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ABSTRACT: Despite the large climatic fluctuations in the Arctic
over the Holocene, the dominant mercury (Hg) sources and the
potential changes in Hg sources associated with the climate remain
unclear. Here, we use Hg isotopes to reconstruct changes in Hg
sources and processes in two Svalbard fjord sediment cores
spanning the Holocene. The Hg isotope ratios of the fjord
sediment cores are similar to bedrock and Hg bound to terrestrial
total organic carbon (TOC) but different from other sediment
cores influenced by atmospheric Hg drawdowns via the sinking of
marine particulate organic matter. The absence of significant Hg
and TOC relationships indicates that bedrock erosion caused by
glacier dynamics is the major Hg source to the fjord sediment
rather than those bound to marine and terrestrial TOC.
Measurable shifts in Hg sources are observed at regional cooling (4.3 ka) and during the Medieval Warm Period in the late
Holocene. The negative shift in δ202Hg (by −0.5‰) at 4.3 ka from baseline (∼10 ka) is consistent with the rapid increase in glacier-
mediated physical and chemical erosions of bedrock. The significant positive shifts in δ202Hg (by 0.5‰) in the late Holocene are
explained by enhanced input of atmospheric Hg and its drawdown via the sinking of marine particulate organic matter and some
anthropogenic influence, which suppressed the positive Δ199Hg and Δ200Hg shifts. This study suggests that Hg isotope ratios
measured in sedimentary archives can be used to decipher climate and other local to global changes modifying Hg sources in the
Arctic.
KEYWORDS: stable isotope, Holocene, climate change, sediment core, proxy, reconstruction, Svalbard, Dicksonfjorden, Woodfjorden

■ INTRODUCTION

While recent anthropogenic mercury (Hg) emissions have
received much attention due to the toxicity of Hg to the
ecosystem and human health,1 studies of natural sources and
processes leading to long-term changes in Hg in geochemical
reservoirs have been relatively limited. Constraining the natural
levels and factors governing natural Hg sources and processes
are important for evaluating modern anthropogenic influences
and for predicting future changes in the Hg cycle.
Reconstructions of Hg deposition history in lake sediment
cores have shown 3−5-fold increases in Hg accumulation rates
since industrialization.2,3 Historic volcanic eruptions have
resulted in 5−12-fold increases in Hg accumulation rates in
ice cores relative to the background.4 In addition to these
dramatic perturbations, responses to gradual and dynamic
changes such as climate change can provide insights into how
natural processes modify Hg sources, transport, and fate in
ecosystems.5

The Arctic underwent a profound glacial−interglacial
transition during the Holocene.6 A compilation of biogeo-
chemical measurements in lake, fjord, and marine sediment

cores from the Svalbard archipelago has revealed sequences of
small- to large-scale climatic events including (1) the Holocene
Thermal Maximum (HTM) resulting in glacial minimum in
the early-to-middle Holocene, (2) several regional cooling
events in the middle-to-late Holocene, and (3) the Medieval
Warm Period in the late Holocene.6 To date, only a few studies
have investigated changes in Hg sources and processes over the
Holocene in Arctic lake7−9 and marine sediment cores.10 By
coupling total organic carbon (TOC) and stable carbon
isotopes (δ13Corg) as biogeochemical proxies, peaks in
sediment Hg concentration have been explained by either
increased runoff of soil Hg or enhanced primary productivity
leading to algal Hg scavenging. Unfortunately, the interpreta-
tion of more complex and/or subtle variations in Hg has been
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difficult due to the absence of proxies that can capture changes
among various sources and biogeochemical processes of Hg.
The measurement of Hg isotopes may be an effective tool

for understanding changes in Hg sources in the Arctic.
Mercury isotopes undergo mass-dependent fractionation
(MDF; δ202Hg) and mass-independent fractionation during
environmental cycling, which provide multidimensional
information about the Hg biogeochemistry. Hg-MDF occurs
via almost all biogeochemical processes involved in the Hg
cycle11,12 and Hg-MIF occurs during specific processes. MIF of
odd-mass isotopes (MIFodd; Δ199Hg, Δ201Hg) is caused
primarily via aqueous inorganic (Hg2+) photoreduction and
methylmercury (MeHg) photodegradation,13 and MIF of
even-mass isotopes (MIFeven; Δ200Hg) is thought to be caused
by elemental Hg (Hg0) photo-oxidation in the atmosphere.14

Given the limited processes resulting in MIFodd, Δ199Hg in
sedimentary archives have been used to reconstruct anthro-
pogenic Hg sources in modern history15,16 and the influence of
large igneous provinces (LIPs) Hg emissions during critical
events in geological history.17−19 A recent evaluation of Hg
isotope ratios in lake sediment cores across North America has
also shown that Δ200Hg can be used to distinguish between the
relative input of atmospheric (positive Δ200Hg) and watershed-
derived Hg sources (near-zero Δ200Hg).16 In regard to climate-
associated changes in Hg processes, Masbou et al.20 and Yin et
al.21 reported temporal increases in Δ199Hg in the Arctic ringed
seal (1988−2002) and in the Tibetan lake sediment core
(1800−2005), respectively, in association with gradual loss of
ice cover. These studies have suggested that increased Hg2+

and MeHg photoreduction within the water column, resulting
in positive Δ199Hg in the remaining Hg, prior to
bioaccumulation and sediment deposition, is responsible for
the temporal Δ199Hg increase. As for Hg sources, recent
studies have reported large δ202Hg and Δ199Hg and subtle
Δ200Hg variations in snow, glacial and snowpack meltwater,
and peat core,22−24 suggesting the potential utility of Hg

isotopes for identifying changes in Hg sources in the Arctic
ecosystem.
Here, we measured the concentrations and isotope ratios of

Hg in two age-dated fjord sediment cores collected from
Svalbard, Arctic, which has a long history of scientific
observations and reconstructions of changes in fjord glacial
and terrain landforms and biogeochemical processes.6 By
comparing with a suite of biogeochemical measurements
(TOC, δ13Corg, neodymium isotope; εNd) conducted pre-
viously in the same fjord sediment cores, we aim to (1) identify
dominant Hg sources and transport pathways into Svalbard
fjords, (2) evaluate temporal changes in Hg sources, and (3)
verify which particular changes are associated with climatic
events over the Holocene relative to other local to global
changes (i.e., anthropogenic activities). We expect that this
study would aid the identification of potential opportunities
and challenges of using Hg isotopes as a complementary tool
for assessing changes in Hg sources in the Arctic.

■ MATERIALS AND METHODS
Site Description. Sediment cores were collected from

Dicksonfjorden and Woodfjorden, Svalbard (Figure 1).
Dicksonfjorden is located in a northern tributary of Isfjorden,
one of the largest fijord sytems in Svalbard (Figure 1B).
Dicksonfjorden is 30 km long and 7 km wide, with a catchment
area of 1013 km2. The maximum water depth is 123 m in the
southern part of Dicksonfjorden. Woodfjorden is the fourth-
longest fjord in the Svalbard (Figure 1C), which is 65 km long
and 10 km wide, with a maximum water depth of 200 m in the
central part of Woodfjorden.25 The glaciers in Dicksonfjorden
all terminate on land and there are several tidewater glaciers in
Woodfjorden.26 Two sediment cores were selected from two
fjord systems due to the differences in the onset and the extent
of glacier activities during the HTM and the regional cooling
events,6 which may modify the relative influence of
atmospherically deposited Hg and Hg sources originating
from glacier melting and bedrock erosion over the Holocene.

Figure 1. Map of sampling locations in Svalbard (A): Dicksonfjorden (B) and Woodfjorden (C).
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Sample Collection. Sediment cores in Dicksonfjorden
(JM05-046-GC; 78°40.50′N, 15°18.89′E; water depth of 88
m) and Woodfjorden (HH12-964-GC; 79°39.04′N,
13°45.3′E; water depth of 173 m) were retrieved using a
gravity corer during cruises of RV Jan Mayen/Helmer Hanssen
of UiT, The Arctic University of Norway in Tromsø in 2005
and 2012, respectively. JM05-046-GC (referred to as JM05) is
299 cm long, spanning the last 10.8 ka.27 HH12-964-GC
(referred to as HH12) is 334 cm long with a bottom age of
13.3 ka.25 Each core was cut into 1 m sections and kept at 4 °C
in a core repository. Sediments were further sampled at 2 cm
intervals for JM05 and 5 cm intervals for HH12 and freeze-
dried and powdered before analyses. The lithologies of JM05
and HH12 are described in Jang et al.28 and Joo et al.27,29 and
summarized in Table S1. The TOC, δ13Corg, εNd, and ages of
the two cores were reported previously27,28 and are
summarized in Table S2.
Hg Concentration and Isotopic Composition Anal-

yses. Subsamples from the two cores (JM05; n = 33, HH12; n
= 20) were selected to measure total Hg (THg) concentrations
and Hg isotope ratios at the Environmental Health Assessment
Laboratory, Pohang University of Science and Technology,
South Korea. THg concentrations were directly analyzed by a
Nippon Instruments MA-3000 Hg analyzer. Standard reference
material (TORT-3; lobster, MESS-4; marine sediment) and
sample duplicates were included for quality control and quality
assurance. Recoveries ranged between 88 and 96% (n = 23) for
TORT-3 and between 81 and 88% (n = 7) for MESS-4, and
the relative standard deviations of sample duplicates were
within 13%.
Mercury isotope ratios were determined by a Nu-Plasma III

multicollector inductively coupled plasma mass spectrometer
(MC-ICP-MS). Approximately 0.4−1.5 g of sample was loaded
into a double-stage thermal combustion furnace to release all
Hg0 from the samples, and the released Hg0 was preconcen-
trated into a 1% KMnO4 (in 10% H2SO4) solution. The
preconcentration process yielded Hg recoveries of 82−116%

for the samples, 86−115% for TORT-3 (n = 7), and 81−124%
for MESS-4 (n = 2), according to THg concentrations of the
trapping solutions measured by a cold vapor atomic
fluorescence spectrometer (Brooks Rand). The trap solutions
were neutralized with NH2-OH-HCl, diluted to 1−3 ng/mL
Hg, and introduced to the MC-ICP-MS via a gas−liquid
separator and by continuously reducing Hg2+ with 2% SnCl2.
Instrumental mass bias was corrected using an internal
thallium standard (NIST SRM 997), introduced via a
desolvating nebulizer (CETAC Aridus3) and by bracketing
each sample with NIST SRM 3133 with the same matrices and
THg concentrations. MDF is reported as δ202Hg (‰)
referenced to NIST SRM 313329

δ = {[ ]

− } ×

Hg ( Hg/ Hg) /( Hg/ Hg)

1 1000

202 202 198
sample

202 198
NIST3133

(1)

MIF is reported as Δ199Hg, Δ200Hg, and Δ201Hg (‰) and
calculated using the following equations30

δ δΔ = − ×Hg Hg ( Hg 0.2520)199 199 202
(2)

δ δΔ = − ×Hg Hg ( Hg 0.5024)200 200 202
(3)

δ δΔ = − ×Hg Hg ( Hg 0.7520)201 201 202
(4)

Analytical uncertainty at 2 standard deviation (2SD) is
estimated based on replicate analyses of either NIST RM
8610 (known as UM-Almaden; n = 42), TORT-3 (n = 4) or
MESS-4 (n = 2) (Table S3). Hg isotope ratios of NIST RM
8610 were −0.56 ± 0.08‰ for δ202Hg, −0.02 ± 0.04‰ for
Δ199Hg, and 0.00 ± 0.04‰ for Δ200Hg. Hg isotope ratios of
TORT-3 were 0.10 ± 0.10‰ for δ202Hg, 0.62 ± 0.10‰ for
Δ199Hg, and 0.06 ± 0.02‰ for Δ200Hg, and Hg isotope ratios
of MESS-4 were −2.07 ± 0.03‰ for δ202Hg, 0.04 ± 0.06‰
for Δ199Hg, and 0.01 ± 0.03‰ for Δ200Hg, both similar to
those reported by Blum and Johnson.31 We used TORT-3 to
report 2SD as it had the largest analytical uncertainty.

Figure 2. Temporal variations in THg concentration, TOC, and THg/TOC ratios of JM05 (A, C) and HH12 (E−G) measured in this study and
TOC (B; JM05) and δ13Corg (D; JM05) reported in Joo et al.27 Reproduced from Joo et al.27 under a Creative Commons CC BY-NC 4.0 license
Copyright 2019 Norwegian Polar Institute.
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■ RESULTS AND DISCUSSION

Temporal Variations in THg, TOC, and THg/TOC. The
fjord sediment cores collected from two different locations of
Svalbard exhibited minor temporal variations in THg
concentration (Figure 2A,E). The THg concentrations of the
JM05 and HH12 cores ranged between 15.5 and 30.3 ng/g
(Figure 2A) and between 10.3 and 39.9 ng/g (Figure 2E),
respectively, which are within the ranges of other preindustrial
marine sediment cores.10,32,33 By setting the baseline as the
average THg concentration of the three bottom samples (10.8
ng/g for HH12 and 17.6 ng/g for JM05), we found that the
HH12 core exhibited a 3.7-fold peak in THg at the surface, and
the JM05 core exhibited a 1.7-fold peak in THg at 4.3 ka. The
magnitude of THg increase on the surface layer of HH12,
reflecting >1950 AD (0 cm depth; Table S5), is consistent with
the degree of anthropogenic enrichment (3−5-fold increase)
reported in lake sediment cores at various locations of the
world.2,3 The surface layer of JM05, which reflects ∼1840 AD
(4 cm depth; Table S4) and has a low time resolution, shows a
slight increase in THg possibly due to the anthropogenic
influence. Modern-day anthropogenic activities appear to have
a higher Hg influence in Woodfjorden (HH12) relative to
Dicksonfjorden (JM05) due to its proximity to old mines
located on the northwestern side of Svalbard.34,35 Alternatively,
the uppermost layer of HH12 reflecting a more recent period
relative to JM05 may explain the higher degree of
anthropogenic Hg enrichment in HH12.
The ranges of TOC in JM05 and HH12 are 0.34−0.56 wt %

(Figure 2B) and 0.31−1.15 wt % (Figure 2F), respectively.
These values are similar to those observed in the Arctic marine
sediment cores spanning the Holocene (0.26−0.45 wt %)10

and current coastal (0.29−0.93 wt %) and open ocean (0.23−
0.67 wt %) sediments compiled by Xue et al.36 Regarding the
temporal variations, the JM05 core exhibited a minor declining
temporal trend in TOC toward the modern-day period. The
HH12 core showed an overall increasing trend and a slight
decreasing trend beginning at 2 ka and onward. The greater
TOC input to HH12 relative to JM05 can be explained by the
influence of glaciofluvial rivers, which transport some sediment
and TOC from inner Woodfjorden and those nearby

Bockfjorden and tidewater glaciers in Liefdefjorden (Figure
1C).26

THg/TOC ratios in sediments have been used to determine
whether variations in THg are driven by changes in the organic
matter input.18,19,37 We found that the THg/TOC of JM05
(29.0−70.5 ng/g/%; Figure 2C) and HH12 (14.6−46.2 ng/g/
%; Figure 2G) has opposite temporal trends relative to TOC.
The JM05 core showed an overall increasing trend in THg/
TOC and a peak at 4.3 ka, which matches well with the peak in
THg. In HH12, the THg/TOC showed small reductions until
2 ka and an increasing trend since then. The minor temporal
variations in THg and the opposite trends between TOC and
THg/TOC indicate that Hg bound to TOC is unlikely the
major source or transport pathway of Hg to our fjord systems.
Joo et al.,27 based on the δ13Corg in the JM05 core, suggested
that a large proportion of TOC is allochthonous, reflecting
TOC derived from the terrestrial environment rather than
those produced within the fjord. The absence of significant
positive relationships between THg and TOC in both
sediment cores (JM05; r2 < 0.01, HH12; r2 = 0.20, both p >
0.05) is in contrast with many previous studies, which
observed significant relationships in lakes,38,39 lacustrine,40

and marine sediment cores41 spanning the Holocene. It is
possible that, while TOC is derived from the terrestrial
environment, Hg may have originated from a different source.
Alternatively, Hg was not bound to terrestrial organic matter
during transport from land. In the following sections, we
examine Hg isotope ratios in the same sections of the sediment
cores to understand the dominant sources and transport
pathways of Hg into the fjords (Sources and Transport
Pathways of Hg Into Fjord Sediment section) and to evaluate
processes governing the spatiotemporal variability in Hg
isotope ratios (Temporal Variations in Hg Isotope Ratios
section).

Sources and Transport Pathways of Hg into Fjord
Sediment. The ranges of δ202Hg, Δ199Hg, and Δ200Hg of
JM05 are −1.72 to −0.80‰, −0.13 to −0.02‰, and −0.03 to
0.05‰, respectively (Table S4). The ranges of δ202Hg,
Δ199Hg, and Δ200Hg of HH12 are −1.32 to −0.61‰, −0.21
to −0.09‰, and −0.03 to 0.02‰, respectively (Table S5). As

Figure 3. (A) δ202Hg and Δ199Hg of JM05 and HH12 and other preindustrial coastal48 and marine sediment cores.10,32,33,46 The boxes represent
the ranges of δ202Hg and Δ199Hg of organic soil,51 Arctic peat,22,42 crustal rocks,44 and precipitation.47−50 (B) δ202Hg and TOC of JM05 and HH12
and the Holocene, Pleistocene, and Eocene sediments collected from the Arctic Ocean.10 Reproduced with permission from Gleason et al.10

Copyright 2017 Elsevier; Foucher and Hintelmann32 Copyright 2009 American Chemical Society; Mil-Homens et al.33 Copyright 2013 Elsevier;
Gehrke et al.46 Copyright 2009 Elsevier; Gratz et al.48 Copyright 2010 American Chemical Society.
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illustrated in Figure 3A, the δ202Hg and Δ199Hg of two fjord
sediment cores are similar to the Arctic marine sediment cores
spanning the Holocene10 and are within the ranges of the
Arctic peat24,42 and crustal rocks.43,44 The Δ199Hg of both
fjord cores are more negative than those of other low-latitude
coastal (San Francisco Bay)45 and marine sediment cores
reflecting preindustrial periods (based on the age constrained
from the individual studies; Mediterranean Sea;46 Portuguese
Margin33) and more positive in δ202Hg compared to marine
sediment cores collected from the Adriatic Sea.32 Marine
sediments are thought to receive Hg primarily via precipitation
and riverine transport,32,47 with each source having different
δ202Hg and Δ199Hg. As shown in Figure 3A, the positive
Δ199Hg observed in coastal (San Francisco Bay)45 and marine
sediment cores (Mediterranean Sea;46 Portuguese Margin33)
compiled from various locations are similar to the values of
precipitation collected from remote regions.47−50 Marine
sediment cores from the Adriatic Sea are known to receive
significant amounts of Hg via riverine and coastal transport
(Socǎ and Isonzo River and Gulf of Trieste) and show highly
negative δ202Hg,32 consistent with the negative δ202Hg
observed in organic soil.51

The differences in preindustrial sediment Hg isotope ratios
observed between the Arctic (this study and Gleason et al.10)
and low-latitude environments suggest that the relative
importance of Hg sources may differ depending on the
geographic location, as suggested by Li et al.52 Even within the
Arctic, the δ202Hg versus TOC pattern observed among
sediments reflecting different geological periods indicates that
the relative importance of Hg sources and transport pathways
may vary with the climatic conditions. As illustrated in Figure
3B, Gleason et al.10 suggested that Arctic marine sediment
sections reflecting periods of widespread sea ice cover during
the glacial periods in the Pleistocene (2580−11.7 kya) received
relatively little Hg input via periodic terrestrial runoff. Such
climatic conditions have been used to explain the low THg,
TOC, and δ202Hg, consistent with the δ202Hg of organic soil.51

The Eocene (56−33.9 mya), by contrast, is known for its warm
climate including the Paleocene−Eocene Thermal Maximum
and high marine productivity, which has been suggested to
cause drawdowns of Hg accumulated in marine particulate
organic matter (i.e., particles, plankton), resulting in high-
sediment THg and TOC. The δ202Hg of the Eocene sediments
were attributed to the effect of Hg in precipitation, which has a
higher δ202Hg relative to terrestrial Hg sources.10 The
somewhat intermediate TOC and δ202Hg in the Holocene
sediment were explained by the alternating warm and cool
periods over the Holocene, causing the introduction of both
terrestrial and atmospheric Hg sources.10

Despite the overlapping δ202Hg and TOC ranges between
our Holocene fjord sediment cores and the Holocene marine
sediment cores (Figure 3B), multiple lines of evidence suggest
that Hg liberated from bedrock, in addition to terrestrial and
atmospheric Hg sources bound to TOC, act as the dominant
Hg source to our fjord sediment cores. Among the potential
Hg sources compiled here, the Hg isotope ratios of the fjord
sediment cores overlapped with the crustal rocks44 and Arctic
peat (Figure 3A).22,42 The main bedrock of Dicksonfjorden
and Woodfjorden is the Devonian Old Red Sandstone (Table
S1), and we observed similar δ202Hg, THg, and TOC between
the fjord sediment cores and various types of sandstones
collected from California Coast Ranges, U.S.A. (δ202Hg; −1.21
to −0.53‰, THg; 31.5−88.0 ng/g, TOC; 0.08−0.35 wt %, all
n = 6) but not with other rock types measured in the study
(e.g., serpentinite, blueschist).43 The overlapping ranges in Hg
isotope ratios between the fjord sediment cores and the Arctic
peat, reflecting atmospheric Hg0 sequestered into vegetation
prior to decomposition,53 and the significantly negative Δ199Hg
of the fjord sediment cores indicate that terrestrial Hg may
have also contributed as a source to the studied sites. With
regard to Δ200Hg, JM05 and HH12 displayed similar values
with organic soil (average −0.03 ± 0.03‰, n = 44)42,51,54 and
sedimentary rocks (average 0.00 ± 0.01‰, n = 21).31

Figure 4. Temporal variations of δ202Hg, Δ199Hg, and Δ200Hg in JM05 (A−C) and HH12 (E−G) measured in this study and labile εNd (D; gravity
core collected from Dicksonfjorden in 2016, H; HH12) reported in Jang et al.28 (Table S2). Reproduced with permission from Jang et al.28
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Our results are consistent with recent studies, which
suggested that Hg liberated from bedrock is the primary Hg
source to Svalbard fjord sediments. Kim et al.55 observed
significant positive relationships between detrital metals
derived from bedrock (zirconium, titanium, hafnium) and
THg in surface sediments of Dicksonfjorden and Wijdefjorden,
located just east of Woodfjorden (Figure 1). Jang et al.28

reported comparable εNd, an indicator for continental weath-
ering and sedimentary processes, between the Devonian Old
Red Sandstone (detrital fraction; −13.6 ± 0.3, labile fraction;
−10.8 ± 0.2) and the Holocene sediment cores collected from
Dicksonfjorden (−13.5 ± 0.3, −11.2 ± 0.2) and Woodfjorden
(−13.6 ± 0.5, −11.2 ± 0.3). Nevertheless, there is a major
difference between our study and that of Kim et al.,55 who
reported a significant positive relationship between THg and
TOC in the Dicksonfjorden surface sediments. The signifi-
cantly positive THg and TOC relationships observed by Kim
et al.55 in the surface sediments may be explained by the
release of Hg from bedrock erosion and sequestration by
organic matter in the sediment. Alternatively, while the rapid
deglaciation occurring in modern-day Svalbard is responsible
for chemical erosion of bedrock and release of organic matter
available for Hg sequestration and transport into fjord
sediment,55 the effect of glaciation leading to physical erosion
of bedrock and ice rafting may have been more pronounced
during the Holocene (this study). This hypothesis is consistent
with the lithology of JM05,27 which revealed a large proportion
of coarse grain sediments particularly during the regional
cooling periods. While further study is required to verify Hg
transport pathways, our results together with previous studies
suggest that bedrock erosion supplies the majority of Hg into
Svalbard fjord systems.
Temporal Variations in Hg Isotope Ratios. We couple

εNd and δ13Corg measured previously either in the same core or
cores collected from the same location (Table S2) to evaluate
sources and processes governing the spatiotemporal variability
in Hg isotope ratios (Figure 4). In JM05, we observed small
variations in Hg isotope ratios between the early Holocene and
2.0 ka, except for significant negative δ202Hg (by 0.46‰,
>2SD) and small positive Δ199Hg shifts (by 0.04‰, <2SD) at
4.3 ka relative to the baseline (average Hg isotope ratios of
three bottom samples). Between 2.0 ka and the modern-day
period, the δ202Hg exhibited significant positive shifts (by
0.20‰) and the Δ199Hg and Δ200Hg showed minor changes
relative to the baseline. A significant positive Δ200Hg shift (by
0.05‰, >2SD) was also detected at 1.0 ka. In HH12, we
observed significantly more positive δ202Hg (−0.85‰) and
negative Δ199Hg (−0.18‰) baselines relative to JM05
(δ202Hg; −1.24‰, Δ199Hg; −0.07‰). There was a significant
decreasing trend in δ202Hg (by 0.31‰) and minor increasing
trends in Δ199Hg and Δ200Hg between the early Holocene and
2.0 ka relative to the baseline. Between 2.0 ka and the modern-
day period, significant positive shifts in the δ202Hg (by 0.16‰)
and Δ199Hg (by 0.09‰) were observed.
Based on the temporal variations in the Hg isotope ratios,

we divide changes in Hg sources into two main periods: 10−2
ka and 2 ka−modern-day. To explain JM05 first, the overall
consistent negative δ202Hg and Δ199Hg and the small TOC and
THg variations between the early Holocene and 2.0 ka suggest
that the bedrock erosion remained as the major Hg source to
JM05. The negative δ202Hg and positive Δ199Hg peaks at 4.3 ka
coincide with many previous studies, which reported episodic
increases in sedimentation rates across Svalbard fjords caused

by glacier-mediated bedrock erosion during the regional
cooling.6 The profile of εNd, reflecting the labile fractions
from a Dicksonfjorden sediment core, also exhibited a peak at
4.3 ka (Figure 4D). Jang et al.28 attributed this phenomenon to
rapid glacier advancement in Dicksonfjorden during the
regional cooling, resulting in physical erosion of bedrock and
exposure of substrates available for chemical weathering of
labile materials. The concurrent peaks in THg and THg/TOC
and not in TOC (Figure 2A−C) also suggest that Hg derived
from both physical and chemical bedrock erosion increased
rapidly relative to Hg bound to TOC during the regional
cooling.
In contrast to JM05, HH12 exhibited gradual δ202Hg and

Δ199Hg changes between the early Holocene and 2 ka from
more negative Δ199Hg baseline relative to JM05. Given that
Woodfjorden receives sediment and TOC from the glacio-
fluvial rivers,26 the negative δ202Hg and Δ199Hg values at the
bottom core may indicate that Hg bound to terrestrial TOC
may have contributed as the primary source in HH12 in the
early Holocene. The differences in the geographical location
and glacier dynamics between two fjord systems may explain
the point in time when the relative contribution of Hg sources
has shifted during the Holocene. Farnsworth et al.6 reported
that the ice-free period in northern Svalbard was much longer
than central Svalbard during the early-to-middle Holocene.
Relative to Dicksonfjorden, which experienced rapid glacier
advancement, the slow glacier development, resulting in both
physical and chemical erosions of bedrock, in Woodfjorden
may explain the gradual modifications in δ202Hg and Δ199Hg to
values similar to the peaks observed at 4.3 ka in JM05 (Figure
4A,B,E,F). This is supported by the gradual increase in the εNd
to values identical to the Devonian Old Red Sandstone in
HH12 (Figure 4H).
The significant positive shifts in δ202Hg and small relative

increases in THg between 2 ka and the modern-day period,
except at the uppermost layer in JM05 and HH12, suggest that
the contribution of Hg sourced from bedrock has decreased
relative to the increases in other Hg sources in the late
Holocene. In fact, 2 ka is an important period in Svalbard,
marked by the beginning of extensive ice cover near fjord
shores and moraine stabilization,27,56 which may suppress
glacier-mediated bedrock erosion and the Holocene minimum
in fjord sedimentation rates.57 Multiple biogeochemical
records have suggested that 1−0.4 ka is known as the
Medieval Warm Period in which Dicksonfjorden and Wood-
fjorden have experienced the inflow of Atlantic water and
increased marine primary productivity.27,58,59

Based on these climatic changes as well as significant
temporal increases in δ202Hg and δ13Corg but not in Δ199Hg
and Δ200Hg during the late Holocene (Figure 4), we propose
that the mixture of two different Hg sources explains the
observed trends in Hg and C isotope ratios. First, we think that
the relative contribution of marine particulate organic matter,
which has more positive δ202Hg and δ13Corg compared to
bedrock and terrestrial sources as well as freshwater particulate
organic matter, has increased in JM05 and HH12. Motta et
al.60 observed more positive δ202Hg relative to bedrock and
positive Δ199Hg and Δ200Hg in precipitation (δ202Hg; 0.07 ±
0.08‰, Δ199Hg; 0.33 ± 0.24‰, Δ200Hg; 0.14 ± 0.05‰, n =
7), marine particles (δ202Hg; −0.12 ± 0.13‰, Δ199Hg; 0.16 ±
0.09‰, Δ200Hg; 0.06 ± 0.03‰, n = 11), and planktons
(δ202Hg; −0.14 ± 0.21‰, Δ199Hg; 0.85 ± 0.51‰, Δ200Hg;
0.07 ± 0.08‰, n = 33) in the Central Pacific Ocean and
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suggested that Hg2+ introduced via precipitation and those
adsorbed and/or bioaccumulated into marine particles and
planktons are retained throughout the water column during
sediment suspension. Although only one core section at 1 ka
displayed a significant positive Δ200Hg (0.05‰), this is
noteworthy as only a few environmental samples influenced
by atmospheric Hg2+ (i.e., precipitation, seawater, plankton,
fish) have positive Δ200Hg.12 The reason that we propose
marine particulate organic matter as a source, rather than
direct precipitation input, is that TOC, despite the Holocene
minimum in the sedimentation rate57 and moraine stabiliza-
tion,27,56 showed only minor temporal reductions during this
period. The increased marine primary productivity during the
Medieval Warming Period would have supplied autochthonous
TOC, as revealed by the positive shifts in δ13Corg (Figure 2D),
resulting in atmospheric Hg2+ drawdown into the fjord
sediment.
Second, the fact that the Δ199Hg and Δ200Hg did not exhibit

concurrent temporal increases via the sinking of marine
particulate organic matter indicates that an additional Hg
source, with negative to near-zero Δ199Hg and Δ200Hg, has
diluted the marine Hg source. Among the potential Hg
sources, precipitation and marine particulate organic matter, as
discussed above, are characterized by more positive δ202Hg
relative to bedrock and significant positive Δ199Hg and
Δ200Hg. Although the Arctic peat has a similar δ202Hg range
with the bedrock and near-zero Δ200Hg,53 the wide ranges in
Δ199Hg (both positive and negative) and the positive δ13Corg
shifts toward the marine source suggest that Hg released from
peat is unlikely to be an important source. The positive shifts
in δ13Corg and highly negative δ202Hg in organic soil also
indicate that runoff of soil-bound Hg cannot explain the
observed temporal changes in Hg and C isotope ratios.
While the onset of historical anthropogenic activities dates

back to only ∼0.4 ka,61 we think that gradual increases in the
global anthropogenic Hg0 emissions have enhanced the
regional atmospheric Hg level available for deposition and
begun to suppress the positive Δ199Hg and Δ200Hg shifts in the
modern-day period. Sun et al.62 estimated the isotopic end
member for anthropogenically emitted Hg0, reflecting those
emitted prior to 1850s via silver and ore mining and reported a
median δ202Hg of −0.91‰ (−1.49 to −0.49‰) and near-zero
Δ199Hg (−0.04 to 0.04‰) and Δ200Hg. The estimated
isotopic end member for anthropogenically emitted Hg
matches well with the δ202Hg (−1.04 to −0.80‰, n = 3),
Δ199Hg (−0.11 to −0.06‰, n = 3), and Δ200Hg (0.01−
0.02‰, n = 3) in the uppermost part of JM05 (>1560 AD)
and the δ202Hg (−1.11 to −0.65‰, n = 3), Δ199Hg (−0.13 to
−0.09‰, n = 3), and Δ200Hg (−0.03 to 0.00‰, n = 3) in the
uppermost layers of HH12 (>1595 AD). Similar temporal
trends in Hg isotope ratios have been reported from many
remote lake sediment cores, trending toward the anthropo-
genic Hg source endmember.15,16 Our hypothesis is supported
by substantial mining-related Hg emissions around the world57

as well as anthropogenic Hg enrichments reported in lake
sediment59 and peat cores56 since 0.4 ka. Li et al.52 also
reported significant historical anthropogenic Hg emissions
related to mining, deforestation, and biomass burning and
consistent anthropogenic Hg enrichments from background
level to preindustrial period (∼1450 AD) across wide
geographic regions. Historical records have also revealed
local mining activities in the northwest Svalbard since
1905,34 which may explain the ∼3.7-fold increase in THg in

HH12 relative to the baseline. The absence of a large TOC
increase and low sedimentation rate further indicate that Hg
sourced from the atmosphere likely played an important role
during this period. All in all, we suggest that Hg2+ sourced from
precipitation and those bioaccumulated into marine particulate
organic matter served as the dominant source and Hg0 emitted
from anthropogenic activities have contributed to the
suppression of Δ199Hg and Δ200Hg between 2 ka and the
modern-day period.

Implications for Past and Future Global Change. The
reconstruction of Hg sources in the Svalbard fjord sediment
cores suggests that climatic changes modifying glacier
dynamics and bedrock erosion are the primary sources and
processes leading to Hg input over the Holocene. The relative
contribution of Hg sourced from the atmosphere increases in
the late Holocene with increased marine primary productivity
in the Medieval Warm Period, which causes drawdown of
precipitation of Hg2+, and local to global increases in
anthropogenic Hg0 emissions. Our study is different from
previous studies, which measured Hg isotope ratios in natural
archives to understand historical63 and modern-day anthro-
pogenic influences15,16 and to identify critical events in
geological history.17−19 We show that Hg isotopes, coupled
with other biogeochemical proxies, can be used as a
complementary tool for deciphering between climate and
other local to global changes resulting in temporal
modifications in Hg sources. With the acceleration of glacier
retreatment in Svalbard fjords55 and other Arctic regions,64 we
expect that the Hg isotope profiles established in our study
would aid the interpretation of future influences of Hg
originated from bedrock erosion and exposure of terrestrial
landscapes.
In addition to the application in the Arctic, reconstruction of

atmospheric Hg influence over the Holocene is important in
the low-latitude environment, where Hg sourced from
precipitation and terrestrial runoff acts as a dominant source
to coastal and marine environment in the absence of glacier
dynamics.65,66 Previous studies have reported increased
precipitation and monsoon-like climate during the HTM in
the Northern Hemisphere but not in the Southern Hemi-
sphere.67 The strong climatic variability in the middle
Holocene is known to have caused dry climate in parts of
South America, Asia, and Africa.67−69 Given the large isotopic
difference between precipitation and terrestrial sources,12 we
believe that Hg isotope reconstruction in low-latitude
sedimentary archives can be used to resolve the influence of
precipitation-derived Hg versus terrestrial runoff of Hg0

sequestered in foliage and to gain further insights into the
Holocene climate variability resulting in such difference.
Future utility of Hg isotopes as a climate proxy would benefit
from applications in well-established systems, where physical,
biogeochemical, and geological changes caused by climate have
been assessed and verified in detail. Applications of Hg
isotopes for resolving changes in Hg sources spanning longer
geological time scales and during well-known climatic events
would also increase the utility of Hg isotopes.
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Lithology and geological properties of Dicksonfjorden
and Woodfjorden bedrocks (Table S1); data sources of
the biogeochemical measurements (TOC, δ13C, and
εNd) of Dicksonfjorden and Woodfjorden sediment
cores (Table S2); mercury isotope ratios of the standard
reference materials measured in this study (Table S3);
THg concentration, TOC, THg/TOC, and Hg isotope
ratios of JM05-046-GC (JM05) sediment core (Table
S4); THg concentration, TOC, THg/TOC, and Hg
isotope ratios of HH12-964-GC (HH12) sediment core
(Table S5) (PDF)
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