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Sulfate (SO% ™) and mercury (Hg) are airborne pollutants transported to the Arctic where they can affect proper-
ties of the atmosphere and the health of marine or terrestrial ecosystems. Detecting trends in Arctic Hg pollution
is challenging because of the short period of direct observations, particularly of actual deposition. Here, we pres-
ent an updated proxy record of atmospheric SO3 ™~ and a new 40-year record of total Hg (THg) and monomethyl
Hg (MeHg) deposition developed from a firn core (P2010) drilled from Penny Ice Cap, Baffin Island, Canada. The
updated P2010 record shows stable mean SO3 ~ levels over the past 40 years, which is inconsistent with obser-
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vations of declining atmospheric SOF~ or snow acidity in the Arctic during the same period. A sharp THg en-

Keywords: hancement in the P2010 core ca 1991 is tentatively attributed to the fallout from the eruption of the Icelandic
Arctic volcano Hekla. Although MeHg accumulation on Penny Ice Cap had remained constant since 1970, THg accumu-
Mercury lation increased after the 1980s. This increase is not easily explained by changes in snow accumulation, marine
Snow aerosol inputs or air mass trajectories; however, a causal link may exist with the declining sea-ice cover condi-
chleaciers tions in the Baffin Bay sector. The ratio of THg accumulation between pre-industrial times (reconstructed from

archived ice cores) and the modern industrial era is estimated at between 4- and 16-fold, which is consistent
with estimates from Arctic lake sediment cores. The new P2010 THg record is the first of its kind developed
from the Baffin Island region of the eastern Canadian Arctic and one of very few such records presently available
in the Arctic. As such, it may help to bridge the knowledge gap linking direct observation of gaseous Hg in the
Arctic atmosphere and actual net deposition and accumulation in various terrestrial media.

© 2014 Elsevier B.V. All rights reserved.

Climate change
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1. Introduction context (Hirdman et al., 2010; Smith et al,, 2011; Streets et al,, 2011).

The monitoring of SO7~ aerosols and gaseous elemental Hg (GEM or

The Arctic is subject to long-range atmospheric contamination by
air pollutants from lower-latitude anthropogenic sources (Law and
Stohl, 2007). Pollutants such as sulfate aerosols (SOZ~) impact the
radiative balance and water content of the Arctic atmosphere (Quinn
et al,, 2008), whereas others such as mercury (Hg) can biomagnify and
bioaccumulate in marine or terrestrial ecosystems, which increases the
risks of toxic exposure in northern populations (Douglas et al., 2012). Al-
though atmospheric SO3~ and Hg share some common sources (e.g., coal
combustion), their emission histories have followed different paths over
the last century and reflect an evolving technological and economic
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Hg®) in the Arctic atmosphere is presently limited to a few stations, and
the longest continuous time series of observations only extends to the
early 1980s for SO3~ (Quinn et al., 2009) and to the mid-1990s for Hg®
(Cole et al., 2013). This limitation makes identification of long-term
trends challenging. Furthermore, changing levels of Hg® do not necessar-
ily translate to changing net Hg deposition rates in environmental media
because of the high reactivity and volatility of Hg species. However, proxy
records of airborne pollution developed from archives such as polar firn
and ice cores can serve as useful surrogates for direct measurements of
historical Arctic air pollution (e.g., Goto-Azuma and Koerner, 2001) and
can determine the atmospheric response to pollution control measures,
such as the detection of atmospheric lead (Boutron et al., 1995). Further-
more, net accumulation rates of Hg in the vast glaciated terrestrial areas
of the Arctic (~20% of land cover) are presently poorly known. With the
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recent adoption of the international Minamata Convention on Mercury
(UNEP, 2013), reliable baseline estimates of Hg levels and accumulation
rates in various media in the Arctic environment must be established so
that the possible impact of future constraining measures on Hg releases
may be evaluated.

S02~ aerosols have a relatively short atmospheric lifetime of a few
weeks (Quinn et al., 2008) and are irreversibly deposited in polar snow
by both wet and dry processes (except when snow scouring by wind oc-
curs); however, atmospheric Hg can exist as Hg® as well as in its divalent
(Hg?*) gas or particulate (Hgp) phases, and these forms have vastly dif-
ferent atmospheric lifetimes of a few days (Hg?* and Hg,,) to over a year
(Hg®). Furthermore, a large fraction (possibly > 80%) of the Hg deposited
in snow may be rapidly re-emitted to the atmosphere because of
photochemically-driven changes in the Hg oxidation state (Steffen
et al,, 2008). The SOF ~ and Hg that accumulate in polar firn, therefore,
represent a time-varying fraction of the atmospheric burden of these
contaminants. Factors controlling the accumulated SO7 ~ fraction in firn
include the dry/wet deposition ratio, surface wind strength and snow ac-
cumulation rate (e.g., Fischer et al., 1998; Harder et al., 2000). The situa-
tion for Hg is more complex because its net deposition rates are linked to
ozone and halogen photochemistry in the atmospheric boundary layer
(Brooks et al., 2011; Durnford et al.,, 2012; Toyota et al., 2013).

At present, most historical reconstructions of Hg accumulation in
Arctic environments are based on lake sediments or ombotrophic
peat, and these archives have their merits and shortcomings (reviewed
by Goodsite et al., 2013). Comparatively few archives of Hg accumula-
tion in polar firn and ice exist; however, discontinuous measurements
of THg in firn have been reported from central Greenland (e.g.,
Boutron et al., 1998; Brooks et al., 2011) and a 66-year record of Hg®
in interstitial firn air was recently developed from the same region
(Fain et al., 2008). Although the latter documents the changing Hg®
levels in the Arctic air, it does not provide any information on the chang-
ing rates of Hg accumulation in the polar firn. Hence, current knowledge
of Hg accumulation trends in the vast glaciated regions of the Arctic re-
mains extremely poor.

To address this knowledge gap, a project was initiated as part of the
2007-08 International Polar Year initiative to recover glacial firn and ice
cores from multiple sites across the Canadian Arctic Archipelago (CAA)
and Greenland, extend earlier glacial records of climatic variables and
atmospheric pollution to the present day and define the spatial and re-
cent temporal variability in previously-undocumented trace elements,
Hg in particular. One of the sites studied was Penny Ice Cap (~66° N,
6410 km?), which is the southernmost large ice cap in the CAA and
the only one on Baffin Island with an accumulation zone from which
ice-core records have been obtained. This region of the CAA is
experiencing rapid changes in sea-ice cover (Kinnard et al., 2006; Tivy
etal., 2011), which could have an impact on SOZ ~ and Hg accumulation
in the polar firn.

In previous studies, a Holocene record of atmospheric SOZ ~ and ni-
trate (NO3") deposition on Penny Ice Cap was developed, which extended
into the early 1990s (Goto-Azuma and Koerner, 2001; Goto-Azuma et al.,
2002). In this article we present an update of the SO3 ~ record from Penny
Ice Cap, and a new ~40-year record (1970-2010) of total Hg (THg) and
monomethyl mercury (MeHg) accumulation from the same site. The
study presented here builds on results from an earlier pilot investigation
of Hg deposition and release on Penny Ice Cap (Zdanowicz et al., 2013).
Findings from the new P2010 core are compared with earlier published
results for SOZ~ and THg data measured in earlier historical and pre-
historical archived core samples from this site.

2. Materials and methods
2.1. Study site

Penny Ice Cap is located on Cumberland Peninsula (Fig. 1), a moun-
tainous region with deeply incised fjords and glacial valleys. The ice cap
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Fig. 1. Location map of the Baffin Island region showing the position of Penny Ice Cap on
Cumberland Peninsula. Blue dots indicate sites from which the archives of lake sediment
Hg accumulation were developed (Bindler et al., 2001; Cooke et al., 2012; Muir et al.,
2009), and orange triangles denote weather stations from which data were obtained for
the present study.

summit (~1825 m asl) experiences a mean annual air temperature of
—16 °C and accumulation rate of ~0.40 m H,0 a—! (see Section 2.3).
Presently, a large part of the winter accumulation at the summit melts
in summer and the meltwater percolates into the firn to refreeze as in-
filtration ice. This process leads to an unquantified vertical redistribu-
tion of water-soluble impurities and imposes limits on the temporal
resolution of firn and ice core records (Zdanowicz et al., 2012, 2013).

2.2. Firn coring and sampling

A 22.7-m firn core (P2010) was recovered in April 2010 from the
summit of Penny Ice Cap using a fiberglass corer (Kovacs Instruments,
Lebanon, NH). The coring site was the same site (within GPS error)
from which deeper cores were obtained in 1995 (cores P95 and P96:
Fisher et al., 1998; Goto-Azuma et al., 2002). Prior to sampling, the
corer was cleaned repeatedly in untouched snow and firn. The core
was recovered in 0.85-m segments (average) that were measured,
weighted, bagged in polyethylene, placed inside opaque coolers and
returned frozen to the Geological Survey of Canada (GSC) laboratories
in Ottawa where they remained stored in a — 25 °C freezer until they
were processed. First, the structure, density and electrical conductivity
of the core segments were measured (Zdanowicz et al., 2012). The
core segments were then sampled inside a metal-free clean cold room
at — 10 °C by operators wearing non-particulating suits and disposable
powder-free gloves. To remove possible external contamination on the
core, the following protocol was adapted from previous experiments
(Zheng et al., 2006): the outer 2- to 3-mm of each core segment was re-
moved with a stainless steel scalpel, and the shavings from selected
cores were collected in sealable, Hg-free Teflon bags (Welch Fluorocar-
bon, Dover, NH, USA) for analysis. Next, a second 2- to 3-mm thick layer
was removed in the same manner, and the shavings were saved in
Whirl-Pack bags to be used for major anion (Cl~ and SOZ ™) analyses.
These bags have been used and tested routinely for many years and
proven to be contamination-free for the determination of major ions
at low (ppb) levels. The remaining scraped inner core segments were
cut into 10-cm samples (average) with a clean stainless steel saw,
placed into Teflon bags and returned to the cold dark storage until
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they were melted for Hg and MeHg analyses. To compare the samples
from the P2010 core with pre-industrial precipitation, selected archived
segments from the earlier P96 core were also prepared for analysis fol-
lowing the protocol described above (for firn) or by a sequential melting
procedure (for ice), which is described in Zdanowicz et al. (2012).

2.3. Analysis

Anion analyses (CI~ and SO ™) on the P2010 core samples were per-
formed at the GSC laboratory using a high-performance liquid ion chro-
matograph (Dionex model 120-DX, Dionex Canada, Oakville, Ontario)
and following well-established protocols (Buck et al., 1992). The meth-
od detection limits were 5 pg L™! for CI~ and 20 ug L™ for SO, and
the precision was 30% for CI~ and 10% for SO7 . Glaciochemical data
(for ions and Hg) are reported here as mass concentrations in the melt-
water and symbolized by brackets, e.g., [SO3 ~]. These data are common-
ly log-normally distributed. Accordingly, we used the geometric means
(1g) to express averages over a specific depth or time interval unless
otherwise specified.

To extend the earlier 1995 ice-core record of major ions (including
S0Z7), the P2010 core data were merged with those from core P95
using the depth-age models described in Section 2.5. The earlier (P95)
core had been analyzed at the Nagaoka Institute of Snow and Ice
Studies, Japan, using the same protocol as for the P2010 core, which
minimized the risk of data incompatibilities arising from different ana-
lytical methods. The overlap between the P95 and P2010 cores was es-
timated to be ~15 years. Fig. 2 shows that for the overlapping sections,
the [SO3 ] distributions in the P2010 and P95 cores are closely compa-
rable and centered at ~115 pg L~ !, which indicates that the means of the
two sample populations are statistically identical (Mann-Whitney non-
parametric U-test; &« = 0.05 and p = 0.81). A composite ionic record ex-
tending to 2010 was produced by resampling the overlapping data from
the P95 and P2010 cores over their common ~15-year period at a uni-
form one-year time interval and averaging the resulting series together.
The correlation coefficient between the two annually-resampled series
was 0.51, which translates to an approximate signal-to-noise ratio in
the series of ~1, which is not an uncommon value for such data
(Fisher et al., 1985).

THg and MeHg analyses on the new P2010 core were performed at
the Laboratory for the Analysis of Natural and Synthetic Environmental
Toxins of the University of Ottawa. The core samples were first thawed
in a clean room and then split for THg and MeHg analyses. In view of the
very low [MeHg] found in polar snow (<0.5 ng L™!), multiple consecu-
tive samples from the P2010 core had to be combined to obtain mea-
surements above detection limits. The resulting sampling resolution
for MeHg (~one 0.5-m sample per 2-m depth interval) was therefore
coarser than for the major ions and THg (10-cm continuous samples).
In total, 212, 221 and 19 samples were analyzed for CI~ and SO3 ™,
THg and MeHg, respectively, excluding blanks and replicates. The
THg was determined by cold vapor-atomic fluorescence spectrometry
(CV-AFS) as per the US-EPA method 1631E (Environmental Protection
Agency, 2002). The “total mercury” was operationally defined by this
method as including all of the Hg species oxidized using BrCl and subse-
quently reduced using SnCl,. Therefore, the measured THg may include
Hg?* and Hg® as well as Hg,, and organo-complexed Hg compounds.
The estimated method detection limit was 0.20 ng L~! (30 of all
blanks), and the precision + 20%. MeHg was determined by capillary
gas chromatography coupled with atomic fluorescence spectrometry
(GC-AFS) after a preconcentration step (Cai et al., 1996). The detection
limit was 0.02 ng L™ (3o of all blanks), and the estimated precision was
+ 15%. The archived ice core segments from Penny Ice Cap core P96
were analyzed separately for THg only at the Water Quality Center of
Trent University, Ontario, and the analyses also followed the EPA meth-
od 1631A (CV-AFS). For these analyses, the method detection limit (30
of all blanks) was 0.09 ng L™ ! and the estimated precision was + 7%. Ad-
ditional details on the methods can be found in Zdanowicz et al. (2013).
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Fig. 2. (a) Normalized frequency histograms of [SO3 ] in overlapping sections of the
P2010 (blue) and P95 (green) firn and ice cores from the summit of Penny Ice Cap. The dis-
tributions are centered at an approximate mean of 115 pug L~ (stippled line). (b) Frequen-
cy distributions of [THg] measured in inner samples from the P2010 firn core (blue) and
near-surface snow samples (orange and red) collected directly in bottles at the ice cap
summit (data from Zdanowicz et al., 2013). Dotted lines indicate [THg] values measured
in shavings from the outer 2-3 mm of the P2010 firn core.

2.4. Potential Hg losses from sample handling and storage

Zheng et al. (2014) provided evidence of THg losses from untreated
snow samples collected in HDPE bottles and exposed to light (up to 30%
loss compared with shielded glass bottles) and losses from long-term
storage (up to 26% loss over a year). The samples collected for the
present study and our pilot study (Zdanowicz et al., 2013) were placed
in HDPE bottles (snow) or polyethylene layflat tubing (firn cores) with-
out any preservative because of the logistical difficulty of carrying
transportation-restricted chemicals in the field. All of the samples
were kept in opaque coolers during transport and cold storage. The
time elapsed between the field sample collection and analysis varied
from a few weeks to months. Thus, despite all precautions taken, we
cannot exclude the possibility of THg losses from our samples. For the
firn and ice cores processed in the laboratory, there is a potential for
Hg losses by diffusion out of the core segments prior to or during han-
dling. We attempted to mitigate these effects by removing all outer
core layers prior to analysis. However, the archived segments of core
P96 used in this study were in cold storage for 15 years, and Hg losses
were likely to have occurred during such a long period. These would
likely be much less important in glacier ice than in shallower porous
firn. A possible measure of such losses was obtained by comparing the
mean [THg] in the archived segments of core P96 that spanned an inter-
val of ~1960-1992 and in the P2010 core sections that spanned a period
of ~1970-1992 (see Section 2.5 for age estimates). All of these core sec-
tions are composed of icy firn and have comparable densities. The re-
sults produced nearly identical mean [THg] values of 0.50 ng L™ ! for
core P96 and 0.47 ng L™ for core P2010. This suggests that the cores
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that have been in cold dark storage for an extended period of time can
still yield [THg] comparable to those in recently collected cores of the
same site and age, provided that the outer layers are first removed. Al-
though useful, our comparison is presently limited to several core sec-
tions, and further evaluation of the long-term storage effects on Hg
preservation in snow and ice is warranted. Pending such information,
we acknowledge that Hg losses could have occurred in some of our sam-
ples, and accordingly, we strived to interpret our findings with the nec-
essary caution.

2.5. Depth—age models

Age models for the P2010 core and relevant sections of the P95 and
P96 cores are shown in Fig. 3. The depth-age relationship in the P95 and
P96 deep cores follows an ice-flow model approximation (Dansgaard
and Johnsen, 1969) that is constrained by parameters such as the total
ice thickness and estimated mean ice accumulation rate and by isotopic
(8'80) and volcanic fallout reference horizons, which are described in
Fisher et al. (1998) and Goto-Azuma et al. (2002). The estimated dating
errors for these age models are provided by Zdanowicz et al. (2012;
Table A1). For the main time interval considered in the present study
(the last few hundred years), the reference horizons are acidic fallout
layers assigned to historical volcanic eruptions, and the most outstand-
ing was that of Laki (Iceland) in 1783, which occurred in most of the
deep ice cores drilled in the CAA. Another large and well-defined spike
in acidity and SOz~ was found in two cores drilled in 1995 and attribut-
ed to the 1970 eruption of Hekla, also in Iceland (Thorarinsson and
Sigvalddason, 1972). We did not find this SOz~ spike in the new
P2010 firn core, which suggests that the borehole did not reach down
to the 1970 layer. Alternatively, fallout from this eruption may have
been unevenly deposited in snow or removed by wind scouring. This
is not unusual because only very large or prolonged eruptions leave un-
ambiguous signatures in ice cores (Zheng et al., 1998). Another signa-
ture from a later eruption of Hekla in 1991 (Gudmundsson et al.,
1992) was also tentatively identified in the P2010 by a sharp THg
spike, which is discussed in Section 3.2. In addition to these volcanic
markers, the 1963 peak fallout of 3-emitting radioisotopes ('C, 1*7Cs,
3He, 21°Pb, °°Sr, etc.) from pre-moratorium surface nuclear bomb tests
was detected using gross 3 activity measurements on cores drilled in
1979 (Holdsworth, 1984) and 1995 (Grumet et al., 1998). Together,
these markers constrain the mean accumulation rate at Penny Ice Cap
summit to ~0.40 & 0.05 m H,0 a~ ! over the past ~230 years. Based

on this value and firn density data, the P2010 core is estimated to repre-
sent ~41 + 5 years of accumulation. The bottom layer of the core may
therefore correspond to the mid/late 1960s or early 1970s, but more
likely the latter because of the absence of the supposed signal from
the Hekla 1970 eruption. Here, we adopt a conservative estimate of
40 years, which is slightly less than what was previously estimated on
stratigraphic grounds only (Zdanowicz et al., 2012).

Because of the effects of summer melt and percolation, annual vari-
ations in chemical or isotopic profiles cannot be easily resolved in cores
from Penny Ice Cap (Goto-Azuma et al., 2002; Grumet et al., 1998). This
precludes ascribing specific years in these cores to reference horizons.
The tentative identification of the 1991 Hekla signal in the P2010 core
suggests dating errors <+ 5 years for the past four decades. For deeper
and older cores, dating errors can be estimated by Monte-Carlo sim-
ulations using realistic (observation-based) estimates of interannual
variations in accumulation rates (Zdanowicz et al., 2012). These sug-
gest maximum (conservative) dating errors ranging from =+ 10 years
for the last ~230 years in the P95 core to + 10> years for layers of
mid-Holocene age in the shorter P96 core (Fig. 3).

2.6. Meteorological and air mass back-trajectory analyses

To investigate if changes in regional precipitation patterns had an ef-
fect on SO3 ~ or THg accumulation on Penny Ice Cap, we used archived
climatological data from an array of weather stations surrounding
southern Baffin Island to compute variations in the total precipitation
for the period of 1970-2010 (see Fig. 1 for sites; data from Environment
Canada, Mekis and Vincent, 2011; Vincent et al., 2012). We also evaluat-
ed the possible effect of changes in atmospheric transport trajectories
by computing the 10-day back-trajectories for air masses arriving at
the ice cap summit for each day (at 12 PM UTC) from 1970 to 2010
using the Hybrid Single-Particle Lagrangian Integrated Trajectory
model (HYSPLIT; version 4.8) of the NOAA Air Resources Laboratory
(Draxler and Hess, 1998). Additional details are provided in the
Supporting information.

3. Results and discussion
3.1. Down-core profiles of SO~ and Hg

Profiles of the physical stratigraphy, density, solid electrical conduc-
tivity (ECM) and chemistry ([CI~], [SOZ ], [MeHg] and [THg]) in the
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P2010 firn core are presented in Fig. 4, and the descriptive summary sta-
tistics for the glaciochemical data are given in Table 1. Detailed results
for all of the analyzed samples can be found in the Supporting informa-
tion for this article. As described in Zdanowicz et al. (2012), the firn stra-
tigraphy at the summit of Penny Ice Cap is characterized by numerous
infiltration ice layers and a relatively high mean density (630 kg m~3)
because of the effects of meltwater percolation and refreezing in sum-
mer. The glaciochemical depth profiles show considerable variability
at the centimeter- to meter-scale, but there are no recognizable regular
seasonal cycles. A parallel enhancement in the [C1~] and [SO3 ~] profiles
may reflect post-depositional ion remobilization in the firn by meltwa-
ter because these two ions are particularly mobile during elution
(Goto-Azuma et al., 1993; Grumet et al., 1998). The [SOZ | profile and
ECM show a slight increasing trend down-core. This co-variation of
[SO3~] and conductivity is presumably a result of the predominance
of H,S0, aerosols as a source of H (acidity) in Canadian Arctic
snow (Koerner and Fisher, 1982). No corresponding down-core trend
is found in the [CI™] profile. The [THg]| profile differs from that of
[SOZ7] in that it shows a slight down-core decrease that is most
noticeable in the upper 8 m of the core. A section of core at depths be-
tween 10 and 12 m contains layers with markedly higher [THg] of up
to 46.20 ng L. This is discussed in Section 3.2. Compared to [THg],
the [MeHg] profile in the P2010 core shows little variation. Concentra-
tions between 7 and 12 m depths are slightly greater than in higher
and lower core sections, but because of the low sampling resolution, it
is impossible to ascertain the frequency of such variations.

As previously stated, the anion concentrations in the P2010 core
were reasonably consistent with earlier results from the P95 core
(Fig. 2a). For THg, we compared results obtained from the firn core
with those from the surface (fresh) and subsurface (aged) snow and
firn that were previously sampled at the summit of Penny Ice Cap
(Fig. 2b; Zdanowicz et al., 2013). These earlier samples (N = 71) were
collected without a corer directly from the snowpit walls into pre-
cleaned Hg-free bottles, and they are considered pristine for THg. The
comparison revealed a slight positive skewing towards larger mean
[THg] in firn (0.77 ng L™ !) and aged snow (0.56 ng L™!) relative
to the surface snow (0.50 ng L~ ). These findings were consistent
with those obtained in our pilot study and suggest that the post-

Chloride

Table 1

Descriptive statistics for concentrations of CI~, SO7 ~, THg and MeHg measured in a 22.7-m
core (P2010) from Penny Ice Cap summit, Baffin Island. The values listed under the
heading [THg]|* were computed without including the anomalously-high (>5 ng L™')
values found between 10 and 12 m, which are presumed to be of volcanic origin (see text).

[a [S037]1  [THg] [THg]* [MeHg]

pg L1 pg L1 ngL~! ngL~! ngL~!
N 212 212 221 214 19
Minimum 11.04 317 <0.20 0.20 0.06
Maximum 400.47 47242 46.20 4.68 0.19
Mean u 8241 136.51 1.56 0.97 0.11
Standard deviation o 64.48 88.84 4.29 0.93 0.04
Median 59.93 122.75 0.64 0.63 0.09
Geometric mean gl 64.70 109.92 0.72 0.65 0.10
Std. error on fi, 1.05 1.05 1.08 1.07 1.08

depositional remobilization of THg by meltwater modified its frequency
distribution in firn and biased it towards a larger mean than is found in
fresh snow (Zdanowicz et al., 2013). Several outer-core shavings of the
core P2010 contained [THg] > 10% ng L™}, although most had much
lower levels. This indicates that some outer core layers were contami-
nated during or after coring. In contrast, 90% of all of the inner-core sam-
ples had [THg] <3 ng L~ . A single, isolated inner-core sample at a depth
of 9.5 m had [THg] = 160 ng L™ ' and was rejected as an unexplained
outlier that was possibly contaminated. Of those inner-core samples
that had [THg] >3 ng L™, most were found in a section between 10
and 12 m depths (Fig. 4). The highest values in this section (38.26 and
46.20 ng L~ 1) exceeded the baseline [THg] by a factor greater than 40.
The outer-core scrapings from the corresponding core section did not
contain exceptionally high [THg] (2.60-4.58 ng L~ '), so contamination
is unlikely to account for these results. The highest [THg] in this part of
the P2010 core occurred immediately below a thick sequence of infiltra-
tion ice layers, which raises the possibility that they may be an artifact of
meltwater elution and refreezing. However, profiles of [Cl~] and [SOZ ]
showed no enhancements at a comparably large magnitude at corre-
sponding depths, and evidence of anomalous THg spikes in higher sec-
tions of the core with equally thick or thicker infiltration ice layers
was not found. At least some of the high [THg] values between 10 and
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12 m were therefore considered to reflect a depositional event, which is
described below.

3.2. Temporal variations in SO and Hg

Time series of non-sea salt sulfate (nssSOZ ), chloride (ClI™), THg
and MeHg in firn and ice cores from Penny Ice Cap are shown in Fig. 5
(period 1780-2010, excluding [MeHg]) and Fig. 6 (last ~50 years, in-
cluding [MeHg]). The nssSO7~ and CI~ data from the P2010 core did
not extend beyond 2007 because there was insufficient material in the
brittle upper snow and firn layers to provide enough H,0 for both THg
and anion analyses.

Using the mean seawater mass ratio of CI~ to SOZ ~, it was previous-
ly estimated that nssSOZ ~ accounts for 70 to 95% of the total SO~ de-
posited at Penny Ice Cap in the late 20th century (~1950 to 1995;
Fisher et al.,, 1998; Goto-Azuma et al., 2002). The same calculation per-
formed with data from the P2010 core yielded nss/total SO~ mass ra-
tios of 50 to 99% (mean 90%) in the snow and firn since the early
1970s. Much of the nssSO7~ in the firn may have a marine source,
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Fig. 5. Historical variations of [nssSO3 ~] and [THg] in cores from Penny Ice Cap for the pe-
riod 1780-2010 compared with other ice-core data. (a) Stacked time series of [nssSO3 ]
from cores P95 and P2010. (b) Variations in non-sea salt sulfur (nssS) concentrations in
a core from site D4, Greenland (McConnell et al., 2007). (c) [THg] in the cores P96 and
P2010 (blue; this study) and Agassiz Ice Cap (green; Zheng et al., 2014). Hatched blue
lines are single measurements from archived ice cores (P96) spanning the periods
1920-40, 1940-60 and 1960-90, whereas full blue lines are the geometric means of mul-
tiple samples from the P2010 firn core for 1970-1990 and 1990-2010. Green line seg-
ments are the corresponding means of multiple samples from Agassiz Ice Cap [THg] data
for 1935-1970 and 1990-2009. (d) [THg] in central Greenland firn cores representing
the periods 1949-1965, 1965-1989 (Boutron et al., 1998: geometric means) and
~1998-2008 (Brooks et al., 2011: arithmetic mean). Horizontal dashed lines and gray
shading on each panel are the estimated geometric mean and range of Holocene pre-
industrial [nssSOZ ~], [nssS] or [THg] in ice cores from Penny Ice Cap and central Greenland.
In (c), the pre-industrial THg data are from archived samples of the P96 core, whereas
in (d), the data are from samples of the GISP2 deep core. (Unpublished data supplied by
C. Lamborg).

such as biogenic sulfur gas (Li and Barrie, 1993; Rempillo et al., 2011);
however, an important but unquantified fraction is thought to be de-
rived from mid-latitude industrial SO, emissions in North America
(Goto-Azuma and Koerner, 2001). Contamination by acidic aerosols
from industrial SO, and/or NO, emissions first became noticeable in
the eastern Arctic ice core and lake sediment layers from the late
19th century (Drevnick et al., 2010; Goto-Azuma and Koerner, 2001;
Wolfe et al., 2006). Data from the combined P95 and P2010 cores
showed that nssSO7 ~ accumulation at Penny Ice Cap increased until
the ~mid-1970s or early 1980s, but appears to have remained relatively
stable or declined slightly thereafter (Figs. 5a and 6a). During the de-
cade 1960-70, the mean [nssSO3 ~| in Penny Ice Cap snow exceeded
pre-industrial levels (early 19th century) by a factor of ~4. However,
the linear trend in [nssS03 ~] since 1970 (—1 pg L™ "' a~!) was not sig-
nificantly different from zero (a = 0.05), and the mean [nssS0% ]
in snow accumulated since 2000 (95 pg L™') was statistically
undistinguishable from the mean during the 1960-1970 decade of
peak global SO, emissions (105 pg L™1).

These findings are inconsistent with ice-core data from central
Greenland, which show a marked decline in nssS and acidity
(McConnell and Edwards, 2008; Pasteris et al., 2012) after the 1970s
(Figs. 5b and 6b), in step with decreasing SO, emissions in the Northern
Hemisphere and SO7~ burdens in the Arctic atmosphere (Gong et al.,
2010; Quinn et al., 2009; Smith et al., 2011). The lack of evidence for
such a decline in the P2010 core is therefore intriguing. A possible expla-
nation is that the trend is obscured by a larger depositional or post-
depositional variability of SOz~ in firn on Penny Ice Cap, compared to
locations such as Greenland. A decline in [SO3 ] could also be masked
by a concurrent decline in snow accumulation, but this is unsupported
by the available ice-core or meteorological evidence (Zdanowicz et al.,
2012, see also Section 3.3). Alternatively, a decline in anthropogenic
nssSO;~ deposition on Penny Ice Cap over recent decades may have
been compensated by a larger influx from marine sources linked to
the pronounced sea-ice cover reduction over the nearby sectors of
Baffin Bay and Hudson Strait, which is where most of the marine aero-
sols deposited on the ice cap are thought to originate (Grumet et al.,
2001; Tivy et al,, 2011).

Knowledge of the past Hg accumulation on Penny Ice Cap is limited
compared to that of SO, but some inferences can be made from the
available data (Fig. 5¢). The range of [THg] measured in the archived
core samples (P96) from the Holocene pre-industrial period is <0.20
t00.59 ng L~ ! with a mean of 0.41 ng L~ ! (N = 15). These values should
be regarded as minimum estimates if any Hg losses occurred during
the long-term core storage. The mean [THg] in the P2010 core weighted
by the layer density is 0.66 ng L™ ! (N = 221), and three archived core
sections from the P96 core spanning the intermediate periods ~1920-
40, 1940-60 and 1960-90 produced [THg] equal to 0.43, 0.43 and
0.50 ng L™, respectively. Translated into accumulation rates (Aryg)
that assume a constant snowfall rate, data from the P96 archived cores
suggest pre-industrial (Holocene) values of Aty in the order of 0.01
to 0.02 ug m~2 a~ . For the 20th and 21st centuries, data from the P96
and P2010 cores give estimated values of 0.08 and 0.16 yggm~2a~!
(considering dating uncertainties). Together, these estimates provide a
ratio of post- to pre-industrial THg accumulation (Rryg) between ~4
and 16, which is consistent with estimates derived from lake sediment
cores in the Canadian Arctic and western Greenland (2 < Ryg < 25;
Bindler et al., 2001; Muir et al., 2009; Cooke et al., 2012; see Fig. 1 for
lake core locations). The values of Rryg for central Greenland are com-
paratively uncertain because of the scarcity of available long-term gla-
cial archives of [THg] from this region (Fig. 5d).

An outstanding feature of the P2010 record for the period 1970-
2010 is a set of sharp [THg] spikes found at depths (10-12 m) corre-
sponding to the early to mid-1990s (Fig. 6d-e). A similar feature can
be seen in a firn sequence analyzed by Zheng et al. (2014) on Agassiz
Ice Cap, northern Ellesmere Island (Fig. 6f). Because of possible dating
discrepancies between these records, it is uncertain if these features
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are correlative. The largest of the [THg] spikes in the P2010 core has a
value of 46.20 ng L™ !, which is a ~70-fold enrichment relative to the
geometric mean [THg] in the core. This feature might represent fallout
from the 1991 eruption of Hekla in Iceland (Gudmundsson et al.,
1992). An episodic source of Hg deposition in Arctic snow originating
from Iceland has long been suspected (Siegel et al., 1973), and the
1991 Hekla eruption produced a noticeable enrichment of trace metals,
including Hg, in central Greenland snow (Gabrielli et al., 2008). The sec-
tion of the P2010 firn core containing elevated [THg] is 1.63 m long,
which is much thicker than the mean annual firn accumulation. If the el-
evated THg spikes were indeed the result of volcanic fallout, then the Hg
deposited in the fallout may have been subsequently remobilized in firn
by summer melt and percolation.

Apart from the section with anomalously high [THg] between 10 and
12 m, there are indications in the P2010 core that atmospheric Hg accu-
mulation increased in recent decades (Fig. 6e), and the possible reasons
for this are examined in Section 3.3. The variations in [MeHg] in the
P2010 core (Fig. 6g) are small compared to [THg], and no systematic
trends or patterns are discernible over the period 1970-2010, although
the coarse sampling resolution may hide short-term variations. On aver-
age, [MeHg] accounts for 18 £ 14% of the [THg] in the common depth in-
tervals over which both parameters were measured. This mean value is
close to what was reported for Arctic glacier snowpacks in other studies
(Larose et al., 2010; St-Louis et al., 2005; Zdanowicz et al., 2013).

3.3. Possible controls for the THg accumulation on Penny Ice Cap

The mean [THg] in the firn layers accumulated since 1990 in the
P2010 core (0.90 ng L™'; N = 105) is approximately twice the value

in the older layers (0.47 ng L™'; N = 79), and the difference is statisti-
cally significant (Wilcoxon rank sum test, @ = 0.05, p < 0.01). This
comparison excludes the high values (>5 ng L™ !) found in the depth in-
terval of 10-12 m. If the latter are included, the mean [THg] for the post-
1990 period rises to 1.06 ng L~ . The mass loading of accumulated firn
(expressed as H,0 water equivalent per unit area) shows an essentially
unvarying positive linear trend over the depth interval of the core, and
any changes in the accumulation rate of THg (Aryg) over this interval
must be governed by changes in [THg] (Fig. 7). In contrast, the mass
loading of THg in the firn has been increasing non-linearly since the
1980s. A quadratic fit of the mass loading data produces an R?
goodness-of-fit measurement of >0.99. A Monte-Carlo simulation per-
formed with 50,000 random rearrangements of sample [THg] values
and thicknesses shows that it is extremely unlikely for the observed
non-linear trend to have arisen by chance alone. Our depth-age model
for the P2010 core suggests that the increased Aryg began in the
1980s. The positive trend in [THg| from the 1980s to 2010 is statistically
significant, even if a 10-fold reduction of freedom is assumed in the data
series as a result of smearing by the post-depositional elution (Mann-
Kendall test, &« = 0.05, p < 0.01). The presence of higher [THg] values
in the shallow firn layers could explain why two short firn cores taken
in 2007 near the P2010 site produced a mean Aryg 0f 0.33 ygm~2a~"
(Zdanowicz et al., 2013), which is relatively elevated compared to the
40-year mean over the entire P2010 core.

These findings raise questions of whether the increasing trend in
Amng found in the P2010 core is observed at other Arctic sites or limited
to Penny Ice Cap and what possible explanations might account for the
trend. Presently, there are very few records available from the Arctic re-
gion to which the P2010 core can be directly compared. The firn record
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from Agassiz Ice Cap, Ellesmere Island, shows a higher mean [THg] in
the post-1990 layers relative to earlier decades, but a parallel record
from Mt. Oxford Icefield, which is ~200 km away, shows no sustained
or monotonic increases over the same period (Zheng et al., 2014:
Figs. 5c and 6f). Published records of THg in firn from Greenland are
discontinuous and have been developed with various methods,
which makes interpreting the long-term trends difficult. Brooks et al.
(2011) reported [THg] values between 2.6 and 4.1 ng L~ ! (arithmetic
mean = 3.0 ng L™') in firn layers over the decade ~1998-2008
(Figs. 5d and 6f), and the values are noticeably higher than those
previously found by Boutron et al. (1998) over the period 1949-1989
(<2ngL™'; mean ~0.6 ng L™ ). These data could indicate a recent in-
crease in Hg deposition in central Greenland, but this remains to be con-
firmed with a homogeneous continuous record.

Even with an unchanging atmospheric Hg burden, the deposition
and accumulation in glacial firn may vary as a result of multiple environ-
mental factors, including the availability of halogen radicals in the atmo-
spheric boundary layer, which promote the conversion of Hg® to Hg?*
as reactive gas or particles (Steffen et al., 2008), the abundance of sea
salt aerosols, which may enhance scavenging of Hg?* and its deposition
in snow (Malcolm et al., 2009), and the snow accumulation rate, which
may limit post-depositional re-emission of Hg to the atmosphere
(Durnford et al., 2012). The firn mass loading increases linearly over
the length of the P2010 core, which suggests a relatively constant accu-
mulation rate over the time interval represented by the core. Further-
more, an analysis of precipitation records from weather stations in the
southern Baffin Island region (see Fig. 1 for location) did not reveal
any large variations or meaningful trends over the period from 1970
to 2010.

The main source of marine aerosols (sea salt and other) on Penny Ice
Cap is thought to be nearby Baffin Bay (Grumet et al., 2001). We exam-
ined time series of [C1~] and [nssSO3 ~] in relation to [THg] in the P2010
core for possible evidence of a link between marine aerosol transport
from this area and Aryg (Fig. 6b). Although some intervals in the core
(e.g., the 1990s) show relatively elevated Cl~, nssSOZ ~ and THg levels,
no statistically meaningful correlation was found between these spe-
cies, even when data were averaged over 1- to 3-m core lengths to ac-
count for different mobilities of major ions and Hg species during
summer melt-induced elution in the firn. Our earlier pilot study also
failed to reveal any significant correlations between [THg], [nssSO3 ~]
and [Cl7] in the snow of the ice cap (Zdanowicz et al., 2013). Therefore,
the observed increase in Aryg in the P2010 core cannot be accounted for
by changes in firn accumulation and/or marine aerosol inputs, although
we acknowledge that relationships between these variables could be
obscured by the effects of post-depositional melt and percolation in

the core. This does not rule out a possible link between THg accumula-
tion on Penny Ice Cap and nearby sea surface conditions. The interval
over which the increase in Aryg is observed in the P2010 core corre-
sponds to a period (after ~1990) when the sea-ice cover and sea-ice
concentration in particular began to experience a rapid (and ongoing)
decline in Baffin Bay and Hudson Strait (Tivy et al., 2011). A reduced
and more seasonally variable sea-ice cover in this area might allow a
greater evasion of Hg® from seawater, such as in ice leads, while pro-
moting the production of halogen radicals such as BrO from seasonal
ice, which enhance the Hg deposition to snow (Moore et al., 2014).
This might also impact the deposition on terrestrial snow and glacier
firn if the marine boundary layer air masses are rapidly advected inland
(Spolaor et al., 2013). The limited temporal resolution of the P2010 core
does not currently allow this link to be fully investigated, but it deserves
further scrutiny in future research.

Another possibility is that variations in Aryg in Penny Ice Cap for the
period 1970-2010 are linked to changes in the frequency of airborne
transport of Hg and/or marine aerosols from one or more specific geo-
graphic sector(s). For example, Sepp and Jaagus (2010) observed that
the largest increase in the frequency of deep cyclones (carrying souther-
ly air and moisture) entering the Arctic over the late 20th century oc-
curred in the Baffin Bay — western Greenland region (between 48 and
80° W), which is on a cyclone track that delivers much of the precipita-
tion to Penny Ice Cap. To investigate changes in air-mass provenance,
we computed anomalies in the frequency of the 10-day air-mass
back-trajectories arriving at the summit of Penny Ice Cap from 8 differ-
ent geographic sectors for the period 1970-2010 (see Supporting infor-
mation for detailed methods). The results were divided between
the warm and wet (summer + autumn) months and cold and dry
(winter + spring) months of the year. Meteorological stations (Fig. 1)
from the southern Baffin Island region attest that over the 40-year peri-
od in consideration, an average of 67 £ 6% of the annual precipitation
was delivered between June and November (incl.) and the remaining
33 + 6% was delivered between December and May (incl.). The calculat-
ed mean frequencies of air mass sources divided by the sector of origin
were approximately the same in all of the seasons (Table 2), with ~90%
of all air masses originating from the Arctic Ocean (29 + 1%), North
America (24 + 2%), North Atlantic Ocean (19 + 3%), and CAA (18 +
1%). These regions were not necessarily the source(s) of Hg transported
in the air masses; however, our analysis provided an indication of the
relative importance of airborne Hg transport vectors from different geo-
graphic quadrants to Penny Ice Cap.

The time series of air-mass transport frequency from the four dom-
inant geographic sectors were compared to the THg, CI~ and SOZ ~ accu-
mulation trends in the P2010 core (Fig. 8). However, no obvious
correlations could be established between these data for the period
1970-2010. For example, we could tentatively attribute part of the en-
hanced Ay, in the 1990s to the more frequent wintertime advection
of airborne Hg (or marine aerosols) from the Arctic Ocean sector, but
this inference was not applicable to the subsequent decade when the
relative frequency of air mass transport from this sector actually de-
clined as the Arye continued to increase. Hence, the data did not indicate
if the changing atmospheric transport patterns played any role in

Table 2
Relative frequency (%) of air mass provenance at Penny Ice Cap summit, based on daily air
mass back-trajectory analysis.

DJF MAM JA SON MEAN
Arctic Ocean 30 29 31 28 29
North America 22 23 23 26 24
Atlantic Ocean 16 23 19 16 19
Can. Arctic Islands 17 19 19 17 18
Greenland 4 4 4 3 4
Pacific Ocean 3 2 1 4 3
Asia 3 2 2 3 2
Europe 2 1 0 1 1
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modulating the decadal- or sub-decadal THg, Cl~ and/or SO~

daccumu-

lation rates at Penny Ice Cap, which was possibly a result of the mixing
of different air masses or shortness of the records.

4. Summary and conclusions

The key findings from our analysis of the P2010 firn record of SOZ ~,
THg and MeHg are summarized below.

(i) The extended record of nssSOZ

(ii)

deposition obtained by combin-
ing the P95 and P2010 cores shows a comparable mean [nssSOZ ™|
in the firn layers from the 1960s to 1970s and from the most re-
cent decade. This is inconsistent with various observations that
indicate declining levels of SO~ in the Arctic atmosphere over
the past ~35-40 years. A possible explanation is that declining in-
puts of anthropogenic nssSO3 ~ on Penny Ice Cap are compensat-
ed by a greater influx of marine-derived nssSO3 ~ aerosols linked
to the declining sea-ice cover conditions in the nearby Baffin Bay
and Hudson Strait.

The record of THg accumulation in the P2010 core contains ele-
vated spikes (up to 46 ng L™ 1) in the firn layers dating from the
early to mid-1990s. We tentatively attribute the largest of these
spikes to fallout from the 1991 eruption of Hekla (Iceland),

(i

(iv

=

)

—

which also resulted in trace metal enhancements in the snow in
central Greenland (Gabrielli et al., 2008).

Levels of MeHg deposited on Penny Ice Cap show little variation
over the period from 1970 to 2010 and account for 18% of the
THg in the firn.

We have found evidence in the P2010 core that THg accumulation
on Penny Ice Cap has increased since the 1980s relative to the ear-
lier part of the 20th century. This increase cannot be easily ex-
plained by changes in factors such as snow accumulation
(preservation of Hg in snow), marine aerosol inputs (scavenging
effect), or air mass trajectories (Hg transport from specific geo-
graphic sectors); however, a link may exist with the declining
sea-ice cover in nearby marine areas over the same period,
which might have promoted the production of halogen radicals
and enhanced Hg deposition in the snow. Because of the
rapid changes that are currently occurring to the Canadian Arctic
sea-ice environment, this possible link should be a focus for future
investigations.

The estimated increase in THg accumulation on Penny Ice Cap be-
tween the pre-industrial (late Holocene) and modern industrial
era (post-1850) is estimated at between 4- and 16-fold, which is
consistent with a range of estimates obtained from Arctic lake
sediment cores.
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The new THg record from Penny Ice Cap is the first record developed
from the Baffin Island region of the eastern Canadian Arctic and one of
few such records presently available in the Arctic; it provides a new per-
spective on the trends and magnitude of Hg accumulation in glaciated
environments and complements other archives such as lake sediments.
We hope that this record (and others like it) helps to bridge the knowl-
edge gap between direct observation of gaseous Hg in the Arctic atmo-
sphere and actual net deposition and accumulation in various terrestrial
media.
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