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Abstract The concentration and isotopic composition of mercury (Hg) were determined in glacier core
samples from Canadian Arctic ice caps dating from preindustrial to recent time (early 21st century). Mean
Hg levels increased from ≤ 0.2 ng L�1 in preindustrial time to ~0.8–1.2 ng L�1 in the modern industrial era
(last ~200 years). Hg accumulated on Arctic ice caps has Δ199Hg and Δ201Hg that are higher (~�1 to 2.9‰)
than previously reported for Arctic snow impacted by atmospheric Hg depletion events (mostly <�1‰),
suggesting that these events contribute little to Hg accumulation on ice caps. The range of δ202Hg, Δ199Hg,
and Δ201Hg in glacier cores overlaps with that of Arctic Hg0(g) and of seawater in Baffin Bay and also with that
of midlatitude precipitation and industrial Hg sources, including coal and Hg ores. A core from Agassiz ice
cap (80.7°N) shows a ~+1‰ shift in δ202Hg over the nineteenth to twentieth centuries that could reflect
changes in the isotopic composition of the atmospheric Hg pool in the High Arctic in response to growing
industrial emissions at lower latitudes. This study is the first ever to report on historical variations of Hg stable
isotope ratios in Arctic ice cores. Results could help constrain future modeling efforts of the global Hg
biogeochemical cycle and the atmosphere's response to changing Hg emissions, past and future.

1. Introduction

Mercury (Hg) is a global contaminant that poses a threat to humans and ecosystems worldwide [Driscoll et al.,
2013]. Growing concerns about Hg pollution led the international community to adopt, in 2013, the Minamata
Convention on Mercury, a global treaty to protect human health and the environment from the adverse effects
of Hg [United Nations Environment Programme, 2013]. Owing in part to the volatility of its elemental form (Hg0(g)),
Hg can be transported and dispersed globally via the atmosphere or oceans and contaminate high-latitude
environments far away from anthropogenic emission point sources [Fitzgerald et al., 1998]. Over the past
decade, much research has been devoted to identify possible pathways and processes by which Hg enters
Arctic ecosystems [Arctic Monitoring and Assessment Programme, 2011]. While progress has been made, the
actual geographical extent and magnitude of past and present atmospheric Hg pollution in the Arctic remains
uncertain [e.g., Goodsite et al., 2013].

Recent developments in the determination of stable Hg isotope ratios in various environmental media have
opened new and promising avenues of research to identify the source(s) and processes involved in the
transfer of Hg into the environment (see Blum et al. [2014] for a recent review). Hg has seven different stable
isotopes (mass numbers 196, 198, 199, 200, 201, 202, and 204) which can be subject to both mass-dependent
and mass-independent fractionation (MDF and MIF, respectively) during various physicochemical
transformations, biotic or abiotic. The isotopic signatures of Hg in different media (soil, precipitation, air,
and organic tissues) that are inherited during the cycling of Hg can therefore be used as tracers to identify
the source(s) and processes involved and also help constrain the development of global models of Hg cycling
in the environment [e.g., Yin et al., 2010; Sonke, 2011].

In this study, we determined the concentration and stable isotope composition of Hg in glacier firn and ice cores
in order to investigate possible sources and trends of atmospheric Hg deposition in the Arctic environment over
past decades, centuries, and millennia. We took advantage of the recent development of preconcentration
techniques for the determination of Hg isotope ratios in water samples [Chen et al., 2010; Štrok et al., 2014]
and applied these to archived glacier firn and ice cores collected at multiple sites across the Canadian Arctic
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Archipelago. These samples range in
age from recent decades to more than
ten millennia. Given the logistical
difficulty and high cost of obtaining firn
or ice cores from remote Arctic
locations, we sought to establish if
variations in the isotope composition
of Hg could first be identified in
archived core material already on hand.
Specifically, the main questions we
sought to answer were the following:
(1) Is there a discernable difference
between the stable isotope com-
position of Hg accumulated in ancient
(preindustrial) ice and more recent
(industrial era) firn layers? (2) How has
the stable isotope composition of Hg
in firn varied over the past 200 years
(since the onset of the Industrial
Revolution)? (3) Does the range and
variability of Hg stable isotope ratios in
Arctic firn and ice layers provide some

indications on possible dominant Hg sources in the recent and more distant past and on the physicochemical
processes that control these ratios?

2. Study Area

Our sample material consists of segments of glacier firn or ice cores recovered from four ice caps located
between latitudes 67.2 and 80.7°N in the eastern part of the Canadian Arctic Archipelago: Agassiz ice cap
and the Prince of Wales icefield (Ellesmere Island), Devon ice cap (Devon Island), and Penny ice cap (Baffin
Island) (Figure 1). These ice caps range in size from ~6300 km2 (Penny ice cap) to ~19,325 km2 (Prince of
Wales icefield), and some reach elevations of nearly 2000m above sea level (asl). All these ice caps are
affected by air masses and precipitation advected from the Baffin Bay sector, and the northernmost ones
in the Queen Elizabeth Islands are also under the influence of air flow from the Arctic Ocean. Compared to
the interior regions of the Greenland ice sheet, the smaller Canadian Arctic ice caps are more exposed to mar-
ine influences, as aerosol transport distances from coastal areas are typically of a few tens of kilometers.

Direct atmospheric observations, modeling, and ice core data demonstrate that there is direct transport of
polluted air into the Canadian Arctic from latitudes down to 40°N [Goto-Azuma and Koerner, 2001; Durnford
et al., 2010; Kuhn et al., 2010; Zdanowicz et al., 2013]. Thus, as will be discussed later, atmospheric Hg depos-
ited on ice caps in this region may originate from both proximal (marine) and distant (continental) sources,
including anthropogenic pollution emissions. Present-day mean atmospheric Hg fluxes (i.e., net deposition
rates) on Canadian Arctic ice caps have been estimated from snow and ice core measurements and range
between 0.07 and 0.16μgm�2 a�1 (Table 1) [Zdanowicz et al., 2013, 2015; Zheng, 2014; Gamberg et al., 2015].

3. Materials and Methods
3.1. Firn and Ice Cores

All cores used in this study were recovered between 1994 and 2005 by the Geological Survey of Canada
(Table 1). Most of these cores were drilled using an electromechanical ice drill with steel cutters and a stain-
less steel sonde with an inner diameter of 8.4 cm. The cores were kept in freezer storage in Ottawa
(�25< T<�15°C), packed in high-density polyethylene layflat bags inside opaque, insulated boxes. Some
of the cores had been subsampled for prior analyses, and the remaining segments were quarter- or half-
diameter cores kept as reference material. The volume of usable core material was limited by the need to
remove outer core layers to eliminate possible contamination introduced during or after drilling.

Figure 1. Location map of the eastern part of the Canadian Arctic
Archipelago.
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Furthermore, total Hg concentrations in Arctic glacier
ice and snow, hereafter denoted [THg], are typically
very low (≤3 ng L�1) [Gamberg et al., 2015], and it was
therefore necessary to melt and combine multiple
sections of cores to obtain a sufficient mass of Hg for
accurate determination of isotopic ratios after precon-
centration (see section 3.4 below).

The age structure of firn and ice in polar ice caps and
the pore close-off depth are determined largely by

the net snow accumulation rate _A:
� �

. Depth-age mod-

els have been developed for Canadian Arctic ice caps

with an ice flow model using estimates of _A: and con-
strained by reference horizons such as the chemical
signature of historically dated volcanic eruptions or
distinctive features in the oxygen isotope profiles
(δ18O) that can be correlated with similar features in
well-dated Greenland cores [Fisher et al., 1995, 1998;
Okuyama et al., 2003; Kinnard et al., 2006, 2008;
Vinther et al., 2008]. The estimated age span of the
various core samples used in the present study is
shown in Figure 2.

Owing to dynamic thinning of glacier ice layers, age-
depth relationships are nonlinear, and the time span
represented by a ~1m long core segment increases
from a few years near the surface to millennia at
depths> 100m. On three out of four ice caps covered
in this study, the estimated age at the firn-ice
transition depth exceeds 200 years. Therefore, snow
that accumulated at most of the coring sites during
the modern industrial era is preserved in the form of
firn and has not yet turned into glacier ice. The
implications of this for Hg analyses are discussed
below. In this study, all glacier ice core samples
(density≈ 0.92 kgm�3) are referred to as “preindus-
trial,” and all firn cores (density< 0.92 kgm�3) are
considered to be of “industrial era” age. Estimated
ages for preindustrial cores range from ~925 to
>10,000 years b.p. (before present, where 2010A.D.
is used as the reference year). Large dating uncertain-
ties up to ± 500 years in deep ice core segments
(below ~100m) do not allow for a more precise discri-
mination. For the firn cores, the estimated age span is
from the early 19th century (~1808) to the early 21st
century (~2004).

3.2. Core Subsampling Procedures

The various firn and ice cores were kept in cold storage
for 5 to 18 years (Table 1). Due to varying storage
conditions over these long intervals, some archived
core segments showed frost accretion on their outer
surfaces. A few also showed indications of partial melt
(e.g., ice glands at the surface). These features
formed when temperature in the freezer rose duringTa
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maintenance defrosting of the ventilation system or occasionally due to compressor malfunction. Superficial
melt features and/or accreted frost layers were first removed by scraping prior to further decontamination.

The firn and ice core segments selected for analysis underwent further processing steps to remove outer
layers that could have been contaminated with Hg during drilling, previous subsampling, manipulations,
or storage. The outer layers of most firn cores (~3 to 5mm) were removed inside a cold room at the
Geological Survey of Canada's ice core laboratory. Previous experience with trace metal analyses showed that
this is usually sufficient to remove outer contamination [Zheng et al., 2006]. The removal of the outer firn
layers and ends of core sections was done using a titanium chisel and/or a stainless steel band saw that
had been precleaned by cutting pure ice blocks (frozen Milli-Q water). How much was removed from each
core segment depended on the available volume and texture: less material was removed from cores with
a higher density and compactness. An exception was made for three sections of a shallow (7.73m long)
snow/firn core recovered in April 2005 from the Prince of Wales icefield using a fiberglass corer. This core
had never been handled since collected and had remained packed in its original bag. Being the “freshest”
archived core material available to us, determining its [THg] and Hg isotopic ratios was regarded as a priority
in order to compare results with those of older, deeper firn layers. However, the density of firn layers in the
core was relatively low (290–630 kgm�3, averaging 470 kgm�3), and it was feared that scraping off the outer
layers might leave an insufficient volume of meltwater for analysis. Hence, the core sections were melted
without any decontamination. Analysis subsequently showed that [THg] in the shallow core samples are
statistically undistinguishable from those measured in the center part of precleaned firn core sections of
comparable age or slightly older, taken at the same site (see section 4.1).

For the precleaned cores, both the ice shavings (outer layers) and the remaining inner-core segments were
sealed inside Hg-free Teflon bags and kept frozen until analyzed. For glacier ice cores (density≈ 920 kgm�3),
the decontamination steps were carried out inside a Hg-free, Class 100 clean room at the Laboratory for the
Analysis of Natural and Synthetic Environmental Toxins (LANSET) at the University of Ottawa. There core

Figure 2. (a) Changing climate conditions at northern high latitudes over the past 12,000 years. Holocene subdivisions
(early, middle, and late) are as proposed by Walker et al. [2012]. The two curves show orbitally induced changes in mid-
summer insolation at 65°N [Berger, 1992], and estimated July air temperature anomalies over Greenland relative to the late
nineteenth century, based on ice core δ18O paleothermometry [Vinther et al., 2008]. Colored bars indicate the approximate
timing of maximum warmth during the early to middle Holocene (red) and transition to late Holocene neoglaciation (blue)
in the High Arctic and the Baffin Island region, based on multiproxy reconstructions [Briner et al., 2016]. (b and c) The
estimated accumulation time intervals represented by the Canadian Arctic firn and ice core segments analyzed for Hg
isotope ratios as part of this study. The cores are identified in Table 1. Note that core PW05.1 has two parallel, overlapping
sets of samples.
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segments were partially thawed at normal room temperature (20°C) inside their bags, until ~5mm of ice
had melted from the outer layers. Once the ice was partially thawed, the bags containing the cores were
cut open, the meltwater was collected separately, and the remaining ice pieces were rinsed with
double-distilled water. They were then placed inside Hg-free, sealable Teflon bags, and immediately
frozen again until analysis.

3.3. Total Mercury and Methylmercury Analyses

Measurements of [THg] in firn and ice cores were performed at LANSET, University of Ottawa, and at the
Water Quality Center of Trent University, Ontario, where the Hg isotope determinations were also carried
out (see section 3.4 below). In this paper, we use results from Trent University to quantify temporal [THg]
variations in firn and glacier ice, where feasible. Over 100 discrete [THg] measurements were performed in
order to establish the number of subsamples needed to obtain a sufficient mass of THg for reliable Hg isotope
ratio determination. Analyses at the University of Ottawa were done mainly for the purpose of controlling the
efficacy of the core decontamination procedure, and these included measurements of [THg] in meltwater
from the outer layers of ice core segments. In addition, a subset of decontaminated, inner-core samples were
analyzed in both Trent and Ottawa to compare results. Owing to limitations in the volume of core material
available, the samples used for this comparison exercise could not be matched exactly, although they came
from core segments of comparable depth and age. A summary of all THg analyses performed is provided in
Table S1 in the supporting information.

All determinations of [THg] at the University of Ottawa and at Trent University were performed by cold
vapor-atomic fluorescence spectrometry (CV-AFS), following U.S. Environmental Protection Agency
method 1631E [U.S. Environmental Protection Agency, 2002], which involves an initial oxidation step of
Hg species to HgII using BrCl. Total Hg, as defined in this method, therefore comprises all BrCl-oxidizable
Hg species present in the melted firn/ice samples. There are presently no detailed Hg speciation data on
ancient glacier firn and ice, but studies on modern Arctic snow suggest that Hg0 only accounts for a very
small percentage of THg [Poulain et al., 2004]. Furthermore, evasion of gaseous Hg from porous firn sam-
ples, or of dissolved Hg0(g) from melted firn or ice samples, probably leaves little Hg0 in these samples,
such that the THg determined by CV-AFS most likely represents the sum of other, nonvolatile but
BrCl-oxidizable species.

The method detection limits (MDL) for the CV-AFS analyses were estimated by the standard deviation of
three to four replicate measurements of reagent blanks per sample batch (see Table S2 for details). For the
University of Ottawa, MDL ranged from 0.01 to 0.03 ng L�1, with a median of 0.02 ng L�1 (n= 24). For Trent
University, MDL varied between 0.01 and 0.33 ng L�1, with a median of 0.05 ng L�1 (n=104). However, low
[THg] which are reliably determined to exceed MDL are not necessarily quantifiable with a high level of
confidence. We therefore used the minimum level of quantitation (ML) as a measure of the lowest detectable
[THg] that can be reliably quantified, with ML= 3.18 ×MDL, following U.S. Environmental Protection Agency
[2002]. For the University of Ottawa, the median ML for [THg] was 0.05 ng L�1, and for Trent University, it
was 0.20 ng L�1. For each batch of samples analyzed, combined standard uncertainties (uc) on [THg] were
estimated as the quadratic sum of the standard uncertainty of the calibration curves and the standard
deviation of replicate analyses of samples or standards. For analyses performed at the University of
Ottawa, uc ranged from 0.06 to 0.60 ng L�1, while at Trent University it ranged from 0.05 to 0.89 ng L�1. For
the range of [THg] found in decontaminated firn and ice cores (<4 ng L�1; see below), uc averaged
0.20 ng L�1 at both laboratories.

Methylmercury (MeHg; monomethyl + dimethyl Hg) was also determined in a few selected firn and ice core
samples in order to estimate the relative contribution of these particular forms of organic Hg to total accumu-
lation in firn and ice. The analyses were performed at LANSET, University of Ottawa, by capillary gas chroma-
tography coupled with atomic fluorescence spectrometry following a preconcentration step [Cai et al., 1996].
The estimated MDL for these measurements was 0.02 ng L�1, and the 2σ uncertainty was ~ ± 15% of [MeHg].
The corresponding ML was 0.06 ng L�1.

3.4. Stable Hg Isotope Ratios

Because of the low [THg] measured in Arctic glacier firn and ice (typically, a few ng L�1 or less), the Hg in the
melted firn and ice core samples first had to be preconcentrated prior to isotopic ratio determination. Melted
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core sample volumes ranging from ~2 to 20 L were processed in order to obtain a sufficient mass of Hg.
To achieve this, two variants of the same preconcentration method were used. Three ice core samples
from Penny ice cap (PN96.2 core) were preconcentrated following the chromatographic protocol
developed by Chen et al. [2010], while for the remainder of the firn and ice cores, a variant of the same
protocol, optimized by Štrok et al. [2014] for large-volume samples, was used. The final volumes of
concentrated Hg solution obtained after elution were on the order of 3–5mL, corresponding to precon-
centration factors of up to 400.

In their study, Štrok et al. [2014] estimated the recovery of Hg by the preconcentration protocol to be 94–100%
for sample volumes up to 10 L, without any significant isotopic fractionation of Hg being induced. In our study,

recoveries were estimated by comparing the total initial mass mi
THg

� �
of THgmeasured in the separate ice core

segments with that in the combined sample obtained after preconcentration mf
THg

� �
. For two of the first

samples analyzed in the study (from the PN96.2 core), mf
THg was not measured, and recovery could therefore

not be estimated in these samples. For all other samples, the differences betweenmi
THg andmf

THg were ranked

with zeta scores, as is commonly done in interlaboratory comparisons for proficiency testing, following

zeta ¼
mf

THg �mi
THg

���
���

uc
(1)

where uc is the quadratic sum of standard analytical uncertainties on bothmi
THg andmf

THg. A zeta score ≤ 2 is
usually considered satisfactory, i.e., results are deemed identical within analytical uncertainties. The
estimated Hg recoveries for our samples after preconcentration ranged from as low as 51.4% to as high as
198.1%, but when analytical uncertainties are accounted for, only four samples gave zeta scores> 2
(Table S3). These came from the AG94.1 core (one sample) and the PW05.1 core (three samples). In three
of the samples with zeta scores> 2, mf

THg was ~30–50% less than mi
THg , while in one sample it exceeded

mi
THg by ~29%. However, in terms of their Hg isotopic composition, these samples did not differ markedly

from others in the same cores with Hg recoveries equal or close to 100%, and none stood out clearly as
outliers (see section 4.1). One sample that did appear to be an outlier was from core AG93.2. The estimated
recovery for that sample was 198%, but the zeta score was 0. Given these uncertainties, we opted not to
exclude those results with high zeta scores, because in doing so we might wrongly reject valid data.
However, we clearly identified these samples in our results.

All Hg isotope ratio determinations in this study were performed on a Neptune multicollector inductively
coupled mass spectrometer (Thermo-Fisher, Germany) at Trent University. All reagents (HCl, HNO3,
BrCl, L-cysteine, NH2OH·HCl, and SnCl2) used in the preparation of samples were analytical grade or
prepared under Hg-free condition. All vessels were made of glass or Teflon and were cleaned with 1%
BrCl and/or 50% HNO3 and rinsed with distilled H2O before their use. The University of Michigan's
(UM)-Almadén Hg standard was used as a reference material and was measured regularly to control
the quality of isotopic measurements (Table S4).

For the Hg isotope measurements, the preconcentrated Hg sample solutions were introduced into the
plasma by a continuous flow cold vapor generation system equipped with an additional Nafion drier tube
[Chen et al., 2010]. The SnCl2 reducing agent was mixed online with the Hg solution to generate volatile
elemental Hg. A Tl aerosol produced from an Apex desolvation system was simultaneously introduced
into the plasma for mass bias correction. The Faraday cups were positioned to measure five Hg isotopes
(198Hg, 199Hg, 200Hg, 201Hg, and 202Hg) and two Tl isotopes (203Tl and 205Tl). The instrumental mass bias
was corrected using the modified empirical external normalization method [Chen et al., 2010]. Following a
widely accepted usage, the MDF of Hg isotopes was expressed in delta notation (δxHg, in ‰) as defined
by the equation

xHg ¼
xHg=198Hg

� �
sample

xHg=198Hg
� �

standard

� 1

8><
>:

9>=
>;
�1000 (2)
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where x= 199, 200, 201, 202, and “standard” represents the international standard NIST SRM 3133 Hg
solution. The MIF of Hg isotopes (both odd and even) was defined by the deviation from the theoretically
predicted MDF and was expressed as (in ‰)

Δ199Hg ¼ δ199Hg� 0:252�δ202Hg
� �

(3)

Δ200Hg ¼ δ200Hg� 0:502�δ202Hg
� �

(4)

Δ201Hg ¼ δ201Hg� 0:752�δ202Hg
� �

(5)

In this paper, we use δ202Hg as shorthand to quantify MDF for all Hg isotopes, and Δ200Hg and Δ199Hg or
Δ201Hg to quantify MIF of even- and odd-numbered Hg isotopes, respectively.

Repeated measurements of the UM-Almadén reference material (Table S4) gave mean values of �0.20
± 0.10‰, �0.32 ± 0.10‰, �0.42 ± 0.12‰, and �0.57 ± 0.12‰ for δ199Hg, δ200Hg, δ201Hg, and δ202Hg,
respectively, and �0.06 ± 0.09‰, �0.03 ± 0.08‰, and �0.01 ± 0.09‰ for Δ199Hg, Δ200Hg, and Δ201Hg,
respectively (±1σ, n= 23). These results are in close agreement with those from previous studies
[Bergquist and Blum, 2007; Blum and Bergquist, 2007; Chen et al., 2010, 2012; Jiskra et al., 2012].
Because the small volume of the preconcentrated samples did not allow for replicate measurements,
the external reproducibility of the method for all samples was calculated instead as twice the external
standard deviation (±2σ) of replicate analyses of the UM-Almadén standard: ±0.20‰ for δ199Hg and
δ200Hg, ±0.24‰ for δ201Hg and δ202Hg, and ±0.18‰, ±0.16‰, and ±0.18‰ for Δ199Hg, Δ200Hg, and
Δ201Hg, respectively. An estimate of the reproducibility of results using actual samples can be obtained
from Chen et al. [2012], who performed duplicate or triplicate determinations of Hg isotopic ratios on
preconcentrated rain and snow samples, many of which had [THg] comparable to those in our own firn
and ice samples (0.35 to 4 ng L�1). The measurements by Chen et al. [2012, Table 1] were performed on
the same mass spectrometer and under the same operating conditions as our own samples. The mean
and median uncertainties calculated from Chen et al.'s [2012] samples that had [THg]< 4 ng L�1, as well
as for all samples, were all lower than the uncertainties we report in this paper based on replicate
analyses of the UM-Almadén standard.

Table 2. [THg] in Outer and Inner Layers of Firn and Ice Core Samplesa

Outer Core Inner Core Inner Core

(University of Ottawa) (University of Ottawa) (Trent University)

Segment # [THg] (ng L�1) Segment # [THg] (ng L�1) Segment # [THg] (ng L�1)

Agassiz 1993.2 (Estimated Core Ages: 1200 to 7660 Years b.p.)
78 5.11 78 0.58 75 + 78 0.43
94 3.56 94 0.12 93 + 94 + 95 0.02
101 + 102 2.77 101 + 102 0.12 101 + 102 0.12
118 2.10 118 0.41 117 + 118 0.05
124 3.68 124 0.12 124 + 125 0.04
138 4.58 138 0.36 135 + 138 0.10
142 + 143 50.01 142 + 143 0.17 142 + 143 + 144 0.09

Agassiz 1994.1 (Estimated Core Ages: 1808 to 1980 A.D.)
4 + 7 3.76 4 + 7 0.94
8 + 10 2.28 9 + 10 0.83
11 + 13 1.59 11 + 13 1.08
14 + 16 1.94 15 + 16 0.99
17 + 21 2.19 20 + 21 0.44
34 + 35 0.94 33 + 34 0.52
36 + 37 1.37 36 + 37 0.70
37 + 39 1.42 37 + 39 0.66
40 + 41 1.26 39 + 41 0.56
42 + 43 1.20 41 + 42 0.96
43 + 45 1.41 43 + 44 + 45 0.88

aThe numbered core segments (or combination of segments) compared in this table are of approximate matching
depths and ages. The [THg] values reported are either single measurements on composite samples or mean values
for multiple core segments.
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Detailed results of all THg analyses and Hg isotope ratio determinations on firn and ice core samples
performed in this study are provided in Tables S5–S7. The main findings, including results of the MeHg
analyses, are summarized in the following sections.

4. Results and Discussion
4.1. Effects of Core Storage and Handling on Hg Measurements

Analyzing trace-level contaminants in polar snow, firn, or ice is challenging, and special clean techniques
have been developed to handle such sample material [e.g., Zheng et al., 2006]. Analyzing [THg] is more
challenging still, because even in a particle-free clean air laboratory environment, Hg can be deposited onto
frozen surfaces from the gas phase [Bartels-Rausch et al., 2008] or can evade samples by photoreduction
when exposed to light [Zheng et al., 2014]. Working with archived core samples that have been kept in
storage for years to decades, as was done in this study, introduces additional uncertainties, because the effect
of long-term storage on Hg preservation in firn or ice has never been quantified.

During sample preparation, we sought to eliminate as much external Hg contamination as possible. As a
check on results, we compared [THg] measured in outer and inner layers of selected segments from cores
PN95.4 (preindustrial age) and AG94.1 (industrial era) (Table 2 and Figure 3).

This comparison indicates that (1) meltwater from the outer layers of preindustrial ice cores have [THg] that
are greater than inner-core samples by at least 1 order of magnitude or sometimes 2 or more; (2) the [THg] in
outer-core shavings from firn cores of the industrial era are comparable to or lower than that in the outer
layers of preindustrial ice cores; and (3) the [THg] in firn cores of the industrial era are on average higher than
those in preindustrial ice cores.

The maximum [THg] in all inner-core samples was 3.88 ng L�1 (PW05.1 core). The lowest [THg]
were< 0.10 ng L�1, and these were mostly found in the inner layers of preindustrial ice core samples. In
contrast, 60% of all outer-core layers, firn or ice, had much higher [THg], with a maximum value of
128.84 ng L�1 (PW05.1 core). The higher [THg] values found in the outer layers of ice cores, compared to firn
cores, suggest that drilling through ice resulted in greater exterior contamination by trace metals
(including Hg), presumably because porous firn opposes less mechanical resistance than ice to the drill
sonde and cutters. In addition, most of the ice cores used in this study had been handled and subsampled
on multiple occasions (for various types of analyses) since they were recovered, while the High Arctic firn
cores (AG94.1 and PW05.1) had seen very limited handling.

Figure 3. [THg] measured in different layers of firn and ice cores from the Canadian Arctic: (a) Penny ice cap PN95.4 core
(preindustrial age) and (b) Agassiz ice cap AG94.1 firn core (industrial age). For each core, samples from different layers
cover the same depth range, although there is no one-to-one correspondence between samples. The “intermediate layer”
in core PN95.4 is from core segments on which the outermost layer had been previously cut and sampled for the deter-
mination of oxygen isotope ratios as part of an earlier study. Data symbols representing individual measurements are
approximately equal in size, or larger, than their corresponding 2σ error bars.
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The “true” [THg] in the innermost part of the cores can of course not be known a priori, but in view of the
results presented above, we consider it likely that we removed most if not all of the external Hg contamina-
tion on the core samples. There remains, however, the possibility of Hg losses during long-term core storage
or sample preparation, either by outgassing and/or photoreduction of HgII to Hg0(g) resulting from exposure to
artificial light. Zheng et al. [2014] reported a mean [THg] reduction of 17% in snow samples from Agassiz ice
cap after 1 year of dark storage at�18°C, although how Hg was lost from the snow in the absence of light has
not been established. Since no long-term studies of THg preservation have ever been conducted on firn and
ice cores, the magnitude of THg losses from the innermost parts of our core samples during storage cannot
be quantified. In the absence of such data, we consider the [THg] values reported here as likely to be
minimum values, and we interpret these data accordingly.

The AG94.1 and PW05.1 firn cores provided a sufficient volume of outer-core surface scrapings for Hg isotope
ratio determinations, which allowed us to contrast the Hg isotope composition of the inner and outer layers
over comparable depth intervals (Figure 4). Down-core patterns of δ202Hg differ considerably, albeit in a
nonsystematic way, between inner and outer layers, while Δ200Hg and Δ201Hg patterns are essentially
identical, showing little variability. Some outer-core variations in δ202Hg could conceivably result from MDF
accompanying reduction of HgII to Hg0 during core storage [Bergquist and Blum, 2007], or they might reflect
contamination by Hgwith different δ202Hg than that found in the inner parts of the cores. Our data do not allow
us to confidently discriminate between these (or other, undetermined) effects. However, the fact that δ202Hg
patterns in the inner cores differ markedly from those in the outer cores suggests that the central part of the

Figure 4. Stable Hg isotope composition of outer-core scrapings (red lines) and inner-core samples (blue lines) in firn cores from (a) Agassiz ice cap (core AG94.1) and
(b) Prince of Wales icefield (core PW05.1). The height of each line corresponds to the depth range covered by samples, while the width of the shaded rectangles
denote the analytical error (±2σ). The values marked with an arrow in Figure 4b are weighted averages of four samples taken from a shallow snow core. Also shown
are mean firn density (ρ) and porosity (φ) profiles at the AG94.1 and PW05.1 coring sites.
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cores was not subject to external influences. The similarity of the down-core Δ200Hg and Δ201Hg patterns in the
inner and outer cores also suggest that photolytic reactions leading to MIF of Hg in the firn cores during storage
were very limited. However, in the remainder of this paper, we limit our presentation and discussion of results to
the innermost samples, which we regard as most likely to be pristine, i.e., unchanged since the time of coring.

4.2. Total Mercury

Table 3 gives a summary of results for [THg] and Hg isotope ratios performed as part of this study. The [THg] in
the firn and ice core samples (excluding superficial layers) ranged from < 0.05 to ~3.88 ng L�1 (Figure 5). In
the firn samples from Penny ice cap (core PN96.2), Agassiz ice cap (AG94.1), and the Prince of Wales icefield
(PW05.1), [THg] varied between 0.39 and 3.88 ng L�1, which compares well with previous measurements in
firn samples collected directly or with a minimum of laboratory manipulations on Penny ice cap (0.51 to
3.48 ng L�1 [Zdanowicz et al., 2013]) and Agassiz ice cap (0.50 to 4.00 ng L�1 [Zheng, 2014]). The weighted
mean [THg] in preindustrial ice core samples ranged from 0.05–0.10 ng L�1 in the AG93.2 and DV99.1 cores,
to 0.45–0.48 ng L�1 in the PN95.4 and PN96.2 cores, the latter figures being also consistent with earlier results
[Zdanowicz et al., 2013]. The higher [THg] in preindustrial cores from Penny ice cap, compared to those from
the High Arctic ice caps, may indicate a larger atmospheric Hg flux into snow at lower Arctic latitudes, either
from marine or continental sources, as was suggested before [Gamberg et al., 2015].

For the two Ellesmere Island firn cores that provided most of our industrial era samples, the weighted mean
[THg] varied between ~0.84ngL�1 in the AG94.1 core (period ~1808–1980; n=25) and ~1.27 ngL�1 in the
PW05.1 core (period ~1918–2001; n=13). Based on these results, the estimated enhancement factor for
[THg] in High Arctic firn since the preindustrial period may range from ~5 to ~10, depending on the assumed
mean [THg] in preindustrial layers. For Penny ice cap, near the Arctic Circle (67.3°N) Zdanowicz et al. [2015] pre-
viously estimated a minimum [THg] enhancement factor of 4. However, translating these estimates in terms of
net atmospheric THg deposition rates will require an improved knowledge of preindustrial snow accumulation
rates on Canadian Arctic ice caps, which are poorly constrained due to the limited resolution of ice cores, and
also of the temporal variability of postdepositional losses of Hg from snow and firn.

Figure 5. [THg] measured in seasonal snow, firn, and ice core segments from Canadian Arctic ice caps, grouped by age:
(a) industrial era samples; (b) preindustrial samples. Data points are color coded as in Figure 2 to identify the ice caps
where samples were obtained: Blue = Agassiz ice cap; red = Prince of Wales icefield; orange = Devon ice cap; green = Penny
ice cap. Samples with [THg] below the MDL are shown by cross symbols. (a) Results from the present study (inner-core
samples only) are compared with data from other published works: Agassiz ice cap [Zheng, 2015]; Prince of Wales icefield
[St. Louis et al., 2005]; Penny ice cap [Zdanowicz et al., 2013]. Note that several data points in these studies plot below the
axis limits (<0.15 ng L�1). (b) The data points marked with an arrow are samples from the DV99.1 core which contained
visible dust particles (see section 4.4).

Global Biogeochemical Cycles 10.1002/2016GB005411

ZDANOWICZ ET AL. MERCURY STABLE ISOTOPES IN GLACIER ICE 11



Of the three sample sets that span parts of the industrial era, the longest and most continuous is from the
AG94.1 core, which is estimated to cover the period 1808 to 1992 (Figure 6). Most [THg] in the nineteenth
and early twentieth century parts of this core are ≤ 1 ng L�1 and close to or below the ML (0.2 ng L�1).
After ~1920, they rise to a mean of ~1 ng L�1. The [THg] in the AG94.1 core are closely comparable with
measurements made by Zheng [2014] in a 15m firn core from another site on Agassiz ice cap (AG09) and
spanning the period 1936–2009. There is a ~40 year overlap between the two data sets, over which [THg]
in the AG94.1 core are only slightly higher (by a mean of ~0.3 ng L�1) than in the AG09 core. However, the
difference is not statistically meaningful and could easily be ascribed to local differences in snow accumula-
tion conditions at the two sites [Fisher et al., 1995]. The PW05.1 core from central Ellesmere Island is estimated
to span an ~82 year period starting in ~1918. Most [THg] in this core also fall within the rangemeasured in the
AG94.1 and AG09 cores. The PN96.2 core provided four samples only, dated between ~1914 and 1992. The
[THg] in these samples ranged from 0.43 to 1.22 ng L�1. These samples overlap slightly with a firn core
(PN10) drilled from the same site and spanning the interval ~1970–2010, in which [THg] were found to be
mostly ≤5 ng L�1, averaging ~1 ng L�1 [Zdanowicz et al., 2015].

There has been some disagreement in recent literature about the possible magnitude of historical nine-
teenth century mining Hg emissions to the atmosphere and their global impact [Engström et al., 2014;
Beal et al., 2015; Zhang et al., 2014]. Only two samples of our AG94.1 firn core, dating from the interval
~1893–1904, were found to have [THg] in excess of 1.5 ng L�1, markedly higher than the mean for the
whole core (~0.84 ng L�1) (Figure 6). Thus, unlike in glaciers of the midcontinental U.S. [Schuster et al.,
2002], we found no evidence for a decade-long period of sustained higher Hg deposition on Agassiz
ice cap that could be unequivocally ascribed to enhanced mining Hg emissions during the nineteenth
century Au/Ag mining boom. This seems to support the view, advanced or endorsed by some

Figure 6. (a) Compilation of [THg] measured in firn and ice core segments from Canadian Arctic ice caps, including data
from the AG94.1, PW05.1, and PN96.2 cores (this study), as well as data from two other firn cores drilled on Agassiz ice
cap in 2009 (AG09 [Zheng, 2014]) and on Penny ice cap in 2010 (PN10 [Zdanowicz et al., 2015]). The AG09 and PN10 [THg]
data were averaged over ~5 year time steps to facilitate visual comparison with data from other cores. The width of each
line segment corresponds to the estimated time span of individual samples or groups of samples, while the height of the
shading (for the AG94.1, PW05.1, and PN96.2 cores) denotes the analytical uncertainty of measurements (±2σ). The value
marked with an arrow at right is a weighted average of 12 samples taken from a shallow snow/firn core. The estimated
method detection limit (MDL = 0.1 ng L�1) and limit of reliable quantitation (ML = 0.5 ng L�1) for [THg] in the AG94.1,
PW05.1, and PN96.1 samples are shown as horizontal dashed lines. (b) Reconstructed historical changes in global Hg
emissions to the atmosphere since 1800 from various sources and simulated changes in the size of the atmospheric Hg
reservoir based on these emissions [Streets et al., 2011; Amos et al., 2013; Horowitz et al., 2014].
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[Engström et al., 2014; Beal et al., 2015; Zhang et al., 2014], that the impact of these emissions on
atmospheric Hg deposition rates at high latitudes was limited.

4.3. Methylmercury

Table 4 gives results of the [MeHg] analyses performed on firn and ice core samples. Most values were extre-
mely low (≤0.02 ng L�1), and only one sample contained [MeHg] near the ML of 0.06 ng L�1. An attempt was
made to estimate the percentage of MeHg in THg using the weighted average [THg] in the subsamples that
had been combined for MeHg analyses. Results indicate that MeHg typically accounts for ≪ 20% of THg accu-
mulation in glacial firn and ice, which is consistent with previous findings from other snow/firn/ice measure-
ments [Gamberg et al., 2015]. This does not rule out a possible contribution of methylated Hg from marine
sources to Hg deposition on Canadian Arctic ice caps [e.g., St. Louis et al., 2005, 2007], but it suggests that this
is either very small or quickly lost from the snowpack by photolytic demethylation and subsequent evasion as
Hg0(g). It is noteworthy, but maybe coincidental, that the core sample with the highest [MeHg] came from the
southernmost ice cap of all (Penny) and is estimated to date to the early Holocene (ca. 8000–7000 years B.P.),

a time when the southern Baffin Island region
probably experienced much warmer conditions
and reduced sea ice coverage than today [Briner
et al., 2016].

4.4. Hg Isotope Composition of Preindustrial
Versus Industrial Era Samples

Figure 7 shows the range of Hg isotopic compo-
sitions (δ202Hg, Δ199Hg, and Δ200Hg) in all
Canadian Arctic firn and ice core samples
(n= 29). The widest range of variations is
observed for δ202Hg (�2.48 to 1.99‰) in both
industrial age and preindustrial samples and
for Δ199Hg (�1.09 to 2.44‰) in preindustrial
samples. The range of Δ200Hg variations is
comparatively limited (�0.06 to 0.62‰) and
nearly identical in both sample groups. With
the exception of a single sample from core
PN95.4, preindustrial ice core samples have
δ202Hg close to or below �1‰ (weighted
mean =�1.53 ± 0.09‰), while industrial era sam-
ples have a relatively even spread of δ202Hg
values ranging from �2.02 to 0.14‰ (weighted

Figure 7. Range of Hg isotope composition in industrial age
(open circles) and preindustrial (full circles) firn or ice core
samples from Canadian Arctic ice caps (n = 29). Mean analy-
tical uncertainties (±2σ) for δ202Hg, Δ199Hg, and Δ200Hg are
indicated with an error bar.

Table 4. [MeHg] Measured in Selected Firn and Ice Core Samples From the Canadian Arctica

Time Interval (Estimated Years b.p.)
Weighted Mean [THg] [MeHg]

MeHg½ �
THg½ �

Core From To (ng L�1) (ng L�1) (%)

AG94.1 136 35 1.94 0.02 1
AG93.2 2540 1972 0.12 0.02 12

4740 4090 0.27 0.01 5
7661 6492 0.26 0.02 6

DV99.1 1205 1019 0.09 0.01 10
2357 2256 0.32 0.01 3
5742 2674 0.29 0.01 5

PN95.4 4437 4183 0.22 0.01 4
6214 5775 0.16 0.01 7
7922 7370 0.33 0.07 17

aThe fraction of THg as MeHg was estimated from the weighted mean [THg] in the samples that were combined for
MeHg analysis. Figures in italics denote [MeHg] that were below theMDL (0.02 ng L�1). The corresponding [MeHg]/[THg]
(also italicized) are estimates.
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mean =�0.94 ± 0.06‰) (Figure 7). With respect to Δ199Hg, the weighted means for samples of preindus-
trial age (�0.08 ± 0.07‰) are identical, within error, to that of industrial era samples (�0.07 ± 0.04‰).
However, there is a wider spread of Δ199Hg values in the preindustrial ice core segments, which is
largely accounted for by three samples in the DV99.1 core with Δ199Hg equal to 0.77, 0.91, and
2.44‰ (Δ201Hg: 1.58, 1.12, and 2.88‰). These samples are discussed later.

The speciation of Hg found in polar snowpacks is still poorly known, and hardly any data exist from glacier firn
and ice cores, except for some estimates of methylated Hg [Zdanowicz et al., 2013; Gamberg et al., 2015]. It is
currently thought that owing to the low precipitation rates in the Arctic, atmospheric Hg is primarily depos-
ited in terrestrial snow as gaseous elemental Hg (Hg0(g)), as reactive gaseous Hg (HII

(g)), or as particulate-bound
Hg (Hg(p), or PHg) [Steffen et al., 2008, 2015]. One study conducted in the Canadian High Arctic suggests that
PHg could account for as much as ~60% of total deposition [Poulain et al., 2007]. Knowledge of Hg contribu-
tions from wet deposition, and of Hg speciation associated with this form of deposition, is hampered by the
lack of adequate measurements in the Arctic region. The values of δ202Hg, Δ199Hg, and Δ200Hg determined in
our firn and ice core samples overlap with those of Hg0(g) measured in a few samples collected by Sherman
et al. [2010] in Alaska, but they also fall close to or within the range observed in present-day surface seawater
of northern Baffin Bay (Figure 8) [Štrok et al., 2015]. This area is known to be a major source for precipitating
moisture andmarine aerosols deposited on Canadian High Arctic ice caps [Koerner, 1979; Kinnard et al., 2006].
The similarity of isotopic signatures suggests that some fraction of the Hg which accumulates in firn on these
ice caps could be issued directly (i.e., with little or no fractionation) from this nearby marine source, possibly
as HgII(aq) in aerosol form, or in precipitation. High enrichments of Hg relative to soil have been found in lichen
growing at coastal sites of Bathurst and Devon Islands lying close to polynyas, pointing to a potentially
important marine source of local atmospheric Hg deposition in this region [St. Pierre et al., 2015]. Some of this
marine Hg may be emitted as MeHg [e.g., St. Louis et al., 2005, 2007], but as our [MeHg] data suggest, this
appears to be a very small fraction of the THg accumulated on glaciers.

Figure 8. Hg isotopic signatures (δ202Hg,Δ199Hg,Δ200Hg, andΔ201Hg)measured in Canadian Arctic glacial firn and ice cores.
Open circles = industrial age samples; full circles = preindustrial age samples. Results are compared with published data from
surface seawater of northern Baffin Bay [Štrok et al., 2015] and Alaskan snowfall and coastal snow [Sherman et al., 2010, 2012a].
Points identified with an arrow correspond to those samples for which the zeta score for [THg] was > 2 (see section 3.4).
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The predominantly positive Δ200Hg measured in our firn and ice core samples include several values that are
more than 2σ above 0 (0.34 to 0.62‰). These findings add to a growing pool of observations, mostly from
precipitation but also from seawater, which attest to the occurrence of MIF of even-numbered Hg isotopes
in the environment [e.g., Gratz et al., 2010; Chen et al., 2012; Štrok et al., 2015]. While the responsible mechan-
ism(s) remain uncertain, it has been speculated that Hg carrying positive Δ200Hg anomalies originates
through oxidation of Hg0 in the upper atmosphere and is then supplied to the troposphere by stratospheric
air intrusions, which are more common at high latitudes [Cai and Chen, 2016]. The data presented here offer
some support for this hypothesis, although the maximum Δ200Hgmeasured in our samples (0.62‰) does not
exceed that measured in midlatitude precipitation [Chen et al., 2012].

Presently, the only other published data on Hg isotopes in Arctic precipitation come from snowfall and sur-
face snow samples collected in coastal Alaska (some on sea ice) by Sherman et al. [2010, 2012a]. Chen et al.
[2012] also reported data from a single surface snow sample collected in northern Greenland, but at present
this remains an isolated value. The isotopic composition of Hg in Canadian Arctic firn and ice core samples is
distinct from the Alaskan snow samples of Sherman et al. [2012a] (Figure 8). Most δ202Hg values in the firn/ice
samples are clearly negative (down to �2.48‰), while the Δ199Hg and Δ200Hg values are either close to 0 or
clearly positive (up to 2.44‰). The pattern observed in the Alaskan snow samples is almost completely oppo-
site. These samples were collected in March 2006 and 2009, during periods of springtime atmospheric Hg
depletion events (AMDE) [Schroeder et al., 1998]. The Hg deposited in Arctic snow during these events under-
goes rapid postdepositional photochemical reduction and evasion from the snowpack [Steffen et al., 2008;
Durnford and Dastoor, 2011]. These processes can modify the concentration and speciation of Hg in the
uppermost layers (typically, a few centimeters) of the snowpack [Durnford and Dastoor, 2011; Mann et al.,
2014]. Sherman et al. [2010] have shown that photoreduction of HgII and subsequent evasion of Hg0(g) from
Arctic snow is accompanied by both MDF and MIF. With respect to MDF, the lighter Hg isotopes are prefer-
entially lost by evasion, such that the remaining Hg in snow becomes isotopically heavier, i.e., evolves toward
more positive δ202Hg values. During MIF, it is the odd-numbered isotopes that are being preferentially
reduced and emitted, and this imprints the remaining Hg in snow with increasingly negative Δ199Hg values
(down to �5.08‰ in drifted snow) [Sherman et al., 2010].

Atmospheric bromine oxidants (Br and BrO), which are key participants in AMDE, occur over the Canadian
Arctic islands during springtime, as shown by satellite measurements [Simpson et al., 2007]. It is therefore
likely that at least some of the Hg found in Canadian Arctic ice caps is deposited during AMDEs, but our
Hg isotope measurements indicate that this is probably a minor contribution to net THg accumulation in firn
and ice. Unlike Sherman et al.'s [2010, 2012a] snow samples from coastal Alaska, our snow and ice core sam-
ples represent aged precipitation that accumulated over decades to millennia. The Hg isotopic signature of
each sample is therefore a weighted average of the composition of numerous subannual layers, of which
those formed in early springtime, the main period of AMDE occurrence, only represent a relatively small frac-
tion, as most snow accumulation on Canadian Arctic occurs in late summer, autumn, and late spring
[Zdanowicz et al., 2013]. A consequence of this seasonality is that it probably does not favor the preservation
of AMDE-deposited Hg in snow on Arctic ice caps, which can be photoreduced and reemitted to the atmo-
sphere before it can be buried below the photolytic zone.

While the range of Hg isotope compositions in Canadian High Arctic firn and glacier ice resembles that in
Baffin Bay seawater, it also overlaps with that in contemporary precipitation collected in midlatitude regions
of North America and China, regions which are affected by Hg emissions from point sources such as coal-fired
utility boilers or nonferrous metal smelters (Figure 9; data from Gratz et al. [2010], Chen et al. [2012], Sherman
et al. [2012b, 2015], Demers et al. [2013, 2015], and Wang et al. [2015]). The similarity in these isotopic signa-
tures raises the possibility of contributions from distant anthropogenic emission point sources to Hg accumu-
lation on Canadian Arctic ice caps in historical times. Simulations using global transport models of
atmospheric Hg indicate that long-range transport of Hg0(g) from midlatitude/low-latitude pollution source
(s) to the Canadian Arctic can occur from all Northern Hemisphere regions, Asia being currently predominant,
partly on account of the intense utilization of coal as an energy source in China [Durnford et al., 2010].

Primary sources of Hg emissions for which detailed stable isotope data are presently available include coals
[Sun et al., 2014, and references therein], Hg hydrothermal ores [Smith et al., 2014; Stetson et al., 2009;
Wiederhold et al., 2013; Yin et al., 2013], and volatiles emitted from volcanic vents [Zambardi et al., 2009;
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Sun et al., 2016]. The isotopic composition of atmospheric Hg emitted from metal smelters or metallurgical
plants is poorly documented, but that of smelter-impacted soils and sediments can be used as a proxy
[Sonke et al., 2010; Estrade et al., 2011; Gray et al., 2013;Ma et al., 2013]. The range of Hg isotope compositions
in these sources overlap with each other and also with that of many (albeit not all) of our Canadian firn and
ice core samples, of both preindustrial and industrial era age (Figure 10). Such findings must of course be
interpreted with caution, since the MDF signature of atmospheric Hg emitted from low-latitude or midlati-
tude sources may be modified by fractionation processes prior to or during long-range transport to polar lati-
tudes. That being said, for several large anthropogenic sources, such as ferrous/nonferrous metal smelting, or
the production of liquid Hg0, current data suggest that emissions to the atmosphere bear a strong isotopic
resemblance to the source materials [Sun et al., 2016, and references therein].

The extent to which the Hg isotopic composition of our Arctic firn and ice cores overlaps with that of potential
Hg emission sources can be examined more closely through a principal component analysis (PCA) applied to
the isotopic data displayed in Figures 8 and 9. The PCA identifies two dominant factors of variability in the
data, the first one (PC1) corresponding almost entirely to δ202Hg and the second one (PC2) being primarily
linked to covariations of Δ199Hg and Δ201Hg. Together, these two factors account for 99% of the overall var-
iance in the data (Table 5). The variability accounted for by Δ200Hg is comparatively very small.

Most Arctic firn and ice core samples plot in a relatively restricted field within the bivariate space defined by PC1
and PC2, in which they overlap with many, but not all, of the other media or Hg sources (Figure 11). The degree
of overlap is largest with some of the Hg ore and coal data and with the Baffin Bay seawater data. The poorest
match is with the Alaska snow samples of Sherman et al. [2010, 2012a], with the smelter-impacted sediment,
and with some of the midlatitude precipitation data with large positive Δ199Hg and Δ201Hg signatures. These
results do not allow specific source types or source region contributions of Hg in Arctic firn and ice to be unam-
biguously identified or discriminated. However, they offer some insights into themore, or less, likely candidates.

Figure 9. Hg isotopic signatures (δ202Hg, Δ199Hg, Δ200Hg, and Δ201Hg) measured in Canadian Arctic glacial firn and ice
cores (circles; as in Figure 8) compared with the range of signatures in midlatitude precipitation impacted by anthropo-
genic Hg emission sources: Ontario, Canada [Chen et al., 2012]; Great Lakes region, USA [Demers et al.,2013; Gratz et al., 2010;
Sherman et al., 2015]; Florida, USA [Sherman et al., 2012c; Demers et al., 2015]; and southwestern China [Wang et al., 2015].
Note that a few outliers were omitted from these data.
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The Δ199Hg/Δ201Hg ratio in environmental sample media can be used as an indicator of the type of MIF pro-
cess affecting their Hg isotopic composition [Blum et al., 2014]. A robust least squares linear regression of
Δ199Hg over Δ201Hg fitted to all our firn and ice samples yields a slope of 0.85 (R2 = 0.93; 95% confidence lim-
its: ± 0.08). If the samples from core DV99.1 with the largest positive Δ199Hg and Δ201Hg are excluded, the
regression slope is 0.99 (R2 = 0.81; 95% confidence limits: ± 0.17), which is identical, within error, to the
expected mean Δ199Hg/Δ201Hg ratio of 1.0 for HgII following photoreduction [Bergquist and Blum, 2007].
This MIF signature in accumulated firn and ice could be derived from that of precipitation and/or could be
inherited from postdepositional photoreduction of HgII in the snowpack prior to burial.

The three DV99.1 ice core samples with large positive Δ199Hg and Δ201Hg are highly unusual since such high
MIF signatures have so far been reported primarily in aquatic (freshwater or marine) biological samples such

Figure 10. Hg isotopic signatures (δ202Hg, Δ199Hg, Δ200Hg, and Δ201Hg) measured in Canadian Arctic glacial firn and ice
cores (circles; as in Figure 8) compared with the range of signatures in primary sources of Hg emissions: Coal and related
deposits [Sun et al., 2014, and references therein], smelter-impacted soils and sediments [Sonke et al., 2010; Estrade et al.,
2011; Gray et al., 2013;Ma et al., 2013], Hg hydrothermal ores [Smith et al., 2014; Stetson et al., 2009;Wiederhold et al., 2013;
Yin et al., 2013], and volatiles from volcanic emissions [Zambardi et al., 2009; Sun et al., 2016]. (a) For coal, the dashed
contour encompasses Hg isotope signatures in coal deposits, while the full circle encompasses the possible range of sig-
natures in coal-derived atmospheric Hg, assuming possible MDF between�0.5 and 1‰ for δ202Hg [Sun et al., 2016]. Note
that a few outliers were omitted from these data.

Table 5. Results of Principal Component Analysisa

Component PC1 PC2 PC3 PC4

Variance (%) 74 25 1 0
Cumulative variance (%) 74 99 100 100

Factor loadings
δ202Hg 0.98 0.22 0.01 �0.02
Δ199Hg �0.17 0.70 �0.04 �0.69
Δ200Hg �0.02 0.05 1.00 �0.01
Δ201Hg �0.14 0.68 �0.03 0.72

aPCA analysis shown in Figure 11 was applied to data displayed in Figures 8–10.
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as fish or seabird eggs and only rarely in precipitation [Blum et al., 2014, and references therein]. If these unu-
sual signatures in the DV99.1 core are genuine, how could they be accounted for? Recently, Rose et al. [2015]
experimentally obtained Δ199Hg as high as 2.42‰ (Δ201Hg up to 2.35‰) by photoreduction of an aqueous
HgII solution enriched with dissolved organic matter, which suggests at least one abiotic process by which
such isotopic signatures might be produced in the environment.

Unlike the other cores listed in Table 1, the DV99.1 core was recovered from a site which is not at the
summit of the ice cap (~1930m asl) but lies some 25 km to the east of it, at an altitude of ~1750m asl,
and relatively close to the present-day lower limit of the accumulation zone, i.e., near the ice cap's equi-
librium line in this area. Conceivably, under the warmer climate conditions that prevailed during much
of the Early and Mid-Holocene across the Canadian High Arctic (Figure 2), the equilibrium line on the
northeastern sector of Devon ice cap may have retreated above its present position, bringing the
DV99.1 coring site closer to, or into, the ablation zone. There, cryoconite holes and/or meltwater ponds
may have formed during summer, in which soil-derived, windblown silt accumulated, and cyanobacteria
and algae grew, as observed nowadays on the marginal zone of polar ice sheets [e.g., Barker et al., 2006;
Stibal et al., 2010]. Such environments, where organic carbon can readily accumulate, may have offered,
during earlier, warmer parts of the Holocene, suitable conditions at the surface of Devon ice cap for the
type of aqueous HgII photoreduction process observed by Rose et al. [2015]. A subsequent lowering of
the equilibrium line altitude during renewed expansion of Devon ice cap in the Late Holocene could
have ensured the preservation of firn or superimposed ice strata bearing the unusual Δ199Hg and
Δ201Hg signatures identified in the DV99.1 core.

Possible supporting evidence for the scenario described above was provided by the finding of single
and clustered soil particles, some up to several hundred micrometers in diameter, imbedded in
DV99.1 ice core samples from depths between ~162 and 163m, i.e., in the depth range where some
of the anomalously high Δ199Hg and Δ201Hg values were measured (Table 3). The core sample in which
these particles were identified had also unusually high [THg] of 3.43 ± 0.03 (2σ; n= 3 replicate analyses).
Particles filtered from the meltwater were examined at the University of Ottawa and Canadian Museum
of Nature MicroAnalysis Laboratory using an analytical scanning electron microscope equipped with an
energy-dispersive X-ray microanalyzer (SEM-EDX) and found to be composed of common soil-forming
minerals such as quartz, feldspars, clays, Fe oxides, pyroxenes, and amphiboles, as well as some organic
matter (Figure S1). The presence of such particles supports the view that the site where the DV99.1 core
was drilled was, at some time during the early or mid-Holocene, exposed to the surficial accumulation of
windblown dust and organic matter.

Figure 11. Biplot of two first principal components (PC1 and PC2) of variability in the Hg stable isotope data from Figures 8
to 10. Values on the two axes correspond to PC loadings for individual observations.
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4.5. Hg Isotope Variations in Firn During the Industrial Era

The data obtained from firn cores AG94.1, PW05.1, and PN96.2 allow us to examine how the isotopic compo-
sition of THg in accumulating snow on Canadian Arctic glaciers evolved since the early nineteenth century.
The longest data set is from core AG94.1, whereas samples from cores PW05.1 and PN96.2 in which Hg iso-
topic ratios were determined only cover parts of the twentieth century (Figure 12). Because the AG94.1 record
is the longest and most continuous, we focus the remainder of the discussion on it. Two features in this
record are especially noteworthy. The first is a gradual shift in δ202Hg of ~ +1‰ from the nineteenth to late
twentieth centuries. The second is a large, but transient, positive δ202Hg offset (from �1.72 to �0.49‰)
between the 1850s and 1890s. Some known postdepositional processes, including deep air convection, grav-
itational settling, and thermal diffusion, can produce stable isotope variations in firn gases [Craig et al., 1988;
Severinghaus et al., 2001]. However, such processes would only affect the isotopic composition of interstitial
Hg0(g), which, as stated earlier, likely represents a minor fraction of the measured [THg] in the firn. Thus, they
seem inadequate to account for the observed δ202Hg variations in the AG94.1 core.

Recently, Sun et al. [2016] modeled the evolving stable isotope composition of global anthropogenic Hg
emissions to the atmosphere since the midnineteenth century. Their modeling results show that from
1850 until 2010, the δ202Hg of these emissions evolved toward increasingly positive values as a result of his-
torical changes in predominant Hg sources to the atmosphere. This change would have been largest for gas-
eous Hg (in both elemental or oxidized forms) or for Hg “by-product” emissions associated with Cu, Zn, and
Pb smelting, Fe and steel manufacturing, liquid Hg0 production, cement manufacturing, the combustion of
coal and oil, and large-scale Au mining without Hg amalgamation [Sun et al., 2016]. Remarkably, the positive
trend in δ202Hg measured in the AG94.1 firn core over the period 1850–2010 is of comparable magnitude
(~1.0‰) to that predicted by Sun et al.'s [2016] model for all by-product Hg emissions (Figure 12). The
Δ199Hg in the AG94.1 core show comparatively minor temporal variations during this period, which also
agrees (within error bounds) with Sun et al.'s [2016] modeling results.

These findings suggest that the secular trend toward more positive δ202Hg observed in the AG94.1 core may
actually reflect the historical evolution in the isotopic composition of the global atmospheric Hg reservoir.
Calculations by Streets et al. [2011] indicate that the size of this reservoir increased through the nineteenth
and twentieth centuries as a result of cumulative anthropogenic mining and industrial emissions (Figure 6).
Sun et al.'s [2016] modeling results imply that as the atmospheric Hg reservoir grew, its isotopic composition
evolved toward a more positive mean δ202Hg owing to the changing nature of atmospheric Hg emissions.
We speculate that the pool of atmospheric Hg in the High Arctic evolved in parallel, with an increasingly large
anthropogenic fraction and increasingly positive mean δ202Hg signature. This evolution of the atmospheric Hg
pool was subsequently recorded in the δ202Hg of accumulated THg in snow on Canadian High Arctic ice caps.
This would not necessarily require a large increase in net THg deposition to snow but only that the fraction of
anthropogenic THg deposited in snow be sufficiently large to produce the observed change in the δ202Hg of
firn on Agassiz ice cap. Sun et al. [2016] also modeled the isotopic evolution of total Hg emissions, including
those from “intentional Hg use” activities such as large-scale Au and/or Agmining, since themidnineteenth cen-
tury [Amos et al., 2013; Horowitz et al., 2014]. The predicted historical δ202Hg trend for total Hg emissions is
weaker than that observed for by-product emissions and shows a poorer correspondence with the AG94.1
δ202Hg data (Figure 12). One possible implication is that over a secular time scale, cumulative by-product Hg
emissions to the atmosphere had a relatively larger impact on the Hg isotope composition of accumulated
High Arctic snow than did emissions from intentional Hg use activities.

It is tempting to establish a link between the large positive δ202Hg offset in the AG94.1 core during the
middle/late nineteenth century (Figure 12) and the period of enhanced atmospheric Hg emissions in
North America at that time [Streets et al., 2011]. Conceivably, a large but transient “pulse” of Hg, emitted
during the nineteenth century Au/Ag mining boom, could have imprinted the atmospheric Hg reservoir
with an unusually positive δ202Hg signature that persisted for a few decades, until this was mixed and
diluted by subsequent Hg emissions with different mean isotopic compositions. The estimated Hg
recovery after preconcentration for the core sample with the unusually positive δ202Hg value was
97.1 ± 10%, which seems to rule out external contamination in the preconcentration procedure,
although it does not rule out prior contamination, for example, when melting the outer layers of the
core. However, the δ202Hg of global anthropogenic THg emissions modeled by Sun et al. [2016] for
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the middle to late nineteenth cen-
tury period only shows a modest
positive shift of ~0.1‰ at that time
(albeit with large uncertainties;
Figure 12). Furthermore, the AG94.1
core shows no evidence for sus-
tained higher [THg] between the
1850s and 1890s (Figure 6), which
is contrary to expectations if there
had been a substantially larger input
of global anthropogenic Hg during
this period. Hence at present, this
single unusual δ202Hg signature in
the AG94.1 core remains an unex-
plained outlier, which could not be
replicated due to the limited sample
volume available. Nonetheless, its
synchronicity with the postulated
period of nineteenth century peak
Ag/Au mining emissions remains
striking and suggestive and deserves
further investigation.

5. Conclusions

In this study, we have reported on a
first data set of historical variations of
the stable isotope composition of Hg
in the Arctic environment recorded in
glacier firn and ice cores. Our results

may help to better constrain the variability of Hg isotopic signatures in the Arctic atmosphere and cryosphere
under both present and past environmental conditions and support future modeling efforts of the global Hg
biogeochemical cycle. Several key findings emerged from our investigation:

1. Measurements in High Arctic firn and ice cores of various ages show that overall, [THg] increased from
close to or less than 0.5 ng L�1 during the preindustrial part of the Holocene to mean levels on the order
of ~0.8–1.2 ng L�1 during the modern industrial era (the past ~200 years). Although the exact magnitude
of the [THg] enhancement since the onset of the industrial era is difficult to ascertain, our data suggests
that it was on the order of 5–10 times.

2. The Hg isotope composition of accumulated snow on Arctic ice caps strongly differs from that in the
springtime snow cover of coastal Alaska. It has been suggested that the distinctive MIF signature of
odd-numbered Hg isotopes (Δ199Hg and Δ201Hg) in coastal Arctic snow could be used as a tracer of
AMDE-deposited Hg in aquatic ecosystems [Sherman et al., 2010]. Our results, however, indicate that melt-
water from glaciers and Arctic ice caps that enters such ecosystems [e.g., Søndergaard et al., 2015] will
likely carry Hg with a different isotopic imprint. This fact needs to be accounted for when attempting to
track the fate of Hg in Arctic aquatic ecosystems using Hg isotopes.

3. The range of Hg isotopic compositions measured in firn and glacier ice of Canadian Arctic ice caps overlaps
with that of several possible known sources, some proximal, such as surface seawater in northern Baffin Bay,
and some distant, such as volcanic emissions, or anthropogenic Hg emissions from various industrial pro-
cesses. However, the degree of overlap makes it impossible, at present, to confidently discriminate between
these sources (or source regions) using Hg isotopic data alone.

4. Historical variations of δ202Hg over the past ~200 years recorded in the AG94.1 core from Agassiz ice cap
(northern Ellesmere Island) display a gradual positive shift of ~1‰ from the nineteenth to the late twen-
tieth centuries, which parallels the estimated trend in the δ202Hg of industrial by-product THg emissions
to the atmosphere over the same period [Sun et al., 2016]. We hypothesize that the δ202Hg of firn

Figure 12. Historical variations in the isotopic composition of (a) δ202Hg
and (b) Δ199Hg recorded in snow and firn on Canadian High Arctic ice
caps over the past ~200 years, compared with modeled historical varia-
tions in the δ202Hg and Δ199Hg of total atmospheric Hg emissions (THg)
between 1850 and 2010 [Sun et al., 2016]. For the snow and firn core
data, the width of each line segment corresponds to the estimated time
span of individual samples or group of samples. Values marked with an
arrow at right are weighted averages of four samples taken from a
shallow snow core. For the modeled atmospheric data, “by-product”
emissions include Cu, Zn and Pb smelting, Fe and steel manufacturing,
liquid Hg0 production, cement manufacturing, combustion of coal and
oil, and large-scale gold mining without Hg amalgamation. The shaded
areas around each curve denote their 90% confidence bounds.

Global Biogeochemical Cycles 10.1002/2016GB005411

ZDANOWICZ ET AL. MERCURY STABLE ISOTOPES IN GLACIER ICE 20



accumulated on Agassiz ice cap reflects the isotopic evolution of the atmospheric Hg pool in the High
Arctic in response to growing anthropogenic emissions.

The findings presented here must be considered with some caution, given the nature of the sample material
used (archived cores) and limited number of isotopic measurements, and will need to be verified and
validated through further studies. An important source of uncertainty concerns postdepositional transforma-
tions in the atmospheric Hg record preserved in firn and ice. On all large Canadian Arctic ice caps, as in
Greenland, the industrial period is recorded in firn layers, while the preindustrial era is mostly recorded in
glacier ice. This raises the question as to whether changes may occur during the transformation of firn to
ice that could modify the Hg content of firn and/or its isotopic composition. With respect to interstitial
Hg0(g) in firn, evidence from central Greenland [Faïn et al., 2008] indicates that the mixing ratio in firn evolves
during burial to eventually approach the mean concentration in air above the snow surface, i.e., the short-
term diel or seasonal fluctuations induced by snow-air exchanges are smoothed out during firn burial. As
mentioned earlier, there are also some known mechanisms that can modify the mixing ratio or isotopic
composition of gases during occlusion [Craig et al., 1988; Severinghaus et al., 2001]. We consider it likely that
Hg0(g) represents but a minor fraction of the THg in firn and glacier ice, so it seems unlikely that these
mechanisms would profoundly modify the MDF signature of THg. Presently, as far as MIF is concerned,
photochemical processes are the only known processes that can induce significant fractionation in Hg
isotopes. These processes can only operate in the uppermost layers of the snowpack (typically a few tens
of centimeters) [Mann et al., 2014], where the actinic flux is large enough. They should therefore not induce
major differences between firn and ice. Redox reactions involving changes in Hg speciation in snow have also
been documented under dark conditions, but it is presently unknown if these might affect the isotopic
composition of Hg [Ferrari et al., 2004; O'Concubhair et al., 2012].

At present, to the best of our knowledge, the only other historical records of Hg isotopic composition
available from the Arctic region come from sediment cores extracted from lakes in the Canadian High
Arctic [Jackson et al., 2004; Jackson, 2015]. While these sediments show increasing THg accumulation in lakes
since the nineteenth century, there are indications that at least some of the Hg isotopic variations recorded in
the sediments may be driven by in situ fractionation effects linked to microbial activity and/or derived from
terrigeneous inputs from the watershed [Jackson, 2015; Chen et al., 2016], which hampers comparison with
our firn and ice core data. However, our data could assist in constraining the possible sources of Hg isotopic
variability observed in Arctic lake sediment records.

Glacier firn, like lake sediments, is a dynamic medium that can be transformed by ambient environmental
conditions. For example, stratigraphic analysis of firn cores from the Canadian Arctic have revealed increasing
rates of surface summer melt in the late 20th and early 21st centuries [Fisher et al., 2012]. These rising melt
rates are accompanied by downward percolation and refreezing of meltwater in the firn. On Agassiz ice
cap and on the Prince of Wales icefield, these changes began in the 1980s and so far have primarily affected
the stratigraphy of shallow firn layers. However, the possible impact of meltwater percolation on Hg isotopic
variations recorded in polar firn cores is presently unknown and should be investigated in order to better
constrain the interpretation of data from these cores.
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