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Abstract

The purpose of our study was to test the hypothesis that dissolved gaseous mercury (DGM) production and evasion is directly pro-
portional to the loading rate of inorganic mercury [Hg(II)] to aquatic ecosystems. We simulated different rates of atmospheric mercury
deposition in 10-m diameter mesocosms in a boreal lake by adding multiple additions of Hg(II) enriched with a stable mercury isotope
(202Hg). We measured DGM concentrations in surface waters and estimated evasion rates using the thin-film gas exchange model and
mass transfer coefficients derived from sulfur hexafluoride (SF6) additions. The additions of Hg(II) stimulated DGM production,
indicating that newly added Hg(II) was highly reactive. Concentrations of DGM derived from the experimental Hg(II) additions
(‘‘spike DGM’’) were directly proportional to the rate of Hg(II) loading to the mesocosms. Spike DGM concentrations averaged
0.15, 0.48 and 0.94 ng l�1 in mesocosms loaded at 7.1, 14.2, and 35.5 lg Hg m�2 yr�1, respectively. The evasion rates of spike DGM
from these mesocosms averaged 4.2, 17.2, and 22.3 ng m�2 h�1, respectively. The percentage of Hg(II) added to the mesocosms that
was lost to the atmosphere was substantial (33–59% over 8 weeks) and was unrelated to the rate of Hg(II) loading. We conclude that
changes in atmospheric mercury deposition to aquatic ecosystems will not change the relative proportion of mercury recycled to the
atmosphere.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The production of dissolved gaseous mercury (DGM)
and its subsequent evasion to the atmosphere is a critical
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pathway in the biogeochemical cycle of mercury in aquatic
ecosystems. DGM refers to volatile mercury species pres-
ent in water and is essentially composed of elemental mer-
cury in freshwaters (Vandal et al., 1991; Tseng et al.,
2004). DGM is produced by the reduction of divalent mer-
cury, Hg(II), by abiotic or biotic processes (e.g. Alberts
et al., 1974; Amyot et al., 1994; Mason et al., 1995; Sicili-
ano et al., 2002). The production and evasion of DGM
reduces the pool of Hg(II) in aquatic systems available
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for conversion to methylmercury (‘‘reactive Hg(II) sub-
strate hypothesis’’; Fitzgerald et al., 1991), which is well-
known to be a neurotoxin that bioaccumulates in food
webs.

For many aquatic ecosystems, the primary source
of Hg(II) is atmospheric deposition of anthropogenic mer-
cury emissions (Jackson, 1997; Fitzgerald et al., 1998). Lit-
tle is known, however, about the relationship between the
rate of atmospheric Hg(II) deposition and the production
and evasion of DGM. Previous studies suggest that
DGM production may be limited by the supply of Hg(II)
(e.g. Amyot et al., 1997, 2000), but it has not been estab-
lished whether DGM production in natural ecosystems is
directly proportional to the rate of Hg(II) deposition. This
question is critical to understanding the potential effective-
ness of current proposals to reduce anthropogenic emis-
sions of mercury to the atmosphere. If changes in
atmospheric mercury deposition result in disproportional
changes in DGM production and evasion, this could affect
the pool of Hg(II) available for conversion to methylmer-
cury, possibly hampering the effectiveness of emission
reductions.

The purpose of our study was to test the hypothesis that
DGM production and evasion is directly proportional to
the rate of Hg(II) loading to aquatic ecosystems. In the
MESOSIM experiment (MESOcosm SIMulations of atmo-
spheric mercury deposition to aquatic ecosystems), we sim-
ulated different rates of atmospheric Hg(II) deposition in
10-m diameter mesocosms in a boreal lake. The MESO-
SIM experiment is a part of the METAALICUS initiative
(Mercury Experiment To Assess Atmospheric Loading In
Canada and the United States) to examine the effects of
changes in atmospheric Hg(II) deposition on mercury
biogeochemical cycling and methylmercury bioaccumula-
tion in aquatic food webs. The MESOSIM experiment
builds upon an earlier pilot study conducted by Amyot
et al. (2004), in which Hg(II) was added to mesocosms to
simulate an atmospheric deposition rate of 30 lg m�2.
Because Hg(II) was only added at one loading rate, this
earlier study could not address the relationship between
the rate of Hg(II) loading and DGM production and
evasion.

To simulate atmospheric Hg(II) deposition in the meso-
cosms, we added a solution highly enriched in a stable mer-
cury isotope (202Hg). The addition of isotope-enriched
mercury allowed us to monitor concentrations of DGM
in surface waters derived from the experimental Hg(II)
additions, and relate these concentrations to Hg(II) loading
rates. We estimated mercury evasion rates based on the
thin-film gas exchange model, using sulfur hexafluoride
(SF6) as a tracer for gas exchange. Our objectives in this
paper were: (i) to examine the relationship between Hg(II)
loading rates and concentrations of DGM derived from the
experimental Hg(II) additions; and (ii) to estimate the pro-
portion of experimentally added mercury lost to the atmo-
sphere and determine if this loss was affected by the rate of
Hg(II) loading.
2. Methods

2.1. Experimental design

In June 2002, 11 mesocosms were installed in the littoral
zone of Lake 240 at the Experimental Lakes Area (ELA;
Ontario, Canada, 49�40 0N 93�44 0W). Mesocosms were
10-m diameter, polyvinyl tubes enclosing a 2-m water col-
umn and open to the air and sediments. Inorganic mercury
(90.9% 202Hg; Trace Sciences International) was added to
the mesocosms to simulate different Hg(II) wet deposition
rates. Mercury was added to the mesocosms in eight equal
additions. Additions were performed once a week between
26 June and 14 August 2002. For each addition, the
isotope-enriched solution (HgCl2 in 5% nitric acid) was
added to 500 mL lake water, injected below the water
surface at dusk (as recommended by Amyot et al., 2004),
and mixed into the water column with an electric motor.
Three mesocosms, loaded at 2·, 5·, and 12· annual wet
deposition at the ELA (7.1 lg Hg m�2 yr�1; St. Louis
et al., 2001), are the focus of this paper. Mesocosms 2·,
5·, and 12· received 134, 336, and 807 lg Hg during each
weekly addition, respectively. Water volumes and chemis-
try of the mesocosms are provided in Table 1. Although
mercury was added as an inorganic dissolved compound,
we recognize that mercury can be associated with other
species (organic) and phases (aerosols) dissolved in water
droplets present in the atmosphere. It is likely that both
the organic and/or particulate fraction will affect the reac-
tivity of mercury upon its entrance into surface waters and
therefore affect its evasion. In this study, however, we could
not assess the fate of mercury in the particulate and organic
fractions from the atmosphere.

2.2. Sample collection and analysis

Surface water samples for determination of DGM con-
centrations were collected before and after the 2nd, 4th,
6th, and 8th Hg(II) addition. Water was sampled three
times around each Hg(II) addition: on the day of the addi-
tion (day 0), one day after the addition (day 1), and three
days after the addition (day 3). On two occasions, samples
were collected one day late due to inclement weather. On
every sampling date, duplicate samples were collected from
each mesocosm between 10:00 and 14:00. Samples were
collected by manually immersing a 1-l Teflon bottle below
the surface and capping it underwater leaving no head-
space. Teflon bottles were acid-washed prior to use, stored
in clean plastic bags, and handled with non-powdered
gloves. During transport to the laboratory, samples were
kept in the dark and at 4 �C.

Within 3 h of collection, samples were processed at the
ELA laboratory. Five hundred milliliters of each water
sample was poured into an amber gas-washing bottle and
sparged for 20 min with ultra-high-purity argon. Volatile
mercury species were captured on a gold trap attached to
the outlet of the gas-washing bottle. Gold traps were sealed



Table 1
Characteristics of the mesocosms and the surrounding lake (mean and SD, n = 5)

Characteristic Units Meso 2· Meso 5· Meso 12· Lake 240

Volume m3 132 147 132 –
Alkalinity leq l�1 138 (8) 141 (13) 152 (13) 132 (2)
pH 7.1 7.1 7.3 7.1
Conductivity lS cm�1 24 (2) 24 (2) 25 (2) 24 (1)
Suspended carbon lg l�1 994 (577) 982 (357) 802 (82) 704 (92)
Dissolved organic carbon lg l�1 8297 (678) 8335 (513) 7485 (557) 7752 (360)
Dissolved inorganic carbon lg l�1 1578 (101) 1557 (145) 1698 (198) 1494 (57)
Suspended nitrogen lg l�1 89 (32) 103 (20) 80 (8) 69 (16)
Total dissolved nitrogen lg l�1 359 (53) 350 (40) 313 (27) 323 (17)
Nitrate lg l�1 3 (2) 4 (3) 3 (1) 2 (1)
Nitrite lg l�1 <1 <1 <1 <1
Ammonia lg l�1 17 (5) 21 (11) 34 (32) 26 (25)
Suspended phosphorus lg l�1 5 (1) 6 (1) 5 (0) 4 (1)
Total dissolved phosphorus lg l�1 3 (1) 3 (1) 3 (1) 2 (1)
Chlorophyll a lg l�1 2.15 (0.67) 2.66 (1.20) 2.27 (0.52) 2.52 (1.15)
Ambient HgT in unfiltered water ng l�1 2.05 (0.89) 2.65 (1.30) 1.78 (0.70) 1.62 (0.24)
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with Teflon plugs and stored in an airtight container filled
with nitrogen. At Trent University (Peterborough,
Ontario), gold traps were analyzed by inductively coupled
plasma mass spectrometry (ICP/MS; Thermo-Finnigan
Element2) to determine individual mercury isotope concen-
trations (Hintelmann and Ogrinc, 2003). The typical proce-
dural detection limit for this method was 2 pg Hg l�1. For
quality control, a subset of samples was also analyzed at
the ELA within 4 h of collection using the double amal-
gamation technique described in Poulain et al. (2004). No
significant difference in total DGM concentrations was
observed between duplicate samples analyzed at the ELA
and Trent University (paired t-test, t = 1.75, p > 0.05,
n = 40).

Comparing the mercury isotope composition of samples
to natural mercury isotope ratios allowed us to determine
the amount of mercury in a sample from the experimental
Hg(II) additions (Hintelmann and Ogrinc, 2003). We refer
to the experimentally added mercury as ‘‘spike mercury’’,
and the mercury naturally present as ‘‘ambient mercury’’.
Spike mercury is calculated by dividing the amount of
202Hg in a sample in excess of its natural abundance by
the proportion of 202Hg in the mercury preparation added
to the mesocosms (i.e. 0.91). In this paper, we abbreviate
dissolved gaseous spike mercury as ‘‘spike DGM’’, and dis-
solved gaseous ambient mercury as ‘‘ambient DGM’’.

2.3. Estimation of mercury evasion

2.3.1. Thin-film model

We estimated mercury evasion, f (ng m�2 h�1), based on
the thin-film gas exchange model (Liss and Slater, 1974;
Vandal et al., 1991):

f ¼ kHg Cw �
Ca

H

� �
ð1Þ

where kHg the mass transfer coefficient of elemental mer-
cury (cm h�1), Cw is the concentration of DGM, either
ambient or spike, in surface water (ng m�3), Ca is the con-
centration of elemental mercury in the atmosphere
(ng m�3), and H is Henry’s law constant (dimensionless
unit). The concentration of mercury in air was measured
directly over each of the intensive mesocosms on 20 July,
4 August, and 19 August 2002. A known volume of air
was drawn through a gold trap for 1 h, and the mass of
mercury on the gold trap was analyzed by ICP/MS. The
average (±SD) concentration of mercury in air was 2.0 ±
1.2 ng m�3 (n = 9). We assumed that Ca was 2 ng m�3 in
all flux calculations. We used the same value of Ca regard-
less of whether we were calculating the flux of spike DGM
or ambient DGM. H was corrected for temperature, T

(�C), using the formula developed by Sanemasa (1975):

H ¼ 0:0074T þ 0:1551 ð2Þ
2.3.2. Mass transfer coefficient

We added SF6, a chemically and biologically non-reac-
tive gas, to the mesocosms as a tracer for gas exchange
(e.g. Wanninkhof et al., 1985). On 1, 15, 19 July, and 12
August, SF6 gas was injected into a polyethylene bottle
containing lake water, shaken for 2 min, and released
underwater in the mesocosms. Surface water samples for
determination of SF6 concentration were collected, in trip-
licate, between 3–8 July, 17–20 July, 31 July–3 August, and
14–19 August (corresponding to DGM monitoring peri-
ods). Samples were collected by puncturing a 50 mL evac-
uated serum bottle (containing 5 mL ultra-high-purity
nitrogen) held under the water surface, and were analyzed
by gas chromatography (Varian 3800) at the Freshwater
Institute (Winnipeg, Manitoba) following the methods
described in Matthews et al. (2003).

The mass transfer coefficient of SF6, kSF6
(cm h�1), was

calculated from Wanninkhof et al. (1985):

kSF6
¼ h � d ln CSF6

dt
ð3Þ

where h is the mean depth of the mesocosm (cm), CSF6
is

the concentration of SF6 in surface water, and t is time (h).
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The mass transfer coefficient of elemental mercury, kHg

(cm h�1), was determined from kSF6
using a formula

adapted from Jähne et al. (1987):

kHg ¼ kSF6

ScSF6

ScHg

� �2
3

ð4Þ

where ScSF6
and ScHg are the Schmidt numbers for SF6 and

elemental mercury (dimensionless units), respectively. Fol-
lowing Crusius and Wanninkhof (2003), the exponent in
Eq. (4) was assumed to be 2/3 because wind speeds did
not exceed 3 m s�1 during this experiment.

As described in Poissant et al. (2000), but originally
defined by Boucher and Alves (1959), ScHg can be directly
derived from its definition (i.e. kinematic viscosity of water
(v)/diffusion coefficient of the gas (D)), with

v ¼ 0:017e�0:025T ð5Þ
D ¼ 6� 10�7T þ 1� 10�5 ð6Þ

ScSF6
was calculated using the empirical formula developed

by Wanninkhof (1992):

ScSF6
¼ 3255:3� 217:13T þ 6:8370T 2 � 0:086070T 3 ð7Þ
2.3.3. Cumulative loss of mercury

We estimated the cumulative loss of mercury to the
atmosphere over a period of time by summing the mass
of mercury evaded each day of the period. First, since
we did not carry out diel cycles, we assumed that DGM
concentrations measured between 10:00 and 14:00 were
representative of a 24-h period. Differences in DGM con-
centrations between day and night at the ELA are less
extreme than in other locations. For example, in a previous
mesocosm experiment conducted at the ELA, mid-day
concentrations of DGM were only 1.2 times higher than
midnight values (Amyot et al., 2004). Because we did not
adjust for decreases in DGM concentrations during the
night, our estimates of cumulative loss should be consid-
ered as upper values. As our objective in this study was
to examine relative differences in evasion among meso-
cosms, this bias does not affect our conclusions. Second,
because DGM concentrations were not measured after
every Hg(II) addition, we estimated these DGM concentra-
tions using linear interpolations between comparable days.
For example, we interpolated days 0, 1, and 3 of each non-
monitored Hg(II) addition based on days 0, 1, and 3,
respectively, of the previous and following monitored
Hg(II) addition. We interpolated all remaining days based
on the two nearest data points. Third, we assumed that kSF6

during periods when SF6 was not monitored was equal to
the mean kSF6

of the four periods when SF6 was monitored.

2.4. Data analysis

We tested the hypothesis that DGM production was
proportional to the loading rate of Hg(II) to the meso-
cosms. Because we examined DGM production in only
three mesocosms, a regression approach was not appro-
priate for this data set. Rather, we tested this hypothesis
by comparing observed DGM concentrations to those
expected if this hypothesis was true. This was possible since
the mass transfer coefficients we calculated (see Section
3.2.) were not greatly different between the three meso-
cosms, and evasion consequently had the same effect
on net concentrations of DGM measured in the water
column. We generated one expected concentration for each
observed concentration by assumming strict proportional-
ity among mesocosms. To achieve this, we first summed
the spike DGM concentrations in Mesocosm 2·, 5·, and
12· on each sampling day. Then, we multiplied each
sum: by 2/(2 + 5 + 12) to obtain the expected values for
Mesocosm 2·, by 5/(2 + 5 + 12) to obtain the expected val-
ues for Mesocosm 5·; and by 12/(2 + 5 + 12) to obtain the
expected values for Mesocosm 12·. For each mesocosm,
we used a Wilcoxon Matched Pairs test (Statistica 6.1) to
determine whether the observed values and the values
expected assuming a proportional relationship were signi-
ficantly different. Because data for each test was collected
within one mesocosm, this test was conservative with
respect to our conclusions.

3. Results and discussion

3.1. Dissolved gaseous mercury concentrations

Spike DGM concentrations ranged from 0.04–
0.27 ng l�1 in Mesocosm 2·, 0.09–1.09 ng l�1 in Mesocosm
5·, and 0.26–1.47 ng l�1 in Mesocosm 12· (Fig. 1; circles).
In comparison, concentrations of ambient DGM were sim-
ilar among mesocosms and averaged 0.12 ± 0.025 ng l�1.
Concentrations of spike DGM in Mesocosm 2· were
within the range of DGM values reported for natural lakes
with no point source of mercury pollution (e.g. Fitzgerald
et al., 1994; Mason et al., 1995; O’Driscoll et al., 2003),
but the upper range of spike DGM concentrations in Mes-
ocosms 5· and 12· have only been reported previously in
mercury-contaminated sites (Ganguli et al., 2000; Feng
et al., 2004). The average (±SD) ratio of spike DGM over
ambient DGM was 1.2 ± 0.6 in Mesocosm 2·, 3.7 ± 2.1 in
Mesocosm 5·, and 7.6 ± 3.7 in Mesocosm 12·.

The addition of inorganic mercury [Hg(II)] to the meso-
cosms readily stimulated the production of DGM. Spike
DGM concentrations measured one day after each Hg(II)
addition were substantially higher (up to 225%) than the
previous day. These high levels of spike DGM were
short-lived, as concentrations measured three days after
each Hg(II) addition were considerably lower. Accord-
ingly, concentrations of spike DGM in the mesocosms
followed a saw-tooth pattern over time (Fig. 1; circles).
We also observed that spike DGM tended to accumulate
over time (Fig. 1; circles), suggesting there were two pools
of spike Hg(II) available for reduction; one from the most
recent Hg(II) addition, and one from previous Hg(II) addi-
tions. In contrast to changes over time in spike DGM,



Date

C
on

ce
nt

ra
tio

n 
of

 s
pi

ke
D

G
M

 (n
g.

l-1
)

Evasion rate of spike D
G

M
 (ng

.m
-2

hr -1)

0.0

0.1

0.2

0.3

0.4

0.5

0

4

8

12

16

20

0.00

0.25

0.50

0.75

1.00

1.25

0

10

20

30

40

50

19 Jun  Jul 17 Jul 31 Jul 14 Aug 28 Aug
0.0

0.6

1.2

1.8

2.4

3.0

0

24

48

72

96

120

Meso 2x

Meso 5x

Meso 12x

3

.

Fig. 1. Temporal changes in the surface water concentration (circles; left axis) and evasion rate (columns; right axis) of spike DGM in each mesocosm.
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ambient DGM concentrations were relatively constant dur-
ing the experiment (0.07–0.17 ng l�1).

The increase in spike DGM observed one day after
Hg(II) additions suggests that newly added Hg was highly
reactive and that DGM production in the mesocosms was
substrate-limited in the water column. The decrease in
spike DGM in the mesocosms between one and three days
after Hg(II) additions was likely caused by several pro-
cesses: (i) evasion of spike DGM to the atmosphere; (ii)
decline in DGM production rates as the pool of spike
Hg(II) in the mesocosms decreased in quantity and/or
quality; and (iii) oxidation of spike DGM back to Hg(II).
The peaks in spike DGM concentrations in the mesocosms
following Hg(II) additions resemble changes in DGM con-
centrations in surface waters of natural lakes following rain
events (Vandal et al., 1995; Amyot et al., 2000; Lindberg
et al., 2000).

Spike DGM concentrations were strongly related to the
rate of inorganic Hg(II) loading to the mesocosms. Spike
DGM concentrations consistently increased with Hg(II)
loading rate on all sampling dates (Fig. 2; bars). In most
cases, observed concentrations of spike DGM were similar
to those expected if DGM production were directly pro-
portional to Hg(II) loading rates (Fig. 2; diamonds). We
observed no significant differences between observed and
expected concentrations of spike DGM for any of the mes-
ocosms (Wilcoxon Matched Pairs Test; Mesocosm 2·:
T = 20, p = 0.23; Mesocosm 5·: T = 16, p = 0.07; Meso-
cosm 12·: T = 26, p = 0.31), supporting the hypothesis
that DGM production is directly proportional to the rate
of Hg(II) loading to aquatic ecosystems. All p-values were
not significant regardless of whether or not a Bonferonni
correction was applied.

This study is the first to demonstrate a directly propor-
tional relationship between the rate of Hg(II) loading and
concentrations of DGM in surface waters. Because concen-
trations of total mercury in water, derived from the exper-
imental additions, were also directly proportional to Hg(II)
loading rates in the mesocosms (Orihel, 2005), we believe
DGM production was directly proportional to the avail-
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ability of the Hg(II) substrate in the water column. Our
findings are consistent with previous studies that have
reported a positive relationship between DGM concentra-
tions and the amount of substrate available in water. For
example, when different amounts of Hg(II) were added to
water samples from North Lake, Nunavut (Amyot et al.,
1997) and Lake 239, ELA (Amyot et al., 2004), concentra-
tions of DGM in the samples after incubation under solar
radiation were positively related to the amount of Hg(II)
added. Furthermore, DGM concentrations in Arctic lakes
are directly proportional to concentrations of dissolved
labile mercury in surface waters (Tseng et al., 2004; Tseng,
C., personal communication).

3.2. Mass transfer coefficients

Mass transfer coefficients of SF6 ðkSF6
Þ in the mesocosms

ranged from 0.7 to 2.9 cm h�1 during the four sampling
periods (Table 2). The highest kSF6

in all three mesocosms
were observed during the first sampling period (3–8 July),
despite similar wind conditions in all periods. At low wind
speeds (below �2–3 m s�1), such as those experienced in
the mesocosms, gas exchange is not strongly dependent
on wind speed, and other processes, such as convective
cooling or rain, become more important (Cole and Caraco,
1998; Crusius and Wanninkhof, 2003). kSF6

in Mesocosm
5· tended to be slightly higher than in other mesocosms,
but these higher values increased evasion rates by less than
30%, and cannot account for the observed differences in
spike DGM concentrations.

To compare the kSF6
observed in the mesocosms with

other studies, we normalized our data to a Schmidt number
of 600 (Jähne et al., 1987). Normalized mass transfer coef-
ficients (k600) in the mesocosms were in good agreement
with previous studies (Table 3). The k600 values in the mes-
ocosms were higher than those reported for densely treed,
low-wind, experimental reservoirs, and lower than those
from exposed English lakes. Most importantly, the k600

values in the mesocosms were similar to natural lakes expe-
riencing low to moderate wind conditions. Consequently,
we believe the mesocosms are a reasonable model for gas
exchange in sheltered lakes.

Based on kSF6
, we calculated mass transfer coefficients

for elemental mercury (kHg) between 1.2 and 4.7 cm h�1



Table 2
Mass transfer coefficients of the tracer sulfur hexafluoride (kSF6

) and elemental mercury (kHg) across the air–water interface of the mesocosms

Period Air T (�C) Water T (�C) Wind
(m s�1)

Rain
(mm d�1)

kSF6
(cm h�1) kHg (cm h�1)

Meso 2· Meso 5· Meso 12· Meso 2· Meso 5· Meso 12·

3–8 July 18.7 n/a 1.0 2.5 2.5 2.9 2.5 4.0 4.7 4.0
17–20 July 23.4 26.7 0.8 0.1 1.6 2.0 0.7 2.6 3.2 1.2
31 July–3 August 18.4 23.0 1.0 0.6 1.7 2.4 1.6 2.7 3.8 2.7
14–19 August 15.2 20.0 1.0 4.9 1.5 2.0 1.4 2.4 3.3 2.3

Average daily air and water temperatures, wind speed (1-m height), and rainfall are shown for each period.

Table 3
Comparison of mass transfer coefficients of sulfur hexafluoride from
various aquatic ecosystems

Location k600 (cm h�1) Reference

FLUDEX reservoirs,
ELA

0.5–0.9 Matthews et al. (2003)

Mesocosm 12· 2.0 This study
Mesocosm 2· 2.3 This study
Mirror Lake,

New Hampshire
2.7 Cole and Caraco (1998)

Lake 658, ELA 2.7 Matthews et al. (2003)
Mesocosm 5· 3.0 This study
Crowley Lake, California 3.4 Wanninkhof et al. (1987)
Mono Lake, California 3.4 Wanninkhof et al. (1987)
Sutherland Pond,

New York
3.6 Clark et al. (1995)

Lake 302N, ELA 4.0 Crusius and Wanninkhof
(2003)

Rockland Lake, New York 4.4 Wanninkhof et al. (1985)
Coatenhill Reservoir,

England
4.7 Frost and Upstill-Goddard

(2002)
Dozmary Pool, England 6.7 Upstill-Goddard et al.

(1990)
Siblyback Lake, England 7.3 Upstill-Goddard et al.

(1990)

All mass transfer coefficients were normalized to a Schmidt number of 600
(k600).
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(Table 2). This range is in good agreement with kHg values
used for Wisconsin lakes (Fitzgerald et al., 1991; Vandal
et al., 1991; Fitzgerald et al., 1994), the Florida Everglades
(Lindberg and Zhang, 2000), and Arctic lakes (Amyot
et al., 1997; Tseng et al., 2004; Fitzgerald et al., 2005).

3.3. Mercury evasion

Spike DGM evasion rates followed a saw-tooth pattern
over time (Fig. 1; bars), corresponding to changes in spike
DGM concentrations (Fig. 1; circles). Evasion of spike
DGM ranged between 2–7 ng m�2 h�1 in Mesocosm 2·,
4–36 ng m�2 h�1 in Mesocosm 5·, and 8–36 ng m�2 h�1

in Mesocosm 12·. In comparison, evasion rates of ambient
DGM for all three mesocosms ranged between 1 and
8 ng m�2 h�1. Note that evasion rates were estimated using
DGM concentrations measured between 10:00 and 14:00,
and thus represent upper limits. Mercury evasion rates
from water bodies in North America are typically around
1–5 ng m�2 h�1 (e.g. Schroeder et al., 1992; O’Driscoll
et al., 2003; Hines and Brezonik, 2004), but rates up to
20 ng m�2 h�1 and 50 ng m�2 h�1 have been reported in
Sweden (Xiao et al., 1991; Schroeder et al., 1992; Lindberg
et al., 1995) and China (Feng et al., 2004), respectively.

Cumulative losses of spike DGM to the atmosphere are
shown in Fig. 3 as a percentage of the Hg(II) added to date
to each mesocosm. For the first few weeks, the losses in the
three mesocosms were similar, but became less so with
time. Higher losses in Mesocosm 5· were the result of
higher-than-expected DGM concentrations on some dates
(Fig. 2), and greater kHg (Table 2). Lower losses in Meso-
cosm 12· were a consequence of reduced kHg in late July
(Table 2). By the end of the 8-week period, we estimate that
38%, 59%, and 33% of the added mercury was lost to the
atmosphere from Mesocosms 2·, 5·, and 12·, respectively.
Differences in the percentage of mercury lost from each
mesocosm were apparently unrelated to the rate of Hg(II)
loading (5· > 2· > 12·). In comparison, the cumulative
loss of experimentally added mercury from Lake 658, as
part of the METAALICUS study, was estimated to be
31–38% over a 20-week period that Hg(II) was added to
the whole lake (Southworth, G., personal communication).
Losses of this magnitude do not appear to be unique to
Hg(II) loading experiments. For example, annual mercury
evasion is between 7% and 51% of annual atmospheric
mercury deposition in seven Wisconsin lakes (Fitzgerald
et al., 1991; Vandal et al., 1991; Watras et al., 1994), and
is comparable to, or even exceeds, annual atmospheric mer-
cury deposition in oligotrophic lakes in southwest Sweden
(Xiao et al., 1991), and in several Arctic lakes (Tseng et al.,
2004; Fitzgerald et al., 2005). Evidently, evasion represents
a substantial loss of mercury from many aquatic ecosys-
tems across a broad geographical range.

Together, our data suggest that, under similar environ-
mental conditions, increases in atmospheric mercury depo-
sition to an aquatic ecosystem will result in proportional
increases in DGM production and evasion. Our conclusion
is constrained to the range in Hg(II) loading rates simu-
lated in our study, and to aquatic ecosystems comparable
to our study systems. The findings of this experiment are
supported by a previous study where mercury evasion rates
in non-manipulated study lakes in Wisconsin generally
increased by 2–3 times between 1989 and 1990, coincident
with a 3-fold increase in atmospheric deposition of reactive
mercury (Fitzgerald et al., 1994). It is not clear, however,
whether decreases in atmospheric mercury deposition will
result in comparable proportional decreases in DGM pro-
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duction and evasion, since the residence time of newly
deposited Hg(II) is not yet confirmed. However, if DGM
is only produced from recently deposited mercury, then
decreases in atmospheric mercury deposition should result
in proportional decreases in DGM production and evasion.
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