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Recent and historical deposition of mercury (Hg) was examined
over a broad geographic area from southwestern Northwest
Territories to Labrador and from the U.S. Northeast to northern
Ellesmere Island using dated sediment cores from 50 lakes
(18 in midlatitudes (41-50°N), 14 subarctic (51-64°N) and 18
in the Arctic (65-83°N)). Distinct increases of Hg over time were
observed in 76% of Arctic, 86% of subarctic and 100% of
midlatitude cores. Subsurface maxima in Hg depositional fluxes
(µg m-2 y-1) were observed in only 28% of midlatitude lakes
and 18% of arctic lakes, indicating little recent reduction of inputs.
Anthropogenic Hg fluxes adjusted for sediment focusing and
changes in sedimentation rates (∆Fadj,F) ranged from -22.9 to 61
µg m-2 y-1 and were negatively correlated (r ) -0.57, P <
0.001) with latitude. Hg flux ratios (FRs; post-1990)/pre-1850) ranged
from 0.5 to 7.7. The latitudinal trend for Hg ∆Fadj,F values
showed excellent agreement with predictions of the global
mercury model, GRAHM for the geographic location of each
lake (r ) 0.933, P < 0.001). The results are consistent with a
scenario of slow atmospheric oxidation of mercury, and slow
deposition of reactive mercury emissions, declining with

increasing latitude away from emission sources in the
midlatitudes, and support the view that there are significant
anthropogenic Hg inputs in the Arctic.

Introduction
Elevated mercury (Hg) in fish has been well documented in
midlatitude North American lakes (1, 2), and Hg has emerged
as a priority contaminant in lakes and rivers of Arctic and
subarctic North America (3). Hg concentrations in fish are
ultimately linked to bioaccumulation of methyl Hg in lakes
and their catchments (4). Recent studies using Hg isotopes
have shown that methyl Hg concentrations in fish responded
rapidly to changes in (inorganic) Hg deposition in a lake in
the Experimental Lakes Area in northwestern Ontario with
the increase coming almost entirely from deposition to the
lake surface (5). Hg deposition has been modeled using
atmospheric transport and deposition models (6, 7) which
predict significant anthropogenic Hg deposition in Arctic
and subarctic regions although declining with increasing
north latitude. Yet, there is only limited validation of model
predictions because routine Hg wet deposition measure-
ments are limited to south of about 50°N (8).

Lake sediments have been shown to be reliable archives
for estimating historical Hg accumulation (9, 10) although
it has been noted that sediments are not especially responsive
to changes in Hg deposition over the past 10-20 years owing
to slow Hg transport through catchment soils (11). Lake
sediments have been used to estimate current and historical
Hg deposition in numerous midlatitude lakes in North
America (12-16). Recent studies by Mills et al. (16) on lakes
in south-central Ontario lakes and by Engstrom et al. (15) on
Minnesota lakes provide anthropogenic Hg enrichment and
deposition data for over 200 midlatitude (44-48 °N) lakes.
Reviews of Hg deposition to Arctic and subarctic lakes based
on sediment cores of early to late-1990s data noted that there
was a lack of information on Hg deposition in the eastern
Arctic and northern Québec, where no cores from lakes north
of 55°N latitude had been analyzed (17, 18). Recently
Fitzgerald et al. (19) studied Hg deposition in five lakes in the
north slope of Alaska, and Outridge et al. (20, 21) reported
on historical sedimentary profiles of Hg in two lakes in the
central Canadian Arctic archipelago. Overall, however, little
information is available on deposition of Hg to subarctic
and Arctic lakes in North America compared to midlatitude
regions. Thus while knowledge of Hg deposition in lake
sediment cores over large spatial scales could aid under-
standing of spatial and temporal trends of Hg in fish, the
current geographical coverage is poor.

Our objectives were to quantify latitudinal and longitu-
dinal trends of anthropogenic Hg deposition in eastern and
northern North America, to investigate variations in Hg
deposition, to examine relationships with lake area, catch-
ment/lake area ratio and sedimentation rates, and to compare
our results with model predictions.

Materials and Methods
Study Design and Site Selection. Sediment cores were
obtained during the period 1998-2005 from lakes in the
Canadian Arctic archipelago, subarctic lakes in the south-
western Northwest Territories, Manitoba, Ontario, Québec,
and Labrador, and midlatitude lakes in Ontario, Québec,
and northeastern U.S. (Figure 1). Full details on the lake
characteristics are provided in Supporting Information (SI)
Table S1. Lakes were assigned to Arctic (>65°N and above
the treeline), subarctic (Labrador, Northern Québec, Ontario
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and Manitoba >51°N and Northwest Territories), and mid-
latitude (south of 51°N) groups.

Sample Collection and Dating. In brief, cores (6-10 cm
diam) were obtained from the deepest point in each lake
avoiding steep sloped areas. Cores were extruded and sliced
into 0.5 or 1 cm sections (SI Table 1). Sediment cores were
dated using the 210Pb and/or 137Cs methods, and sedimenta-
tion rates and dates were estimated using the constant rate
of supply (CRS) model (22). Only cores with interpretable
210Pb or 137Cs stratigraphy were selected for analysis; they
typically yielded 10-20 post-1800 core sections or horizons,
per core. Further details on collection, dating, and analysis
are provided in the Supporting Information.

Mercury and Multielement Analysis. Freeze-dried sub-
samples were placed in Teflon vessels and acid-digested with

a mixture of nitric and hydrochloric acids and hydrogen
peroxide (ratio 9:2:1) in a high pressure microwave oven.
Total Hg was determined by cold vapor atomic absorption
spectrometry. A subset of cores were analyzed by direct
combustion using a DMA-80 (Milestone Instruments, Shel-
ton, CT). Total Al and Zn were determined by inductively
coupled plasma-mass spectrometry (ICP-MS) (PQ-2, VG
Elemental) and manganese (Mn) and iron (Fe) using ICP-
atomic emission spectrometry (AES). Organic carbon (OC)
was determined by CHN analyzer in subsamples from 47 of
50 cores.

Flux Calculations and Statistical Analysis. Recent and
preindustrial horizons in each core were defined by the
median ages assigned to each core section using the CRS

FIGURE 1. Location of the 50 study lakes. Midlatitude lakes were south of 51°N, subarctic lakes (open symbols) from 51-65°N and
Arctic lakes north of 65°N. See SI Table S1 for additional information on each lake.

TABLE 1. Pearson Correlation Coefficientsa for Correlations of Lake Characteristics with Latitude and Longitude

N latitude long-itude precipb (mm) % organic
carbon log AL log AC AC/AL

focusing
factorc

Al flux
ratiod

precipitation (mm) 50 -0.941** -0.519**
% organic carbon 47 -0.421* -0.278 0.424*
Log AL 50 -0.224 -0.077 0.166 -0.150
Log AC 50 -0.125 -0.107 0.092 -0.241 0.897**
AC/AL 50 0.138 -0.114 -0.112 -0.191 -0.093 0.241
focusing factor 49 0.456** 0.120 -0.429** -0.357* 0.092 0.212 0.444**
Al flux ratio 48 -0.139 -0.155 0.142 -0.009 -0.056 -0.013 0.014 0.054
sedimentation rate 49 0.347* 0.172 -0.338* -0.368* 0.017 0.147 0.356 0.717** 0.185
sedimentation ratioe 49 -0.114 -0.116 0.105 -0.007 -0.056 -0.054 -0.004 0.014 0.915**

a ** and * ) Significant Pearson correlation coefficients at P ) 0.01 and 0.05, respectively, using uncorrected probabilities.
b Average (1970-2000) precipitation at nearest Environment Canada (http://www.climate.weatheroffice.ec.gc.ca/climateData/
canada_e.html) or NOAA (http://cdo.ncdc.noaa.gov/cgi-bin/climatenormals/climatenormals.pl) station. c Focusing factor based on
average excess 210Pb divided by known or estimated 210Pb for the latitude of the individual lake. For further details on estimated
210Pb see the Supporting Information. d Aluminum (Al) flux ) ((recent (post-1990)/pre-1850) were calculated to estimate
erosional/aoelian inputs. e Sedimentation ratio ) CRS estimated sediment flux, g m-2 y-1 ((recent (post-1990)/pre-1850).
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model. Hg fluxes, flux ratios (FR), and enrichment factors
(EFs) were calculated as

Flux (F) (µg m-2 y-1) ) [dry wt concn] × 210Pb-derived
sedimentation rates for each core horizon.

Anthropogenic flux, ∆F (µg m-2 y-1) ) Frecent (post-1990)
- Fpreind (preindustrial; pre-1850), FR ) Frecent/Fpreind and EF
) recent (post-1990)/preindustrial Hg concentrations.

Fluxes of Al were calculated to investigate inputs of a
primarily lithogenic element and Al flux ratios [(recent (post-
1990) - pre-1850)/pre-1850] were calculated to estimate
erosional and aeolian inputs. After confirming a strong
correlation of Al flux ratio and the ratio of 210Pb derived recent
and preindustrial sedimentation rates (r ) 0.915, P < 0.001,
N ) 34), Hg fluxes for each horizon were adjusted for
sedimentation and an anthropogenic Hg flux ∆Fadj was
calculated using the equation of Perry et al. (13):

As noted by Perry et al. (13) if the pre-1850 sedimentation
rate equals the post-1850 sedimentation rate, the sedimen-
tation ratio ) 1 and no adjustment is made. However, in
horizons where the sedimentation rate is higher, the ratio
adjusts for the dilution effect of increased sedimentation.

Sediment particle focusing factors (FF) were estimated
for all cores dated by dividing the observed 210Pb flux (Bq
m-2y-1) by the predicted 210Pb flux for the same latitude based
on soil 210Pb measurements from 41.5 to 81.5°N latitude (see
SI Table S2 and Figure S1 and references therein). Recent
fluxes and ∆Fadj,F were adjusted by dividing by FF.

Correlations were performed using Microsoft Excel and
Systat 12 (Systat Software Inc. Chicago IL). Lake area (AL),
catchment area (AC) and Hg fluxes were log transformed to
yield normally distributed data (Shapiro-Wilk test; P > 0.10).

Modeled Hg Deposition. The global/regional atmospheric
heavy metals model (GRAHM) (6, 23) was used to predict
terrestrial anthropogenic Hg fluxes for each lake location. A
description of this model is given by Dastoor and Laroque
(6) and it was recently modified to include parametrizations
for halogen-mediated mercury chemistry, deposition, and
re-emission of mercury during spring and summer in the
Arctic (23). Model simulations were performed for year 2001
at 50 km horizontal resolution using anthropogenic Hg
emissions for year 2000 and terrestrial and oceanic emissions
as described in Dastoor et al. (23). Net deposition of Hg to
the surface in the geographic region of each of the 50 lakes
was predicted based on their latitude/longitude. In Arctic
and subarctic regions the model simulates rapid revolatil-
ization of mercury in addition to the deposition represented
by mercury depletion events (MDEs), which are subtracted
from the deposition.

Results
Lake Characteristics, Sedimentation Rates, and Elemental
Profiles. The lakes ranged widely in surface area (MB-AC )
0.0017 km2; Superior ) 82170 km2); 37 of 50 were <10 km2

(SI Table S1). Lake and catchment areas, as well as AC/AL

were unrelated to lake latitude or longitude (Table 1). Most
cores exhibited near-exponential declines in excess210Pb with
depth, indicating relatively constant rates of sediment
accumulation (see SI Figure S2). Sedimentation rates based
on the CRS model ranged from 10 to 1000 g m-2 y-1 (SI Table
S1) and were not significantly correlated with latitude, AL or
AC (Table 1). Sedimentation rates were generally low and the
top 10 cm of most cores included sediments deposited over
the past ∼150 years. Sedimentation rate was significantly
correlated with focusing factor (r ) 0.700; P < 0.001).
Sedimentation rates were >10% higher in the period
1990-2000 than in the years 1800-1900 in 27 of 49 lakes; 11

of 49 had 2× higher rates. The increased sedimentation
estimated from the ratio of the CRS sedimentation rates in
recent and preindustrial horizons, was unrelated to latitude,
longitude, average sedimentation rate, or to average annual
precipitation for each location (Table 1).

Concentrations of Al, an indicator of geogenic inputs, were
available for 35 lakes and showed relatively little variation
with deposition year with only 12 lakes having positive
correlations and 2 having negative (SI Table S3). Al con-
centrations within lakes were generally not correlated with
sedimentation rate in Arctic and subarctic lakes (SI Table
S3). Zn concentrations were correlated with sedimentation
rate in <20% of Arctic and subarctic lakes (SI Table S3).
However, a slightly higher frequency of positive correlations
of both Al and Zn with sedimentation rates was found in
midlatitude lakes (22 and 36%, respectively). Overall, sedi-
mentation rate did not appear to have a large lithogenic
component, i.e., from erosion or aeolian inputs.

The higher recent sedimentation rates estimated using
the CRS model could also be due to the flattening of the
slope of the 210Pb activity profile near the sediment surface
due to bioturbation or to diagenetic dilution of the 210Pb due
to accumulation of Fe oxides at the surface (19, 24).
Bioturbation is unlikely to be a major factor because almost
all these lakes are all cold, oligotrophic systems (25), however,
no quantitative assessment of density of benthic fauna of
each lake was available. As for Fe diagenesis resulting in
increased Fe in surface sediments and thus increased dry
mass, total Fe concentrations increased with deposition year
in 10 of 18 (56%) midlatitude cores but in only 2 of 17 arctic
lakes (SI Table S3). Thus Fe diagenesis resulting in increased
Fe in surface sediments (and thus increased dry mass in
surface horizons) may have played a role in influencing
estimated sedimentation rates at least in midlatitude lakes
as discussed by Gubala et al. (24).

Our results for sedimentation rates in Arctic lakes are in
general agreement with several recent studies which have
shown higher sedimentation in late 20th century horizons
compared to 19th century horizons (19, 20). Lindeberg et al.
(26) concluded that changes in the influx of material from
regional aeolian activity resulted in large fluctuations in Hg
and Pb concentrations in pre-19th century sediments of
Greenland lakes. On the other hand, Lockhart et al. (27) did
not observe differences in recent and preindustrial sedi-
mentation rates in a series of 16 cores ranging from central
midlatitude Canada to Lake Hazen. Mean annual snowfall
has increased in the central Canadian archipelago (28)
suggesting greater snowmelt runoff leading to greater
erosional inputs in some catchments. The disappearance of
shallow ponds in the islands of the Canadian Arctic archi-
pelago has been attributed to increased evaporation/
precipitation ratios (29) may be an indication of the more
rapid drying of lake catchments which could result in greater
aeolian inputs for some lakes.

Percent OC of surface sediments declined weakly with
latitude (Table 1) (r )-0.421, P ) 0.003), whereas sediment
particle focusing factor increased with latitude (r ) 0.456, P
) 0.005). Sediment OC has often been used to normalize Hg
results because it is assumed that most catchment related
Hg enters lakes associated with organic matter. Indeed %
OC was positively correlated with Hg concentrations in 15
of 47 lakes and % OC increased with year of deposition in
the same lakes (SI Table S3). Bindler et al. (30) also found the
% OC also increased over time in the three dated cores from
Greenland. Outridge et al. (20, 21) reported increasing % OC
in Amituk Lake, as well as in lake DV09 on Devon Island, and
also noted a strong correlation of Hg concentrations with
algal-derived organic matter. We found that % OC was >10%
higher in the surface section compared with horizons dated
to approximately 1800-1900 in 26 of 47 cores for which we

∆Fadj ) Frecent - Fpre-ind -
(Fpre-ind × sedimentation ratio - Fpre-ind) (1)
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had OC profiles while only 3 of 47 showed a >10% decrease.
The increased %OC could be due to progressive loss of carbon
following burial as shown by Gälman et al. (31) for a varved
lake sediment in northern Sweden. Alternatively, increased
autochthonus production could be occurring, particularly
in Arctic lakes (19, 20). Given that % OC was significantly
correlated with latitude while the sedimentation ratio was
not (Table 1), we concluded that adjustment of fluxes using
the sedimentation ratio (eq 1) was more appropriate than %
OC since the latter might introduce a bias for evaluating
latitudinal trends.

Recent and Preindustrial Hg Fluxes. Anthropogenic
mercury flux, ∆Fadj,F, ranged from -22.9 to 61 µg m-2 y-1

averaging 2.8, 7.5, and 26.8 µg m-2 y-1 in Arctic, subarctic,
and midlatitude lakes, respectively (Table 2). Hg ∆Fadj,F had
a significant negative correlation with latitude (r ) -0.572;
P ) <0.001) (Table 3), but was not correlated with lake area,
AC/AL or % OC in sediment. The lowest value ∆Fadj,F was for
Rabbitkettle Lake in southwestern NWT (SI Table S4).
Omitting this lake, which had higher Hg fluxes than other
subarctic lakes despite its remote location, improved the
correlation with latitude (Figure 2A, r ) -0.670; P < 0.001).

The net anthropogenic Hg deposition fluxes simulated
by GRAHM for the region of each lake declined significantly
with latitude (Figure 2B, r ) 0.933, P < 0.001). Individual
predicted values are given in SI Table S4. These predicted

values represent the average deposition within the model
grid cell for a single year (2001).

Hg Frecent (corrected for particle focusing but not for
sedimentation) also showed significant negative correlation
with latitude (r ) -0.684; P < 0.001; Table 3 and Figure 2C)
and focus corrected preindustrial fluxes (Fpreind) were also
correlated (r ) -0.501, P ) 0.001; Table 3 and Figure 2D).
Uncorrected recent fluxes were also significantly correlated
with latitude while preindustrial fluxes showed no correlation
(SI Figure S3). Results for individual lakes are provided in SI
Table S4. Frecent and Fpreind Hg were weakly correlated with %
OC (P) 0.040 and 0.027, respectively) but not with longitude
(data not shown). Frecent and Fpreind were also correlated with
precipitation (P < 0.001); however, precipitation and latitude
were highly correlated (Table 1).

Recent Hg fluxes in midlatitude lakes have been shown
to be correlated with AC/ALwhile preindustrial fluxes were
generally not correlated (12, 32-34). In this study Frecent and
Fpreind for Hg were not correlated with AC/AL, AL, or AC, when
all lakes were combined (Table 3). However, in midlatitude
lakes Frecent and Fpreind for Hg were negatively correlated with
AC (P ) 0.013 and 0.015, respectively; N ) 18) (Table 3) (SI
Figure S4). Grigal (35) noted that the flux of Hg via catchment
streamflow showed a clear tendency for lower annual flux
with increasing watershed size. Our results are thus in
general agreement with the earlier studies and they

TABLE 2. Mean Concentrations of Hg in Surface Samples, Percent of Lakes with Subsurface Maxima, Mean Flux Ratios (FR),
Recent and Pre-Industrial Fluxes, and Adjusted Anthropogenic Fluxes (∆Fadj,F)

region Na 95% CI µg/g Hg concn max subsurface fluxb max subsurface concnb FRc Hg Frecent
d Hg Fpreind

d Hg ∆Fadj,F
e

Arctic 18 mean 0.08 18% 17% 2.16 11.4 6.6 2.8
(65-83°N) 95% CI 0.04 0.53 6.4 3.4 2.0
subarctic 14 mean 0.13 25% 33% 2.50 26.9 14.8 7.5
(51-64°N) 95% CI 0.03 0.75 11.8 9.8 5.9
midlatitude 18 mean 0.24 28% 22% 3.56 63.5 24.9 26.8
(41-50°N) 95% CI 0.08 1.00 16.9 9.9 7.2
overall 50 mean 0.15 24% 24% 2.76 34.5 15.7 12.5

95% CI 0.04 0.48 9.7 5.1 4.4
a Arithmetic mean Hg concentrations (ug/g dry wt) are reported for 50 lakes. Fluxes are reported 49 lakes - individual

results are presented in SI Table S4. b Percent showing maximum concentrations or fluxes in subsurface horizons based on
two consecutive near surface samples having >10% lower concentrations or fluxes. c FR ) flux ratio ) Frecent/Fpreind. d Recent
and preindustrial fluxes (µg m-2 y-1) corrected for particle focusing. e Adjusted anthropogenic flux (µg m-2 y-1) ) ∆Fadj,F )
(recent flux-preindustrial flux - (preindustrial flux × SR - preindustrial flux))/FF where SR ) recent to preindustrial
sedimentation ratio. See eq 1.

TABLE 3. Results of Simple Correlations of ∆Fadj,F, Frecent, and Fpre-ind, and Flux Ratios (FR) of Mercury with Various Lake
Characteristicsa

correlation comparison r P N

with latitude/longitude ∆Fadj,F vs latitude -0.572 <0.001 49
Frecent

b vs latitude -0.684 <0.001 49
Fpreind

b vs latitude -0.501 0.001 49
FR vs latitude -0.295 0.040 49
FR vs longitude -0.261 0.070 49

with % organic carbonc ∆Fadj,F vs sediment % OC 0.195 0.189 46
Frecent vs % OC 0.301 0.040 46
Fpreind vs % OC 0.324 0.027 46

with lake properties (all lakes) ∆Fadj,F vs log AL 0.000 0.998 49
∆Fadj,F vs AC/AL -0.010 0.945 49

with midlatitude lake catchment aread Frecent vs AC -0.569 0.013 18
Fpreind vs AC -0.562 0.015 18

a ∆Fadj,F, recent, and preindustrial fluxes were log transformed for all correlations. Statistically significant relationships
are bolded. b Recent and preindustrial fluxes (µg m-2 y-1) corrected for particle focusing. c %OC ) % organic carbon of
recent (post 1990) horizons. d For midlatitude lakes only.
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underline the importance of catchment inputs for Hg
transport, with increasing in importance in larger forested
catchments common to all of the midlatitude lakes. The
lack of correlation with AC/AL may be a consequence of
large range of AC/AL (0.6-189) due to a more diverse group
of lakes compared to other studies. Above AC/AL values of
about 30, ∆Fadj,F values appear to be relatively constant
and not related to geographic location (Figure 2F).

Hg FRs ranged from 0.5 to 7.7, averaging 2.76 (SI Table
S4). FRs were very weakly correlated with latitude (P ) 0.04
and 0.03) (Figure 2E). The FRs were not significantly
correlated with longitude (P ) 0.070), nor with % OC, AC/AL,
or AL (data not shown).

Historical Profiles of Hg. There was a general increase
of Hg concentrations with deposition year in almost all cores
and significant (P < 0.05) positive correlations of Hg
concentration and year in 76% of Arctic, 86% of subarctic,
and 100% of midlatitude lakes (SI Table S3). However, 18%
of arctic lakes, 33% of subarctic lakes, and 22% of midlatitude
lakes had subsurface maxima for Hg concentrations and 18,
25, and 28%, respectively, when based on flux (Table 2). Plots
of Hg concentrations and fluxes versus CRS dates for
individual sediment cores are shown in SI Figure S5.

Overall historical trends in focus and sedimentation
corrected anthropogenic Hg deposition rates (i.e., ∆Fadj,F for
each sediment horizon analyzed) in Arctic, subarctic and
midlatitude lakes are presented in Figure 3. The curves were
generated by calculating the average flux for 20 year time
intervals from 1840 to 1900, 10 year time intervals from 1901
to 1990, and 5 year intervals from 1991 to 2005. Results for
individual lakes are provided in SI Figure S6. Generally

∆Fadj,F showed a distinct increase in post-1900 horizons in
midlatitude cores, post-1920-1940 in subarctic cores and
post-1950 in Arctic cores. The fractional increase of ∆Fadj,F

FIGURE 2. (A) Relationship of adjusted anthropogenic flux ∆Fadj,F for mercury vs latitude in dated sediment cores from midlatitude,
subarctic and Arctic lakes, (B) comparison with net flux predicted for each lake location using GRAHM, (C) focus corrected recent
fluxes, (D) focus corrected preindustrial fluxes, (E) the latitudinal trend of mercury flux ratios. All statistics for flux vs latitude are
based on log transformed flux data. A single data point in A marked with a * was omitted to calculate the correlation coefficients.
No significant trends of ∆Fadj,F with catchment to lake area ratio (AC/AL) were found (F).

FIGURE 3. Average ((95% confidence limits) historical profiles
of anthropogenic mercury deposition fluxes (∆Fadj,F, µg m-2 y-1)
in midlatitude, subarctic, and Arctic sediment cores for all
Arctic, subarctic, and midlatitude lakes over 5-20 year time
intervals. Dashed line shows the fractional increase of ∆Fadj,F
over the same time intervals relative to values for 1900-1910.
Individual lake results are given in SI Figure S5.
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relative to the anthropogenic flux in 1900-1910, shown by
the dashed line in Figure 3, shows a 14.5-fold increase during
the 20th century in midlatitude lakes, a 2.7-fold in subarctic,
and 3.5 fold in the Arctic lakes. There is a proportionally
small anthropogenic enhancement in Arctic and subarctic
lakes compared to midlatitude lakes owing to relatively high
background (preindustrial) Hg fluxes across all latitudes
(Figure 2D; SI Figure S3).

Comparison with Other Studies of Hg Flux Ratios and
Adjusted Fluxes. The range of FR values for Hg observed in
this study is similar to previous reports for FRs and enrich-
ment factors (EFs; Hg concnrecent/Hg concnpreind) in Arctic
and north temperate lakes in Canada and Alaska (17, 36) but
lower than found in the northeastern U.S. (12). Hg EFs for
202 lakes in south-central Ontario ranged from 0.5 to 5.1. Hg
EFs for 21 lakes in West Greenland averaged 2.9 (range
0.8-11.2) (30), which overall, is higher than the FRs in the
present study.

The Hg fluxes in North America reported by Landers et
al. (17), based on recent horizons of cores collected in the
1980s and early 1990s over a similar range of latitude as this
study, ranged from about 3 to 52 µg m-2 y-1, whereas
preindustrial fluxes ranged from 2.5 to 54 µg m-2 y-1. These
fluxes are within the range observed in this study (focus
corrected). Perry et al. (13) reported corrected recent Hg
deposition rates (∆Fadj,F) of 10-60 µg m-2 y-1, averaging 25
µg m-2 y-1 for 29 lakes in the northeastern U.S., with
maximum values generally being reached between 1970 and
1990. We used the same adjustment and our average ∆Fadj,F

for midlatitude lakes (26.8 µg m-2 y-1) agrees well with the
latter study. Two study lakes, Levi (VT) and Bates (CT) had
∆Fadj,F of 41 and 45 µg m-2 y-1, respectively, similar to other
lakes in that region (13).

Lockhart et al. (27) studied a series of lakes along a
north-south transect and reported greatest anthropogenic
enrichments in Hg occurred in central/southern Canada with
a 2 fold increase over the past half century. Their fluxes for
Lakes Amituk (3.9 µg m-2 y-1) and Hazen (23 µg m-2 y-1)
were in good agreement with the present study (SI Table S4).
Two more recent studies of Arctic lakes also found Hg fluxes
within the range reported in this study. Bindler et al. (30)
found recent fluxes of Hg in dated cores from three west
Greenland lakes ranging from about 5 to 10 µg m-2 y-1, and
Fitzgerald et al. (19) estimated whole lake Hg fluxes of
approximately 2.5-5.0 µg m-2 y-1 for five lakes in northern
Alaska after correcting for soil erosion.

Comparison with Predicted Trends in Fluxes for Hg.
Reduction in overall atmospheric Hg emissions in North
America and Europe of about 10 and 50%, respectively,
between 1990 and 2000 have been reported, whereas Asian
sources (mainly China) increased by 40% over the same time
period (37). Thus, midlatitude North American lakes might
be expected to show declining Hg deposition, and there is
evidence of declining Hg fluxes in some studies (13, 27, 38).
However, other recent studies of remote midlatitude lakes
show limited or no decline (15, 16) which agrees with our
observations for 72% of the 18 midlatitude lakes in this study
and with the average decadal trends (Figure 3). The absence
of a relatively sharp downturn reflects the slow response of
lake sediments that has been attributed to the strong retention
of Hg within watershed soils and biomass (5, 13).

Independent evidence for whether Hg deposition is
increasing or decreasing in Arctic lakes is very limited. The
Canadian Arctic archipelago, where almost all our high
latitude study lakes were located, is very remote, and north
of about 70° latitude, is influenced mainly by Asian and
European atmospheric sources (39, 40). Analysis of time series
for gaseous elemental Hg (GEM) concentrations over the
period of 1995-2005 have shown no evidence of a decline
at Alert on northern Ellesmere Island (41). Boutron et al. (42)

reported a 40 year record of Hg in snow cores from the
Greenland icecap which showed relatively constant con-
centrations in the 1980s, unlike increases observed in
sediment cores in Greenland over the same period (30).
Fitzgerald et al. (19) concluded that there was significant
anthropogenic Hg deposition to lakes in the Toolik Lake area
of northern Alaska due to a combination of inputs from polar
sunrise MDEs and reactive gaseous Hg dry deposition. Using
a relationship between Hg concentrations in precipitation
and 210Pb activity from remote northern hemispheric loca-
tions they estimated a Hg flux for northern Alaska of 2.2 ug
m-2 yr-1 which is similar to the average ∆Fadj,F of 2.8 µg m-2

yr-1 for 18 Arctic lakes in this study. Brooks et al. (43) estimated
net gains of Hg of 0.7 ( 0.2 µg m-2 at Barrow, AK as a result
of spring time MDEs.

The GRAHM predicted average ((SD) Hg fluxes of 4.1 (
1.1, 11 ( 3.1, and 22 ( 3.9 µg m-2 y-1 for the Arctic, subarctic,
and midlatitude lake locations, respectively. This was in very
good agreement with the general trend seen for ∆Fadj,F in
Figure 2A and the average fluxes for each region (Table 2).
Other Hg deposition model estimates for eastern and
northern North America also predict declining fluxes with
latitude (6-8, 44, 45). The Danish Eulerian Hemispheric
model (DEHM) predicts annual Hg deposition with Hg
depletion events ranging from >18 µg m-2 y-1 in eastern North
America to 6-12 µg m-2 y-1 in the Canadian Arctic archipelago
(7). Miller et al. (8) estimated (dry + wet) Hg deposition for
rural areas of the northeastern U.S. and adjacent Canadian
provinces ranging from about 4 to 30 µg m-2 y-1 which is
good agreement with Hg ∆F adj,F′s calculated from sediment
deposition for this region. Further discussion of model results
is given in the Supporting Information.

The agreement between modeled and measured deposi-
tion lends additional support to the hypothesis that most Hg
deposited from MDEs is revolatilized (46). Whereas most of
the Hg deposition is predicted to occur over the ocean near
sources of Br and BrO (23) near shore terrestrial environments
could nevertheless receive greater deposition (46-48). We
examined this question for the 18 Arctic and 2 subarctic lakes
in this study that were within 80 km of the ocean. No
significant trend was found between Hg FR or with ∆Fadj,F

and log distances or square root of the distance, even after
omitting the most distant lake (SI Figure S7), suggesting little
net effect. To our knowledge this is the most geographically
extensive study of Hg fluxes to lake sediments in North
America. While a declining trend away from midlatitude
emission sources was observed, subarctic and Arctic lakes
nevertheless had significant anthropogenic inputs. These
observations are consistent with “Hypothesis 2” discussed
by Lindberg et al. (11) of slow atmospheric oxidation of
mercury, slow deposition of reactive mercury emissions, and
increasing importance of global sources in remote regions.
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1. Additional sample collection and analysis information 

 

Objective: Sediment cores were obtained during the period 1998-2005. The objective was a north-

south transect from northeastern USA to Ellesmere Island and a west-east transect from 

southwestern Northwest Territories (NWT) to Labrador. Logistical constraints (e.g. the need to 

access all Arctic and subarctic lakes by air) limited systematic geographical coverage. 

 

Lake characteristics:  Of the 50 lakes, 42 had completely uninhabited catchments, 5 had some 

habitation (generally cottages) and 3 had small municipalities (Nipigon, Big Trout, Superior). 

Some large subarctic lakes e.g. Big Trout, Fisherman, Shipiskan have important First Nations 

subsistence fisheries and therefore some light boat traffic. Two mid-latitude lakes, Nipigon and 

Superior have municipal waste treatment sources, but are thought to receive most inputs of 

pollutants from the atmosphere [1]. Most small mid-latitude lakes were undisturbed and located in 

Parks (Connery, Opeongo), next to Research facilities (Plastic, Cromwell, Croche, Batchewana), 

or undisturbed private land (Bates, Dufferin, St. George, Philips).  

 

Sample collection: Cores were obtained with KB (Kajak-Brinkhurst type corer [2, 3], Glew [4] or 

Uwitec (Uwitec, Mondsee, Austria) corers using 6-10 cm diameter acrylic plastic tubes. All cores, 

except Lakes A, Cli, Croche, Cromwell, Connelly, Hazen, North and West were obtained in July-

September from a small boat or a float-equipped aircraft.  The latter 6 were obtained through holes 

drilled through the ice. Multiple cores were obtained at each site. The deepest point in each lake 

were selected by sonar, or using bathymetric maps, avoiding steep sloped areas that might be 

subject to slumping. Cores were extruded and sliced into 0.5 or 1 cm sections  (SI  Table S1) 

Sediments were stored in WhirlPak
R
 polyethylene bags or in wide-mouth polypropylene jars. 

Sediments were kept in cool dark storage during the field work and then shipped by air freight to 

the laboratory where they were stored in the dark at 4°C. 

 

Core Dating:  Sediment cores were dated using the 
210

Pb and/or 
137

Cs methods, and sedimentation 

rates and dates were estimated using the Constant Rate of Supply (CRS) model [5]. Freeze-dried 

subsamples of each section were treated using a variation on the Eakins and Morrison [6] 

polonium distillation procedure. Single cores from each lake were dated except for Lakes Siskiwit, 

Shipiskan, Char, Cli, and Amituk, where 2 cores taken the same year or within 4 years, were 

dated. Only cores with interpretable 
210

Pb or 
137

Cs stratigraphy were selected for analysis; they 

typically yielded 10-20 post-1800 core sections or horizons, per core. One core (Lake A in 

northern Ellesmere Island) was dated by counting annual laminations (varves) in another core 

taken at the same location, due to low 
210

Pb and 
137

Cs values. A sedimentation rate was not 

estimated for Lake A. 

Excess 
210

Pb activity was low in high latitude cores. 
210

Pb deposition declines 

exponentially with latitude and, in North America (See Figure S2), is about 5-fold lower at 60
o
N 

than at 30
o
N because of lower precipitation at higher latitudes [7, 8]. In the High Arctic permafrost 

may reduce radon gas (the parent of 
210

Pb) emissions from soil and extended periods of ice cover 

may prevent atmospheric
 210

Pb from reaching lake sediments [8, 9].  

Sediment particle focussing factors (FF) were estimated for all cores dated by dividing the 

observed 
210

Pb flux (Bq m
-2

y
-1

) by the predicted 
210

Pb flux for the same latitude based on soil 
210

Pb 

measurements from 41.5 to 81.5 degrees latitude. This method was previously used in a study of 

latitudinal gradients of PCBs [10] and is discussed in detail in an unpublished study [11]. The 

regression of soil 
210

Pb fluxes vs latitude shown in Figure S1 is derived from that study. 
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Mercury and multi-element analysis: In all, 50 dated cores were available for detailed analysis. 

Freeze dried subsamples were placed in Teflon® vessels acid-digested with a mixture of nitric and 

hydrochloric acids and hydrogen peroxide (ratio 9:2:1) in a high pressure microwave oven. Total 

Hg was determined by cold vapour atomic absorption spectrometry. A subset of cores were 

analysed by direct combustion using a DMA-80 (Milestone Instruments, Shelton, CT). Total Pb, 

manganese (Mn) and iron (Fe) were determined in 48 of 50 cores. Pb was determined by 

inductively coupled plasma-mass spectrometry (ICP-MS)  (PQ-2, VG Elemental) and Mn and Fe 

using ICP-atomic emission spectrometry (AES). A subset of the cores (15)  were analysed for 

“reactive” Fe and Mn by extraction with 1 M HCl [12]), and the extracts were analysed by ICP-

AES. Multielement analysis for between 10 and 30 additional trace elements was conducted by 

ICP-MS on 38 of 50 cores. Organic carbon was determined by CHN analyser in subsamples from 

47 of 50 cores.  Certified sediment reference materials (NRC MESS-3 and NIST RM 8704) were 

used to ensure accuracy. Results for Hg were consistently within ±7% of certified values by cold 

vapour atomic absorption spectrometry and within ±5% for DMA analysis. All the ICP-MS and 

CHN analyses were performed at the National Laboratory for Environmental Testing (NLET, 

Burlington ON). 

 Hg concentrations have been previously reported for the same cores from three of the study 

lakes. He et al. [13] reported results for Hg and methyl Hg in lakes St. George and Philips. 

Jackson et al. [14] reported Hg concentrations in a core from Romulus Lake and Jackson et al. 

[15] reported concentrations of Hg in the surface sections of cores from Lakes Cli and Shipiskan. 

For several lakes e.g. Amituk, Char, Hazen, Plastic, Siskiwit here have been multiple cores 

dated either by our lab or in other studies. For example Lockhart et al [16] reported sedimentation 

rates for lakes Amituk and Hazen which are in good agreement with this study after focus 

correction. Our own multiple cores from Char and Siskiwit Lake show agreement in CRS model 

sedimentation rates within 10% (data not shown). Mills et al [17] reported a sedimentation rate for 

Plastic Lake (97 g m
-2

 yr
-1

) which is in good agreement with ours (120 g m
-2

 yr
-1

) after correction 

for focussing. 

 

2. Profiles of other elements: 

The concentration profiles of total Fe and Mn also showed a tendency to increase towards the 

surface i.e. significant positive (+) and negative (-) correlations with year of deposition (SI Figure 

S3), although, generally not in parallel with Hg concentrations which frequently peaked in sub-

surface horizons. “Reactive” Fe and Mn profiles were examined in 15 of the lakes. Both were 

strongly correlated with total Fe and Mn and therefore only the latter measurements were done on 

the 34 other cores (data not shown). The lack of a consistent trend of Fe and Mn with Hg confirms 

previous conclusions suggesting a lack of  any major effects of diagenetic processes on Hg vertical 

movement in sediments [18] .  

Results for Al were available for 33 cores and showed much less variation with deposition 

year than Hg concentrations (SI Table S3). Al concentrations had significant + and - correlations 

with sedimentation rate in a relatively small number of lakes (4 of 20 Arctic and subarctic) 

compared with Hg.  Al was + correlated with Hg in only 4 lakes and negatively correlated in 14 of 

33. Al and Zn were + correlated in 12 of 14 Arctic lakes but only in 1 of 14 mid-latitude lakes. 

Outridge et al [19] also found significant correlations between Al and Zn, as well as between Al 

and Hg, in a core from a small lake on Devon Island (DV-09) post -1854 stratigraphy and 

attributed a significant fraction of Hg input to local geological sources via weathering and runoff 

from melting snow. 

 

3. Comparison with model predictions 
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The Danish Eulerian Hemispheric model (DEHM) predicts annual Hg deposition with Hg 

depletion events ranging from >18 µg m
-2

 y
-1

  in eastern North America to 6-12 µg m
-2

 y
-1

 in the 

Canadian Arctic archipelago [20]. With MDE omitted the estimated Hg deposition was predicted 

to decline more sharply from >18 µg m
-2

 y
-1

 in southern Ontario and Québec to <3-6 µg m
-2

 y
-1

 in 

the archipelago. Modelling of total wet + dry deposition estimated for the northeastern US and 

adjacent areas of southern Canada showed a latitudinal decline from 10-30 ug/m
2
 in upper New 

York State, Vermont and southern Ontario (43-45 
o
N) to 3-10 ug/m

2
 at 46-48

 o
N range and 0.3-1 

µg /m
2
 at 51-53

 o
N [21]. Gbor et al [22] using the EPA SMOKE/CMAQ modeling system 

predicted higher deposition ranging from 30-40 ug/m
2
 in upper New York State to 10-20 ug/m

2
 at 

51-53
 o

N. Using the Environment Canada Global/regional atmospheric heavy metals (GRAHM) 

model, Dastoor and Larocque [23] showed dry deposition over this same region declining from 

about 10-20 ug/m
2
 to 0.5-1 µg /m

2
 while summertime wet deposition was estimated to be more 

variable latitudinally in Eastern North America ranging from 2-20 µg /m
2
.  

Dastoor et al. [24] have modeled the deposition of Hg to the Arctic Ocean including MDEs 

and associated atmospheric chemistry pathways. They estimated Hg deposition in the western 

Canadian Arctic archipelago of 20-35 µg m
-2

 y
-1

 with maximum deposition occurring in March –

May as a result of MDEs.  About 40% was estimated to be re-emitted. The current version of  

GRAHM used for this study takes revolatilization into account and predicted Hg fluxes of 4, 11 

and 22 µg m
-2

 y
-1

 for the Arctic, Subarctic and mid-latitude lake locations, which is in very good 

agreement with the general trend seen for ∆Fadj,F and the average fluxes for each region. This 

agreement of modeled and measured deposition lends additional support to the hypothesis that 

most Hg deposited from MDEs would be revolatilized. Nevertheless the proximity of many of the 

lakes in the Arctic islands to the ocean might result in greater deposition over time. Constant et al. 

[25] observed an exponential decline of gaseous elemental Hg with distance (0.9 to 2.9 km) from 

Hudson Bay and Garbarino et al. [26] found higher concentrations of Hg in snow near marine 

areas of coastal Alaska than at inland sites. Berg et al. [27] reported higher concentrations of Hg in 

moss collected in the northern coast of Norway than inland, and presented evidence that this could 

be could partly be due to MDEs. We examined this question for the 18 Arctic and 2 subarctic 

lakes in this study that were within 80 km of the ocean (see Table S1 for distances). No significant 

trend was found between Hg FR or with ∆Fadj,F and log distances or square root of the distance, 

even after omitting the most distant lake (Figure S7).  

Miller et al. [28] estimated (dry+wet) Hg deposition for rural areas of the Northeastern US 

and adjacent Canadian provinces ranging from about 4 to 30 µg m
-2

 y
-1

. Deposition was predicted 

to be higher (25-32 µg m
-2

 y
-1

) in the west and southwest parts of this region (north of Lake 

Ontario and in the Catskill Mountains north of New York) and lower (5-15 µg m
-2

 y
-1

) in Québec 

north of 50
o
N. These values are in good agreement with Hg ∆Fadj,F’s calculated from sediment 

deposition. 

The agreement between modeled Hg deposition and our empirical estimates is very good 

over the latitudinal gradient which suggests that this approach, first applied by Perry et al. [29] can 

be broadly utilized. However, there are uncertainties in calculation ∆Fadj,F which need to be 

recognized. The values for FF have considerable uncertainty due to the limited number of 

independent measurements of 
210 

Pb fluxes to soil along a north-south transect in North America 

(see SI Figure S2 and related equation). Uncertainties (% standard error) in estimation of the FF 

are about ±30%. Average sedimentation rates calculated with the CRS model have uncertainties of 

20-40% based on the fit of the unsupported 
210

Pb activity against cumulative dry weight. The 

analysis of multiple cores from each lake would, of course, improve the estimate of the true 

sedimentation rate and the FF but, except for the 4 lakes that were cored twice, this was not 

feasible in the present study. To reduce lake to lake variation future studies along this north south 
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gradient ideally should focus on a more consistent set of lakes e.g. lakes with similar areas and 

catchments, as well as multiple cores from each lake. 
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Table S1. Information on the 50 Arctic, subarctic and mid-latitude lakes and sediment characteristics 
Region Lake/core Loca-

tion 

Lat 

°N 

Long 

°W 

Precip 
1
 

(mm) 

Collection 

group
2 

Slice 

thick-

ness 

(cm) 

Yr 

collected 

Distance 

from 

ocean 

(km) 

AL
3
 

km
2 

AC/AL FF
4 

Sed rate
5
  

g m
-2

y
-1 

 

change in sed 

rate %
6 

Al 

ratio
7 

Zn 

ratio
8 

% Org 

carbon
9 

OC 

ratio
10 

Arctic A (Ellesmere) NU 83.0 70.5 154 Vincent 1.0 2001 12 4.9 7.4  
6 

     
Arctic Amituk NU 75.0 93.8 150 Kock 0.5 2002 5.3 0.38 69.1 3.67 260 28 1.32 1.45 5.4 1.362 

Arctic AXAJ NU 80.0 87.0 76 Douglas/Smol 0.5 1998 5.7 0.1 21.1 0.55 110 110     
Arctic BI-02 NU 73.0 80.0 191 Pienitz 0.5 2005 0.35 0.033 9.2 0.87 200 -10 0.92 0.95 9.6 1.025 

Arctic BK-AH NU 73.4 119.4 149 Douglas/Smol 0.5 2000 46 0.01 1.4 1.29 20 -71 0.18 0.23 12.7 1.168 
Arctic CF11-G1 NU 70.3 68.4 233 Wolfe 0.5 2002 2.6 0.094 5 1.54 100 100 1.92 1.92 2.8 1.114 

Arctic Char NU 74.6 94.8 150 NWRI 0.5 2003 1.6 0.53 8.2 3.11 240 192 2.59 2.83 2.2 1.225 

Arctic DVE NU 75.3 89.5 150 Douglas/Lim 0.5 2001 5.3 0.01 24 0.47 130 -8 0.94 0.93 8.7 0.905 
Arctic Hazen NU 82.0 70.0 154 NWRI 0.5 2005 80 538 9.1 1.20 498 0 1.24 0.97 1.8 0.971 

Arctic MB-AC NU 76.2 119.2 111 Douglas/Smol 0.5 1999 1.5 0.001 14.3 0.71 330 -41 0.52 0.51 2.5 1.468 
Arctic MBS NU 76.1 119.2 111 Douglas/Smol 0.5 1999 0.75 0.001 8 0.60 220 -2 0.60 0.87 5.0 1.045 

Arctic North NU 74.8 90.1 150 Lamoureux 0.5 2005 1.8 0.59 165 6.32 1000 32 1.81 1.93 3.6 1.692 
Arctic Rocky Basin  NU 78.4 77.5 76 Douglas/Smol 0.5 1998 3 0.038 23.8 0.73 10 0   6.8 1.937 

Arctic Romulus NU 79.5 85.1 76 Vincent 1.0 2000 6.6 4.4 4.6 5.05 820 10  1.07 8.0 1.409 

Arctic Rummy NWT 69.0 122.3 157 EC/Halliwell 1.0 1999 28 1.91 45.1 1.94 79 1   2.2 2.152 
Arctic SHI-L4 NU 65.0 83.8 286 NWRI 0.5 2001 6 0.085 189 1.76 300 48 1.28 1.21 5.2 1.874 

Arctic SHI-L7 NU 65.2 84.2 286 Pienitz 0.5 2004 3.6 0.041 70.7 0.36 60 10 1.01 1.09 1.8 0.959 
Arctic West NU 74.9 109.7 111 Lamoureux 0.5 2003 3.6 1.12 12.9 1.69 430 128 2.20 2.19 1.5 1.101 

Subarctic B2-1 QC 57.5 76.1 460 Pienitz 0.5 2000 40 0.033 2 1.20 160 23  0.99 10.1  

Subarctic Big Trout ON 53.5 89.5 609 NWRI 1.0 2001 >80 675 5.6 0.57 130 0 1.34 1.40 9.3 1.057 
Subarctic Cli NWT 62.0 122.0 290 Evans 1.0 2001 >80 3 1.8 2.17 212 -16 0..98 0.97 3.0 0.936 

Subarctic Fisherman NWT 60.2 123.6 369 EC/Halliwell 0.5 2001 >80 11 30.3 0.17 310 14 0.91 0.89 2.8 1.098 
Subarctic Kachishayoot QC 55.2 77.4 649 Vincent 1.0 1999 4 0.3 6 1.03 60 -25   16.7 1.283 

Subarctic Merrick MB 55.3 93.0 499 NWRI 1.0 2001 >80 6.9 4.8 0.33 110 150 2.43 3.39 39.9 1.276 
Subarctic Minipi NFLB 52.2 60.4 949 NWRI 1.0 2001 >80 97 29.6 0.11 30 50 1.45 1.24 5.6 0.998 

Subarctic Mista MB 55.5 93.0 499 NWRI 1.0 2001 >80 10 3.8 0.19 40 -43 0.42 0.44 37.5 1.732 

Subarctic Oksana QC 54.5 66.5 823 Pienitz 1.0 1999 >80 2 2.2 0.66 50 14   28.5 1.024 
Subarctic Q27 QC 53.2 77.3 684 Pienitz 1.0 2001 >80 0.61 5.6 0.81 90 125 1.40 3.36 15.0 1.288 

Subarctic Q6 QC 51.1 77.3 906 Pienitz 1.0 2001 >80 0.057 4.8 0.76 60 30 1.53 3.47 13.2 1.143 
Subarctic Rabbitkettle NWT 61.3 126.0 369 EC/Halliwell 0.5 2000 >80 0.63 4.9 0.57 250 49  1.17 7.3 1.425 

Subarctic Shipiskan NFLB 54.5 62.2 823 NWRI 1.0 2004 >80 50 138 3.11 190 6 0.94 1.08 6.3 2.543 

Subarctic TK-54 NWT 64.3 112.4 303 Douglas/Smol 1.0 1998 >80 0.099 4.2 2.16 97 223    0.549 
Mid-lat Batchawana ON 45.8 82.6 1215 NWRI 1.0 2000 >80 0.058 13.7 0.60 60 -33 0.57 1.93 19.1 0.941 

Mid-lat Bates CT 41.6 72.0 1302 Pienitz 1.0 2001 >80 0.027 22.2 0.29 170 200 2.85 1.72 12.1 1.153 
Mid-lat Britt Brook NB 47.0 66.8 1134 NWRI 1.0 1999 >80 1.07 16.5 0.32 80 100   16.2 1.000 

Mid-lat Connery NY 44.3 73.8 1012 NWRI 1.0 2001 >80 0.33 6.1 0.44 140 40 1.29 2.22 11.9 1.126 
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Mid-lat Croche QC 46.0 74.0 1164 NWRI 1.0 2001 >80 0.17 4.9 0.59 140 40 1.20 2.09 22.7 1.155 

Mid-lat Cromwell QC 46.0 74.0 1164 NWRI 1.0 2001 >80 0.14 98.2 0.10 40 33 1.28 1.47 22.8 1.361 
Mid-lat Dasserat QC 48.3 79.5 884 NWRI 1.0 2000 >80 26.7 23.3 0.90 470 292  5.24 3.2 1.075 

Mid-lat Dufferin ON 43.8 80.0 892 NWRI 0.5 2004 >80 0.05 12.6 0.51 170 148 3.07 2.02 12.1 0.981 
Mid-lat Eva ON 49.8 92.7 740 NWRI 1.0 2000 >80 1708 4.3 0.37 270 29 1.29 2.00 7.2 1.129 

Mid-lat Levi VT 44.2 72.2 979 Pienitz 1.0 1998 >80 0.09 4.9 0.26 90 125 2.36 3.06 20.4 0.974 

Mid-lat Nipigon ON 49.6 88.3 760 NWRI 0.5 1998 >80 4848 4.5 0.44 200 0   2.1 1.179 
Mid-lat Opeongo ON 45.3 78.3 1032 NWRI 0.5 1998 >80 58.6 5.2 1.16 120 -70 0.88 2.01 8.3 1.072 

Mid-lat Philips ON 43.9 79.5 892 NWRI 1.0 2005 >80 0.094 5.9 0.48 150 3   15.0 1.053 
Mid-lat Plastic ON 45.2 78.8 1032 NWRI 1.0 2004 >80 0.32 2.5 0.41 50 -36 0.50 1.37 20.0 1.054 

Mid-lat Siskiwit MI 48.0 88.7 789 NWRI 0.5 2005 >80 16.8 3.1 0.95 150 107 1.56 2.64 7.1 1.680 
Mid-lat StGeorge ON 44.0 79.4 892 NWRI 1.0 2005 >80 0.11 14.5 0.38 240 14   15.0 1.253 

Mid-lat Superior ON 46.9 86.5 789 NWRI 0.5 2001 >80 82170 0.6 2.53 140 0 0.85 1.48 2.5 0.598 

Mid-lat Thunder ON 49.7 91.1 740 NWRI 1.0 2000 >80 1123 10.9 0.48 220 -5 0.88 1.02 3.6 0.680 
1
 Average annual precipitation for each location based on the nearest Environment Canada or NOAA weather station 

2
Collection group that conducted the field work. W. Vincent (Univ. Laval); R. Pienitz (Univ. Laval), M. Douglas/D. Lim (U of Toronto), J. Smol 

(Queen’s Univ.), EC/Halliwell = D. Halliwell (EC Prairie and Northern Region); NWRI = EC Research Support Division; Wolfe = A. Wolfe (Univ of 

Alberta). 
3
LA = lake area (km

2
) 

4
FF=focusing factor. 

5 
Sedimentation rate estimated using the CRS model based on excess 

210
Pb except for Lakes A and Hazen. For Lake Hazen the sedimentation rate 

reported by Muir et al [10] was used.  No sedimentation rate could be estimated for Lake A.  
6 
% change in recent sedimentation rate (post-1990) compared to pre-1850 rate 

7
Al ratio = Al concentration in recent horizons (post-1990) divided by pre-1850 concentration 

8
Zn ratio  = Zn concentration in recent horizons (post-1990) divided by pre-1850 concentration 

9
% Org carbon (OC) = % organic carbon of recent horizons 

10
OC ratio  =  % OC in recent horizons (post-1990) divided by % OC of pre-1900 horizons 
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Table S2. Soil measurements of 
210

Pb fluxes used for developing a relationship between 
210

Pb 

deposition and latitude
1
. Results are from Omelchenko et al [11] except for reference [30]. 

 

Location Latitude Longitu

de 

Bq m
-2

 y
-1

 Reference  

Steam Mill, PA 41.5 78 150 Nozaki et al 1978 [31] 

Branch Pond VT 44 73 283 Davis et al 1984 [32] 

Lake Ontario 43.5 77 250 Eisenreich et al. 1989 [33] 

Crystal Lake, WI 46 89.6 259 Talbot and Andren 1983 [34] 

ELA, ON 49.5 93.5 175 Lockhart et al 1998 [16] 

Trout Lake, ON 51.2 93 160 Lockhart et al 1998 [16] 

Lake Laberge, YK 61.2 135 80 Lockhart et al 1998 [16] 

Saqvaqjuac, NU 63.6 90.6 60 Lockhart et al 1998 [16] 

Lac Belot, NWT 66.5 126 50 Lockhart et al 1998 [16] 

Devon Is., NU 75 89 27 Lockhart et al 2000 [16] 

Camp century 

Greenland 

77 61 15 Turekian et al. 1977 [35] 

Site 2, Greenland 

glacier 

77 56 18 Turekian et al. 1977 [35] 

Lake Hazen, NU 81.5 71.3 7 Lockhart et al 1998 [16] 

Toolik lakes, AK 68.8 150 30.4 Fitzgerald et al. 2005 [30] 
1
Regression of log 

210
Pb flux vs latitude yields: 

Log  
210

Pb = 3.95±0.16 – 0.0352±0.0026*latitude, R
2
=0.939 
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Table S3. Numbers and percent of lakes with significant relationships of Hg, Fe, Mn, Al, organic 

carbon and sedimentation rate with deposition year and with each other
1
. 

  
  + or – 

relationship 

Number with significant r values % with significant correlations 

Parameter   Arctic Subarctic mid-latitude Arctic subarctic mid-latitude 

 N >>>  17 14 18 % % % 

Hg  Year
2 

+ 13 12 18 76 86 100 

  - 0 1 0    

Fe  year + 2 5 10 12 36 56 

  - 3 0 3    

Mn  year + 6 10 7 35 71 39 

  - 3 0 4    

Sedrate  year + 8 7 12 47 50 67 

  - 2 2 4    

Hg  Fe + 3 6 12 18 43 67 

  - 1 0 0    

Hg  Mn + 6 6 8 35 43 44 

  - 3 2 5    

Mn  Fe + 8 7 9 47 50 50 

  - 0 0 3    

Sed rate Hg + 5 5 9 29 36 50 

  - 2 1 1    

Sed rate  Fe + 1 3 8 6 21 44 

  - 3 0 2    

Sed rate  Mn + 7 6 10 41 43 56 

  - 2 1 0    

 N >>>  11 9 13 % % % 

Al year + 2 2 8 12 14 44 

  - 2 2 0    

Hg Al + 2 0 2 12 0 11 

  - 2 3 9    

Sed rate  Al + 0 2 4 0 14 22 

  - 1 2 1    

 N >>>  14 9 14    

Zn Year + 4 2 8 29 22 57 

  - 2 2 1    

Zn Al + 12 2 1 86 22 7 

  - 0 1 4    

Sed rate Zn + 2 2 5 14 22 36 

  - 2 2 1    

 N >>>  15 14 17 % % % 

OC year + 6 3 6 35 21 33 

  - 0 2 3    

Hg OC + 4 3 8 24 21 44 

  - 1 0 1    

Sed rate OC  + 4 5 6 24 36 33 

  - 0 0 0    
1
Pearson correlation coefficients by lake significant at P<0.05 (uncorrected probabilities) 

2
Year = median date for each sediment core section assigned by the CRS model  
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Table S4. Sediment cores from 50 Arctic, subarctic and mid-latitude lakes collected 1998-2005, 

including surface mercury concentrations (µg/g dry wt), fluxes (µg m
-2

 y
-1) and flux ratios and 

predicted fluxes for mercury using GRAHM  
Region Lake/core Loca- Lat Long Mercury

1
 Mercury GRAHM 

  tion °N °W Conc’n Max
2 

Max
2 

FR
3 

--------- Adjusted ---------- Model 

     µg/g 

surface 

Sub-

surface 

flux  

Sub-

surface 

conc’n  

 
Recent 

Flux
4
 

Pre-ind 

flux
4
 

∆F adj,F
5 Predicted 

flux 

Arctic A (Ellesmere) NU 83.0 70.5 0.10 - N 1.92 
7 

  4.3 
Arctic Amituk NU 75.0 93.8 0.05 N Y 2.42 3.3 1.3 1.54 3.6 

Arctic AXAJ NU 80.0 87.0 0.28 N N 3.00 53.6 17.9 16.1 2.2 
Arctic BI-02 NU 73.0 80.0 0.05 N N 1.68 9.6 5.7 3.88 3.6 

Arctic BK-AH NU 73.4 119.4 0.10 Y N 0.50 1.5 3.0 -1.53 3.6 
Arctic CF11-G1 NU 70.3 68.4 0.03 N N 4.14 1.9 0.45 0.97 4.9 

Arctic Char NU 74.6 94.8 0.03 N Y 4.55 2.0 0.43 0.70 4.0 
Arctic DVE NU 75.3 89.5 0.02 N N 1.05 4.4 4.2 0.21 4.0 

Arctic Hazen NU 82.0 70.0 0.07 N N 1.13 27.6 24.5 3.11 3.1 

Arctic MB-AC NU 76.2 119.2 0.03 Y N 0.79 9.7 12.3 -2.61 3.7 
Arctic MBS NU 76.1 119.2 0.02 N N 1.20 6.6 5.5 1.11 3.7 

Arctic North NU 74.8 90.1 0.02 N N 3.09 2.3 0.75 1.33 4.3 
Arctic Rocky Basin  NU 78.4 77.5 0.25 N N 2.76 3.4 1.2 2.18 5.2 

Arctic Romulus NU 79.5 85.1 0.05 Y Y 1.67 11.1 6.6 3.80 2.3 

Arctic Rummy NWT 69.0 122.3 0.10 N N 1.58 3.9 2.5 1.40 5.6 
Arctic SHI-L4 NU 65.0 83.8 0.07 N N 2.89 11.8 4.1 5.79 6.0 

Arctic SHI-L7 NU 65.2 84.2 0.16 N N 1.50 25.8 17.2 6.89 5.8 
Arctic West NU 74.9 109.7 0.06 N N 2.92 15.0 5.0 3.48 3.6 

Subarctic B2-1 QC 57.5 76.1 0.12 Y Y 2.33 16.2 6.9 7.64 7.9 
Subarctic Big Trout ON 53.5 89.5 0.11 N N 2.65 25.0 9.4 15.6 13.6 

Subarctic Cli NWT 62.0 122.0 0.09 N N 1.48 9.0 6.1 2.92 7.5 

Subarctic Fisherman NWT 60.2 123.6 0.05 N N 1.39 86.0 61.9 15.5 9.5 
Subarctic Kachishayoot QC 55.2 77.4 0.14 N N 1.32 6.8 5.2 1.63 8.7 

Subarctic Merrick MB 55.3 93.0 0.11 N N 3.88 32.1 8.3 11.4 12.7 
Subarctic Minipi NFLB 52.2 60.4 0.14 N N 5.07 38.7 7.6 27.3 14.3 

Subarctic Mista MB 55.5 93.0 0.10 N N 1.63 21.7 13.3 8.37 12.2 

Subarctic Oksana QC 54.5 66.5 0.21 Y Y 1.12 14.7 13.1 -0.28 10.9 
Subarctic Q27 QC 53.2 77.3 0.15 N N 4.71 14.9 3.2 7.76 12.4 

Subarctic Q6 QC 51.1 77.3 0.22 Y Y 1.27 18.1 14.2 -0.38 17.2 
Subarctic Rabbitkettle NWT 61.3 126.0 0.13 N Y 1.07 57.5 53.9 -22.9 9.1 

Subarctic Shipiskan NFLB 54.5 62.2 0.21 N N 2.81 12.5 4.5 7.82 10.0 
Subarctic TK-54 NWT 64.3 112.4 0.07 Y Y 4.22 3.6 0.85 0.85 5.2 

Mid-lat Batchawana ON 45.8 82.6 0.46 N N 1.04 46.3 44.4 1.84 19.6 

Mid-lat Bates CT 41.6 72.0 0.31 N N 4.16 148.9 35.8 41.6 20.2 

Mid-lat Britt Brook NB 47.0 66.8 0.16 N N 5.69 39.3 6.9 25.5 19.6 
Mid-lat Connery NY 44.3 73.8 0.24 N N 2.05 76.2 37.1 24.2 23.1 
Mid-lat Croche QC 46.0 74.0 0.28 N N 2.49 65.5 26.3 28.6 20.8 

Mid-lat Cromwell QC 46.0 74.0 0.30 N N 1.48 121.0 81.7 12.1 20.8 

Mid-lat Dasserat QC 48.3 79.5 0.15 N N 8.52 77.9 9.1 42.1 19.6 
Mid-lat Dufferin ON 43.8 80.0 0.07 Y N 6.05 40.1 6.6 23.7 28.1 

Mid-lat Eva ON 49.8 92.7 0.18 N N 3.47 47.3 13.6 29.8 18.4 
Mid-lat Levi VT 44.2 72.2 0.23 Y Y 4.53 80.3 17.7 40.4 22.5 

Mid-lat Nipigon ON 49.6 88.3 0.09 Y Y 1.95 38.5 19.8 18.7 17.5 
Mid-lat Opeongo ON 45.3 78.3 0.82 N N 7.68 70.4 9.2 61.2 24.6 

Mid-lat Philips ON 43.9 79.5 0.19 N N 2.31 60.8 26.4 33.6 28.8 

Mid-lat Plastic ON 45.2 78.8 0.29 N N 1.71 31.2 18.3 12.9 26.2 
Mid-lat Siskwit MI 48.0 88.7 0.14 Y Y 3.53 26.9 7.6 11.1 17.4 

Mid-lat StGeorge ON 44.0 79.4 0.18 N N 1.84 120.3 65.6 45.6 28.8 
Mid-lat Superior ON 46.9 86.5 0.11 Y Y 3.32 6.0 1.8 4.18 17.5 
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Mid-lat Thunder ON 49.7 91.1 0.10 N N 2.28 45.6 20.0 25.6 20.0 

Avg or GM Arctic    0.08 18% 17% 2.17 11.4 6.6 2.8 4.1 
Avg or GM Subarctic    0.13 25% 33% 2.50 25.5 14.9 5.9 10.7 
Avg or GM Mid-latitude    0.24 28% 22% 3.56 63.5 24.9 26.8 21.9 
Avg or GM overall  0.15 24% 24% 2.76 34.5 15.7 12.5 12.4 

1
Mean Hg concentrations (ug/g dry wt) and fluxes are reported as geometric means because results were 

log normally distributed.  
2
 Presence (Y or N) of maximum concentrations and/or (unadjusted) fluxes subsurface. Percent showing 

subsurface maxima are shown in the last 4 lines of the table.  
3
FR = flux ratio = Recent flux / pre-industrial fluxes  

4
Recent and pre-industrial fluxes (µg m

-2
 y

-1
) corrected for particle focusing. Averages on the last 4 lines 

are geometric means. 
5
Adjusted anthropogenic flux (µg m

-2
 y

-1
) = ∆Fadj,F = [recent flux-pre-industrial flux-(pre-industrial 

flux*sedimentation ratio-pre-industrial flux)]/FF. Averages on the last 4 lines are geometric means. 
7
For Lake A only the ratios were calculated using concentrations at the surface (0-1 cm) and at a depth (10-

20 cm) 
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Figure S1. Regression of soil 
210

Pb fluxes vs latitude using all data points 
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Figure S2. Excess 
210

Pb versus accumulated dry weight for 48 lakes (in alphabetical order) and 
 

137
Cs vs depth for Lake Hazen. 

210
Pb profiles represent measured values as well as, for 

some cores, interpolated and extrapolated values for each core section. Trend line 

represents the log excess 
210

Pb vs cumulative dry wt. 
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Figure S2. continued 
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Figure S2. continued 

 

MERRICK

1861

1889

1918

1940

1956

1971

1985

1996

0.0

0.2

0.4

0.6

0.8

1.0

0.01 0.1 1

OKSANA

1998
1999

1996
1994

1992

1924

1929

1934
1937 1941

1946 1950
1955
1959
1963
1967

1971
1975

1979
1982
1984 1987

1989

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.1 1 10

Q6

1914

1998
1992

1984

1977

1970

1961

1949
1934

1888

0.0

0.2

0.4

0.6

0.8

1.0

0.01 0.1 1 10

MISTA

1997

1984
1965

1946

1925

1905

0.0

0.2

0.4

0.6

0.8

1.0

0.01 0.1 1

NORTH

1905

2001

1993
1984

1971

1956

1943

1933

1919

1891

1874

0

2

4

6

8

10

0.01 0.1 1

MINIPI
1991

1946

1861

1800

0.0

0.2

0.4

0.6

0.8

1.0

0.01 0.1 1

PHILLIPS

1971

1982

1993

2004

1957

1938

1918

1900

0.0

0.5

1.0

1.5

2.0

2.5

0.01 0.1 1 10

OPEONGO

1938
1953

1966

1982
1990
1996

1855
1882

1894
1908

1921
1931

0.0

0.5

1.0

1.5

2.0

0.01 0.1 1 10

Q27

2000
1997
1990

1984
1975

1965

1954

1940

1850

1874

1894

1913
1925

0.0

0.2

0.4

0.6

0.8

1.0

0.01 0.1 1 10

RABBITKETTLE
1997

1990
1981
1974
1967

1959
1951

1944

1872
1897

1909

1921
1931

1937

0.0

0.5

1.0

1.5

2.0

2.5

0.01 0.1 1

PLASTIC

1940

1954

1968

1981
1993
2002

1926

1910

1880

1895

0.0

0.2

0.4

0.6

0.8

1.0

0.01 0.1 1 10

NIPIGON

1948
1957

1966

1981
1974

1988
1995

1939

1928

1919

1904

1879

0.0

0.5

1.0

1.5

2.0

2.5

0.01 0.1 1

C
u
m
u
la
ti
v
e
 d
ry
 w
t 
(g
 c
m

-2
)

Excess 210 Pb(Bq.g-1)



 17 

Figure S2 continued 
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Figure S3. Relationship of pre-industrial and recent Hg fluxes (all unadjusted for sediment focusing and sedimentation) versus latitude in 

dated sediment cores from mid-latitude, subarctic and Arctic lakes. All statistics for flux vs latitude are based on log transformed flux data. 
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Figure S4. Relationship of recent (adjusted focusing and sedimentation) Hg fluxes to catchment area of mid-latitude lakes 

 

Catchment area (km2)

R2= 0.324

R2= 0.316

1

10

100

1000

R2= 0.324

R2= 0.316

1

10

100

1000
Mercury recent Mercury pre-industrial

fl
u
x 

u
g

m
-2
y-

1



 20 

Figure S5.  Mercury concentrations (ug/g dw) [squares] and (uncorrected) fluxes (µg m 
-2

y
-1

) [circles] in dated 50 Arctic, subarctic and 

mid-latitude sediment cores. Horizonal axis represents median deposition year of each core section. Graphs are presented by region and 

lakes are sorted alphabetically. 1. Mercury: Arctic lakes. 
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Figure S4. 2. Mercury: Subarctic lakes 
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Figure S4. 3. Mercury: Mid-latitude lakes 
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Figure S6. Historical profiles of anthropogenic mercury deposition fluxes (µg m
-2

 y
-1

; adjusted for 

sediment particle focusing and sedimentation rates) in Arctic, subarctic and mid-latitude sediment 

cores. Inset graphs for Arctic and subarctic cores show trends at a finer scale. All results for each 

sediment horizon represent dates estimated by the CRS model for the mid-point of each sample. 
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Figure S7.  Plot of mercury FR vs the distance center (log or square root transformed) of the lake 

from the nearest ocean waters. For the regression of FR vs square root distance, Lake Hazen (80 

km from the ocean) was omitted. 
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