
1.  Introduction
Mercury is a globally distributed atmospheric pollutant, which travels long distances in the form of gas-
eous elemental mercury (Hg0). Gaseous Hg0 is removed from the atmosphere via the foliar uptake (De-
mers et al., 2013; Zhou et al., 2021) or via oxidation to Hg2+, which is readily deposited to the biosphere 
following sorption to particles (HgP) and/or precipitation (Selin, 2009). Since industrialization, anthropo-
genic activities alone have increased mercury emission by a factor of approximately 5 (Streets et al., 2017). 
Increased mercury loading to aquatic ecosystems can enhance microbial production of monomethylmer-
cury (MeHg) (Benoit et al., 2003; Lindberg et al., 2007), which is a bioaccumulative toxin in food webs 
(Mergler et al., 2007). Humans are primarily exposed to MeHg via the consumption of fishery products 
(Sunderland, 2007).

In 2017, the Minamata Convention on Mercury (MC), a multilateral agreement to mitigate anthropogen-
ic mercury emissions and human health from mercury pollution, has entered into force (UNEP,  2019). 
As a part of the MC, provisions have been established for a global monitoring program and a convention 
effectiveness evaluation (Article 19, 22) to understand spatiotemporal changes in mercury levels as well 
as its sources, processes, and fate in various environmental media. Since then, numerous studies have as-
sessed temporal trends of mercury in diverse atmospheric samples (Hg0, Hg2+, HgP, precipitation) (Cheng 
et al., 2017; Dommergue et al., 2016) and biota (fish, bird eggs, polar bear) (Blukacz-Richards et al., 2017; 
Lee et al., 2016; McKinney et al., 2017) to gather insights on the changes in emissions, deposition, and eco-
system fate of mercury. Natural archives of sediment, peat, and ice cores have also been used to quantify 
long-term changes in the deposition of various atmospheric mercury species (Engstrom et al., 2014; Enrico 
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et al., 2017; Zdanowicz et al., 2016; Zerkle et al., 2020). In particular, mercury in sediment cores of lakes 
with large surface area relative to watershed area is thought to reflect delivery via precipitation and is less 
prone to diagenetic and hydrodynamic effects resulting in mobility and release compared to mercury in peat 
and marine sediment cores (Asmund & Nielsen, 2000; Cooke et al., 2020; Wasik et al., 2015). Recent studies 
reported consistent 3–5 fold enrichments in anthropogenic mercury relative to the pre-industrial period in 
lake sediment cores collected from various remote regions (Amos et al., 2015; Engstrom et al., 2014; Fitzger-
ald et al., 2005).

While mercury concentrations in lake sediment cores have been evaluated on a broad spatiotemporal scale, 
sources as well as atmospheric and biogeochemical processes leading to spatiotemporal trends in mercury 
isotope ratios are only beginning to be understood. Mercury isotopes undergo mass-dependent fractiona-
tion (MDF; δ202Hg) via various biotic and abiotic processes including methylation, demethylation, and min-
eral sorption (e.g., Blum et al., 2014; Kwon et al., 2020). Significant mass-independent fractionation of odd-
mass number isotopes (MIFodd; ∆199Hg, Δ201Hg) has been observed primarily during photo-reduction and 
photo-degradation of Hg2+ and MeHg, respectively (Bergquist & Blum, 2007). Significant MIF of even-mass 
number isotopes (MIFeven; ∆200Hg, Δ204Hg) is thought to occur via photo-oxidation of Hg0 in the atmosphere 
(Chen et al., 2012; Cai & Chen, 2016). Given the limited processes resulting in MIF, ∆199Hg has been used to 
interpret changes in mercury sources and/or processes in natural archives including sediment and ice cores 
(Guédron et al., 2016; Kurz et al., 2019; Yin, Feng, et al., 2016; Zerkle et al., 2020).

Recently, there has been a consensus from the literature that increasing ∆199Hg (by 0.1–0.3‰) in lake sed-
iment cores from pre-industrial to present-day period is a global phenomenon (Guédron et al., 2016; Kurz 
et al., 2019; Yin, Feng, et al., 2016). To explain this phenomenon, multiple hypotheses have been proposed. 
Kurz et al.  (2019) proposed that the changes in global atmospheric chemical composition caused by in-
creased levels of anthropogenic atmospheric pollutants can enhance Hg2+ photo-reduction in precipitation 
and result in positive ∆199Hg shifts in a remote Wyoming lake, U.S. In remote Tibetan lakes, decreased ice 
cover resulting in increased Hg2+ photo-reduction in the water column was suggested as the main driver for 
the positive ∆199Hg shifts (Yin, Feng, et al., 2016). In contrast, Guérdron et al. (2016) measured ∆199Hg in a 
French lake surrounded by multiple mercury point sources and suggested that increased industrial mercury 
sources, characterized by less negative ∆199Hg compared to geogenic sources, is responsible for the ∆199Hg 
changes. In addition, a recent study by Lepak et al. (2020) observed positive temporal shifts in ∆199Hg and 
δ202Hg in nine lake sediment cores collected from remote regions of North America. The authors suggested 
that the magnitude of changes in mercury isotope ratios from pre-industrial to present-day period is gov-
erned by the amount of atmospheric mercury loading. As such, it is unclear whether the positive ∆199Hg 
and δ202Hg shifts are driven by site-specific or global changes in mercury sources or processes. The under-
standing of the linkages between the magnitude of mercury input and changes in mercury isotope ratios 
across a large spatiotemporal scale will also be important for using lake sediment cores as a proxy for global 
monitoring and effectiveness evaluation of the MC.

Here, we compiled mercury concentration and mercury isotope ratios of lake sediment cores from various 
locations of the world. Our aim was to (a) characterize spatiotemporal differences in mercury levels and 
isotope ratios, (b) gather insights into source- and/or process-driven changes in mercury isotope ratios, and 
(c) identify factors governing the magnitude of changes in mercury isotope ratios relative to the changes 
in mercury input. We discuss our results in relation to the global monitoring and effectiveness evaluation 
objectives of the MC.

2.  Materials and Methods
Total mercury (THg) concentration and mercury isotope ratios (δ202Hg, ∆199Hg, ∆200Hg) of 22 lake sediment 
cores were compiled from the literature (Cooke et al., 2013; Gray et al., 2013; Guédron et al., 2016; Kurz 
et al., 2019; Lepak & Janssen, 2020; Ma et al., 2013; Yin et al., 2016a, 2016b). For compilation, we first 
screened for sediment cores, which reported both THg and mercury isotope ratios prior to significant lo-
cal anthropogenic mercury influences and/or those dating back to pre-industrialization. We then screened 
for sediment cores, which followed the standard mercury isotope ratio reporting and measurement sys-
tem (Bergquist & Blum, 2009; Blum & Johnson, 2017) of using NIST SRM 3133 and NIST RM 8610 (also 
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known as UM-Almadèn) as a bracketing and analytical standard, respectively, to ensure data quality. All 
lake sediment cores compiled in this study were dated by 210Pb using isotope-dilution, alpha spectrometry 
methods, and the constant rate of supply dating model (Table S1). The complete list of THg concentration 
and mercury isotope ratios associated with each sediment core and its depth and age dating are reported in 
our compiled data.

Based on the inventories of all-time anthropogenic mercury emissions from Streets et al. (2017), we set the 
pre-industrial period as years between 1510 and 1850. The present-day is set to years between 1990 and 
2014, which is consistent with those referenced by Amos et al. (2015) and Li et al. (2020) using empirical 
assessments of mercury in various natural archives. Note that year 2014 is the earliest mercury isotope 
measurement available in our compiled data. To characterize mercury levels and isotope baseline of the 
pre-industrial period, we calculate the average THg concentration and mercury isotope ratios spanning 
the years between 1510 and 1850 for each sediment core. For sediment cores without data prior to 1850 (5 
cores; Phantom, Cleaver, McLurg Lake in Manitoba, Canada, Lake Luitel in France, Lake Michigan in the 
U.S.) (Guédron et al., 2016; Ma et al., 2013; Yin, Lepak, et al., 2016), we use the average THg concentration 
and mercury isotope ratios of three data points representing the deepest layer, which span years between 
1873 and 1913. While these years represent the time during industrialization, the THg and mercury isotope 
ratios reflect those prior to significant local anthropogenic mercury emissions as suggested by the individual 
authors.

The spatiotemporal changes in mercury levels and isotope ratios are evaluated by (a) comparing the av-
erage THg concentration and mercury isotope ratios between the pre-industrial and present-day period, 
(b) by testing the significance of differences in THg concentration and mercury isotope ratios between the 
pre-industrial and present-day period, and (c) by assessing the significance of temporal trends in mercury 
isotope ratios for each sediment core. We calculate the average THg concentration and mercury isotope 
ratios reflecting years between 1990 and 2014 (present-day) for each sediment core. Several cores had only 
one data point spanning these years (three cores; El Junco, Laguna Negrilla in Peru, Perfect Lake in the 
Arctic). We did not take the average of the most recent three data points because they span years between 
1964 and 1983, which are too old to include. We set the significant difference in the average mercury isotope 
ratios between the pre-industrial and present-day period as changes greater than the analytical uncertainty 
(2SD) reported by individual studies compiled here; ±0.09‰ for δ202Hg, ±0.06‰ for ∆199Hg, and ±0.05‰ for 
∆200Hg (Table S2). The Kruskal–Wallis test, which assumes nonparametric data, was also used to test the sig-
nificance of differences in THg and mercury isotope ratios between the pre-industrial and present-day pe-
riods. Based on the results of Shapiro–Wilk test for normality, the THg concentrations and mercury isotope 
ratios, except for the present-day unremote ∆200Hg, were not normally distributed (Table S3, Figure S1), 
which confirm the use of the Kruskal–Wallis test. The H-value is the test statistic for the Kruskal–Wallis test 
to calculate the p-value and the p-value (<0.05) indicates the significance of correlation between two var-
iables. The two-tailed conventional linear trend test was used to verify the significance of temporal trends 
in THg and mercury isotope ratios over the pre-industrial to present-day period for each core. The slope 
indicates the direction of trend between two variables and the p-value (<0.05) indicates the significance of 
temporal trend (Table S4).

To characterize spatial differences in the changes in mercury levels and isotope ratios, the magnitude of 
differences in THg concentration and mercury isotope ratios between the pre-industrial and present-day 
periods is evaluated across different sampling locations of the lake sediment cores and between remote 
and unremote regions. The remote and unremote regions are categorized based on the proximity to local 
anthropogenic mercury sources and those characterized by the individual authors. Specifically, one sedi-
ment core from Lake Ballinger, Washington, U.S. (Gray et al., 2013) and three sediment cores from Man-
itoba, Canada (Phantom, Cleaver, McLurg Lake; Ma et al., 2013) are known to be impacted by local point 
mercury sources of lead, copper, and zinc smelters. One sediment core from Lake Luitel, Grenoble, France 
(Guérdron et al., 2016) and three sediment cores from Lake Michigan, U.S. (Yin, Lepak, et al., 2016) have re-
ceived diverse anthropogenic mercury sources of manufacturing industries and mining activities, originat-
ed from rapid industrialization since the mid-1850s. Five sediment cores collected from the national forest 
in Wyoming, U.S. (Lost Lake; Kurz et al., 2019), the Peruvian Andes and Galápagos archipelago, Ecuador 
(El Junco, Laguna Negrilla; Cooke et al., 2013), and Tibetan Plateau, China (Qinghai, Nam Co; Yin, Feng, 
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et al., 2016) are thought to be one of the most remote locations in the world. The remaining nine sediment 
cores are from the study by Lepak et al. (2020), in which the authors described the lakes as generally remote 
and undisturbed from Alaska and Minnesota, U.S. and Newfoundland, Canada.

3.  Results and Discussion
3.1.  Spatiotemporal Differences in Mercury Levels and Isotope Ratios

The locations of the sediment cores are skewed to the Northern Hemisphere and specifically to North 
America (Figure 1). Elevated THg concentrations were observed in Laguna Negrilla, Peru (228–684 ng/g) 
(Cooke et  al.,  2013) and Phantom Lake, Manitoba, Canada (496–941  ng/g) (Ma et  al.,  2013) during the 
pre-industrial period (1510–1850) (Figure 1a), which were suggested to be impacted by mercury used dur-
ing historical mining. Without these lake sediments (Laguna Negrilla, Phantom Lake), the THg concen-
trations were much lower (average; 99 ± 57 ng/g, range; 17–249 ng/g, n = 142) and similar to those of 
pre-industrial sediments reported previously (approximately 70  ng/g) (Fitzgerald et  al.,  2005; Engstrom 
et al., 2007, 2014). The present-day sediments had significantly higher and wide ranges in THg concentra-
tion (median; 265 ± 2933 ng/g, range; 38–19,076 ng/g, n = 103) compared to the pre-industrial sediments 
(Kruskal–Wallis test, p < 0.05, Table S5).

To understand the spatial difference in the magnitude of THg concentration change, we compared the 
magnitude of THg change between the pre-industrial and present-day period and observed a wide range 
across the sites (0.53- to 25-fold increase; Figure  1a). For present-day samples, significantly higher THg 
concentrations were observed in the unremote lakes (median; 620 ± 4140 ng/g, range; 127–19,076 ng/g, 
n = 47) compared to the remote sediments (median; 192 ± 104 ng/g, range; 38–497 ng/g, n = 56, Kruskal–
Wallis test, p < 0.05, Table S5). The present-day unremote sediments showed 2.9- to 25-fold increases in THg 
relative to their respective pre-industrial sediments. The present-day remote sediments, without Laguna 
Negrilla, Peru, showed 1.3- to 5.1-fold increases in THg, consistent with those reported from other lake 
sediment cores collected from remote regions (3–5 fold) (Amos et al., 2015; Engstrom et al., 2014; Fitzgerald 
et al., 2005, Li et al., 2020). Among the remote sediments, a reduction in THg (0.53-fold) was observed in La-
guna Negrilla, Peru (Figure 1a), consistent with the cessation of widespread historical mercury mining for 
pigment and precious metal extraction (1532–1821 AD) (Cooke et al., 2013). Without Laguna Negrilla, Peru, 
relatively small increases in THg (1.1- to 2.1-fold increase) were observed in the Tibetan Plateau, China, 
Alaska, U.S., and the Peruvian Andes, Educador, which are some of the least urbanized and industrialized 
locations in the world. Higher increases in THg (2.0- to 5.1-fold) and those comparable with the unremote 
sediments were detected from the Western (Wyoming) and Midwest, U.S. (Wisconsin, Minnesota) and New-
foundland, Canada, suggesting that these locations may be influenced by the transport of regional anthro-
pogenic mercury sources. Our results suggest that the spatial difference in the magnitude of THg increase 
is governed by the proximity to local and regional anthropogenic mercury sources.

Consistent with the changes in THg, the present-day sediments showed statistically higher mercury iso-
tope ratios (δ202Hg, ∆199Hg, ∆200Hg) compared to the pre-industrial sediments (Kruskal–Wallis test, all 
p < 0.05, Table S5, Figures 1 and 2). The average δ202Hg and ∆199Hg of the pre-industrial sediments were 
−1.55 ± 0.96‰ (−5.04 to 0.37‰, n = 138) and −0.15 ± 0.28‰ (−0.79 to 0.29‰, n = 138), respectively. Only 
17 out of 22 cores reported ∆200Hg (Figure S2), which showed an average value of 0.03 ± 0.07‰ (−0.09 to 
0.23‰, n = 122). The average δ202Hg, ∆199Hg, and ∆200Hg of the present-day sediments were −1.07 ± 0.69‰ 
(−3.68 to −0.16‰, n = 100), 0.07 ± 0.22‰ (−0.44 to 0.48‰, n = 100), and 0.06 ± 0.06‰ (−0.03 to 0.20‰, 
n = 78), respectively. The magnitude of changes in mercury isotope ratios varied widely across geographic 
locations (Figures 1b and 1c). Even within a single lake, Lake Michigan, the magnitude of changes in mer-
cury isotope ratios from the pre-industrial to present-day period was highly variable. This suggests that, 
unlike THg, the magnitude of changes in mercury isotope ratios are not determined by the proximity to 
anthropogenic mercury sources, which we discuss further in Section 3.3. Among the present-day sediments, 
the remote sediments displayed statistically higher ∆200Hg (Kruskal–Wallis test, p < 0.05, Table S5), but not 
δ202Hg (p = 0.77) and ∆199Hg (p = 0.06), compared to the unremote sediments. The average ∆200Hg of the 
remote and unremote sediments were 0.09 ± 0.07‰ (n = 46) and 0.02 ± 0.03‰ (n = 32), respectively (Fig-
ure 2c). The unremote sediments were characterized by a narrow range in δ202Hg (−0.93 ± 0.31‰, n = 52) 
and were statistically similar with the remote sediments, which had a wider range in δ202Hg (−1.21 ± 0.93‰, 
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Figure 1.  Spatiotemporal changes in (a) THg concentration (ng/g), (b) δ202Hg (‰), and (c) ∆199Hg (‰) from the pre-
industrial to present-day period in all lake sediment cores. The sediment cores shown in circles represent remote sites 
and the sediment cores in squares represent unremote sites.
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n = 48, Figure 2a). Both the unremote (0.03 ± 0.11‰, n = 52) and remote 
sediments (0.12 ± 0.29‰, n = 48) showed near-zero ∆199Hg (Figure 2b).

The mercury isotope ratios of the pre-industrial sediments appear to re-
flect both natural and anthropogenic mercury delivered via atmospheric 
deposition and runoff from the adjacent watershed. Previous evalua-
tions of anthropogenic mercury enrichments in sediment and peat cores 
have suggested that historical anthropogenic activities (since 1450 AD) 
such as Spanish colonial mercury and silver mining (Amos et al., 2015) 
as well as deforestation and biomass combustion (Li et  al.,  2020) have 
liberated substantial amounts of mercury into the atmosphere. The re-
sultant Hg0 would have accumulated within foliage prior to watershed 
runoff or deposited to lake sediments upon atmospheric oxidation. Sun 
et al. (2016), who estimated the isotopic end members for anthropogenic 
mercury emission sources, suggested that historical anthropogenic mer-
cury emissions (approximately 1850s), originated via mining and liquid 
mercury use in gold and silver refining processes, have ranges of medi-
an δ202Hg of −1.19 to −1.10‰ (THg, Hg0, Hg2+, HgP), which are simi-
lar to the pre-industrial sediment δ202Hg compiled here but much lower 
than those estimated for modern-day anthropogenic mercury emission 
sources. The estimated ∆199Hg are similar between the historical (−0.05 
to −0.02‰) and modern-day anthropogenic mercury emission sources 
(−0.06 to −0.02‰; Sun et al., 2016). The atmospheric deposition of both 
natural and historical anthropogenic mercury emission sources, together 
with watershed runoff of Hg0 sequestered in foliage, which is known to 
cause measurable negative δ202Hg shifts in foliage relative to atmospheric 
Hg0 (Demers et al., 2013), would explain the low δ202Hg in the pre-indus-
trial sediments. As for ∆199Hg, the influence of terrestrial mercury sourc-
es (soil, litterfall), characterized by negative ∆199Hg (−0.49 to −0.14‰; 
Demers et al., 2013; Jiskra et al., 2015, 2017), also explain the low ∆199Hg 
in the pre-industrial sediments.

The significantly higher THg and mercury isotope ratios observed in the 
present-day sediments compared to the pre-industrial sediments can be 
explained by the influence of modern-day anthropogenic mercury emis-
sion sources. Anthropogenic emissions of Hg2+ and HgP, which readily 
deposit to lakes relative to Hg0, have increased in the modern-day period 
owing to the activities in by-product sectors (i.e., fossil fuel combustion) 
(Sun et al., 2016). Sun et al. (2016) estimated significantly higher δ202Hg 

in the modern-day (approximately 2010s) anthropogenic THg emission sources (median δ202Hg; −0.70‰, 
range; −0.94 to −0.44‰) relative to the pre-industrial anthropogenic emissions and the average pre-indus-
trial sediment δ202Hg compiled in this study. The median δ202Hg (−0.84‰) reflecting modern-day anthro-
pogenic Hg2+ and HgP emissions also showed similar estimated values relative to THg (Sun et al., 2016). 
The anthropogenic mercury emission source end members estimated by Sun et  al.  (2016) are relatively 
similar with the average δ202Hg and ∆199Hg of the present-day unremote sediments impacted by anthropo-
genic activities and those that displayed narrow ranges in δ202Hg and ∆199Hg (Figures 2a and 2b). Precipita-
tion samples influenced by varying degrees of anthropogenic mercury emission sources and those recently 
compiled by Kwon et al. (2020) also show higher δ202Hg (median −0.38‰; −4.27 to 0.31‰, n = 122) and 
particularly high ∆199Hg (median 0.39‰; −0.87 to 1.57‰, n = 122) compared to the average pre-industrial 
sediments. Given the approximately 4-fold increase in the global atmospheric mercury deposition since 
industrialization (Amos et al., 2015), it is likely that the widespread anthropogenic activities have increased 
the amount of mercury available for deposition to lake sediments even at remote sites. This explains the 
absence of significant differences in δ202Hg and ∆199Hg between the present-day remote and unremote sed-
iments. Moreover, even with the modern-day increase in Hg0 available for foliar uptake and runoff to lake 
sediments, the estimated higher δ202Hg of Hg0 in the modern-day anthropogenic mercury emission sources 

Figure 2.  The ranges of (a) δ202Hg (‰), (b) ∆199Hg (‰), and (c) ∆200Hg 
(‰) of the pre-industrial and present-day sediments. The present-day 
sediments are further divided into remote and unremote. The shaded areas 
represent the ranges of modern-day δ202Hg (−0.94 to −0.44‰) and ∆199Hg 
(−0.07 to 0.01‰) of anthropogenic THg emission source end member 
estimated by Sun et al. (2016). The dotted lines represent the median 
δ202Hg (−0.38‰) and ∆199Hg (0.39‰) of precipitation compiled by Kwon 
et al. (2020).
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(median: −0.56‰) relative to historical anthropogenic mercury emission sources (median: −1.12‰) (Sun 
et al., 2016) may explain the overall δ202Hg increase in the present-day sediment.

In regards to ∆200Hg, a recent study by Lepak et al. (2020) suggested that the spatial variability in ∆200Hg 
among remote lake sediments is driven by the relative contribution of atmospheric (precipitation Hg2+) 
versus watershed (foliage Hg0) mercury sources (Lepak et al., 2020). While this may be the case for our pres-
ent-day remote sediments, the significantly higher ∆200Hg observed in the present-day remote sediments 
relative to the unremote sediments (Figure 2c) may be explained by a higher extent of mercury photo-oxi-
dation prior to deposition. The lakes designated as remote in this study are located far from local anthropo-
genic mercury emissions sources, as suggested by the individual authors, and receive mercury that has been 
subjected to regional transport. The ∆200Hg has been used as a conservative tracer to evaluate the relative 
importance of precipitation derived mercury input to surface reservoirs and/or the extent of atmospheric 
mercury photo-oxidation (Blum & Johnson, 2017). Here, we compiled wet mercury deposition fluxes from 
Lepak and Janssen (2020), who reported measured fluxes to nine remote lakes in North America and those 
compiled here, and from Mulvaney et al. (2020), who simulated a global atmospheric chemistry transport 
model for mercury (GEOS-Chem; Table S6). There was no significant difference in wet mercury deposition 
fluxes between the remote and unremote lakes (Kruskal–Wallis test, p < 0.05), indicating that the extent 
of precipitation derived mercury input is not responsible for the ∆200Hg difference between the remote and 
unremote sediments. The watershed area to lake area ratio, an indicator for the relative input of atmospher-
ic (Hg2+) versus watershed mercury (Hg0) input, also showed no clear differences between the remote and 
unremote lakes (Table S6). We speculate that a higher extent of Hg0 photo-oxidation, resulting in a higher 
∆200Hg and a lower δ202Hg in Hg2+ compared to Hg0 (Cai & Chen, 2016), during regional transport prior to 
deposition may explain the significantly higher ∆200Hg and slightly lower δ202Hg observed in the remote 
sediments compared to the unremote sediments.

As for the present-day remote sediments, the relative contribution of atmospheric versus watershed mer-
cury sources appears to explain the spatial variability in ∆200Hg. We observed significantly higher δ202Hg 
(−0.54 ± 0.16‰), ∆199Hg (0.28 ± 0.19‰), and ∆200Hg (0.13 ± 0.05‰) in five lakes (Dunnigan and Square, 
Minnesota, Locator, Wisconsin, Lost, Wyoming in the U.S., El Junco, Peru; Figures 1b, 1c, S2), character-
ized by high wet mercury deposition fluxes and small watershed area to lake area ratios, compared to other 
remote lakes compiled in this study (δ202Hg; −1.94 ± 0.87‰, ∆199Hg; −0.07 ± 0.28‰, ∆200Hg; 0.03 ± 0.03‰, 
Kruskal-Wallis test, all p < 0.05, Table S5). Lepak et al. (2020) reported higher wet mercury deposition fluxes 
(7.7–9.4 μg/m2/yr) coupled with small watershed area to lake area ratios (2.0–8.2) in Dunnigan, Locator, and 
Square compared to other remote lakes in North America (wet mercury deposition fluxes; 1.5–4.6 μg/m2/
yr, watershed area to lake area ratios; 1.2 to 13). The present-day wet mercury deposition fluxes simulated 
by GEOS-Chem and those reported by Mulvaney et al. (2020) also show much higher values (8.2–12 μg/m2/
yr) and small watershed area to lake area ratios (2.1–2.2) in El Junco and Lost compared to other remote 
lakes (Table S6). All in all, our compilation study suggests that mercury isotope ratios in lake sediment cores 
can be used to evaluate the large-scale influence of modern-day anthropogenic mercury emission sources 
as well as the relative importance of mercury input pathways (atmospheric vs. watershed runoff) across 
remote regions. While further study is required to verify processes affecting mercury isotope ratios in the 
atmosphere prior to deposition to lake sediments, we suggest that sediment ∆200Hg may be used to gain 
insights into the influence of local versus regional anthropogenic mercury deposition.

3.2.  Sources and Processes Governing Temporal Changes

Results from the conventional linear trend test show widespread increasing trends of THg and mercury 
isotope ratios in the lake sediment cores from the pre-industrial to present-day period. Most of the sediment 
cores showed a statistically significant increasing linear trend in THg with the 95% confidence level (p val-
ue ≤ 0.05; Table S4) while one lake sediment shows a significant decreasing trend in THg (Laguna Negrilla). 
Based on the analytical uncertainty estimates, significant positive shifts in δ202Hg (>2SD of 0.09‰) were 
observed in 20 sediment cores from the pre-industrial to present-day period, except for Perfect Lake in the 
Arctic (Lepak et al., 2020) and Laguna Negrilla, Peru (Cooke et al., 2013) (Figure 1b). Sixteen and three lake 
sediment cores showed a significant positive shift in ∆199Hg (>2SD of 0.06‰) and ∆200Hg (>2SD of 0.05‰), 
respectively (Figures 1c and S2). According to the linear trend test, 17 out of 22 lake sediment cores showed 
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a statistically significant increasing trend in δ202Hg at the 95% confidence level (p value ≤ 0.05; Table S4). 
Fifteen lake sediment cores showed significant positive temporal trends in ∆199Hg at the 95% confidence 
level and two cores showed significant negative trends in ∆199Hg (Table S4). Overall, our results suggest 
that, in addition to ∆199Hg, the positive shifts in THg concentration together with δ202Hg are widespread 
phenomena across the lake sediment cores.

3.2.1.  δ202Hg

The widespread positive δ202Hg shifts from the pre-industrial to present-day period appear to be caused by 
increased contribution of modern-day anthropogenic mercury sources, which are characterized by a higher 
δ202Hg compared to the pre-industrial sediments. Among the sediment cores compiled in this study, we 
observed significant negative relationships between δ202Hg and 1/THg (p < 0.05, r2 = 0.21 to 0.93), except 
for three lakes in North America (Goldeneye and Rectangle, Alaska, Perfect Lake in the Arctic) and Lake 
Qinghai, Tibet (Yin, Feng, et al., 2016) (p > 0.05, r2 = 0.03 to 0.15; Table S7). This suggests that the majority 
of sediment cores depict an increasing contribution from anthropogenic mercury sources to the pre-indus-
trial sediments, which have low THg and negative δ202Hg (Figure 2).

The significant temporal δ202Hg trends observed in the lake sediment cores further suggest that local to 
regional anthropogenic mercury sources, which share a similar δ202Hg, contribute to the positive δ202Hg 
shifts. As illustrated in Figure 3, both the remote and unremote lake sediment cores exhibited increasing 
trends in δ202Hg with temporally corresponding peaks in THg and δ202Hg (Figures  3a, 3b, and  S3). The 
median δ202Hg corresponding to the THg peaks is −0.80 ± 0.92‰, which is within the ranges of precipita-
tion impacted by anthropogenic activities and anthropogenic mercury emission end member estimated by 

Figure 3.  Temporal trends in δ202Hg (a), (b) and ∆199Hg (c), (d) of all lake sediment cores. The lake sediment cores designated as U and R indicate unremote 
and remote, respectively. The shaded area in panel c represents sediment cores (Nam Co, Qinghai in Tibet, Dunnigan, Square in Minnesota, U.S.), which 
exhibited positive ∆199Hg shifts even with elevated ∆199Hg baselines. Panel d represents sediment cores that showed no significant shifts in ∆199Hg (Cleaver, 
McLurg in Manitoba, Canada, two locations in Lake Michigan) and sediment cores that had significant negative ∆199Hg shifts (Phantom in Manitoba, Canada, 
one location in Lake Michigan).
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Kwon et al. (2020) and Sun et al. (2016), respectively. An exception was observed in Laguna Negrilla, which 
had a higher pre-industrial δ202Hg compared to the anthropogenic mercury source end member and exhib-
ited a decreasing temporal trend in THg and δ202Hg, consistent with the cessation of widespread historical 
mercury mining for pigment and precious metal extraction (Cooke et al., 2013). The measurable reductions 
in THg concentrations relative to small changes in δ202Hg in the recent decades (Figures 3a, 3b, and S3) 
may be explained by the absence of significant alterations in mercury sources. Amos et al.  (2015), who 
compiled mercury concentrations in natural archives, also reported peaks in THg during the second half of 
the 20th century and declines in the recent decades. The authors attributed this to large-scale reductions in 
anthropogenic mercury emissions leading to rapid reductions in atmospheric mercury deposition and slow 
reductions in terrestrial reservoirs, which both supply mercury to lake sediments. Similarly, while the rapid 
and slow reductions in atmospheric deposition and watershed runoff of mercury may explain the overall 
declining trends in sediment THg concentrations, the input of constant mercury sources may explain minor 
changes in δ202Hg.

Based on the similar δ202Hg value between the median anthropogenic mercury emission source end mem-
ber estimated by Sun et al. (2016) and the average δ202Hg of the present-day unremote sediments, we spec-
ulate that processes affecting mercury in the atmosphere and within a lake system play minor roles in mod-
ifying δ202Hg of anthropogenic mercury sources. While many processes are known to result in significant 
MDF (Blum et al., 2014; Kwon et al., 2020), previous studies have suggested that lake sediment cores are less 
prone to diagenetic and hydrodynamic effects resulting in mercury mobility and release compared to other 
natural archives (i.e., peat, marine sediment cores) (Asmund & Nielsen, 2000; Cooke et al., 2020; Wasik 
et al., 2015). This is supported by the studies that showed consistency in the levels and temporal trends in 
mercury in lake sediment cores, which have been collected at the same location in different periods (Per-
cival & Outridge, 2013; Rydberg et al., 2008). A recent modeling study of mercury isotopes within a lake 
system also simulated small to negligible δ202Hg changes in mercury input sources in the sediment during 
water column and diagenetic processes (Bessinger, 2014). From a temporal perspective, if changes in at-
mospheric and water column processes were significant enough to cause positive temporal trends in δ202Hg, 
THg concentrations in the sediments would decrease, which is not what we observed. Experiments have 
shown that photo-reduction of Hg2+ and evaporation of Hg0 result in a higher δ202Hg in the remaining solu-
tion compared to the product (Bergquist & Blum, 2007; Estrade et al., 2009; Ghosh et al., 2013). Increased 
Hg2+ photo-reduction in precipitation or in the water column would reduce the amount of mercury availa-
ble for deposition to sediments. While increased mercury sorption to particles either in the atmosphere or in 
the water column may increase sediment THg, an experimental study by Wiederhold et al. (2010) reported 
a lower δ202Hg in mercury bound to particles compared to those unbound in solution. We suggest that the 
increased contribution of modern-day anthropogenic mercury sources to the pre-industrial sediments ex-
plains the widespread δ202Hg and THg shifts rather than temporal changes in processes affecting mercury 
in the atmosphere or within a lake system.

3.2.2.  Δ199Hg

In contrast to the previous argument that the positive ∆199Hg shifts from pre-industrial to present-day pe-
riod are a global phenomenon, the significant positive shifts were observed in a subset of lake sediment 
cores compiled in this study. Kurz et al. (2019) provided three hypotheses to explain the positive ∆199Hg 
shifts observed in a remote lake sediment core from Wyoming, U.S.; (a) changes in the global atmospheric 
chemical composition, (b) changes in local processes including increased Hg2+ photo-reduction in the water 
column, and (c) increased anthropogenic mercury source contribution to lake sediments, which have more 
positive ∆199Hg compared to geogenic sources. We propose a modified scenario from the latter in which the 
increased contribution of anthropogenic mercury sources is responsible for the positive ∆199Hg shifts and 
the significant positive shifts are detected primarily in lake sediments with low pre-industrial ∆199Hg.

We observed significant increasing temporal trends in ∆199Hg in all remote (n = 13) and some unremote 
lake sediment cores (n = 2) (Figure 3c). Most of these lake sediment cores were characterized by negative 
pre-industrial ∆199Hg (average −0.38‰, −0.72 to −0.02‰, n = 10) relative to the anthropogenic mercury 
emission source end member (Sun et al., 2016) and precipitation (Kwon et al., 2020), which have near-zero 
and positive ∆199Hg, respectively. Seven lake sediment cores, characterized as near-zero and small posi-
tive pre-industrial ∆199Hg (average 0.08‰, 0.01–0.20‰), showed no significant and significant reduction 
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in temporal trends in ∆199Hg, respectively (Figure 3d). It is possible that the higher extent of Hg2+ pho-
to-reduction within the water column, resulting in a higher ∆199Hg in the remaining mercury relative to 
Hg0 (Bergquist & Blum, 2007), may explain the small positive ∆199Hg in these sediments. Alternatively, the 
pre-industrial unremote sediments with near-zero ∆199Hg reflect local anthropogenic mercury sources. We 
note, however, that the pre-industrial unremote sediments had similarly low THg concentration (average 
187  ng/g, 30–941  ng/g) compared to the remote sediments (average 147  ng/g, 18–684  ng/g, Figure  1a). 
While it is difficult to identify sources and/or processes resulting in more elevated ∆199Hg in certain pre-in-
dustrial unremote sediments relative to others, the mixing between two similar end members (near-zero to 
positive pre-industrial vs. anthropogenic ∆199Hg) appears to be responsible for the absence of significant 
temporal ∆199Hg trends in certain sediment cores.

While only a few processes are known to cause significant MIF (Blum et al., 2014; Kwon et al., 2020), large 
global environmental changes may have contributed partly to the temporal shifts in ∆199Hg. Previous stud-
ies have collectively suggested that, on a global basis, the amount of precipitation has increased significantly 
since the early 1900s (Ren et al., 2013). This observation is, however, in contrast with the absence of wide-
spread and significant temporal modifications in ∆200Hg (>2SD of 0.05‰). On a local scale, the effects of 
gradual and dramatic changes such as the ice cover and erosional and land-use change may lead to positive 
temporal shifts in ∆199Hg. In fact, several exceptions were observed in Tibetan lakes (Qinghai, Nam Co), and 
Dunnigan and Square in Minnesota, which showed increasing temporal ∆199Hg trends even with positive 
pre-industrial ∆199Hg (average; 0.15‰, 0.05–0.24‰; Figure 3c). In Tibetan lakes, Yin, Feng, et al.  (2016) 
observed highly negative δ202Hg, similar to terrestrial sources (Demers et al., 2013; Jiskra et al., 2015, 2017), 
and positive ∆199Hg in the sediments, which then increased over time (Figure 3d). The authors suggested 
that mercury introduced via watershed runoff was subjected to a higher degree of photo-reduction in the 
water column with declining ice cover. As such, the fact that the changes in local sources and/or process-
es may result in significant temporal trends in ∆199Hg in certain lake sediments suggests that the posi-
tive ∆199Hg shifts are unlikely to be a global phenomenon. Instead, the widespread and significant positive 
δ202Hg shifts observed in the lake sediment cores indicate that δ202Hg can serve as an important proxy for 
assessing temporal changes in anthropogenic mercury source contribution.

3.3.  Importance of Baseline Mercury Isotope Ratios

The evaluation of the temporal trends in the lake sediment cores indicates that the increased contribution 
of local to regional anthropogenic mercury sources, which have a similar ∆199Hg and a much higher δ202Hg 
compared to the pre-industrial sediments, explain the differences in the temporal trends between δ202Hg 
and ∆199Hg. While the negative pre-industrial δ202Hg resulted in the widespread positive shifts in δ202Hg, 
the near-zero pre-industrial ∆199Hg resulted in either absence or small positive shifts in ∆199Hg in the lake 
sediment cores. To further evaluate the importance of pre-industrial mercury isotope ratios for explaining 
the temporal trends, we estimate the magnitude of δ202Hg and ∆199Hg changes from the pre-industrial to 
the present-day period except for Laguna Negrilla, which decreased in THg. In this assessment, the average 
sediment mercury isotope ratios reflecting the pre-industrial period are set as a baseline or a starting point 
of each core and the sediment δ202Hg and ∆199Hg for each dated year are subtracted from the average pre-in-
dustrial δ202Hg and ∆199Hg (baseline) to quantify the magnitude of changes in mercury isotope ratios over 
time. As illustrated in Figure 4, the lake sediment cores with the most negative δ202Hg (−4.24 to −2.34‰) 
and ∆199Hg baselines (−0.72 to −0.43‰) increased dramatically in δ202Hg (by 0.82–1.95‰) and ∆199Hg (by 
0.20–0.70‰) in the present-day period. The magnitude of δ202Hg and ∆199Hg increases from the baseline to 
the present-day period decreased as the baseline δ202Hg and ∆199Hg increased in each sediment core. Moreo-
ver, we found that the magnitude of δ202Hg and ∆199Hg changes did not correlate with the magnitude of THg 
changes (δ202Hg; r2 = 0.09, ∆199Hg; r2 = 0.20, both p > 0.05). Even among the unremote (δ202Hg; r2 < 0.01, 
∆199Hg; r2 = 0.17, both p > 0.05) and remote sediments (δ202Hg; r2 < 0.01, ∆199Hg; r2 = 0.07, both p > 0.05), 
we did not observe significant relationships between the magnitude of δ202Hg and ∆199Hg changes and the 
magnitude of THg changes. This indicates that, unlike the THg concentration, the magnitude of mercury 
isotope ratio changes are not governed by the extent of mercury input.

Our results are in contrast with Lepak et  al.  (2020), who observed significant positive relationships be-
tween the magnitude of changes in mercury accumulation flux, which is correlated with the sediment THg 
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Figure 4.  Magnitude of δ202Hg (a to d) and ∆199Hg changes (e to h) from the pre-industrial (1510–1850) period to the next core interval over time. From each 
panel, baseline represents the ranges of the pre-industrial δ202Hg or ∆199Hg. Magnitude indicates the average magnitude of δ202Hg or ∆199Hg changes from the 
pre-industrial to present-day period.
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concentration, and the magnitude of changes in δ202Hg and ∆199Hg in nine remote lake sediments of North 
America. In that study, the authors suggested that the differences in the amount of atmospheric mercury 
input sourced from precipitation determine the inter-lake variability in the magnitude of mercury isotope 
ratio changes over time. Our compilation of 22 lake sediment cores suggests that the magnitude of changes 
in mercury isotope ratios from the pre-industrial to present-day period is governed by the pre-industrial 
variability in mercury isotope ratios. Even among the remote and unremote sediments, which showed dras-
tic differences in their magnitude of THg change, the present-day mercury isotope ratios were statistically 
similar, supporting our conclusion that the changes in mercury isotope ratios in lake sediment cores reflect 
isotope mixing between anthropogenic mercury sources and pre-industrial sediments. Based on the isotope 
mixing effect, we expect that a further increase in the contribution of anthropogenic mercury sources to 
lake sediments would lead to cessation of further shifts in sediment mercury isotope ratios, while mercury 
concentration continues to increase via the input. Even within a single lake, Lake Michigan, Yin, Lepak, 
et al. (2016) observed differences in the pre-industrial sediment mercury isotope ratios across three sites 
(δ202Hg = −1.63 to −1.01‰, ∆199Hg = 0.06–0.20‰), and the magnitude of changes from the pre-industrial 
to present-day period (δ202Hg; by 0.24–0.92, ∆199Hg; by 0.01–0.06; Figures 1b and 1c) did not correlate with 
the magnitude of THg changes. This indicates that either within a single lake or across multiple lakes, the 
baseline δ202Hg and ∆199Hg plays a more important role in determining the magnitude of changes in mer-
cury isotope ratios compared to THg.

3.4.  Implication for the Minamata Convention on Mercury

The compilation of mercury isotope ratios in lake sediment cores suggests that δ202Hg and ∆199Hg of an-
thropogenic mercury sources and ∆200Hg reflecting the extent of photo-oxidation are well preserved in lake 
sediments. In regards to temporal trends, we attribute the widespread positive shifts in δ202Hg in the lake 
sediment cores (e.g., Guérdron et al., 2016; Lepak et al., 2020) to local to global rise in the modern-day 
anthropogenic mercury sources. The absence of widespread shifts in ∆199Hg can be explained by a similar 
∆199Hg value between the pre-industrial sediments and modern-day anthropogenic mercury sources. The 
fact that the changes in local sources and/or processes may result in temporal trends in ∆199Hg in cer-
tain lake sediments suggests that the positive ∆199Hg shifts are unlikely to be a global phenomenon. While 
∆199Hg has been regarded as a conservative tracer for mercury sources due to limited processes resulting in 
MIF, our results suggest that the temporal evaluation of δ202Hg, which has a much higher value compared to 
the pre-industrial sediments, is a more powerful proxy for evaluating long-term changes in anthropogenic 
mercury sources. Across a broad spatial scale, the characterization of pre-industrial mercury isotope ratios 
will be critical for deciphering between the absence and significant changes in mercury isotope ratios result-
ed from anthropogenic mercury source contribution.

Our study has wide-ranging implications for the global monitoring and effectiveness evaluation of the 
MC. Many previous studies have assessed temporal trends in mercury using atmospheric samples (Cheng 
et al., 2017; Dommergue et al., 2016) and biota (Blukacz-Richards et al., 2017; Lee et al., 2016; McKinney 
et al., 2017). While these samples provide insights into rapid responses to changes in mercury emissions and 
bioaccumulation, the isotope ratios reflecting mercury sources are susceptible to change via environmental, 
biological, and ecological conditions. For instance, previous studies have observed large seasonal and air 
mass differences in mercury isotope ratios in atmospheric samples (Fu et al., 2016; Huang et al., 2018). 
The tissues of biota including fish and birds have shown measurable MDF in the bioaccumulated mercury 
sources caused by metabolic processes (Kwon et al., 2013). The mercury isotope ratios of biota tissues also 
reflect a mixture of mercury sources, which may have been integrated over time and space (i.e., migratory 
sites) (Renedo et al., 2018, 2021). In fact, deciphering between policy signal and environmental noise has 
been one of the greatest challenges of evaluating the effectiveness of the MC. In this regard, the effective 
and long-term preservation of mercury isotope ratios of anthropogenic mercury sources in lake sediment 
cores can serve as an important proxy for assessing changes in anthropogenic mercury sources. The infor-
mation on the pre-industrial mercury isotope ratios can also serve as an ideal and site-specific target for 
the effectiveness evaluation of the MC in which the large-scale reduction in local to regional anthropo-
genic mercury emissions would allow sediment mercury isotope ratios to recover to values similar to the 
pre-industrial sediment values. Lastly, when predicting future changes in mercury isotope ratios in sedi-
ment cores, the types of mercury emitting sectors governed under the MC and modifications in mercury 
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abatement technologies need to be considered. The intentional mercury use sectors including mining and 
manufacturing of commercial products, which predominantly emit Hg0, are subject to the most stringent 
global regulation (UNEP, 2019). Dramatic reductions in Hg0, which have the highest δ202Hg relative to Hg2+ 
and HgP based on the anthropogenic mercury source end members estimated by Sun et al.  (2016), may 
suppress further increases in δ202Hg in sediment cores. The types of mercury abatement technologies in 
by-product sectors (i.e., fossil fuel combustion) are also known to determine δ202Hg of the emitted mercury 
(Sun et al., 2014). We suggest that future studies that assess the timescale of mercury isotope turnover in re-
lation to the reduction of anthropogenic mercury input and the sensitivity of local to global environmental 
and policy changes would enhance the utility of mercury isotopes measured in sediments for the monitor-
ing and effectiveness evaluation of the MC.
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