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air, water, sediment, and biota in Lake Champlain. This
initiative is being undertaken in two phases. Phase I entailed
model construction and calibration/validation with new field
data. Phase II involves model refinement and incorporation
of biotic transfers and sinks of Hg and is ongoing. For Lake
Champlain, as elsewhere, once Hg enters the lake, it is
transported by dispersive and advective flows (17), becomes
entrained in the biological mercury cycle (18-20), and
contributes to the sediment pool (21). Chemical and bio-
chemical transformations (oxidation, reduction, methylation)
occur in water and sediment (22, 23) and in the food web
(e.g., biomagnification). Sediment resuspension often allows
mercury to re-enter the aquatic environment. Volatilization
or evasion allows some of the deposited mercury to return
to the atmosphere (3, 24).

As a part of this project and an independent USGS project,
we undertook a field campaign from 2000 to 2003 to generate
data necessary to calibrate the model. Total Hg (unfiltered)
water samples were collected from the lake outlet, 14 gauged
tributary inputs, and 14 locations on the lake (2001 only),
and sediment cores were collected from three lake sites to
provide Hg sedimentation flux estimates. We obtained
estimates of Hg wet and dry deposition rates to the lake
based on data from atmospheric monitoring at PMRC (13)
and algorithms developed by Miller et al. (25). All these data
were used in phase I of this project, to develop a mass balance
model that accounts for the physical cycling of Hg in the
lake. Phase II of the project, commencing in 2005, expands
the existing physical cycling model to include Hg bioaccu-
mulation and trophic transfer. The present paper focuses
exclusively on the mass balance assessment for total Hg in
Lake Champlain (phase I), while a future paper will address
Hg methylation and biotic cycling (phase II).

2. Development of a Mass Balance Model for Hg in Lake
Champlain
Lake Champlain is a complex aquatic system due to wide
variation in its width, depth, hydrodynamic circulation, and
nutrient inputs (26-28). Lake Champlain stretches 250 km
from south to north, draining north to the St. Lawrence River
via the Richelieu River. It has a maximum width of 20.2 km
and maximum depth of 122 m (26). Lake Champlain has a
large drainage area/lake surface ratio of 18 to 1 (26). Therefore,
most of the incoming atmospheric Hg deposits first onto the

mostly forested lands surrounding the lake before possible
transport to the lake by surface runoff and tributary flow.

Because of the lake’s diverse characteristics, our mass
balance model divides the lake into 13 segments to simplify
the system (29). Table 1 shows the different physical
characteristics of the lake for each of the 13 segments, the
boundaries of which are displayed in Figure 1 (29). For each
lake segment in the model, Hg influxes and outfluxes are
constrained by mass balance. Hg influxes to a segment
include tributary loading, effluent from wastewater treatment
facilities, dry deposition, wet deposition, and advective flow

TABLE 1. Physical Dimensions (25) and MB Modeling Results for Each of the 13 Lake Segmentsa

segment
(sampling location)

surface area
(km2)

vol
(km3)

length
(km )

trib input
(g Hg/
year)

WWTFs
input

(g Hg/year)

wet dep
input

(g Hg/year)

dry dep
input

(g Hg/year)

volatile
loss

(g Hg/year)

sedim ent
loss

(g Hg/year)

sampled
[Hg]

(ng Hg/L)

modeled
[Hg]

(ng Hg/L)

Isle LaMotte
(at Point Au Fer)

185.59 1.892 40. 3 2417 0 1455 1581 3613 5194 0.27 0.18

Cumberland Bay 10.75 0.063 3.4 2241 80 84 115 694 309 0.38 0.49
Main Lake 414.14 16.787 47 8216 13 3255 3077 1856 7 7399 0.33 0.35
Port Henry

(at Cole Bay)
75.55 1.463 20. 1 188 3 605 278 2233 1387 0.32 0.25

Missisquoi Bay 89.94 0.205 16. 8 2340 3 738 699 1842 1525 0.38 0.18
St. Albans Bay 7.21 0.023 3.4 71 9 57 50 16 158 0.30 0.06
Northeast Arm

(at Inland Sea)
248.25 3.38 33. 5 243 0 1959 1884 414 4670 0.24 0.05

Malletts Bay 55.06 0.722 6.7 3165 0 433 426 1181 2655 0.28 0.19
Burlington Bay

(at Burlington Harbor)
5.51 0.063 2 52 38 44 39 179 251 0.27 0.27

Shelburne Bay 9.62 0.14 3.4 213 3 77 69 374 181 0.26 0.31
Otter Creek

(at Diamond Island)
28.49 0.955 10. 1 3690 2 229 101 1286 542 0.32 0.36

South Lake A
(at Crown Point)

43.27 0.125 33. 5 1424 2524 353 160 3482 766 0.52 0.60

South Lake B
(at Benson’s Landing)

5.79 0.0078 20. 1 2203 2 47 21 984 179 0.98 1.23

total 1179.1 7 25.826 N/A 2646 3 2677 9336 8479 3486 5 25216 avg 0.37 avg 0.35

a The modeling results were from the MB model using the tributary conditions in 2001 and the assumption that [DGM] ) 20%[THg].

FIGURE 1. Thirteen segments of Lake Champlain and sampling
sites.

VOL. 40, NO. 1, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 83



from upstream segments. The outfluxes for a given segment
include volatilization, sedimentation, and advective flow to
downstream segments. The model also accounts for dis-
persive bidirectional exchange across each segment interface.

The following equation is applied to each lake segment
in the mass balance model. With respect to total Hg (THg),
each lake segment is treated as a mixed reactor.

where C(t)i, C(t)j, and C(t)k represent the instantaneous total
Hg concentrations (ng/L) in the three lake segments, i; its
upstream neighbor j; and its downstream neighbor k. L
represents Hg loading (g/year) for an influx or outflux; Qj,i

and Qi,k represent net advective flows (km3/year) from
segment j to segment i, and from segment i to segment k,
respectively. DFik (km3/year) represents the bulk dispersive
flow between segments i and k (the bulk dispersive flow in
this model is always calculated for the downstream interface
of two neighboring segments); and Vi represents a lake
segment volume (km3). The lake system was allowed to reach
an equilibrium (dC(t)i/dt ) 0 in all lake segments), and the
steady-state total Hg concentrations for all the lake segments
are reported as modeling outputs.

2.1. Influx Variables. Tributaries. From 2000 to 2003,
approximately 30-50 water samples per year were collected
from the tributaries discharging into Lake Champlain (Figure
1) for total Hg determination in unfiltered water. Tributary
water sampling and analytical methods are presented in the
Supporting Information section.

Fluxes of total Hg were calculated for water years 2001
through 2003 (a water year runs from October 1 of the
previous year through September 30 of the water year) for
14 of the main inlet streams representing 67% of the terrestrial
basin, as well as for the lake outlet (Richelieu River). Because
Hg concentrations are strongly correlated with total sus-
pended sediment (TSS) (15), we used the more frequent TSS
determinations as a surrogate for Hg to refine the Hg flux
calculations. The Hg flux was calculated at a 15-min interval
(frequency of the stream discharge record) by first calculating
a TSS concentration from the TSS-discharge relation, then
converting to a Hg concentration from the Hg-TSS relation,
and finally multiplying Hg concentration by stream discharge.
The 15-min Hg fluxes were summed for each water year to
compute annual Hg fluxes. Because TSS and Hg concentra-
tions increase markedly with flow, keying this calculation to
the detailed hydrograph captures the exponential increases
in Hg flux that occur at high flow.

For each lake segment, the Hg input from tributaries was
tallied from the fluxes for the measured streams contributing
to a given segment. For segment watershed area not draining
to a measured tributary, we assumed that the flux per unit



parts of the lake range from 3.56 to 8.52 µg/m2



by multiplying the areal flux from eq 9 by the surface area
of the lake segment.

Sedimentation Flux. Prior to this study, no surveys had
generated estimates of Hg sedimentation fluxes to Lake
Champlain due to the lack of colocated sediment core dating
and Hg concentration data. To address this need, three short
sediment cores were collected from Cole Bay off Port Henry-
Westport, NY (July 17, 2003), outer Malletts Bay, VT (July 31,
2002), and south of Point au Roche, on the open waters of
the northern Main Lake (August 5, 2003) (Figure 1). These
locations were selected to represent likely deposition patterns
in the major sections of Lake Champlain, while avoiding
areas of lake bottom that are known to exhibit deepwater
currents.

Sediment coring, Hg analysis, and radiometric analysis
methods are presented in the Supporting Information section.
Sedimentation fluxes were corrected for sediment focusing
by dividing sediment fluxes by the ratio of cumulative
unsupported 210Pb flux to the regional average unsupported
flux of 0.5 pCi cm3‚year-1 (42).

Estimated areal Hg fluxes (µg/m2‚year) for each core, as
well as average fluxes across the three cores, are summarized
in Table 2. Also summarized are peak Hg fluxes, the year of
those peaks, and modern to peak flux ratios. Enrichment
factors were calculated as the ratio of the peak or modern
flux to the baseline flux. Except for some hot spots, Hg
concentrations in the sediments of Lake Champlain overall
are low relative to other Vermont lakes. However, sedimen-
tation rates in Lake Champlain are relatively high, and thus
on balance, Hg fluxes to the sediments of Lake Champlain



lower than the actual measurements. These low modeled Hg
concentrations may be an artifact of the unusually high
modern Hg sedimentation flux value from Malletts Bay used
in the model.

Field measurements of tributary THg concentrations
confirmed significant seasonal and interannual variability.
For example, [THg] in the Little Otter Creek decreased from
10.4 ng/L in March to 6.68 ng/L in April, to 1.58 ng/L in July,
and 0.81 ng/L in September in 2003, while [THg] in April of
2001 was only 3.11 ng/L. Since tributary input is the main
contributor of Hg to the lake, we expect the concentrations
of the lake water to reflect such variability as well, but
subannual variability is not presently included in the
modeling due to the lack of mercury sampling data for lake
water over different seasons. We conducted sensitivity tests
on the mass balance model by using a range of tributary Hg



able to reproduce the field Hg measurements.
Even though we limit the focus of this paper to phase I

of this studysphysical cycling of total Hg, our most recent
field measurements provided some interesting preliminary
findings regarding MeHg. For example, tributary MeHg
concentrations around Lake Champlain are 0.4-16% of the
THg concentrations, compared to 0.5-5.9% for tributaries
to Lake Michigan. The lake water MeHg concentrations are
4-6% of the THg concentrations in Lake Champlain,
consistent with Little Rock Lake, Wiscosin (48), but consid-
erably lower than values measured across 90 smaller Vermont
and New Hampshire lakes (44). Watras and Bloom found
that when a lake basin is slightly acidic (mean pH of 6.1), as
in the case of part of the New York portion of the Lake
Champlain, the average lake water MeHg concentration is
5% of the THg concentration (49). When a lake is highly
basic, as in the case of Lake Michigan (mean pH of 8.2) and
the majority of the Lake Champlain Basin, the lake water
MeHg concentrations are lower, at only 2-3% of TMg
concentrations (1). We also discovered that MeHg concen-
trations in lake segment are about 0.3-0.6% of THg sum-
mertime concentrations in lake water.

The findings and progress made in phase I of this study
have helped to identify certain deficiencies in the current
mass balance model, several of which are being addressed
by phase II of this study. Specifically, we need (1) additional
sediment coring at representative locations for improved
understanding of the spatial variation in Hg sedimentation
rates in the lake; (2) more detailed modeling of water and air
temperature and wind speed variations across the lake to
refine Hg volatilization estimates; (3) expanded spatial and
temporal tributary sampling that includes the smaller streams
to more accurately account for total tributary Hg input; (4)
actual measurements of Hg concentrations in WWTF effluent;
(5) expanded sampling of lake water for THg and MeHg, and
new analyses of DGM to provide more accuracy in inputs to
the model; (6) finer temporal resolution of Hg inputs, e.g.,
using monthly wet and dry deposition and monthly tributary
inputs, which would allow for an understanding of the short-
term variations in the accumulation of Hg in the lake; (7)
coordinated water, sediment, and biota sampling and analysis
for THg, MeHg, stable isotopes, and DOC to allow incor-
poration of Hg dynamics in the food web.
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