treatment facilities, reference stations and former mer-
cury mining areas. The results indicated excellent agreement between predicted Hg con-
centrations in air and Hg concentrations in transplanted lichens.

Keywords: mercury, air, biomonitoring, lichens, gas and oil industry, mercury mining

INTRODUCTION

It is well known that lichens continuously
accumulate Hg and other elements from the
atmosphere, and therefore concentrations de-
pend on ambient levels of these elements, the
age of the lichens and their physiological con-
ditions (Horvat ET AL., 2000; Lorpi, 2001;
ConTl AND CEccHETI, 2001). Concentrations
of mercury in lichens represent the average
long-term Hg status in air, while Hg measure-
ments in air represent only the average value
during the sampling period (e.g. from several
minutes to the maximum daily average con-
centrations). Natural gas contains various
forms of inorganic and organic Hg species
which have to be removed from the gas due
to technological and environmental reasons.
Legislation requires regular monitoring of
mercury emissions into the atmosphere where
various techniques could be used.
Biomonitoring investigated in this study rep-
resents cost-effective means to assess the level
of contamination of ambient mercury around
hot spots of mercury pollution.

Sampling, transplantation of lichens and
sample preparation

In the present study various geographical ar-
eas were studied: (a) the INA Naftaplin Gas
Treatment Plants in Croatia, where the effi-
ciency of an industrial facility for removal
of Hg from natural gas was investigated, and
(b) Zutica and Etan, (c) the mercury mining
area, Idrija, Slovenia, and (d) Reactor center
wich represents clean area close to Ljubljana.
Experimental sites are presented in Figure 1.

As the first step, the lichen species
H. physodes was collected from orchard trees
at a pristine area in Slovenia approximately
one week before transplantation. In the labo-
ratory, lichens were carefully cleaned from
the branches and collected within polyeth-
ylene nets. Three nets were fastened to
branches or on an artificial rod about
1.5-2 m above the ground at each location in
Croatia, as well as at three reference loca-
tions, one in Ljubljana at the Reactor Center
(no mercury source) and two in Idrija (known
elevated mercury concentrations in the air
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due to previous mining activity). Some li-
chen material was kept in the laboratory for
determination of the initial concentration of
Hg and other trace elements. Samples were
then further prepared according to the pro-
cedure described elsewhere (HORVAT ET AL.,
2000). At the same time, as lichens were
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transplanted, soil samples were collected at
same locations. For determination of ele-
ments in soil we collected approximately 2
kg of composite soil sample to polyethylene
bags. One soil sample was composed from
at least four sub-samples collected in the ra-
dius of 10 to 20 m.

Date Molve/ Vinkovci/ | Zutica/
Idrija Idrija
25.10.2000 24.04.2002
29.01.2001 22.08.2002
10.05.2001 19.12.2002
30.11.2001 13.05.2003

Transpl ion starting date
3 months

6 months

12 months

Figure 1. Dates of transplantation and sampling of lichens and locations

in Croatia and Slovenia

ANALYTICAL METHODS

Determination of total mercury was per-
formed by CV AAS (Cold Vapor Atomic
Absorption Analysis) (HORVAT ET AL., 1986;
Horvart ET AL., 1991). The accuracy of the
results was checked by the use of the certi-
fied reference material: IAEA-336, Trace and
Minor Elements in Lichens. Scandium and
other elements (not discussed in this presen-
tation) were determined by instrumental neu-
tron activation analysis (INAA) (Ja¢iMovic
ET AL., 2003).

RMZ-M&G 2004, 51

The data was treated to account for geologi-
cal background the results for lichens and
soil samples were normalized to the concen-
tration of scandium (Sc) and enrichment fac-
tors were calculated (Equation 1).

conckl, | enen

concSc

1
concEl SOIL (D

concSc

EF =

Where: EF = enrichment factor, concEl =
concentration of element (in mg kg™), concSc
= concentration of scandium (in mg kg™')/



1610

PART 3 — ATMOSPHERIC

RESULTS AND DISCUSSION

Mercury concentration in lichens before
transplantation was relatively low (about
0.12 mg/kg). After 3 and 6 months of expo-
sure Hg increased significantly at MOLVE
stations CPS-1 and CPS-2, as well as at one
station in Idrija. (Figure 2, left) Very step
increase was observed at station CPS-2 from
6 to 12 months of exposure. Due to the well
known volatility of elemental Hg these con-
centrations are probably directly correlated
with the average elevated concentrations at
two CPS stations . After 12 months of expo-
sure slight increase of Hg was also observed
at stations MOL-11 and MOL-12, while at
Durdevac and Etan-2 the increase was less

| N e | | PSR (S

! F- F -
i

e Tl I R ey p—

than 20%. The same applies for the second
experiment, where mercury was elevated
only Idrija, which means that at other gas
and oil treatment facilities mercury is not
emitted into the atmosphere.

Highest Hg concentrations were found at the
station CPS 1 and CPS-2 after 12 months of
exposure (up to 12,9 mg.kg! dry weight).
This is related to the emission of Hg from
the technological facility for natural gas treat-
ment including elimination of Hg from the
original gas. These results are in agreement
with the results of a similar experiment per-
formed in 1997 and 1999 (HORVAT ET. AL.,
1997, 1998, 2000).

"I i e ol |

r 1

&

Figure 2. Mercury concentration in transplanted lichens

Based on the previous work conducted at
similar locations a relationship with average
Hg concentration in air and in lichens was
established (HORvAT ET. AL., 2000). The rela-
tionship is shown in Figure 3. Therefore af-
ter 6 months of exposure of lichens, it can
be estimated that the average concentrations
of Hg in air at CPS-1 ion the first 6 months
of exposure was in the range between 10 to
100 ng/m?, and at CPS-2 in the range be-
tween 2000 to 3000 ng/m? and at Idrija Olimp
of up to about 70 ng/m?®. Concentrations of

Ce .y
10000 "
=
2 l
o 0 N2 —% o
£ oo £3 L _E
é i
= |1 B “
-= 1-1
1 -
0 g
0 (9= T
Li] 1raa 100K

L0nig. g 1 st e sy diy eeeghi

Figure 3. Correlation between mercury concentrations
in air and in transplanted lichens (H. physodes) after 6
month of exposure
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Hg in air in Idrija at Olimp was continu-
ously measured and it was in the range be-
tween 30 to 90 ng/m* with an average of 65
ng/m’, which is in excellent agreement with
predicted value from Figure 3 and serve as
the validation of the relationship previously
established. As the concentrations of Hg in
lichens significantly increased at CPS-2
during the last 6 months of exposure (from 5
to 12 months) the average concentration of
Hg during this period must have been much
higher, exceeding 10 000 ng/m?>.

Geochemical normalization with Sc and cal-
culation of enrichment factors is presented
in Figure 4, which confirms the increased
Hg concentration affected by anthropogenic
sources at MOLVE and Idrija..
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CONCLUSIONS

In conclusion, the results show that mercury
concentrations at the gas treatment and
pumping stations have been elevated only at
MOLVE while at other stations it has not
been increased significantly. At the Reactor
center in Ljubljana, mercury concentrations
in lichens remained the

same throughout the year in response to the
stable and low concentrations of Hg in the
air (average concentration in the air is be-
tween 2-3 ng. m?). In Idrija, where mercury
concentrations are significantly elevated in
the air due to mercury mining, mercury lev-
els in lichens significantly increased. The
results of this study again confirmed the suit-
ability of epyphitic lichens as biomonitors
of air pollution with Hg.

[
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Figure 4. Enrichment factors

Acknowledgements

This work was dome in the frame of the project
funded by Ina Naftaplin. Ms. Janja Smrke is
acknowledged for the preparation of lichens
and Ms. Vesna Jereb for her assistance dur-
ing transplantation phase. INA Naftaplin is
acknowledged for financial support.

RMZ-M&G 2004, 51



1612 PART 3 — ATMOSPHERIC

REFERENCES

Conti, M. E. anp CeccHeTTL, G. (2001): Biological  Jacimovic, R., Smobis, B., Bucar,T., STEGNAR, P.

monitoring: lichens as bioindicators of air pol- (2003): k,-NAA.quality assessment by anaylsis
lution assessment ,, a review; Environ. Poll., of different certified Reference >materials us-
vol. 114, pp. 471-492. ing the KAYZERO/SOLCOI software; J.
Horvat, M., JErAN, Z., SpPIRIC, Z., JaCIMOVIC, R., Radioanal. Nucl. Chem. 257(3), pp. 659-663.
Mikraveie, V. (2000).: Mercury and other ele-  Loppi, STEFaNo (2001): Environmental distribution of
ments in lichens near the INA Naftaplin gas mercury and other trace elements in the geo-
treatment plant, Molve, Croatia; J. Environ. thermal area of Bagnore (Mt. Amiata, Italy);
Monit., Vol. 2, pp. 139-144. Chemosphere 45(6-7), pp.991-995.

Horvar, M., LupSINA, V., PiHLAR, B. (1991): Determi-
nation of total mercury in coal fly ash by gold
amalgamation cols vapour atomic absorption
spectrometry; Anal. Chim. Acta, Vol. 243, pp.
71-179.

RMZ-M&G 2004, 51



7" INTERNATIONAL CONFERENCE ON MERCURY AS A GLOBAL POLLUTANT

1613

A preliminary study on total gaseous mercury exchange rate
between air and soil in Guiyang, China
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Abstract: The mercury exchange flux between air and soil surfaces was measured using
dynamic flux chamber method in Guiyang and its suburbs. At the same time, meteoro-
logical parameters such as air temperature, soil temperature, humidity, solar radiation,
wind direction and wind speed were recorded using a multi-function mini-weather sta-
tion. The results illustrate that both solar radiation and soil temperature significantly

correlate with Hg flux.

Key words: Guiyang; suburb; soil; air; mercury; exchange flux

INTRODUCTION

Mercury (Hg) is a specially highly toxic non-
essential heavy metal. It has been considered
as a global pollutant due to its ability to un-
dergo long distance transportation in the at-
mosphere. Thus, great attention has been paid
to the study of mercury behaviors in the en-
vironment internationally since the 1980s.
Mercury is emitted into the atmosphere by
both anthropogenic and natural sources.
Evaporation of mercury from soil is a large
atmospheric source!'l. But there are only a
few published flux data on air/soil exchange
of mercury in China® 3,

The province of Guizhou in Southwestern
China is currently one of the world’s most
important mercury production areas.
Guiyang city (E106°27°, 107°03°, N26°11°,
26°55) is situated in the central of Guizhou
province with the total area of 2406 km?.

RMZ-M&G 2004, 51

Study showed that total gaseous mercury
(TGM) concentration in the ambient air of
Guiyang is elevated compared to the global
background values™, but the atmospheric
emission sources are not well identified
though it is speculated that coal combustion
emissions are the primary source. In order
to evaluate the contribution of atmospheric
mercury from soil emission, we conducted
an intensive field study on air/soil exchange
of mercury in Guiyang city.

From May 21 to June 5, 2003, we measured
the Hg exchange flux between air and soil
surface using the method of Dynamic Flux
Chamber at four sampling site in Guiyang city
and its suburb as shown in Fig. 1. At the same
time, we recorded data of air temperature, rela-
tive humidity, intensity of solar radiation, wind
direction and wind speed using a multi-func-
tion mini- weather station. Soil samples in
study area were also collected.
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Figure 1. The locations of the sampling sites.

REsuLTS AND Di1scussioNn

The mercury concentration in soils at four
sampling sites are 0.146 mg kg'!, 0.215 mg
kg'!, 0.254 mg kg' and 0.627 mg kg, re-
spectively. It is obvious therefore that soils
in this area are contaminated with mercury
in some extent because the background mer-
cury concentration in soil is usually less than
0.1 mg kg'. Total gaseous mercury (TGM)

ISLE KN Wi

]

-]

Fex o m

concentrations in the ambient air is relatively
high compared to the global TGM back-
ground value (1.5-2.0 ng m™).

The mercury exchange rates at Institute of
Geochemistry and Yanlou site are higher than
that of Hongfeng Reservoir region in sum-
mer (27.4 ng m>h™")!. The mercury exchange
rates at Qingyanbao and Ganzhuang are how-
ever lower than that of Hongfeng Reservior
in summer. At four sampling sites, day depo-
sition of mercury from air to soil surface
occurred frequently. Mercury flux between
soil and air varied with time and the flux
reached peak at noon and then decreased to
the minimum before the sunrise.

It is widely accepted that mercury emitted
from soil is mainly Hg(0) and at most a small
portion of dimethyl mercury. Factors con-
trolled Hg(0) evaporates from soil is vari-
ous. Physical parameters, such as tempera-
ture, radiation or moisture, can promote the
production of volatile Hg species since they
induce or stimulate these chemical forma-

e lar redimtion | %p )

Figure 2. Relationship between mercury flux and solar radiation: A Yanlou, B Qingyanbao,
C Ganzhuang, D Institute of Geochemistry, Chinese Academy of Sciences.
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Figure 3. Relationship between mercury flux and soil temperature: A Yanlou, B Qingyanbao,
C Ganzhuang, D Institute of Geochemistry, Chinese Academy of Sciences.

tions. Thus, the correlations between mer-
cury flux and meteorological parameters are
very important.

Our data showed a good correlation between
mercury flux and solar radiation, soil tem-
perature as shown in Fig. 2 and Fig.3.

CONCLUSIONS

Mercury emissions from soil generally in-
crease during the day, peak around noon, and
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decline at night. There are significant corre-
lation between mercury flux and meteoro-
logical parameters. Solar radiation is most
important in controlling Hg flux at the 4 sam-
pling locations.
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Laser Induced Fluorescence Studies of Atmospheric Mercury
Cycling: Ultra-Sensitive Detection and Laboratory Kinetics
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Abstract: We have studied the reactions of Hg(0) with Cl and Br using photolysis of C1 and

Br, monitoring the decay of Cl and Br in an excess of Hg(0). Our results suggest that the
rate coefficients for reactions (1) and (2) are slower than 5x10" cm® molecule™! s at
200 Torr in N,.We have photolyzed HgCl, at 266 nm and directly monitored HgCl on
the A - *G transition. This is the first observation of this molecule using the laser
induced fluorescence technique. We have obtained LIF spectra of the (0-0) and (1-0)
bands. In addition we have obtained dispersed fluorescence spectra, pumping the (0-0)
and (1-0) bandheads. This demonstrates that we can use photofragment LIF to unam-
biguously monitor HgCl,. We have examined the use of sequential two photon laser
induced fluorescence (LIF) detection techniques for detection of gas phase Hg(0) and
Reactive Gaseous Mercury (RGM) using preconcentration in gold tubes and KCI de-

nuders.

Key words: mercury chemistry, chemical kinetics, photochemistry, spectroscopy

INTRODUCTION

A detailed understanding of the role of mer-
cury in the environment is a critical issue
from a human health perspective. Knowledge
of the rates and mechanisms of emission,
deposition and chemical transformation of
elemental mercury is essential in understand-
ing the cycling of mercury in aquatic and
terrestrial ecosystems. Until recently Hg(0)
was thought to be unreactive in the gas phase
under atmospheric conditions. Estimates of
its atmospheric lifetime were approximately
one year [ although it was noted that this
was highly uncertain. New measurements of
the rapid depletion of atmospheric mercury
in the arctic have demonstrated that, at least

under some circumstances, mercury can un-
dergo fast atmospheric cycling B4, These
depletion events correlate well with the
depletion of atmospheric ozone that appears
to be triggered by the photolysis of labile
halogen species released from the snow pack
after the arctic sunrise. The implications of
this for atmospheric mercury chemistry on a
global scale are unclear because the precise
mechanism of the arctic depletion events is
not known and very little data is available
for rate coefficients of Hg(0) with halogens.
The overall goals of our research program
are a series of measurements and technique
developments that will allow the chemical
reactivity, the atmospheric concentrations,
and the rates of emission and deposition of
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both elemental and reactive gaseous mercury,
to be better defined. In contrast to recent re-
ports of mercury kinetics which have used
relative rate techniques our laboratory stud-
ies are attempting the direct measurement of
the rate coefficients for the reactions of Hg(0)
with the hydroxyl radical, halogen atoms, X,
and halogen monoxides, XO, where X= Cl,
Br, I. We are attempting to study the kinetics
under conditions which will allow the pres-
sure and temperature dependence of the rate
coefficients to be determined. In addition,
when feasible, the reaction products and their
yields will be identified. In addition we are
investigating the use of laser based excita-
tion schemes for the rapid, ultrasensitive
detection of gas phase elemental mercury and
reactive gaseous mercury. We have exam-
ined the sensitivity of single and sequential
two photon laser induced fluorescence (LIF)
detection techniques for gas phase Hg(0)
under atmospheric conditions. These tech-
niques combine extremely high detection
sensitivity, selectivity and very fast time re-
sponse. Each approach involves an initial
laser excitation of the 6°P -6'S | transition at
253.7 nm. In the sequential two photon LIF
technique this is followed by excitation with
a second laser to either the 7'S  or 7°S, lev-
els. Either blue or red shifted laser induced
fluorescence is then monitored with a pho-
tomultiplier tube (PMT). In previous work
we have compared excitation schemes and
described the analytical application of the
most sensitive approach 5. In this work we
examine the use of this technique using a
compact laser system with presampling on
gold tubes and KCI denuders.

RMZ-M&G 2004, 51
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RESULTS AND DISCUSSION

Kinetics: Our kinetics studies are currently
focused on the reactions of Br, Cl with Hg(0).
Our technique uses laser photolysis to pro-
duce the radical of interest followed by de-
tection with a second laser using laser in-
duced fluorescence and its use to study the
reaction of OH with Hg(0) has been pub-
lished recently ©). We have studied the reac-
tions of Hg(0) with CI and Br using photoly-
sis of Cl, and Br, monitoring the decay of Cl
and Br in an excess of Hg(0).

Hg+ Cl+M -> HgCl + M (D)
Hg+ Br+ M -> HgBr+ M 2)

Despite the slow published rates for the re-
action of Hg(0) with Cl, and Br, we observed
an apparent rapid loss of Hg(0) in the pres-
ence of both halogens. We monitored the
absolute concentration of Hg(0) by photom-
etry measuring the attenuation of the
253.7 nm output of a low pressure mercury
lamp. To ensure that our absolute concentra-
tion measurements were accurate we cali-
brated the absorption measurements by si-
multaneously monitoring the Hg(0) concen-
tration with a Tekran 2537A after known di-
lution. We measured an effective absorption
cross section of @ = 1.26x10"* cm? mol-
ecule’!. To perform kinetics measurements
with Hg(0) in excess requires that we maxi-
mize the Hg(0) concentration. Because of the
complications from the reaction of Hg(0)
with halogens we used very low halogen con-
centrations and short mixing times. We moni-
tored Hg(0) before and after our reaction cell
and under these conditions loss of Hg(0)
never exceeded 15 %. We estimate that loss
between the initial absorption cell and the
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reaction zone is less than 5 %. We performed
measurements at 100 and 200 Torr in N,. We
saw no evidence for any reaction within the
precision of our measurements. To ensure
that our experimental approach was reason-
able we monitored the decay of Cl atoms in
a known concentration of C,H, and obtained
good agreement with the literature value for
this reaction. Our results suggest that the rate
coefficients for reactions (1) and (2) are
slower than 5x10'* cm® molecule” s at
200 Torr. We are currently monitoring the
decay of Hg(0) in an excess of Cl and Br
atoms monitoring both species by LIF.

Reaction Product Detection: In addition we
have photolyzed HgCl, and directly moni-
tored HgCl on the A, - I transition. This is
the first observation of this molecule using
the laser induced fluorescence technique. In
these experiments we pass helium over solid
HgCl, at room temperature. The gas mixture
is photolyzed at 266 nm and, after a short
delay the probe laser interrogates the pho-
tolysis volume. The photolysis laser is
scanned and the total undispersed fluores-
cence signal is monitored. Fig. 1 shows the
LIF spectrum of the *A_ - *" (1-0) band ob-
tained by scanning the probe laser between
248.8 and 249.8. It can be seen that we ob-

2.5+

2.0 Flg 1

LIF signal (arbitrary units)

0.5+

0.04

T T T J
249.2 249.4 249.6 249.8

wavelength (nm)

T
248.8 249.0

tain a scan of the vibrational band which
shows two, reproducible features but that
resolution of individual rotational features
is not possible.

We obtained a similar LIF spectrum of the
(0-0) band at 251.7 nm. To confirm our as-
signments we then monitored spectrally re-
solved fluorescence. In this experiment we
again generate the HgClI by photolysis how-
ever we now fix our probe laser wavelength
and monitor the dispersed fluorescence.
Fluorescence is dispersed using a 0.5 M spec-
trometer and monitored using 1024 element
intensified diode array. The dispersed fluo-
rescence signal, obtained by pumping the
band heads of the (1-0) and (0-0) bands,
shows vibrational progressions are seen in
each case corresponding to transitions from
the initially pumped *A,, (1 or 0) level to a
series of vibrational levels in the *I" ground
state. These results unambiguously demon-
strate the first observation of HgCl using LIF.
They show that it should be possible to both
monitor its production in Kinetics experi-
ments and to perform additional kinetics
studies to determine its fate. In addition this
shows we can use photofragment LIF to un-
ambiguously monitor HgCl,.

Ambient Detection of Hg(0) and Reactive
Gaseous Mercury (RGM)

We have attempted to quantify the factors
limiting detection sensitivity of Hg(0) and
RGM using a compact laser system in con-
junction with preconcentration on gold tubes
(Hg(0)) and KCI denuders (RGM). In this
work we sample Hg(0) onto a gold tube and
then thermally desorb the Hg(0) in argon
carrier gas. For RGM detection we sample
onto a KCI denuder and can thermally de-
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compose/desorb Hg(0) in argon carrier gas.
We can sample the Hg(0) directly or go
through the amalgamation step onto a gold
tube followed by a second desorption step.
We detect the Hg(0) by an initial laser exci-
tation of the of the 6°P-6'S  transition at
253.7 nm, followed by excitation of the
7'S,- 6°P, transition at 407.8 nm. Fluores-
cence is observed on the 6'P -6'S  transition
at 184.9 nm using a solar blind photomulti-
plier tube. Our initial results give a detec-
tion sensitivity in excess of 0.5 pg Hg(0).
However our detection sensitivity is limited
by our background Hg(0) blank, rather than
the LIF signal to noise ratio. We can directly
detect the Hg(0) desorbed from a KCI de-
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nuder after ambient sampling of RGM. We
see rapid decomposition/ desorption of Hg(0)
on a timescale of a few minutes suggesting
that a amalgamation step is not necessary.
Work to calibrate the KCI denuder signals is
progress.

Acknowledgements

This research has been supported by a grant
from the U.S. Environmental Protection
Agency’s Science to Achieve Results
(STAR) program. We would like to thank
Matt Landis, Bob Stevens and Tom Atkeson
for the loan of the Tekran 253 A and the gold
tubes and KCI denuders and for invaluable
advice on their use.

BIBAUER, D., Campuzano-Jost, P., Hynes AJ. (2002):
Rapid, ultra-sensitive detection of gas phase el-
emental mercury under atmospheric conditions
using sequential two-photon laser induced fluo-
rescence. J. Environ. Monitor. 4, 339-343

1 BAUER, D., D’OT1TONE, L., CAMPUZANO-JOST, P.,
Hynes, A.J. (2003): Gas phase elemental mer-
cury: a comparison of LIF detection techniques
and study of the kinetics of reaction with the
hydroxyl radical. J Photoch. Photobio. A 157,
247-256.



1620

PART 3 — ATMOSPHERIC

Modelling of mercury transboundary pollution in Europe

and its long-term trends

ILia ILyin

Meteorological Synthesizing Centre - East of EMEP

Abstract: According to UN-ECE Protocol, EMEP Programme has to provide European coun-

tries with information on depositions, concentrations and transboundary transport of
heavy metals, and, in particular, of mercury. To fulfill this task three-dimensional Eulerian-
type regional-scale model was developed. The aim of this work is to present main re-
sults of the model, with particular emphasis on evaluation of long-term (1990 - 2001)
trends of mercury atmospheric pollution in Europe. For the considered period deposi-
tions of mercury in Europe decreased about 1.5 times, but the rate of the reduction
differs from country to country. Rate of deposition decrease is less than rate of emission
reduction mainly because of inter-continental transport of mercury and the influence of
natural emissions and re-emission. Comparison of modelled results against measure-
ments showed that air concentrations were well reproduced by the model, and concen-
trations in precipitation were somewhat overestimated. The comparison also demon-

strates that long-term trends of pollution levels were captured by the model.

Key words: Modelling, long-range transport, trends, Europe.

INTRODUCTION

UN-ECE Protocol, aimed at control of heavy
metal atmospheric emissions, came into ef-
fect in 2003. According to the Protocol, one
of priority metals is mercury. Meteorologi-
cal Synthesizing Centre East (MSC-E) is
authorized by EMEP Programme to develop
a regional-scale model of atmospheric trans-
port, transformations and deposition of mer-
cury in order to estimate transboundary pol-
lution and its long-term trends in Europe. The
aim of this work is to present results of the
regional-scale numerical modelling of mer-
cury pollution. Main attention was paid to
evaluation of long-term trends of mercury
atmospheric pollution in Europe for 1990 —
2001, and verification of modelling results
by comparison with measurement data.

MODEL DESCRIPTION

The 3D Eulerian-type regional scale model
(MSCE-HM) is intended to simulate
transboundary transport, transformations and
deposition of heavy metals, and in particu-
lar, of mercury. It accounts for advection,
turbulent diffusion, chemical transformation
of mercury, wet and dry depositions, and in-
flow of a pollutant into the model through
the domain boundaries. Three mercury forms
are considered in the model: gaseous elemen-
tal mercury (GEM), total particulate mercury
(TPM) and reactive gaseous mercury
(RGM). The model domain is so called
EMEP region, including Europe, north of
Africa and north-western part of the Atlan-
tic. Calculations are carried out on stereo-
graphic projection with spatial resolution
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50 km at 60° latitude. Vertical structure of
the model consists of 5 non-uniform layers.
The model top is at height of about 4 km. All
details of the parameterisations can be found
in ILyIN ET AL. (2002).

Meteorological information for 1990-2001
is based on the data of NCEP/NCAR Re-
analysis project. Emission database consists
of emissions, officially submitted by Euro-
pean countries, and expert estimates. For
each country individual speciation between
RGM, TPM and GEM is used. For the entire
Europe, emission of GEM makes up 55 %,
TPM -15 % and RGM — 30 %. The model
includes also emission from natural sources
and re-emission (ILyiN ET AL., 2002). Total
re-emission from Europe is about 50 t/y, and
natural emission — about 170 t/y.

RESULTS AND DISCUSSION

Trends of mercury depositions and concen-
trations in Europe were evaluated for the
period from 1990 to 2001 (Fig. 1). For the
entire Europe, anthropogenic emissions, used
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Figure 1. Emission and deposition changes in Europe
for 1990 — 2001.
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in model, decreased from 420 to 195 t. Total
depositions decreased from 240 to 150 t (~1.5
times). The difference in rates of emission
and deposition reduction is explained by the
influence of sources located outside Europe
and by natural emission and re-emission.

In different parts of Europe rate of mercury
deposition decrease varied significantly. The
highest (3.5 — 1.5 times) reduction took place
in central and western parts of Europe — in
Germany, United Kingdom, Czech Republic,
and in some countries of southern or south-
eastern Europe, e.g., Bulgaria, Macedonia.
This is mainly connected with the reduction
of anthropogenic emissions in these countries.
Relatively low changes took place in south-
ern part of Europe, e.g. Spain, Portugal,
Greece, and in the Nordic countries. In the
southern part little deposition decrease is
mainly connected with relatively low rate of
emission reduction (1 — 1.5 times). In the
northern part of Europe emissions of mercury
decreased significantly, but reduction of depo-
sitions was not as high as that of emissions
because of predominating role of global at-
mospheric transport of mercury.

100 Global, natuarl, re-emission
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Figure 2. Contributions of global, natural, re-emis-
sion and direct anthropogenic sources to deposition in
various regions of Europe: N — northern, E-eastern, S
— southern, SE — south-eastern, W — western, SW —
south-sestern, C- central.
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The role of global, natural emission and re-
emission is the highest for the northern part
of Europe (Fig. 2). Contribution to deposi-
tions of mercury, emitted by European anthro-
pogenic sources does not exceed 10 %. The
highest contribution was obtained for central
Europe, followed by western/south-western
and eastern/south-eastern regions. This con-
nected with relatively high anthropogenic
emissions in these regions. Significant role
of global sources in regional-scale pollution
implies that mercury atmospheric transport
should be evaluated not only on regional, but
also on hemispherical/global scales.

Verification of the model included compari-
son of modelling results with measurement
data. Currently information on mercury con-
centrations in air or/and in precipitation is
available from 15 monitoring stations.
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The model tends to overestimate measured
concentrations in precipitation approxi-
mately 1.5 times on average. Possible rea-
sons for this can be uncertainties of the model
parameterisations, or too high fraction of
TMP and RGM in the emissions. Compari-
son for total gaseous mercury (TGM) con-
centrations does not show large scatter of the
results. Measured TGM concentrations
ranged from 1.1 to 2.0 ng/m? for period 1990
— 2001, and modelled concentrations at the
same stations — from 1.5 to 1.9 ng/m*. For
most stations, discrepancy between model
and measurements is within 30 %.

Two stations measuring mercury in precipi-
tation and one - in air have long time series
long enough for trend analysis. In figure 3
seasonal mean modelled concentrations in
precipitation are compared with measured
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Figure 3. Modelled versus observed seasonal-mean concentrations of Hg in precipitation at
station Rorvik, Sweden (a) and Westerland, Germany (b).

Table 1. Statistical parameters for comparison of modelled concentrations in precipitation with measurements

at stations Rérvik and Westerland

Station Correlation | Factor 2 Slope of linear trend Slope of linear trend
(obs) (mod)

Rorvik 0.63 90 % -0.19 -0.14

Westerland* 0.43 70 % -0.43 -0.28

* Observed values for 1990 and 1992 were ignored
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values at station Rorvik (Sweden, 57°25°N,
11°56°E) and Westerland (Germany,
54°55°N, 8°18’E). Statistical parameters of
the comparison are summarised in table 1.
Long-term modelled concentrations in pre-
cipitation agree relatively well with those
observed at Rorvik (Fig. 3a). About 90 % of
modelled/measured values do not differ more
that twice. Correlation is 0.63. High discrep-
ancies between model and measurements for
station Westerland are indicated for 1990 and
1992 (Fig 3b). However, measured values
for these years seem to be very low com-
pared to data for other years. As these data
are most probably erroneous, they were ig-
nored when analysing trends. About 70 % of
values fall within factor of 2 and the correla-
tion is 0.62. Slopes of linear trend approxi-
mation indicate, that both model and mea-
surements demonstrate long-term decline of
mercury concentrations in precipitation.

Comparison of modelled long-term TGM
concentrations against measured values was
performed only for station Zeppelinfjell
(Norway, 78°54’N, 11°53’E). Relative bias
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for each year does not exceed 20 %, with
only exception for 1997. Correlation coef-
ficient is about 0.5, when annual mean val-
ues are compared.

CONCLUSIONS

Long-term trends of mercury levels of atmo-
spheric pollution were evaluated. For the
period 1990 — 2001 emissions of mercury
decreased about twice, and depositions —
about 1.5 times. The rate of deposition re-
duction in different regions of Europe varies
significantly. The role of global mercury
transport and natural emissions is very im-
portant for pollution of Europe, and can ex-
ceed 90 % in some regions of Europe. For
more correct evaluation of this role global
or hemispherical models are needed. Model
shows good agreement with measurements
for TGM, and some overestimation of mea-
sured concentrations in precipitation. Long-
term trends of TGM and concentrations in
precipitation were well captured by the
model.
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Transport and chemical processing of mercury during
long-range transport in the Pacific

DaN JAFrE, Eric PRESTBO, PETER WEISS & PHIL SWARTZENDRUBER

Abstract: Budget studies in the northwestern U.S. have identified global mercury sources as
a significant contributor to regional mercury burdens. This is consistent with our previ-
ous observations, which show that ozone, CO and aerosols are frequently transported to
the U.S. from sources on the Eurasian continent via the prevailing westerly winds. For
this reason we initiated a project to examine the inflow of mercury to the western U.S.
Key factors associated with this flux are the large mercury emissions associated with
coal use in East Asia and the substantial modulating effects of the Pacific Ocean.

We have now made more than one year of observations of Hg(0), RGM and PHg at the
Cheeka Peak Observatory, a surface site on the western tip of Washington state. These
observations have led to some rather surprising findings on the rapid cycling of Hg in
both marine and continentally influenced air. In air with signatures of recent urban pol-
lution, we generally find Hg(0) concentrations that are lower then the background, pre-
sumably due to rapid loss with some component of urban air, possibly ozone or aero-
sols. In marine air, we find a significant diurnal cycle for Hg(0) during summer, consis-
tent with a photochemically driven removal process over the oceans.

Regarding the possible influence from Asian emissions on mercury at the Cheeka Peak
Observatory, based on Asian emissions we would expect an Hg(0) enhancement of about
0.1 ng/m? for a 20 ppbv enhancement in CO. Since we started our Hg observations we
have observed 3 long-range transport events at Cheeka Peak. In these 3 events Hg(0)
concentrations are -0.09, 0.03 +0.08 ng/m* above, or in one case below, the marine
background. This leads us to believe that the ocean is playing a significant modulating
effect on the Hg(0) concentrations we observe.

In addition to the surface observations at Cheeka Peak, we are now coupling these with
vertical profiles of Hg(0) and related species. This is based on our understanding of
other pollutants (e.g. CO, aerosols), where the flux to North America from long-range
transport is greatest in the free troposphere. Finally, during the spring of 2004 we are
planning a campaign on the Japanese Island of Okinawa, which will allow us to quantify
the outflow flux of Hg from, presumably, large sources in East Asia.

In addition to the observations, we are using the GEOS-CHEM global transport model
to help integrate and understand these observations. We have previously used the GEOS-
CHEM model to understand the budgets and cycling of ozone and related species in the
North Pacific atmosphere. Mercury emissions, chemistry and deposition have been
integrated into the model and we are now using it to interpret the observations and to
identify key gaps in our understanding. In this presentation we will give an overview of
these results and attempt to tie them together into a unified picture of the atmospheric
fate and transport of Hg in the North Pacific with an emphasis on what we know and
what we don’t.

Key words: Pacific, long-range transport, Asia
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Exchange of Mercury between the Atmosphere
and Snowpack in Western Hudson Bay:
Cycles of Oxidation and Reduction

JANE L. Kirk & VINCENT L. St.Louis

University of Alberta, Edmonton, Alberta, Canada;
E-mails: jkirk@ualberta.ca; vince.stlouis@ualberta.ca

Abstract: Wildlife in the western Hudson Bay ecoregion are showing signs of mercury (Hg)
contamination. In the spring of 2003 we conducted snow surveys over western Hudson
Bay to: 1) determine if atmospheric Hg depletion events are occurring in this sub Arctic
region, and 2) determine the fate of deposited Hg(II) in snowpacks. We found that al-
though extremely large quantities of Hg(II) were repeatedly deposited into snowpacks,
this Hg(II) was quickly reduced to gaseous elemental Hg(0) and reemitted back to the
atmosphere. Therefore, despite numerous springtime atmospheric Hg depletion events
occurring in the region, only a very small fraction of the Hg(II) deposited from the
atmosphere enters western Hudson Bay in snowmelt.

Key words: Sub Arctic, Hudson Bay, atmospheric Hg depletion events, snow/snowmelt,

Hg(II), gaseous Hg(0)

INTRODUCTION

High levels of methyl mercury (the neuro-
toxin that bioaccumulates through foodwebs)
have been found in marine mammals and
fishes of many regions of the high and sub
Arctic!'l. In the western Hudson Bay
ecoregion, concentrations of Hg in the liv-
ers of beluga whales and ring seals are some
of'the highest in the Canadian north, and have
increased up to tenfold over the past 15-20
years!'l. In the high Arctic, atmospheric Hg
depletion events have been implicated as the
source of elevated Hg(II) concentrations
(sometimes exceeding 100 ng/L) found in the
surface of snowpacks, and a potential gross
loading of 50 T of Hg(Il) to the Canadian
archipelago each year>?]. It has been hypoth-
esized that the Hg deposited to snowpacks
during atmospheric Hg depletion events en-
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ters marine ecosystems as a large pulse of
bioavailable Hg(IT) at snowmelt?®]. However,
others have shown that Hg(II) in snowpacks
can be reduced by photo-initiated reactions
to gaseous elemental Hg(0) and lost back to
the atmosphere!**. This “re-emission” of Hg
to the atmosphere influences the residence
time of Hg in snowpacks, and therefore net
Hg deposition to the biosphere.

We conducted snow surveys over western
Hudson Bay in the spring of 2003 to: 1) de-
termine if atmospheric Hg depletion events
are occurring along the western coast of
Hudson Bay, and 2) determine the short and
long-term fate of deposited Hg(Il) in snow-
packs. We sampled concentrations of total
Hg (THg, all forms of Hg) in surface snow,
as well as gaseous elemental Hg(0) concen-
trations in the interstitial airspaces of the



1626

PART 3 — ATMOSPHERIC

snowpack, every day between 15 April —
15 May 2003 at sites 1 km over the sea ice in
the region of Churchill, Manitoba.

REsuLTS AND DiscussioNn

During our field campaign, we observed ap-
proximately four periods when concentra-
tions of THg in surface snow were elevated
well above background concentrations of
~5ng/L. In each case, concentrations of THg
in surface snow reached at least 100 ng/L,
and in one case, THg concentrations peaked
at over 650 ng/L. These concentrations were
much higher than those previously found in
snow following atmospheric Hg depletion
events in the high Arctic at Alert, Nunavut
(e.g., 20-50 ng/L) or along the east coast of
Hudson Bay in Kuujjuarkapik, Quebec
(80 ng/L) where atmospheric Hg depletion
events have also been detected.

A few days following each period when con-
centrations of THg spiked in surface snow,
however, the majority of the deposited THg
disappeared from the snowpack. During Hg
“deposition” events, concentrations of gas-
eous elemental Hg(0) in air in the surface
layers of snowpacks began to increase above
atmospheric levels of ~1.7 ng/m®. As con-
centrations of THg in the surface snow then
decreased, concentrations of gaseous el-
emental Hg(0) in the interstitial airspaces of
the upper layers of the snowpack increased

sharply to between 60 and 160 ng/m? before
returning to background concentrations of
~1.7 ng/m* within a day or two. These ob-
servations suggest that there was a rapid re-
duction of the deposited Hg(Il) to Hg(0),
which then diffused out of the snowpack. At
snow melt, concentrations of THg in melt
water ponds were around 3.5 ng/L indicat-
ing that only a small fraction of the Hg de-
posited from the atmosphere enters western
Hudson Bay in snowmelt despite numerous
springtime atmospheric Hg depletion events.

CONCLUSIONS

This study shows that although an large quan-
tity of Hg(II) does repeatedly get deposited
into snowpacks over the western Hudson Bay
region during atmospheric Hg depletion
events, almost all of the Hg(II) is subse-
quently reduced to Hg(0) and lost back to
the atmosphere. Our results show that even
in coastal sub Arctic ecoregions, Hg is in-
volved in complex cycles of oxidation and
reduction, with the end result of little Hg(II)
actually entering marine ecosystems at snow-
melt.
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Long-term trends and seasonal variations of atmospheric
mercury concentrations at Mace Head, Ireland and Zingst,
Germany

Kock H. H.!, Bieer E.2, EBINGHAUS R.!, SPAIN T. G.> AND THEES B.?

IGKSS Research Centre Geesthacht, Institute for Coastal Research, 21502 Geesthacht, Germany
Federal Environmental Agency (UBA), Paul-Ehrlich-Str.29, 63225 Langen, Germany
*National University of Ireland, Department of Experimental Physics, Galway, Ireland

Abstract: Monitoring of total gaseous mercury (TGM) concentrations has been carried out
at Mace Head on the west coast of Ireland and at Zingst on the southern shore-line of the
Baltic Sea. Between 1998 and 2003 average TGM-concentrations measured at Mace
Head and Zingst remained fairly stable. At both stations we measured higher TGM
levels during winter months and lower concentrations during summer months. We ob-
served an unexpected west to east gradient seen between Mace Head and Zingst and
found that the averaged Mace Head TGM-concentrations are higher than those of Zingst.

Key words: mercury in ambient air, long-term trends, spatial distribution, seasonal variations.

INTRODUCTION

In the past ten years automated high time-
resolution measurements of mercury species
in ambient air have promoted remarkable
progress in the understanding of the behav-
ior of this priority pollutant in the lower tro-
posphere. We used the continuous measure-
ments to assess the long-term trends and the
seasonal variations of TGM concentrations
from the monitoring stations at Mace Head
and Zingst during the same time period.

Mace Head is the most westerly atmospheric
research station in Europe and is operated
by the Atmospheric Science Research Group
at the National University of Ireland, Galway.
The climate at Mace Head may be classified
as maritime. There is no industrial or agri-
cultural activity, which would influence mea-
surements at the station. The shoreline of the

Atlantic is only 50 m apart. The German sam-
pling site Zingst is a monitoring station of
the German Environmental Protection
Agency (UBA). The Facility is located east
of the seaside resort Zingst at a distance of
about 500 m from the southern shore-line of
the Baltic Sea and is surrounded by agricul-
tural land.

The continuous measurements of total gas-
eous mercury concentrations were carried out
with Tekran 2537A mercury vapor analyz-
ers. For quality assurance, the analyzer at
Mace Head was calibrated every 25 h with
the internal automatic permeation source in-
jection. At Zingst automated standard addi-
tions had been carried out every 12 h to cor-
rect the Tekran readings. The accuracy of the
measurements was verified by manual injec-
tions of saturated air with a gas tight syringe
at defined temperatures. At the Zingst site,
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the air sample inlet was installed on the roof
of the monitoring station and thus the air in-
take was at a height of approximately 4 m
above ground (grass- and pine-covered field),
while at the Mace Head station the air intake
was located on a sampling tower at about
5 m above ground (covered with grass and
rocks).

REsuLTS AND Di1scussioNn

Between 1998 and 2003 average TGM-con-
centrations measured at Mace Head
(1.73 ng m?) and Zingst (1.65 ng m) re-
mained fairly stable and clearly reflect north-
ern hemispheric background values. As can
be seen from Fig.1, no significant trends in
the concentration levels have been detected
during the measurement period. Compared
with the Mace Head site the TGM pattern at
Zingst shows an increased variability. Prob-
ably, the TGM peaks observed in Zingst are
caused by plumes of regional point sources.
The comparison of the frequency distribu-
tions supports the assumption of local dif-
fuse emissions at Zingst during wintertime.
A comparatively broad shape with a clearly
evident positive skewness characterizes the
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wintertime distribution. The frequency dis-
tribution of the summertime measurements
shows a more normal Gaussian shape.

Monthly averages for the individual months
have been used to evaluate seasonal variations
in the TGM levels. Every year in the summer-
time we see a decrease in the TGM levels. At
Zingst the autumn and winter months show
higher TGM concentrations (1.75 ng m?) com-
pared with the spring and summer months
(1.55 ng m?). At Mace Head we measured
higher TGM levels during winter and spring
months (1.8 ng m?) and lower concentrations
during summer and autumn months (1.6 —
1.7 ng m?). The seasonal variation with sum-
mer minimum is characteristic of the major-
ity of trace gases, which are removed from
the atmosphere by oxidation processes (SLEMR
AND ScHEEL, 1998). The major oxidation spe-
cies in the troposphere is the OH radical which
has a pronounced seasonal cycle at middle
and higher latitudes. Higher OH concentra-
tions in summer lead to faster removal by
oxidation to more soluble species and to a
summer minimum in pollutant concentra-
tions. The seasonal variability of the averaged
TGM monthly means at Zingst and Mace
Head is shown in Fig.2.
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Figure 1. TGM-concentrations measured at Zingst and Mace Head (1998 — 2003)
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Figure 2. Seasonal variability of the averaged TGM monthly means

We observed an unexpected west to east gra-
dient seen between Mace Head and Zingst
and found that the monthly averaged Mace
Head data are about 0.08 ng m™ higher than
those of Zingst. From February to May the
Mace Head TGM results are significantly
elevated compared to the Zingst values. The
reason for the observed west-to east decreas-
ing TGM gradient from Mace Head to Zingst
is not yet clear, but may partly be explained
by increased mercury emissions to the atmo-
sphere in the marine boundary layer at the
west coast of Ireland during springtime.
Natural processes with volatilization of mer-
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cury and gas exchange between the surface
water and the atmosphere is considered the
major mechanisms driving mercury from
marine aquatic environments to the air.

Dissolved gaseous mercury (DGM) measure-
ments were performed in coastal Atlantic sea-
water (GARDFELDT ET AL., 2003) during Sep-
tember 1999 at the Mace Head Atmospheric
Research Station. The predicted average mer-
cury evasion from the coastal Atlantic water
was 2.7 ng m? h'! implying that the concen-
tration of TGM in the Atlantic air is enhanced
by mercury evasion from the sea.
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Figure 3. Comparisons of TGM concentrations with N-S-wind-component and dewpoint

measured at Zingst
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A statistical evaluation, using the time series
analysis shows a clear difference in time pe-
riodicity of the Zingst and Mace Head TGM
data. Examination of the Mace Head data
shows that the remote site in Ireland indicates
asignificant periodicity of 1 day during spring
and summertime. The remarkable diurnal
periodicity of the TGM concentration sup-
ports the assumption of local diffuse emis-
sions of TGM. Mercury containing air masses
originating from medium or long-range trans-
port should not show such a stable 24 h fre-
quency as the observed peak events. Since
no local anthropogenic sources exist near the
Mace Head station, enhanced emission from
the sea appears to provide the most probable
explanation for the observed differences. The
diurnal trend in mercury evasions from the
Atlantic water surface therefore seems very
reasonable. In this examples of about 6 win-
ter and summer month, periods of 6 days and
18 days were detected at Zingst. It is thought
that the 6- and 18-day periods can be ad-
dressed to a weather cycle. Comparisons of
the variations in atmospheric mercury con-
centrations measured at Zingst were made
with several meteorological parameters (wind
direction, wind speed and dewpoint) (Fig.3).
The short-term variations in the TGM-con-
centration series refers to the periodicity at
which weather systems pass through a given
area. Over Northern Europe this occurs at
roughly 6- and 18-days increments.
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CONCLUSIONS

Between 1998 and 2003 average TGM-con-
centrations measured at Mace Head and
Zingst remained fairly stable and clearly re-
flect northern hemispheric background val-
ues. No significant trends in the concentra-
tion levels have been detected during the
measurement period.

At Mace Head and Zingst we measured
higher TGM levels during winter months and
lower concentrations during summer months.

We observed an unexpected west to east gra-
dient seen between Mace Head and Zingst
and found that the averaged Mace Head
TGM-concentrations are higher than those
of Zingst. Since no local anthropogenic
sources exist near the Mace Head station,
enhanced emission from the sea appears to
provide the most probable explanation for
the observed differences.

Comparisons of the variations in atmospheric
mercury concentrations measured at Zingst
were made with several meteorological pa-
rameters. The short-term variations in the
TGM-concentration series refers to the peri-
odicity at which weather systems pass
through this area.
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Vol. 37, pp. 73-84.
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Estimation of Mercury Emissions Due to Combustion
of Fossil Fuels in Slovenia

JozEe KoTNIK, MILENA HORVAT
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Abstract: Combustion of fossil fuels is most important anthropogenic source of Hg to in the
global atmosphere. Most important industrial Hg sources in republic of Slovenia are
fossil fuels burning thermal power plants (TPP Sotanj, TPP Ljubljana, TPP Trbovlje).
Mass balance calculations for TPP Sostanj showed that between 300 to 400 kg of Hg is
released to the atmosphere yearly. Total Hg emissions from Slovenian power plants are
estimated to be around 450 kg yearly. Small industry and private houses contribute only
7 % of that amount. Hg emissions due to oil and gasoline consumption are much lover,

estimated to be only 2.7 kg yearly.

Key words: power plants, Hg emissions, fossil fuel combustion

INTRODUCTION

Fossil fuels combustion is the greatest source
of anthropogenic emissions of mercury into
the environment. Present-day worldwide fos-
sil fuel combustion was estimated to produce
emissions of Hg of about 0.7-3.8x10° ton/yr
(NRIAGU AND PAcyNa, 1988; Pacyna, 1996).
Most important source are thermal power
plants that combust coal, liquid or gaseous
fossil fuels. ). Due to high combustion tem-
peratures mercury become volatile and it is
emitted into the atmosphere via flue gases.
Mercury that is released from power plants
can be in different oxidation states (i.e., el-
emental (Hg") or oxidized (Hg?")). The pro-
portion between them depends upon coal type
and composition, combustion and flue gas
conditions, and flue gas cleaning technologies.
This has significance for several reasons. The
chemical form of the Hg may affect the de-
gree of its removal, as well as its atmospheric
fate, health effects and risk assessment.

In the atmosphere Hg undergoes various
physical and chemical transformations, and
finally is removed from the air by wet or dry
deposition. After it is deposited into aquatic
environment Hg undergoes transformations
such as: methylation, demethylation, reduc-
tion, oxidation, diffusion, settling and burial,
evaporation, etc.

In Slovenia there are four important thermal
power plants Power Plant Sostanj (775 MW,
Power Plant Trbovlje (125 MW), Power
Plant Ljubljana (175 MW) and Power Plant
Brestanica (228 MW). First three power
plants use lignite or brown coal for electric-
ity or heat production. PP Brestanica use
natural gas or oil as a fuel.

Fossil fuel combustion in individual heating

systems and in small industry contribute
smaller part of total Hg emissions.
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RESULTS AND DISCUSSION

According to data from International Energetic
Agency (1996), the majority of coal in
Slovenia is burned in power plants, mostly lig-
nite from Velenje coal mine (4,340,000 t/y)
following by brown coal (1,540,000). After
closure of Zasavje coal mines most brown coal
is imported. Only 17,000 t of black coal
is burned yearly in Slovenia, mostly by
industry.

Sostanj power plant is the biggest energetic
system in Slovenia, which produce more that
one third of Slovenian electricity. It uses lig-
nite from near mine in Velenje. Average Hg
content in burnt lignite is 82 — 99 ng/g (dry
weight) (KOTNIK ET AL., 2000). Mass balance
calculations showed that it emitted into en-
vironment about 356 kg Hg yearly. From that
amount 42 kg Hg are deposited on fly ash
landfill. About 314 kg of Hg is emitted into
the atmosphere by flue gases. Most emitted
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Hg is in elemental form (80 %), and the
remaing is divalent mercury.

Power Plants Trbovlje and Ljubljana use
brown coal from different coal mines in the
world. Average Hg content in brown coal is
53 ng/g (BAKER, 1994). Both power plants
burn up about 1,540,000 tones of coal. Tak-
ing into account, that more than 90 % of Hg
is emitted into the atmosphere, yearly Hg
emission to atmosphere would be 73 kg.
From that amount Trbovlje Power Plant con-
tributes 30.4 kg Hg yearly and Ljubljana
Power Plant about 42.6 kg Hg per year. The
data about natural gas consumption in
Brestanica Power Plant were not available,
but from data given by CHU AND PORCELLA
(1995) we assumed that yearly emission is
less than 10 kg of Hg per year. Locations
and yearly emissions from Slovenian power
plants are presented on Figure 1. Due to coal
combustion Hg emissions in Slovenia are
around 416 kg. Slovenian emissions due to
coal combustion are shown in Table 1.
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Figure 1. Slovenian thermal power plants and yearly emissions of Hg.
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Table 1. Yearly Hg emissions due to coal combustion in Slovenia (in kg/year).

Lignite Brown coal Black coal Total
Consumption Emission  |(Consumption [Emission Consumption/Emission  |Emission
(<1000 ton) |(kg Hg/y) |(x1000 ton) |(kgHg/y) |((x1000 ton) |(kg Hg/y) |(kg Hgly)
Thermal |, 332 1129 53.9 0 0 386
power plants
Industry |66 53 57 2.7 17 1,3 9.3
Households (179 14.5 142 6.8 0 0 21.3
Total 4340 351.5 1328 63.3 17 1,3 416

Similar calculations as for coal have been
also done for oil and its products. In calcula-
tions data from CHU AND PORCELLA (1995)
and LiaN ET AL. (1996) have been applied.
For oil they obtained average Hg content
between 2 and 8 ng/g and for natural gas
20 ng Hg/m? or 0,56 ng Hg/MJ. LIAN ET AL.
(1996) reports average Hg content in gaso-
line bought in Slovenia to be 1,2 ng/g. We
assumed that 100 % of Hg is emitted to
atmosphere.

Most Hg emissions from oil derivates have
been found to be due to combustion of petro-
leum spirit in small Power plants. The yearly
Hg emissions do not exceed 1,2 kg Hg. Trans-
portation contribute another 1,4 kg of Hg
mostly combusted in gasoline engines (64 %).
Total Slovenian emissions from oil and its
derivates consumption was estimated to be
around 2,7 kg/Hg per year. Atmospheric Hg
emissions due to oil and its derivates com-
bustion in Slovenia are shown in table 2.

Table 2. Hg emissions to atmosphere due to oil and its derivates consumption in Slovenia (in kg Hg/year).

Oil Petroleum spirit Gasoline Total

Consumption [Emission |Consumption [Emission (Consumption Emission [Emission

(x1000 ton) |(kg Hg/y) |(x1000 ton) |(kg Hg/y)|(*x1000 ton) |(kg Hg/y) |(kg Hg/y)
Sp‘;‘j‘v';rﬂ[‘)‘;;?t:lN/A 155 0.2 0.2
Industry [N/A 184 0.3 0.3
Transport (353 0.5 N/A 765 0.9 1.4
Households |56 0.1 446 0.7 0.8
Total 409 0.6 785 1.2 765 0.9 2.7

CONCLUSIONS coal. Most Hg is released by three thermal

Slovenian contribution of mercury to the glo-
bal atmosphere due to fossil fuel combus-
tion is les than 0.02 % (approximately 420
kg) (of which 99 % of Hg originates from

power plants (386 kg of Hg) that use lignite
or brown coal as a source of thermal energy.
Households and other industries represent
minor source of Hg to the total Slovenian
Hg emissions. References
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Study of Atmospheric Gaseous Mercury in Taiwan
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Abstract: The first attempt to systematically investigate the atmospheric mercury over the
territory of Taiwan has been undertaken. Six sampling sites were selected in localities,
which can be characterized as suburban, industrial-rural and rural, within the Northern
part of Taiwan. The sites were monitored for TGM alternately from September 2003
until April 2004, by using a portable automated mercury analyzer Model Gardis-3. The
results have shown rather high atmospheric TGM levels (up to 30 ng/m3 at rural sites
and up to 80 ng/m3 at the suburban site) which may indicate the presence of consider-
ably strong point and area mercury sources which origin still has to be detected more

precisely.

Key words: atmospheric, mercury, TGM, pollution, emission.

INTRODUCTION

Taiwan is an island about 160 km southeast
from mainland China. Contemporary Taiwan
is a heavily industrialized country with still
many agricultural activities. It can be ex-
pected that a huge amount of different toxic
pollutants, including mercury, may be emit-
ted into the environment from numerous in-

Figure 1. Northern part of Taiwan and the sampling sites.

dustrial facilities. According to our knowl-
edge, gaseous mercury was not yet system-
atically investigated in the atmosphere of
Taiwan, therefore the intention of our pilot
study was to fill in this gap.

RESULTS AND DISCUSSION

Total six sampling locations in the Northern
Taiwan were selected for the current study. One
of them was selected in a suburban region of
Taipei city, at the Tung-Nan Institute of Tech-
nology (TNIT, see Figure 1), and five others
were located close to each other in a lowland
mainly used for agriculture activities, which
corresponded to the territory of local EPA
branch of Taiwan, called Hsin-Chu EPB. The
alternately monitored five EPB sites TGM re-
sults did not show significant differences among
each other, therefore in this short paper we
present the results from all of them altogether.

RMZ-M&G 2004, 51



7" INTERNATIONAL CONFERENCE ON MERCURY AS A GLOBAL POLLUTANT

— TGM, ng/m3
-= Rain, daily, mm
— Air temp. T 30

1-Oct-03

1-Nov-03

2-Dec-03 2-Jan-04 2-Feb-04 4-Mar-04

Figure 2. Time series atmospheric TGM concentra-
tion, rain events and air temperature at EPB, October
2003 to March 2004.

It is important to note that relief of Taiwan is
highly variable, considerable part of the ter-
ritory being covered with mountains. Al-
though the EPB region is only about 100 ki-
lometers from the TNIT, due to different re-
lief features the weather statistics is dramati-
cally different. The examples are different
wind roses (NE strongly dominated at EPB
and E strongly dominated at TNIT) and dif-
ferent precipitation time series. While the
rain events were distributed more or less
evenly in time from October 2003 until April
2004 at TNIT, the EPB region experienced
almost completely dry months from Octo-
ber to December, and heavy showers from
mid January to mid February (see Figure 2).

From the very beginning of the sampling
campaign, October 2003, all the EPB sites
showed surprisingly regular and strongly
expressed atmospheric TGM diurnal vari-
ability patterns with the TGM maximum
peaks around the midday (see Figure3),
whereas dependence on the wind direction
was not as significant. The TGM peak val-
ues exceeded background values for more
than 5 times, and approached as much as
25 ng/m’ concentration.
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Figure 3. Time series Atmospheric TGM concentra-
tion, UV index, wind speed and air temperature. Mer-
cury sampled at different EPB sites is shown in appro-
priate colors.

Vice versa, at the TNIT, diurnal variability
was not as clearly expressed as at EPB but
the TGM obviously depended on the wind
direction which could be readily attributed
to the Mu- Cha incinerator located at about
2 km distance North-West direction
(315 degrees) from the TNIT. Only very epi-
sodically, and only during good atmospheric
mixing conditions (midday) wind was avail-
able from 315 degrees direction at the TNIT
site, which still enabled to detect the peak
TGM values of as high as 80 ng/m’. It can
easily be assumed that, at the downwind
direction from the incinerator, and during low
atmospheric mixing conditions, the TGM
concentrations could be found even much
higher and probably exceeding the permis-
sible levels (300 ng/m3). It is important to
note that, downwind from the incinerator, the
Taipei city itself is located.

The strongly expressed diurnal TGM vari-
ability and high midday TGM values (up to
30 ng/m3 Hg at EPB) and peak values at
TNIT were somewhat record-breaking if we
compare them to similar studies carried out
in neighboring countries such as China, Ko-
rea, and Japan: Kim anp Kim (2002), Kim aND
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Figure 4. Diurnal variability of TGM concentration
and air temperature at the EPB, October 2003.

Kmv (2000), Nakacawa (1995), Kim ET AL.
(2002). Only at the industrial Beijing cen-
tral site the peak TGM values in the atmo-
sphere were found comparable to Taiwan
suburban TNIT: Liu ET AL. (2002); and only
China Guiyang city (Guizhou province)
sometimes showed the daily TGM peaks
comparable to Taiwan mainly agricultural
region EPB.

It should be noted however, that the China
Guiyang city is known as one of the most
polluted cities in China, whereas the prov-
ince Guizhou is famous for accounting 70
% of China cinnabar deposits and mercury
production for over 600 years. Whereas, our
knowledge, the EPB region does not con-
tain cinnabar deposits, and mercury was
never produced there. Therefore, the reason
for such high TGM concentration values in
the air still has to be detected.

We hypothesize that the midday TGM peaks
at the EPB were caused by the Hg re-emis-

180

Figure 5. Mean TGM concentration versus air direc-
tion at the TNIT, September 2003 — April 2004.

sion from the polluted background soil sur-
faces. Pretty good correlation with the diur-
nal variability of ambient air temperature
(Figure 4) is likely to confirm that hypoth-
esis. On a longer time scale, the midday TGM
peaks seemed to be also directly dependant
on temperature, decreasing following the
mean daily air temperature decrease from
October to December, 2003. Still, although
the air temperature tended to come back to
higher levels again in February, 2004, TGM
concentration remained to be low. This can
be explained by high humidity of soil after
the January-February showers (see Figure 2)
In accordance with the emission from the
background soils modeling by ScHOLTZ ET AL.
(2003), Hg emission from the background
soil is negatively correlated with the soil
humidity. In order to point out the Hg source
at the EPB region precisely, and in order to
evaluate the Hg exchange rate, micrometeo-
rological study is required and therefore it is
planned to do in the next future.
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CONCLUSIONS

Preliminary results show that a number of
considerably strong, both point and surface
Hg sources, representing both anthropogenic
emission and re-emission from the back-
ground soil surfaces, may exist in Taiwan.
Somewhat more extended study (to include
more sampling sites and more prolonged
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observation time, desirable simultaneous
measurements at different sites), and some
additional experiments (e.g. micrometeoro-
logical study) is required to characterize
these Hg sources more precisely.
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Net accumulation of mercury in Arctic snow
during springtime
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Abstract: Total gaseous mercury was measured simultaneously at 150 and 10 cm above the
snow to determine the concentration gradient and thus infer transport of mercury from
the atmosphere to the snow or volatilization from snow to the atmosphere. Experiments
were conducted from 7 May (day 127) to 12 June (day 163) 2003 near Resolute Bay,
Cornwallis Island, Nunavut, Canada at 74° 42°N, 94° 58’ W. Additional losses from the
snow due to snow-melt in the springtime were found to be significant. Methyl mercury,
the most toxic form of mercury and the only form that accumulates in Arctic food chains
was less than 1 % of total mercury in the snow and declined quickly with snowmelt. The
highest levels of methyl mercury observed here are similar to that found in stream run-
oft water. Consequently, methyl mercury found in snow is a significant source to the
Arctic ecosystems (see also LosETO ET AL., this conference) leading to indigenous people.

Key words: mercury, methylmercury, Arctic, ecosystem, pollution

INTRODUCTION

At Alert (82.5°N) high in the Canadian Arc-
tic, episodic depletions of gaseous elemental
mercury (GEM) have been observed
(SCHROEDER ET AL., 1998) over a 3-month pe-
riod following polar sunrise in mid-March.
Depletions of GEM can last from a few hours
to several days. Concurrent with these events,
ozone is also depleted in the lower atmo-
sphere. Photochemically initiated autocata-
lytic reactions involving halogens such as Br
and BrO derived from sea-salt aerosols are
involved (BARRIE AND PratT, 1997). The oxi-
dation of atmospheric Hg(0) increases the wet
and dry deposition flux of less volatile, but
more water soluble, Hg(Il) in snow (Lu ET
AL.,2001). The total amount of Hg(II) depos-

ited in the Arctic each year is 50 tonnes or 5.6
to 7.8 ug m? y' over the 3-month period.

Fortunately, Hg(Il) in the snow can also be
converted to Hg(0) through photolytic reduc-
tion and is emitted to the atmosphere as
Hg(0) (LALONDE ET AL., 2002). They found
that Hg levels decreased by 54 % within 24h
after deposition and concluded that Hg deple-
tion in snow was caused by a rapid snow-to-
air Hg transfer resulting from Hg(Il) photo-
induced reduction to volatile Hg(0).

Clearly, there is a complex interplay of pho-
tochemical oxidation in the atmosphere and
photochemical reduction in the snow that
requires quantification. It is important to
know the fate of this mercury and the amount
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as methyl mercury, since it is methyl mer-
cury that is by far the most toxic and
bioaccumulates in the Arctic food chains
leading local indigenous populations. It is
known that the subsistence lifestyle of many
northern residents have resulted in high lev-
els of Hg in the blood and hair of these popu-
lations (WHEATLEY AND WHEATLEY, 1998).

Here we measured concentrations of GEM
at 10 and 150 cm above the snow using a
gas-phase mercury vapor analyzer model
2537A from Tekran. Experiments were con-
ducted near Resolute Bay, Cornwallis Island,
Nunavut, Canada at the Upper Air Station of
Environment Canada located at 74° 42°N,
94° 58°W from May 7 (day 127) to June 12
(day 163) 2003, in 24h daylight. The gradi-
ent between these two heights provided some
information on transport to and from the
snow during each day, which was related to
solar radiation, wind speed, temperature, as
well as the concentration of total and methyl
mercury in the snow. This site is located
760 km south of Alert (SCHROEDER ET AL.
1998) and 4900 km north of Kuujjuarapik,
Quebec, site for other mercury depletion
studies (Poissant, 2000) and 6500 km north
of Toronto, ON, Canada.

RESULTS AND DISCUSSION

At the time of our experiments there was
continuous daylight and long past polar sun-
rise (mid March). Nevertheless, there was
still a noticeable daily pattern, which was
shown to influence flux rates between the
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atmosphere and the snow. Each day values
of GEM increased from near zero to a maxi-
mum of 8 ng/m* before declining again to
near zero as solar radiation reached the low-
est point for the day.

In addition, measurements of total mercury
(THg) and methyl mercury (MeHg) were
monitored in the snow to determine the net
accumulation. In other work (LOSETO ET AL.,
2004 and this conference) showed that there
were significant amounts of MeHg in stream
runoff and that snow-melt was thought to be
a source. Here we provide data for MeHg
concentrations in snow that confirms this
observation. Further work is however nec-
essary to determine the exact contribution.
At the present time there is little, if any, data
for methyl mercury in the Arctic snow, riv-
ers or lake waters.

Total mercury (THg) accumulation in the
snow increased following 8 days of atmo-
spheric mercury depletion in the air (Fig. 1)
followed by intermittent reversals. Clearly
there are many factors, which are involved.
We did not see any direct influence of wind
speed or temperature but as temperatures
warmed there was a rapid loss of total and
methyl mercury presumably through runoff.
Solar radiation was an important factor (data
not shown here). Methyl mercury in the snow
decreased from peak levels near the start of
the experiment to less than detection limit
(10 pg/L) during snowmelt. The relative im-
portance of photoreduction-volatilization and
runoff after melting must be more carefully
quantified.
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Figure 1. Measurements of GEM at 10 cm (solid line) and 150 cm (dashed line) are provided from 7 May (day
127) to 12 June (day 163) 2003. Below is the difference between values. Positive values indicate transport from
snow to air and negative values in the reverse direction. In the next panel below are continuous values for wind
speed and air temperature as well as occasional values for temperature in the snow. In the panels at the bottom
are values for total (ng/L) and methyl mercury (pg/L) in the snow.
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CONCLUSIONS

Clearly, these data provide a basis to design
experiments that will provide more reliable
budgets that can be used to determine the
source and fate of mercury in the Arctic snow.
Furthermore we must determine if the me-
thyl mercury falls in the snow or is produced
in the snow. We have confirmed that volatil-
ization is a process that cannot be ignored.
The accumulation of methyl mercury is sig-
nificant in snow and this is a major source
of methyl mercury to the freshwater and
marine ecosystems of the Arctic. Although
our experiments were extensive (38 days) we
started too late and finished two early. Ex-
periments lasting only a few days must be
rejected, as they provide no new insights on
the overall net transport of mercury.

REFERENCES

BARRIE, L. A. & Prarr, U. (1997): Arctic tropospheric
chemistry: An overview; Tellus, Vol. 40B, pp.
450-454.

LavLonDpg, J. D., PouLaln, A. J. & Amyot, M. (2002):
The role of mercury redox reactions in snow on
snow to air mercury transfer; Environ. Sci.
Technol. 36, pp. 174-178.

Lu, J. Y., ScHrOEDER, W. H., BARRIE, L. A., STEFFEN,
A., WELcH, H. E., MarTIN, K., LockHART, W. L.,
Hunr, R. V., BoiLa, G., & RiTcHER, A. (2001):
Magnification of atmospheric mercury deposi-
tion to polar regions in springtime: the link to
tropospheric ozone depletion chemistry;
Geophys. Res. Lett. 28, pp. 3219-3222.

ScHROEDER, W. H., ANLAUF, K. G., BArRriE, L. A., Lu, J.
Y., STEFFEN, A., SCHNEEBERGER, D. R. & T. BERG
(1998): Arctic springtime depletion of mercury;
Nature 394, pp. 331-332.

RMZ-M&G 2004, 51

1643
Acknowledgements

The authors thank Environment Canada in
Resolute for providing facilities, Polar Con-
tinental Shelf Project (PCSP) for logistical
support, and Association for Canadian Uni-
versities for Northern Studies program
Northern Scientific Training Program
(NSTP) for a portion of the travel funding.
We thank NRI (Nunavut Research Institute)
for providing the license to work on their
land. This work was supported by the Na-
tional Sciences and Engineering (NSERC)
Research Network called the Collaborative
Mercury Research Network (COMERN) and
an NSERC Strategic Grant to DL.

WHEATLEY, B. & WHEATLEY M. A. (1998): Methylmer-
cury in the Canadian Arctic environment past
and present-natural or industrial?; Arctic Med.
Res. 47, pp. 163-167.

PoissanT, L. (2000): Atmospheric mercury transport,
oxidation and fallout in northern Québec
(Nunavik): An important potential route of con-
tamination, Northern Contaminants Program,
Synopsis of Research 1999-2000, Indian and
Northern Affairs Canada, ISBN 0-662-29320-
7, pp 132-136.

Loseto, L, LEaN, D. R. S. & SiciLiano, S. (2004): Snow:
A source of methyl mercury in the Arctic; Envi-
ronmental Science and Technology (in press).



1644

PART 3 — ATMOSPHERIC

Seasonal atmospheric mercury levels around
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Abstract: In the framework of the EMECAP (European Mercury Emission from Chlor-
Alkali Plants) project four measurement campaigns (winter 2002 and 2003; summer
2002 and 2003) were performed at three representative MCCA (Mercury Cell Chlor-
Alkali) plants located in Italy (Rosignano Solvay), in Sweden (Bohus) and in Poland
(Tarnow) in order to determine the environmental mercury levels in air, soil and fish and
the mercury emission from the plants. The results obtained on Total Gaseous Mercury,
Reactive Gaseous Mercury and Total Particular Mercury concentration at the chlor-
alkali plant in Italy are here reported. The impact of the plant on the nearby village
resulted rather limited; concentration values were generally two-three times higher than

those observed at the control station.

Key words: mercury, atmospheric mercury, mercury emission, chlor-alkali plant.

INTRODUCTION

Mercury Cell Chlor-Alkali (MCCA) plants
constitute one of the most important anthro-
pogenic metallic mercury source (about 15
% of the global): this emphasizes the impor-
tance of investigating possible direct relation-
ship between mercury emissions, environ-
mental damages and onset of pathologies in
human populations living in the
neighbourhood of chlor-alkali plants.

The assessment of atmospheric mercury lev-
els in the village near the plant, measured
along the four campaigns constitutes an im-
portant requirement to investigate the effects
on citizen’s health.

RESULTS AND DISCUSSION

The Solvay chlor-alkali plant, located in
Rosignano Solvay (Central Italy) has been
in operation since 1920. The capacity of the
Solvay Chlor-alkali plant is around 120,000
tons/year of chlorine. The mercury emission
into the atmosphere determined by the Lund
Institute of Technology is in the range of 20-
54 g/h (GRONLUND ET AL., 2004). It has been
estimated that 12-14 tons/year of mercury
flowed into the sea through a discharge ditch
from the 1950s to 1973, and they were in-
corporated into the surrounding sediments.
At present 400-500 kg of mercury are dis-
charged into the sea per year (FERRARA ET AL.,
2001).

RMZ-M&G 2004, 51



7" INTERNATIONAL CONFERENCE ON MERCURY AS A GLOBAL POLLUTANT

Nine sampling stations were selected around
the chlor-alkali plant in the village of
Rosignano Solvay taking into account where
citizens live. Four environmental campaigns
were carried out in order to determine the
atmospheric mercury levels. In particular the
following parameters have been considered:
*  Total Gaseous Mercury (TGM) concen-

tration;

*  Reactive Gaseous Mercury (RGM)
concentration;

*  Total Particulate Mercury (TPM) con-
centration.

1645

A map of the village of Rosignano Solvay is
reported in Fig.1, together with the position
of the sampling stations. The village of
Rosignano has 15,000 inhabitants.

The village of Donoratico, located 20 km
south from Rosignano Solvay, was selected
as a control station.

The deposition of mercury near the source
has been evaluated on the base of mercury
concentration in rain samples; the re-emis-
sion of mercury from soil to the atmosphere

Figure 1. Map of the village of Rosignano Solvay. Squares show the position of the sampling
stations. Rectangles show the position of the cell-house (dark gray) and of the meteorologi-

cal station (light gray).
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was determined close to the plant. A detailed
description of the analytical procedures used
was reported by WANGBERG ET AL. (2003).

A summary of the results obtained during the
four measurements campaigns is reported in
Tab.1.

Table 1. Summary of the results obtained during the four measurement campaigns at

the Rosignano Solvay village.

1° campaign | 2° campaign | 3° campaign | 4° campaign Average
winter 2002 | summer 2002 | winter 2003 | summer 2003
Rosignano 4.21 8.86 2.85 8.08 6.00
TGM (ng/m’)
Control 2.04 5.54 1.51 3.00 3.02
station TGM
(ng/m?)
Rosignano 0.28 0.15 0.45 0.69 0.39
RGM (ng/m’)
Control 0.09 0.11 0.22 0.33 0.19
station RGM
(ng/m’)
Rosignano 0.07 0.04 0.03 0.02 0.04
TPM (ng/m’)
Control 0.02 0.02 0.01 0.03 0.02
station TPM
(ng/m?)

Total mercury concentration in rain samples
at Rosignano Solvay: 6.0-15.0 ng/I

Total mercury concentration in rain samples
at Donoratico: 4.6-5.5 ng/l

Mercury degassing rate from contaminated
soil of Rosignano Solvay: 0.0-45.0 ng/m? h
Mercury degassing rate from soil of
Donoratico: 0.0-2.5 ng/m? h

The TGM concentration values measured
along the four sampling campaigns (each last-
ing 15 days) are in the range 8.0-8.7 ng/m? in
summer (however peaks up to 100 ng/m?® were
observed in particular meteorological condi-

tions), while in winter the range is 2.8-4.2 ng/
m®. The highest values obtained in summer
are due to the elevated ambient temperatures
with respect to those measured in winter. The
values of TGM concentration determined at
the control station of Donoratico are lower
and range between 1.5 and 5.5 ng/m°.

Also the RGM concentration shows higher
values in Rosignano (277-691 pg/m?) than
in Donoratico (87-326 pg/m?). A similar trend
was observed for the mercury associated with
particulate matter ranging from 25 to 70 pg/
m?® at Rosignano, while at control station the
range was 13-26 pg/m>.
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CONCLUSIONS

Results show that the impact of the chlor-
alkali plant on the village of Rosignano
Solvay (Italy) is rather limited and influences
only the air very close to the cell house; it
means that part of the mercury is deposited
in a small area around the plant, while most
of the mercury emitted increases the atmo-
spheric pool, showing the characteristic of

agnostics and Monitoring, p. 155, Bacoli.

Wingberg, 1., Edner, H., Ferrara, R., Lanzillotta, E.,
Munte, J., Sommar, J., Svanberg, S., Sjoholm,
M. and Weibring, P. (2003): Mercury emissions
from a chlor-alkali plant in Sweden; Sci. Total
Environ., Vol. 304, pp. 29-41.

FERRARA, R., LANZILLOTTA, E. AND CECCARIN, C. (2001):
Dissolved gaseous mercury concentration and
mercury evasional flux from seawater in front
of a chlor-alkali plant; Environ. Technol., Vol.
22, pp. 971-978.
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Reactive Gaseous Mercury in the Marine Boundary Layer

FABIEN LAURIER

Abstract: To assess the role of human mercury (Hg) emissions, detailed knowledge on the
various chemical transformations of Hg is required. Of particular significance for the
cycling of Hg is its atmospheric processing followed by deposition in the boundary
layer. The latter is the dominant source of Hg to many environments. Our recent studies
have highlighted the importance of elemental mercury (Hg") oxidation, and reactive
(ionic) gaseous mercury (RGHg) formation, in the marine boundary layer (MBL) for
Hg supply to the coastal and open ocean. Hg depletion in the Arctic boundary layer
during polar sunrise with concurrent ozone (O,) depletion, first suggested that in-situ
Hg, oxidation could be linked to the halogen catalyzed reaction cycles that are respon-
sible for the destruction of O,. We will show that similar reactions could occur in other
regions where elevated concentrations of reactive halogen species (RHS) are likely,
such as the open ocean and marine coastal environments. We will also illustrate how the
meteorological conditions can affect the atmospheric Hg cycle. This study is based on a
comparison between the North Atlantic Ocean, North Pacific Ocean, a coastal site and
an urban environment.
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Development of a Prototype Biogenic Mercury Emission
Processor in BEIS3 for Comprehensive Atmospheric
Mercury Modeling
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"Department of Civil Engineering, *Department of Computer Science,
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Abstract: We have developed a prototype emission processor for biogenic mercury emis-

sion within the framework of Biogenic Emission Inventory System Version 3.11 (BEIS3).
In this development, 230 categories of USGS landuse/landcover data were utilized to
generate the normalized vegetation-specific Hg emission in a 36-km Lambert Confor-
mal grid covering the continental United States. Surface temperature and cloud-cover
corrected solar radiation were used for temperature and photosynthetic active radiation
(PAR) corrections to calculate the diurnal emission cycle. The implemented Hg emis-
sion factors were either evaluated from the published Hg flux data, or assumed for the
tree species without flux data. The output is hourly resolved gridded emission in netCDF
format ready for applications in Eulerian-based chemical transport models. The simula-
tion results show that the biogenic Hg emission exhibits strong diurnal variation with an
average emission flux up to 32 ng m-2 hr-1 in southeast US during the modeling period
representing a hot summer day. Compared to the anthropogenic source, biogenic Hg
emission has generally lower emission intensity but covers a much broader region. Dur-
ing the modeling period, the modeled 24-hr biogenic Hg emission constitutes about
72 % of the total mercury (i.e., natural and anthropogenic) emission. However, the bio-
genic emission should decrease significantly during winter due to the much lower leaf
mass, temperature and PAR. Additional Hg flux measurement data are needed to resolve

2Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA

the emission for more vegetation species.

Key words: emission inventory, BEIS3, biogenic source, emission modeling.

INTRODUCTION

Emission inventory is one of the required in-
put fields for the comprehensive chemical-
transport modeling of atmospheric mercury.
Accurate emission inventory is critical to re-
duce model uncertainties!". However, mercury
emission from biogenic (natural) sources has
not been treated rigorously in previous mod-
eling efforts of atmospheric mercury -,
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Several studies have indicated that the bio-
genic emission of mercury may dominate
that from anthropogenic sources, and there
is a need to reassess the this diffuse emis-
sion contribution. More recently, it is re-
ported that the biogenic mercury emission
exhibits a strong diurnal variation®. In the
atmosphere, biogenic mercury emission may
play an important role in the concentration
and deposition of mercury due to its predomi-
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nant mercury input, especially in summer.
However, there is not a modeling tool for
biogenic mercury emission to address the
modeling need and emission estimates.

The objective of this study is to develop a
prototype processor for biogenic mercury
emission in the framework of Biogenic Emis-
sion Inventory System Version 3 (BEIS3)*!,
BEIS3 is a flexible modeling system for es-
timating the emission inventory of volatile
organic compounds (VOCs) for comprehen-
sive air quality models that have incorporates
the simulations of transport, reactions and
deposition of atmospheric mercury in recent
model studies.

RESULTS AND DISCUSSION

The version of BEIS3 used in this develop-
ment is V3.11, a stand-along research ver-
sion on UNIX/Linux platform. The 1-km-
resolution, 230-category USGS Biogenic
Emissions Landcover Data Version 3
(BELD3) were utilized to generate the nor-
malized vegetation-specific mercury emis-

sion in a 36-km Lambert Conformal grid
covering the entire continental United States.
The surface temperature and cloud-cover
corrected solar radiation from a mesoscale
meteorological model (MMS5) were retrieved
and converted into model-ready format us-
ing a Meteorology-Chemistry Interface Pro-
cessor (MCIP2). The converted data were
then used for temperature and photosynthetic
active radiation (PAR) corrections to calcu-
late the diurnal variation of biogenic Hg
emission for each landuse category. Guenther
Algorithm!” for biogenic VOC emission was
assumed since a similar emission-tempera-
ture-PAR relationship is not yet available for
mercury. A mercury emission factor table
was created. The implemented emission fac-
tors were either evaluated from the published
mercury flux data for selected tree species
and wetland, or assumed at a background
level for the tree species without mercury
flux data. The output from the model is tem-
porally (hourly) and spatially resolved
gridded emission in netCDF format ready for
applications in Eulerian-based chemical
transport models including CMAQ-Hg and
CAMx. Figure 1 shows the data flow of the

hetearological -
haciel [ hkS ) 3-D Met Field

MCIP2

' GRlD_t:Ro_zml

BELD3 % landusedandoover
1 kmxﬁ(_r_n'_/ 4
Emizsion
Temp/PAR
Xreference cortins [® BEIS 311
Landcowver types (19) Table (Ha)
Anricultural use Types (17)
Wegetation types (194) Ermizsi
Factor (Hg)

Griclcled
Ermniz=ion

Figure 1. Data flow for developing biogenic mercury emission processor.
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model processing. The source codes of
BEIS3 were modified to include gaseous el-
emental mercury (Hg0) as one of the emit-
ted species.

Figure 2 show the output of the modeled
biogenic mercury emission at (a) 7 am,
(b) 11 am, (c) 3 pm, and (d) 7 pm during a
24-hour modeling period on August 22, 2000
(all times are of US Eastern Time). Note that
the emission unit is expressed as mole/hr in
each 36x36 km grid cell (1 mole/hr

1651

= 155 ng/hr/m? in each model gird). It can
be clearly seen that the simulated biogenic
mercury emission starts from the east coast
and gradually “migrates” to the west coast
according to the change of solar intensity.
During the daytime, the strongest emission
occurs in the southeastern US due to the high
temperature and vegetation coverage of the
land surface. The greatest emission flux oc-
curs at 2 pm at 0.21 mole/hr in the corre-
sponding model grids.

Figure 2. The simulated biogenic mercury emission (a) 7 am, (b) 11 am, (c¢) 3 pm, and
(d) 7 pm (US Eastern Time) on August 25, 2000.
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Figure 3. Comparison of 24-hour anthropogenic and biogenic mercury emission on

August 25, 2000.
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The estimated biogenic emission was com-
pared to the anthropogenic mercury emission
during the same modeling period (Figure 3).
The anthropogenic emission was calculated
based on temporally and spatially allocated
USEPA speciated mercury emission inventory
in the continental US model domain. As seen
in Figure 3, the biogenic mercury emission
dominates the total emission of the modeling
period, constituting 72 % of the total mercury
emission. However, the biogenic emission
may decrease significantly during winter due
to the much lower leaf mass, surface tempera-
ture and PAR, leaving anthropogenic source
as the predominant mercury emission source.
Ongoing annual simulation is underway to
verify this hypothesis.
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CONCLUSIONS

A biogenic mercury emission processor in BEIS3
framework has been developed. The developed
model can be used for estimating biogenic mer-
cury emission at high temporal and spatial reso-
lutions. This will improve the modeling analysis
of atmospheric mercury. In this development, the
emission factors were implemented only for a
limited number of vegetation species. Additional
mercury flux data with a detailed relationship
between the emission quantity and temperature/
PAR are needed to for further model implemen-
tation of more vegetation species.

ACKNOWLEDGEMENTS

This work was supported by the in part by Gulf
Coast Hazardous Substance Research Center and
by Texas Commission on Environmental Qual-
ity under Contract number 582-4-64582. The fi-
nancial support is gratefully acknowledged.

B LinpBERG S. E., DoNG W. aND MEvERs T. (2002):
Transpiration of gaseous elemental mercury
through vegetation in a subtropical wetland in
Florida, Atm. Enviro. 36, pp. 5207-5219.

6l LamB B., Gay D. AND WEsTBERG H. (1993): A bio-
genic hydrocarbon emission inventory for the
USA using a simple forest canopy model, A#m.
Enviro. 274, pp. 1673-1690.

") GUENTHER, A., W. BAUGH, P. ZIMMERMAN, L. KLINGER,
P. HARLEY, H. WESTBERG, L. VIERLING, B. LAMB,
E. ALLwiNg, S. Dicts, D. BaLpocchi, C. GERON,
AND T. PIERCE (1996): Isoprene fluxes measured
by enclosure, relaxed eddy accumulation, sur-
face-layer gradient, mixed-layer gradient, and
mass balance techniques, J. Geophys. Res. 101,
pp. 18555-18568.

RMZ-M&G 2004, 51



7" INTERNATIONAL CONFERENCE ON MERCURY AS A GLOBAL POLLUTANT

1653

Atmospheric Mercury Speciation: diurnal and seasonal
patterns in Detroit, Michigan, USA

BiaN Liu

Abstract: Speciation is critical to understand the distribution, transport, and biological cycle
of atmospheric mercury. As part of the Michigan Atmospheric Mercury Monitoring Net-
work, whose objective is to investigate the spatial and temporal distributions and depo-
sitions of mercury, three mercury species (Hg0, Hg-I1, and Hg-P) have been measured
in Detroit since September 2002 using automated Hg speciation instruments. Analysis
of data over a one-year period indicates a clear seasonal trend for all three mercury
species with higher mercury concentrations appearing in warm months than cold months.
The average concentrations for Hg,, Hg (II), and Hg-P are 2.3 ng/m’, 21.3 pg/m’, and
16.1 pg/m?® respectively. Stronger concentration variations were observed in Hg-II and
Hg-P than Hg partly due to their efficient removal during low due point temperature,
high relative humidity, and precipitation episodes. The coincidence of high mercury
concentrations for all three species occurred when winds were blowing from southwest
and south sectors suggests the existence of a common source. The three mercury species
also experienced high degree of diurnal fluctuations. While similar morning peaks
(7-9 a.m.) appeared for all three mercury species, decoupling of Hg-II with Hg oc-
curred in the afternoon. This phenomenon is more pronounced during the summer when
ozone concentration was high. The interspecies variations of mercury concentrations
observed here suggest mercury deposition could be strongly influenced by the photo-
chemically related process in which Hg, is oxidized to Hg-II.

Key words: speciation, atmospheric mercury, diurnal and seasonal patterns
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How to measure dry deposition of mercury?
- Some questions and critical remarks.
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Abstract: Dry deposition is an important pathway between air and terrestrial systems. The
net deposition is affected by many factors including Hg concentration in air, tempera-
ture, light, and receiving landscape surfaces. The measurement of dry deposition using
technical and biological methods is associated with many difficulties. The main prob-
lem is that the absorption process probably is different for different parts of a complex
ecosystem including leaves, needles, bark, mushrooms, mosses, soil etc. The biological
structure and physiology include different surfaces and cell structures and different physi-
ological processes. Mercury is strongly bound to a plant material but the binding sites of
mercury are not known: surface of the plants or inside the plant cells. For these reasons
it would be very important to carry out a well designed comparison between data ob-
tained by different techniques and propose the basis for standardized methodology to

quantify dry deposition of mercury.

Key words: mercury, dry deposition, bio-monitoring, vegetation

INTRODUCTION

Dry deposition and re-emission are important
pathway between air and terrestrial systems
and these processes are affected by many fac-
tors. Dry deposition includes particulate depo-
sition on soil, plants and other surfaces and
uptake of gaseous mercury mainly by plants.
Dry deposition has a very important influence
on Hg fluxes. It can be seen as throughfall,
litterfall and foliar leaching (REA ET AL., 2000,
2001). In one experiment twice as much Hg
was deposited in a forested watershed com-
pared to an open area. Conifer canopies were
more efficient filters of airborne particulates

than deciduous canopies (KOLKA ET AL., 1999).
In a moss bag experiment near a chlor alkali
plant two-thirds of the total monthly deposi-
tion (130 ng g') was estimated to be dry depo-
sition (Lopenius, 1998) while e.g., [VERFELDT
(1991) estimated wet deposition (12 pg m?a')
to dominate over the dry deposition (4-7 pg
m~ a'). In a northern mixed hardwood forest
the annual throughfall was estimated to be
greater (10.5 pg m?) than the precipitation flux
(8.7 pg m?; REA ET AL., 2001). Depending on
ambient concentrations, foliar surfaces in ter-
restrial forest landscapes may be a dynamic
exchange surface that can function as a source
or sink of mercury (HANSON ET AL., 1995).
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There may also be considerable plant-to-at-
mosphere emissions which are greater in the
light and at higher temperature (TopD ET AL.,
1998a, 1998b). In a wetland in Florida
LINDBERG ET AL. (2002) found that the pre-
dominant flux of Hg” in daytime was emis-
sion, greater in summer than in winter. Night-
time fluxes approached zero. As the Hg’ flux
correlated best with water vapour, the authors
found it appropriate to define the Hg? flux as
transpiration.

Another critical question is the temporal
variation (diurnal, seasonal) which may be
related to temperature and possibly other
meteorological factors and to the occurrence
of other chemical compounds, e.g., oxidants.
The relation between dry and wet deposition
of mercury is determined by meteorological
factors but probably also by biological fac-
tors such as the occurrence of suitable bio-
logical structures. Estimation of total, dry and
wet deposition under natural conditions is a
difficult task and many previous attempts
may have been based on too simplified cal-
culations.

The objective of this paper is to outline ex-
perimental difficulties to accurately assess
or monitor the amount of mercury deposited
by the process of dry deposition and its im-
portance for better understanding of mercury
cycling.

FACTORS AFFECTING THE EXCHANGE
OF MERCURY BETWEEN AIR
AND VEGETATION

For dry deposition, one problem is to differ-
entiate between: mercury(Il) adsorbed or
bound on dry particles and mercury(0) that
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can be adsorbed on the surface of biomoni-
tors (and/or collectors) and/or oxidized and
then bound on the surface. Although there
are many attempts to determine the Hg spe-
cies in air, a number of techniques are sub-
jected to artefacts, mainly due to sampling
procedures. E.g. collecting gaseous mercury
in vessels of glass or teflon or by trapping
on amalgam can not describe the uptake in
plant tissues. Estimating dry deposition by
using non-biological methods will not nec-
essarily give accurate results. In order to have
harmonized procedures that will produce
comparable results it is necessary to accept
a common protocol that represent real and
undisturbed situation. The cost-effectiveness
of methods proposed should be taken into
consideration as well.

The dominant form of mercury in the atmo-
sphere is Hg which can be taken up by veg-
etation through stomata. We do not know if
is it transformed to a water soluble form such
as Hg?" or attached directly to particles or to
cell walls. AMaDpO FiLHO ET AL. (2002) stud-
ied the moss Tillandsia usneoides in a con-
taminated environment using analytical scan-
ning electron microscopy. They found no
mercury in the mesophyll or vascular sys-
tem cells and only small amounts in epider-
mal cells. Mercury was mostly absorbed by
scales, stems and leaf surfaces. To some ex-
tent it was also attached to atmospheric par-
ticles deposited on the plant surfaces. In a
laboratory experiment (LODENIUS ET AL.,
2003) mercury was strongly attached to the
tissues of both moss and grass with almost
no leaching or evaporation in the tempera-
ture range +10 °C to +60 °C.

Absorption is most probably different for
different parts of complex ecosystems in-



1656

PART 3 — ATMOSPHERIC

cluding leaves, needles, bark, mushrooms,
mosses, soil etc. The biological structure and
physiology include different surfaces and cell
structures and different physiological pro-
cesses. Certainly this biological absorption
is different from deposition measured by
technical collectors. Perhaps it is not pos-
sible to get a reliable estimate of dry deposi-
tion to a terrestrial ecosystem by using tech-
nical collectors. Mercury is strongly bound
to plant material but we do not know the
binding sites of mercury: surface of the plants
or inside the plant cells. Nor do we know the
biochemical binding mechanisms. For these
reasons it would be very important to carry
out a critical comparison between data ob-
tained by different techniques. This compari-
son should include technical collectors and
key components of terrestrial ecosystems.
We also recommend that investigations
should be carried out by using enriched stable
isotope under experimental conditions as
close to natural environment as possible. This
may explain mechanisms of uptake and dis-
tribution of mercury in biomonitors.

CONCLUSIONS

Natural ecosystems are complex including
many different species with different sur-
faces. Depending on factors such as tempera-
ture, light and ambient Hg concentrations the
plants may take up or release mercury.
Weather conditions greatly influences the
routes for mercury: dry or wet deposition,
absorption, leaching or evaporation. Conse-
quently there are considerable temporal fluc-
tuations in mercury fluxes. The binding of
mercury to plant surfaces and transport pro-
cesses of mercury within the plants are
poorly known. Atmospheric mercury and dry
deposition of mercury may be monitored
using biological or technical methods giv-
ing results that, due to a complex bio-
geochemical behaviour of mercury, are not
completely comparable. In routine monitor-
ing of mercury or when interpreting results
concerning concentrations or fluxes we
should be aware of the factors influencing
the results. It is recommended, therefore, that
well structured studies are implemented in
order to harmonize procedures for the deter-
mination of dry deposition of mercury.
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PART 3 — ATMOSPHERIC

Modeling Mercury Transformation in Power Plant Plumes
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Abstract: A reactive plume model, ROME, is used to simulate the evolution of mercury
concentrations and speciation in power plant plumes. Plume simulations are compared
with data collected at ground-level downwind of the power plants (EDGERTON ET AL.,
2003). This comparison suggests that the observed reduction of Hg(Il) to Hg(0) in the
power plant plumes is not reproduced by our current understanding of mercury chemis-

try.
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INTRODUCTION

Several recent experimental studies provide
circumstantial and direct evidence of reduc-
tion of Hg(Il) to Hg(0) in power plant
plumes. First, the Mercury Deposition Net-
work (MDN) data along a west-to-east
transect from Minnesota to Pennsylvania
show no significant spatial gradient in mer-
cury annual wet deposition although the Ohio
Valley includes several large mercury emis-
sion sources located, under prevailing wind
conditions, upwind of Pennsylvania
(SEIGNEUR ET AL., 2003). Model simulations
conducted with lower Hg(II)/Hg(0) ratios for
power plant emissions showed improved
model performance when compared to MDN
data (VIJAYARAGHAVAN ET AL., 2004). Second,
experiments conducted with a Teflon-lined
dispersion chamber where the exhaust flue
gases from a coal-fired power plant stack are
sampled, diluted and analyzed, showed a
lower Hg(11)/Hg(0) ratio in the chamber than
in the stack (Laudal, 2001). Third, aircraft
measurement campaigns performed near

the Bowen plant in Georgia and the Pleasant
Prairie plant in Wisconsin indicate that some
conversion of Hg(Il) to Hg(0) takes place in
power plant plumes. Finally, ambient sam-
pling of Hg species (Hg(Il), Hg(0), and
Hg(p)), NO, and SO, was conducted with
continuous monitors downwind of coal-fired
power plants in the Atlanta region (EDGERTON
ET AL., 2003). The SO/NO, ratio was used
as a signature of individual power plants as-
suming that there is little oxidation and depo-
sition of SO, and NO_between the stacks and
the sampling site. Then, the corresponding
speciated mercury measurements were com-
pared with the estimated mercury speciated
emissions. The results from that study sug-
gest that the Hg(I)/Hg, ratio (where Hg . is
the sum of Hg(0), Hg(Il) and Hg(p)) down-
wind from several power plants is lower than
the Hg(IT)/ Hg, ratio estimated for the stack
emissions while Hgdoes not vary signifi-
cantly between the two locations. We in-
vestigate here whether our current under-
standing of the atmospheric chemistry of
mercury can explain the changes in
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Hg(IT)/ Hg, speciation observed by EDGERTON
ET AL. (2003). To that end, we simulate the
evolution of the Hg(I)/ Hg, ratio from the
stack to the monitoring site using a reactive
plume model and compare the results with
the observations.

DESCRIPTION OF THE REACTIVE
PLumE MoODEL

The Reactive & Optics Model of Emissions
(ROME) is a reactive plume model that in-
cludes state-of-the-science formulations of
plume rise and dispersion, atmospheric trans-
formations, and wet and dry deposition pro-
cesses (SEIGNEUR ET AL., 1997). Plume rise
is calculated according to the initial momen-
tum and buoyancy of the stack gases. Plume
transport is simulated in a Lagrangian frame-
work according to the mean wind speed and
direction. Plume dispersion in the cross-
wind directions can be simulated using sev-
eral options; here, we used the option of se-
lecting user-input values of the horizontal
and vertical coefficients because the mea-
sured concentrations of SO, and NO, could
be used to characterize plume dilution.
Chemical transformations include gas-phase
reactions of VOC, NO_and SO, simulated
with the Carbon-Bond Mechanism (CBM-
IV), aqueous-phase oxidation of SO, and
NO, simulated with 30 reactions and 31 equi-
libria, and gas-phase and aqueous-phase re-
actions of mercury (Hg) species. Mercury
transformations are simulated with the AER
mechanism (SEIGNEUR ET AL., 2004).

RMZ-M&G 2004, 51
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PLuME MODEL SIMULATIONS

Plume simulations were conducted for 3
plume episodes sampled by EDGERTON ET AL.
(2003). Power plant emissions were obtained
from Southern Company. The mercury emis-
sion rates and speciation were estimated from
the Information Collection Request (ICR)
database. Meteorological data collected at the
site were used to calculate the ROME tra-
jectories (EDGERTON ET AL., 2003).

CompPARISON OF MODEL RESULTS
WITH OBSERVATIONS

We compare in Table 1 the Hg(I)/Hg, ratios
estimated for the power plant emissions,
observed at the downwind ambient receptor
site, and simulated with ROME. As discussed
by EDGERTON ET AL. (2003), the Hg(Il)/Hg
ratios measured at the ambient site are much
lower than those estimated for the emissions.
The ROME simulations show Hg(II)/Hg,
ratios that are slightly lower than those of
the emissions, due to some reduction of
Hg(Il) to Hg(0) and some dry d