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ABSTRACT: The strongest evidence for anthropogenic alterations to the global mercury
(Hg) cycle comes from historical records of mercury deposition preserved in lake
sediments. Hg isotopes have added a new dimension to these sedimentary archives,
promising additional insights into Hg source apportionment and biogeochemical
processing. Presently, most interpretations of historical changes are constrained to a
small number of locally contaminated ecosystems. Here, we describe changes in natural Hg
isotope records from a suite of dated sediment cores collected from various remote lakes of
North America. In nearly all cases, the rise in industrial-use Hg is accompanied by an
increase in δ202Hg and Δ199Hg values. These trends can be attributed to large-scale
industrial emission of Hg into the atmosphere and are consistent with positive Δ199Hg
values measured in modern-day precipitation and modeled increases in δ202Hg values from
global emission inventories. Despite similar temporal trends among cores, the baseline
isotopic values vary considerably among the different study regions, likely attributable to
differences in the fractionation produced in situ as well as differing amounts of atmospherically delivered Hg. Differences among the
study lakes in precipitation and watershed size provide an empirical framework for evaluating Hg isotopic signatures and global Hg
cycling.

■ INTRODUCTION

Mercury (Hg) is a metal with a comparatively high vapor
pressure and thus is susceptible to atmospheric transport and
deposition in locations without direct anthropogenic influ-
ence.1 Reactions in the atmosphere can produce gaseous
oxidized and particulate bound forms of Hg that can then
undergo rapid deposition into aquatic ecosystems.1 Once
deposited, Hg is susceptible to redox reactions, partitioning,
and methylation from microbes.2 The latter is of concern
because the microbially mediated formation of methylmer-
cury,2 a potent neurotoxin, can result in bioaccumulation that
leads to fish that are a millionfold higher in concentration than
surrounding waters.3 This can lead to deleterious health and
reproductive effects in fish, fish-consuming humans,4 and
wildlife.5 The amount of actively cycling Hg has increased 3−4
times since the early 19th century, and most of that increase
has been attributable to anthropogenic activity6−11 (e.g., fossil
fuels and mining) rather than natural sources (e.g., volcanic
eruptions).
An understanding of the extent of ubiquitous contamination

and important aqueous and atmospheric transformation
pathways was not fully realized until the early 1990s with the
application of trace metal clean techniques that allowed
researchers to accurately measure Hg in the environment.12

For this reason, reconstruction of Hg deposition trends
predating the 1990s relies on media that can accurately record

Hg deposition through time. Well-positioned, properly
collected, and dated sediment13 and ice cores have been
shown to be the best available means for historical
reconstruction.6−9,14−18 It is through these media that we
can better understand the extent of human alterations to the
global Hg cycle, and the conditions (such as application of
watershed to lake area ratios and proximity to Hg emission
sources) that control the extent of Hg contamination.6−9,14−18

Mercury has seven stable isotopes that exist at varying
natural abundancies. Subtle changes in the relative proportion
of these isotopes (at thousandths of a percent) are environ-
mentally diagnostic and can be measured precisely (expressed
as per mille‰).19,20 Through a combination of lab-based
experiments and directly measured media, reactions that affect
Hg isotope ratios can be assessed to more accurately describe
the relative contribution of specific sources.20 Reaction
processes driven by kinetics (e.g., sorption,21 methylation22)
and equilibrium exchange between reactant and product tend
to produce shifts in the relative abundance of Hg isotopes in a
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manner dependent on mass.20,23,24 These mass-dependent
fractionations (MDFs) affect all Hg isotopes but are typically
denoted with a δ, i.e., δ 202Hg. Hg that undergoes reactions
with light (photoreduction,23 photodemethylation,23,25 and
halide oxidation26), or undergoes extensive equilibrium
exchanging,27 can produce changes in the relative isotope
abundancies that do not depend on mass.19,24 These mass-
independent fractionations (MIFs) are typically associated
with odd isotopes (denoted with a Δ, i.e., Δ199Hg and Δ201Hg)
and most commonly are observed as the byproduct of
photochemical demethylation (in biota) and photochemical
reduction (in sediments, soil, and air) because of differences
between even and odd isotope spins.20

A secondary, less prominent MIF mechanism has also been
empirically characterized, with even isotopes (even-MIF) and
is currently considered unrelated to photochemical reduction
and photochemical demethylation.20,24,28,29 This fractionation
process is thought to be the result of nuclear self-shielding30

and is common to all Hg isotopes. It is typically referred to as
even-MIF, denoted as Δ200Hg (and less commonly Δ204Hg)
because it cannot be easily observed in Hg isotopes 196, 198,
199, 201, and 202 for various reasons.31 While the mechanism
and environmental relevance of even-MIF is of current
debate,31 the utility of Δ200Hg as a conservative tracer of the
depositional pathway of gaseous elemental Hg32−35 (GEM)
and precipitation-delivered Hg28,36 is agreed upon.18,37−39

Ultimately, the differences in the Hg isotope values provide
an opportunity to leverage three dimensions of Hg source and
process-tracing to investigate how Hg contributions to
atmospheric deposition have changed prior to and following
industrialization with the continued inputs of anthropogeni-
cally released Hg. Using dated lake-sediment cores7,8,40,41 from
remote locations of North America that span large geographic
domains, we hypothesized that with Hg isotope ratios we could
estimate the relative shifts in Hg sources from the North
American airshed to these lakes. These well-characterized
lakes, receiving predominantly atmospherically sourced Hg
(delivered via precipitation or dry deposition of GEM), also
allowed us to evaluate the importance of geographic and lake-
specific characteristics to the overall Hg isotope composition,
the response of the isotopes to anthropogenic perturbations
through time, and mechanisms likely contributing to their
spatial and temporal trends.

■ METHODS
Study Sites. A single lake sediment core was collected from

each of nine mostly remote, undisturbed lakes located in three
different regions of North America: Alaska, Minnesota, and
Newfoundland (Figure S1). Three of the Alaskan lakes
(Sapsucker, Rectangle, Goldeneye) are in the temperate
rainforest of the north Pacific coast, on northern Chichagof
Island. A fourth lake (Perfect) is in the Arctic on the north
slope of the Brooks Range. Two of the three Minnesota lakes
(Locator and Dunnigan) are in the northern part of the state
near the US/Canadian border, while the third (Square) is in a
semirural area near the state’s eastern border with Wisconsin.
The watersheds of the two northern lakes are entirely forested,
while that of Square Lake has a mixed forest and scattered
agricultural watershed. Newfoundland sites (Clever, Tomtit)
are near the Gulf of St. Lawrence in the forest/tundra-
dominated western region of the province.
The physicochemical characteristics of the study sites and

dates of collection are summarized in Table S1. Most lakes are

relatively small (surface area = 0.02−0.5 km2), moderately
deep (maximum depth = 4.3−20.7 m), and are situated in
small catchments relative to lake-surface area (Ac/Al = 1.2−
15.1).41,42 Annual precipitation varies considerably among the
study areas, ranging from ∼30 cm in arctic Alaska to ∼170 cm
in southeastern Alaska.41 Hg wet deposition is the highest in
Minnesota (7.7−9.4 μg m−2 yr−1) and the lowest in the Arctic
(1.5 μg m−2 yr−1Table S1).40 Lake-water chloride also
exhibits strong geographic variation,7−9,41 with the highest
concentrations in near-coastal sites (Newfoundland = 2.7−3.0
ppm; southeast Alaska = 1.4−1.5 ppm) and the lowest in
continental sites (Arctic = 0.19 ppm, Minnesota = 0.32−0.35
ppm). The single outlier to this pattern, Square Lake (Cl− =
5.6 ppm), is affected by road-salt runoff from its developed
watershed.

Core Collection and Age Dating. The cores examined
here were collected between 2000 and 2015 (Table S1).
Minnesota and arctic cores were obtained by piston coring
methods, while those from Newfoundland and southeastern
Alaska were collected by gravity corer (Pylonex HTH).
Sediment age dating and total Hg profiles for all study lakes
have been presented previously: Minnesota,7,43 arctic Alaska,40

Newfoundland, and southeastern Alaska.8 However, several of
the lakes were recored more recently (at the same coring
locations; Figure S1), and the isotope results presented here
are from those newer cores: Locator, Dunnigan (2010),
Square, Sapsucker, Rectangle, and Goldeneye (2015).41

Sediment cores were dated by 210Pb using isotope-dilution,
α spectrometry methods, and the constant rate of supply (crs)
dating model.14,44 The resulting activity profiles for excess
210Pb were effectively exponential with respect to cumulative
dry mass, indicating near-constant sediment accumulation.
Dates prior to the oldest explicit 210Pb date (typically 1800−
1820) were extrapolated based on cumulative dry mass (g
cm−2) and the mean mass accumulation rate (g cm−2 yr−1) for
each core.

Sample Preparation. Sediment samples were weighed
into 40 mL borosilicate vials (<0.5 gr), aqua regia (5 mL; 3:1
HNO3:HCl −15.8 M:11.65 M) was added, and samples were
allowed to sit overnight at room temperature. The samples
were then digested for 8 h at 90 °C in an acid-resistant water
bath within an acid-resistant hood. Following digestion, cooled
solutions were diluted to 50% acid concentration and
quantified for total mercury (HgT) using an adaptation of
EPA method 1631.38,45,46 Process blanks were consistently
below the lab reported detection limits (0.04 ng L−1). A
standard reference material was analyzed in 10% of the sample
count (IAEA SL1, lake sediment, 130 ng g−1); recovery was
101 ± 4%. Further, when mass availability allowed, samples
were analyzed in duplicate or triplicate. Relative standard
deviations were on average 6%. Samples containing more than
15 ng of Hg were run directly.38,46

A subset of samples required preconcentration prior to Hg
isotope analysis because they were below our detection limits
for Hg isotope analysis. The preconcentration method
leverages an adaptation of U.S. Environmental Protection
Agency (EPA) method 1631 that relies on gold trap
amalgamation and slow thermal decomposition (45 min)
into an oxidizing solution (3:1 HNO3:BrCl, 40% v/v).45,47

Similar to previous results,47 recovery was within 95−105%
and reference materials agreed well with previous results.

Hg Isotope Analysis. A suitable aliquot was removed from
either the direct digest or a preconcentration solution to
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achieve 0.5−1.0 ng Hg mL−1 solutions for isotope analysis at
the USGS Mercury Research Lab (Middleton, WI). The
analysis concentration was dictated by the mass of Hg present
in the solution. Digests and preconcentration solutions are
different matrices, and therefore the analyses were performed
separately with standard sample bracketing by matrix-matched
NIST 3133. The sample introduction process, lab protocols,
and instrument tuning conditions are described more fully
elsewhere.38,46,47 We continue to follow the convention for
expressing MDF (δ) and MIF (Δ), respectively.20,31 Sample
voltage was consistently within 10% of the NIST bracketing
solution, and equally distributed UM-Almaden measurements
in 20% of the total sample count were made to confirm
instrument precision and accuracy. UM-Almaden and IAEA
SL1 were consistent with previous findings.38,47 The analytical
variance (2 SD) for IAEA SL1 was 0.06‰, 0.06‰, and
0.04‰ for δ202Hg, Δ199Hg, and Δ200Hg, respectively, and
represents the largest uncertainty for all reference standards
and thus reflects the sampling uncertainty for each isotope.
Data may be found in Table S2, and quality assurance results
are in Table S3.42

Relative Changes in Isotope Values. To compare cores
directly, each core was relativized for background differences in
each isotope. Two approaches for data normalization were
considered; the fractional increase (Z-score) and baseline
subtraction. Statistically, the fractional increase is favorable
because it is nonparametric (data response is assumed
nonlinear) and works independently, thus reducing user
decisions and biases. However, the output variables are
reported Z-scores that accurately portray points of inflection,
especially in time series, but are less intuitive for the reader
because they do not reflect an isotope value. For this reason,
we elected to present the baseline subtracted approach and
place the Z-scores into the Supporting Information though we
note that the two outputs are related. We define baseline in
each isotope as the averaged isotopic value from 1600 to 1775
(with the exception of the Clever record, which began in 1812)
because other work has demonstrated that industrialization
and the increase in coal consumption began ca. 1800, thus this
time frame predates the major global pulse of anthropogeni-
cally released Hg.7−9,40,41 Although there were some minor
changes prior to 1775 (Table S2), there were no significant
trends in the isotope values. The background average specific
to each core was then subtracted from the specific values of
that respective core. In effect, this results in the net change in
the Hg isotope values relative to baseline conditions and thus
quantifies how the isotope value has changed (designated by
δ202HgEF, Δ199HgEF, or Δ200HgEF). All raw data of the site
characteristics, Hg isotope values, associated quality assurance,
and statistical evaluations may be found in the Supporting
Information.
Data Smoothing. To smooth the data trends, locally

weighted scatterplot smoothing (LOWESS) and kernel
regressions were each used. The nonuniform distribution of
data with more information in more recent years led to the
need for a smoothing algorithm adequately flexible to change
the sampling window through time. Due to the comparatively
more flexible Kernel approach, changes are described in the
main manuscript using Kernel regression (500 iterations) in a
manner similar to previous work,48 while the LOWESS outputs
may be found in the Supporting Information (Figures S2−S4).
Here, we chose to adhere to the smoothing parameters
previously presented,48 and remained consistent with the

recommendations for Nadaraya-Watson estimation, flexible
bandwidth window optimized by leave-one-out cross vali-
dation, and uncertainty based on refitting and resampling with
bootstrapping.48

■ RESULTS AND DISCUSSION

Regional Signals. Beginning in the mid-1800s, Hg
accumulation in lake sediments of the study lakes has increased
by about 3.6 ± 1.2 times from that of preindustrial-era
values.7−9,43 As previously noted, the rate of accumulation is
dependent on spatial differences in the atmospheric Hg loading
to these lakes (which is linked to latitude and longitude), the
sediment focusing (preferential deposition of fine-grained
sediments by wave and current action) in each lake, and the
overall propensity for catchment-sourced Hg to be deposited
to the lake.7−9,43 Once deposited, Hg signals are well
preserved8,49 and remineralization and resuspension events
are unlikely in these deeper lakes. For these reasons, we feel
that these dated lake sediments should sufficiently record
temporal Hg deposition without local anthropogenic Hg
contamination and be suitable to reconstruct background Hg
dynamics through time using Hg stable isotope ratios.15,39

Collectively, the lakes sampled represent four remote regions
of North America, and within each region, the resulting Hg
isotopic composition exhibits strong positive correlation
among isotope values (Pearson’s r = 0.83, 0.74, and 0.78, p
< 0.001 for all, for Figure 1 top to bottom, respectively) but
with large regional differences. The coastal lakes of south-
eastern Alaska and Newfoundland are lower in δ202Hg

Figure 1. Mercury isotope composition of the individual sediment
core intervals (left; error bars reflect ±2 SD of IAEA SL1) and
averaged core values (right; error bars reflect ±1 SD) for each lake
where base color (blue, black, purple, and red) is used to delineate
region (Southeastern Alaska, Arctic Alaska, Minnesota, and New-
foundland, respectively) and shades and shapes used to further
differentiate sites. The top and middle sections plot δ202Hg (MDF)
versus Δ199Hg (odd-MIF) and Δ200Hg (even-MIF), respectively,
while the bottom plots Δ200Hg (even-MIF) versus Δ199Hg (odd-
MIF). Values may be found in Table S2, and information regarding
the strength of these relationships may be found in Table S4 and S5.
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(ranging: −2.21 to −1.05 and −1.87 to −1.25‰, respectively)
when compared to the Alaskan arctic (ranging: −1.29 to
−0.85‰) and northern Minnesota lakes (ranging: −1.21 to
−0.30‰). Similarly, Δ199Hg values of the coastal lakes of
southeastern Alaska and Newfoundland are lower (ranging:
−0.53 to −0.11 and −0.79 to −0.38‰, respectively) than the
Alaskan arctic (ranging: −0.12 to 0.12‰) and northern
Minnesota lakes (ranging: −0.35 to 0.47‰). Given the strong
coherence in isotopic signatures among lakes within each
region, the regional differences are likely attributable to
geographic contrasts in the isotopic composition of direct
atmospheric inputs to these lakes, whereas local watershed or
in-lake effects represent a secondary and relatively minor
control in the signals measured.
The positive trend between the δ202Hg and Δ199Hg (Figure

1 top) is likely due to controls on isotopic distribution at both
the source and process level. The dominant mechanism that
produces nonzero values of Δ199Hg in lake sediments, where
Hg is dominantly inorganic Hg, is photochemical reduc-
tion23,38,50 which is empirically assessed by comparing the
slope of Δ199Hg: Δ201Hg (here, 1.14 ± 0.04; r2 = 0.95Figure
S5) from the sediments to the slope for photochemical
reduction derived in laboratory settings (0.85−1.46; depending
on system conditions).20,23,50,51 This work suggests that
ecosystem conditions (dissolved oxygen, pH, dissolved organic
carbon quality, and functional groups binding Hg) can leave
residue Hg, which can then bind to sediment, with either
+Δ199Hg (hydroxyl-bound Hg, sulfur-bound Hg pH 7anoxic
conditions) or −Δ199Hg (high DOC-induced abiotic reduc-
tion, N-bound Hg, S-bound Hg acidic pH in anoxia, and pH
oxic conditions) values.27,50,52 Unfortunately, the DOC ligand-
Hg binding structure is rarely known in ecosystem-relative
conditions and thus we cannot expand upon this topic further.
Our study lakes are circumneutral (pH between 6 and 8.5) and
dominantly oxic in the photic region (periodic suboxia at the
sediment interface where photochemical reactions are less
likely), thus we do not expect water-column Hg reduction
processes to be the dominant driver for the observed ranges in
δ202Hg and Δ199Hg. Additionally, the lakes with the highest
and lowest Δ199Hg values (Locator/Dunnigan and Clever/
Tomtit) also had the highest dissolved organic carbon (DOC)
concentrations (6.6−13.7 mg L−1) of the study sites.7−9 Also,
DOC was not significantly related to the Δ199Hg:δ202Hg slopes
(Pearson’s r = 0.55; p = 0.12), indicating that the changes in
δ202Hg are not the result of changed photochemical reduction
rates in the atmosphere, contrary to previous findings.13,53

Thus, the variance in sediment Δ199Hg values must be
dominated by the relative source contributions (directly and
through the watershed) as are the δ202Hg values when
compared to global endmembers.20 However, we cannot
discount in situ processes that might produce changes in
δ202Hg values but not Δ199Hg, thus resulting in inconsistent
Δ199Hg:δ202Hg slopes from lake to lake.
Organic carbon in sediments is either the byproduct of

autochthonous carbon from primary production54 or allochth-
onous terrestrial organic matter. Hg isotope characterization of
in-lake primary production is limited, but consistently has
positive Δ199Hg55 values in planktonic matter, whereas Hg
delivered from the terrestrial environment as particulate matter
consistently has negative Δ199Hg values.56−58 Thus, at nonzero
Δ199Hg values, the relative influence of these two carbon and
Hg delivery pathways can be compared in sediments. The ratio
of Hg to organic carbon in sediments was negatively associated

with Δ199Hg (Pearson’s r = −0.72, p = 0.03), likely reflecting
the relative importance of Hg captured by and delivered from
the terrestrial system (−Δ199Hg) compared to Hg captured by
in-lake biological production (+Δ199Hg). Further supporting
this, lakes with larger catchment to lake area ratios, a surrogate
for the relative influence of the terrestrial sources, tended to
have more Hg captured by and delivered from the terrestrial
system (−Δ199Hg; not statistically significant, Pearson’s r =
−0.50).
Traditionally, Δ200Hg has been used to estimate the relative

proportions of gaseous elemental Hg (GEM) from the
atmosphere (−Δ200Hg) and precipitation-delivered Hg
(+Δ200Hg). Based upon empirical observations,28,29,33,35,36,59

the proportion of atmospheric Hg delivered by these two
pathways can be compared in sediments38 and biological
specimens.37,39 To date, one laboratory study has linked
Δ200Hg formation as well as shifts in δ202Hg and Δ199Hg, to
halogen oxidation.26 While processes that produce Δ200Hg also
produce subtle changes to δ202Hg and Δ199Hg values, the
relative magnitude of this effect for the latter isotope systems is
negligible. For this reason, we consider Δ200Hg as independent
of processes controlling δ202Hg and Δ199Hg and therefore use
it as a relative source tracer for the delivery pathway (GEM
deposition versus wet deposition) of atmospheric Hg.
While processes that alter Δ200Hg are different than

processes that produce the larger observable fractionations of
δ202Hg and Δ199Hg, the three isotope signals are all positively
associated. This indicates that differences in δ202Hg, Δ199Hg,
and Δ200Hg among the lakes must be primarily controlled by
Hg sources and altered only little by in-lake processes such as
resuspension, methylation, demethylation, and remineraliza-
tion, each which produce changes to δ202Hg and Δ199Hg
values.20−22,38,49,60−63 To better understand the effect of
atmospherically delivered Hg, we compared sediment isotopic
composition to Hg deposition from the Mercury Deposition
Network (MDN) stations nearest the study sites over the last
decade. Both wet Hg deposition and the overall proportion of
Hg from precipitation to a given lake were significantly and
positively correlated with Δ200Hg (Pearson’s r = 0.85 and 0.65,
respectively; Table S4) as well as δ202Hg (Pearson’s r = 0.75
and 0.64, respectively); correlations of wet Hg deposition with
Δ199Hg were not significant (Pearson’s r = 0.61 and 0.42,
respectively).

Trends in Time. The time period represented in the lake-
sediment records began between 900 and 1800 with most
beginning prior to the 15th century (Table S2).7−9,16,40

Changes in Hg stable isotope values were asynchronous among
the lakes over relatively short time intervals (decadal scale) and
did not convincingly record any preindustrial Hg releases such
as that associated with New World gold and silver extraction
during the Spanish colonial period (1400−1600s; Table S2).8
Over broad time scales, there was coherence in the change in
isotope shifts (Figure 2), particularly following the global
industrialization beginning around 1800. However, the
magnitude of response was variable among lakes and linked
to the relative effect of atmospheric Hg deposition, directly or
indirectly, to a lake. Also, short-lived Hg releases, such as the
California gold (and silver) rush,8 also fail to register in these
isotopic records, possibly because the signal was local or
regional rather than of global significance. Similarly, there is
little evidence for isotopic shifts associated with recent declines
in global Hg emissions64−66 possibly because associated
reductions in Hg deposition have occurred predominately in
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urban and industrialized regions and are thus absent in
sediment records from remote lakes.7,67

δ202Hg and Δ199Hg in Newfoundland cores are among the
most negative sediments reported in the literature.20

Mechanistically, these negative values could be attributable
to the strong effect of terrestrial-sourced Hg, except that the
magnitude of negative δ202Hg and Δ199Hg are beyond
previously measured terrestrial-bound Hg in North America,
particularly prior to the onset of industrialization. While it is
likely that terrestrial-bound Hg has shifted like sediments
through time, we hypothesize that an underlying co-variable
may partially explain why sediments from these near-coastal
sites are so negative. We suggest that enhanced oxidation of
GEM by halogens (Br and Cl) in near-coastal environments,

possibly via sea spray, may be contributing to Hg deposition in
these regions.68,69 Direct halogen oxidation or oxidation
mediated by sunlight may be responsible for the deposition
of reactive mercury with a decreased Δ199Hg value26 in our
coastal study lakes as well as to preindustrial coastal sediments
reported elsewhere.70 Although this mechanism has not been
directly measured, halogen oxidation of GEM in the Arctic has
also demonstrated the large potential for negative Δ199Hg
formation.71,72

Hg in sea water exhibits positive Δ199Hg,73 so we do not
suspect oceanic-sourced Hg to be responsible for this
decreased Δ199Hg. Finally, the chloride content in lake water
of our study sites was inversely and strongly related to Δ199Hg
(Pearson’s r = −0.82, p = 0.01), further supporting the notion
that oceanic sea spray is affecting these near-coastal environ-
ments.
The δ202Hg, Δ199Hg, and Δ200Hg values of Hg depositing to

these lakes since about 1820 have increased, contemporaneous
with the onset of industrialization. However, each lake
responded to a different degree, and understanding the drivers
for the increases in the isotopic values is important to
translating these results broadly. At the lake level, the
magnitude of these changes in δ202Hg, Δ199Hg, and Δ200Hg
from preindustrial to present day is positively associated with
the increase in Hg accumulation over this same time period
(the Hg flux ratio; Table S4Pearson’s r = 0.69, 0.78, and
0.92, respectively). Moreover, the Hg flux ratio is positively
related to overall contribution of wet deposition Hg to each
lake, calculated previously7−9,40 (Pearson’s r = 0.75). For this
reason, we suspect that the shift in the overall global signal of
atmospheric Hg is responsible for the increases in Hg isotope
composition in each lake, while the magnitude of response is
dependent on both the proportion of Hg sourced from the
atmosphere, specifically from precipitation, and the overall net
increase in Hg deposited through time.

Extending These Results to Models. The Hg isotope
values in sediments from remote lakes have responded
uniformly in direction to a change in the global Hg isotope
composition, with increases in δ202Hg, Δ199Hg, and Δ200Hg.
Therefore, we can estimate the shifts in the isotope values of
the global pool through time, if our study lakes are
representative of North American lakes at large. To do so,
we have standardized temporal changes in the Hg isotope
composition as the difference from the average background
(1600−1775) and calculated kernel smoothed 50th percentiles
over the sliding time window across all lakes (Figure 3). After
1820, all three isotope systems begin to increase markedly at
linear rates of 0.013 and 0.0014‰ decade−1 for Δ199Hg and
Δ200Hg, respectively, and exponentially for δ202Hg. Although
not quantified in this manner, increases in δ202Hg, Δ199Hg, and
Δ200Hg values have been reported in other studies examining
Hg deposition of regions largely remote from direct
anthropogenic Hg releases.18,39,49,53,61,74,75

Such information is needed when modeling global changes
in Hg composition and understanding the change in
atmospheric Hg isotope values of Hg depositing to lakes
between preanthropogenic and present conditions. Previous
modeling of global emission inventories has similarly predicted
that due to the large releases of anthropogenic Hg sources, the
global atmospheric δ202Hg values have increased (∼0.4‰)
over time (since 1820). However, these studies predicted
Δ199Hg and Δ200Hg to change little and remain slightly
negative and near-zero, respectively.11 Here, we found that a

Figure 2. Mercury isotope composition and accumulation rates of the
dated sediment cores where base color (blue, black, purple, and red)
is used to delineate region (Southeastern Alaska, Arctic Alaska,
Minnesota, and Newfoundland, respectively) and shades and shapes
used to further differentiate sites. Error bars reflect ±2 SD of IAEA
SL1.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c00579
Environ. Sci. Technol. 2020, 54, 9325−9333

9329

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00579/suppl_file/es0c00579_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00579?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00579?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00579?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00579?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00579?ref=pdf


steady rise in Hg emissions with these modeled isotopic
signatures could explain, in part, the consistent increases in
δ202Hg, Δ199Hg, and Δ200Hg observed in those lake sediments
exhibiting strongly negative preindustrial Δ199Hg and Δ200Hg
baseline values. However, this modeling does not adequately
explain isotopic trends in our Minnesota lakes, which have high
preindustrial Δ199Hg and Δ200Hg values that also continue to
increase through time. We suggest that these Minnesota trends
are linked to an increasing proportion of precipitation-
delivered Hg that has become elevated in Hg from regional
anthropogenic emissions that experience an aqueous photo-
chemical reduction and thus increased Δ199Hg values prior to
deposition. However, due to this relatively near-field effect,
Δ200Hg values are not as strongly affected because Hg from
these regional emissions do not reach the upper atmosphere to
form positive Δ200Hg values prior to depositing to the lake
surface. Thus, Δ200Hg values measured in lake sediments
continue to capture the continental-scale effects while Δ199Hg
values show a small degree of local enhancement relative to the
continental signal. Such a scenario would also explain why

increases in δ202Hg values have outpaced the MDF predicted
from photochemical reactions.
Our sediment records from remote North American lakes

demonstrate a consistent increase in δ202Hg, Δ199Hg, and
Δ200Hg values (0.22 ± 0.07, 0.2 ± 0.03, and 0.03 ± 0.01‰,
respectively, for 1775−2015) over a geographically widespread
area since industrialization. The mercury budget of these lakes
is dominated by atmospheric inputs and thus likely reflects
how the global pool of atmospheric Hg (gaseous oxidized Hg,
gaseous elemental Hg, particle-bound Hg) has responded to
changes in anthropogenic emissions through time. These
coherent shifts in Hg isotope values following the onset of
industrialization, when paired with historical increases in Hg
deposition, provide a more complete picture of human
alteration of the global mercury cycleone that is similar to
the Suess effect of anthropogenic CO2 emissions observed in
carbon isotope ratios.
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