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A B S T R A C T

Melt ponds are a prominent feature of Arctic sea ice during the summer and play a role in the complex interface
between the atmosphere, cryosphere and surface ocean. During melt pond formation and development, mi-
cronutrient and contaminant trace elements (TEs) from seasonally accumulated atmospheric deposition are
mixed with entrained sedimentary and marine-derived material before being released to the surface ocean
during sea ice melting. Here we present particulate and size-fractionated dissolved (truly soluble and colloidal)
TE data from five melt ponds sampled in late summer 2015, during the US Arctic GEOTRACES (GN01) cruise.
Analyses of salinity, δ18O, and 7Be indicate variable contributions to the melt ponds from snowmelt, melting sea
ice, and surface seawater. Our data highlight the complex TE biogeochemistry of late summer Arctic melt ponds
and the variable importance of different sources for specific TEs. Dissolved TE concentrations indicate a strong
influence from seawater intrusion for V, Ni, Cu, Cd, and Ba. Ultrafiltration methods reveal dissolved Fe, Zn, and
Pb to be mostly colloidal (0.003–0.2 μm), while Mn, Co, Ni, Cu, and Cd are dominated by a truly soluble
(< 0.003 μm) fraction. Isotopically light dissolved Fe in some melt ponds suggests that photochemical and/or
biologically driven redox cycling also takes place. Comparisons of particulate TE/Al ratios to mean crustal values
indicate influences from lithogenic sources, including natural aerosols and/or sedimentary material, with sig-
nificant enrichments for some elements, including Ni, Cu, Zn, Cd and Pb, that may result from anthropogenic
aerosols, biogenic material, and/or in situ scavenging of dissolved TEs. Our results indicate that melt ponds
represent a transitional environment in which some atmospherically-derived TEs undergo physical and/or
chemical changes before their release to the surface ocean. As a result, the ongoing changes in sea ice areal
extent, thickness, and melt season length are likely to influence the bioavailability of atmospheric TE input to the
surface Arctic Ocean, with material released from snow and sea ice via melt ponds earlier in the summer and
with more extensive direct deposition to the ocean surface.
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1. Introduction

Melt ponds are a ubiquitous feature of sea ice during the Arctic
summer and play an important role in the sea ice-albedo feedback
mechanism (Curry et al., 1995). Increases in solar radiation and surface
temperature in early summer cause melting of snow accumulations
from the previous winter, and the meltwater then pools in depressions
on top of the ice (Eicken et al., 2002; Fetterer and Untersteiner, 1998;
Polashenski et al., 2017; Sankelo et al., 2010). The resulting melt ponds
frequently cover 20–40% of the sea ice surface at the height of the melt
season, with up to 90% coverage in some areas (Perovich et al., 2011;
Polashenski et al., 2012 and references therein). As they develop, melt
ponds lower the albedo of the sea ice (Curry et al., 1995; Eicken et al.,
2004; Perovich et al., 2002), resulting in further localized warming and
melting of the surrounding ice (Eicken et al., 2002). Surface topo-
graphy, snow cover, age of the ice (first year or multi-year sea ice) and
melt season duration all influence melt pond formation and develop-
ment (Lüthje et al., 2006; Polashenski et al., 2017; Rösel and Kaleschke,
2012 and references therein).

Melt ponds also represent an exchange pathway linking the atmo-
sphere, cryosphere, and surface ocean. Atmospheric transport and de-
position of mineral aerosols and anthropogenic emission particles is an
important delivery mechanism for numerous micronutrient and pollu-
tant trace elements (TEs) to surface waters remote from continental
margins (Duce et al., 1991; Jickells and Moore, 2015). In the Arctic,
much of this deposition takes place onto sea ice, by dry deposition and
in snowfall, resulting in the accumulation of particles and associated
TEs in snow on top of the ice (Darby et al., 1974), before summertime
melting of the snow forms melt ponds. Within these ponds, atmo-
spherically-derived material may be exposed to changes in temperature,
pH, and salinity, as well as additions of sediment or seawater-derived
material released from the ice that forms the sides and bottom of the
ponds (Lannuzel et al., 2016; Nürnberg et al., 1994). Eventually, the
ponds drain and mix with the underlying seawater due to percolation
through the connected pore structure of the sea ice, development of
macroscopic flaws (e.g. seal holes, or cracks resulting from the move-
ment of ice floes), or through loss of the underlying sea ice by melting
(Fetterer and Untersteiner, 1998; Polashenski et al., 2012). Thus, melt
ponds potentially represent an important biogeochemical processing
step during the transfer of TEs from the atmosphere to the surface ocean
in the Arctic region.

Although there have been numerous studies of the physical devel-
opment of Arctic melt ponds, very few have included details of their
biogeochemistry. Melt pond carbon dioxide‑carbonate chemistry is
known to be variable, with pH ranging from at least 6.1 to 10.8 in the
Chukchi Sea and Canada Basin (Bates et al., 2014). Macronutrient
concentrations are typically higher in “open” melt ponds (those with a
direct connectivity to underlying seawater) than in “closed” ponds
(those with low salinity and no apparent link to surface waters) (Lee
et al., 2012), with concentrations low enough in the latter to limit
biological productivity (Sørensen et al., 2017). Highly variable mac-
ronutrient concentration ratios have also been documented (Fernández-
Méndez et al., 2015). Several studies have reported melt pond chlor-
ophyll concentrations lower than or similar to those in underlying
seawater, while melt pond algal communities have been shown to in-
clude both fresh water (from snow and sea ice) and marine species
(Fernández-Méndez et al., 2015; Fernández-Méndez et al., 2014;
Gradinger et al., 2005; Melnikov et al., 2002; Sørensen et al., 2017). To
our knowledge, there are no published data for micronutrient or pol-
lutant TEs other than mercury (Aspmo et al., 2006) in Arctic melt
ponds.

The 2015 US GEOTRACES Arctic GN01 Section was designed to
characterize the sources and transport of trace elements in the western
Arctic Ocean. The field effort included melt pond sampling in order to
investigate their role in the transfer of TEs between the atmosphere and
surface ocean in the region, and to ascertain whether melt ponds could

be used to estimate integrated atmospheric deposition over the months
between summer melt periods. Here we compile measurements of a
suite of dissolved and particulate TE concentrations from five melt
ponds sampled during the section and analyzed by different research
groups. The TEs discussed here include micronutrients (Cd, Co, Cu, Fe,
Mn, Ni, V, Zn) and tracers of mineral dust/lithogenic material (Al, Fe,
Ga, Ti) and other continental input (Ba). We also include Pb, which,
along with Cd, Cu, Mn, Ni, V and Zn, can be enriched significantly in
Arctic aerosols during the winter/spring (e.g. Gong and Barrie, 2005),
and for which atmospheric deposition of anthropogenic aerosols may
provide significant perturbations to the Arctic ecosystem. For a subset
of these elements (Mn, Fe, Co, Ni, Cu, Zn, Cd and Pb), size fractionation
analysis of the dissolved phase was carried out to determine the con-
tributions from colloidal and truly soluble TEs, which may influence
their bioavailability.

2. Methods

2.1. Sample collection and processing

The US GEOTRACES Arctic GN01 Section (hereafter GN01) was
carried out on USCGC Healy during late summer 2015. The ship de-
parted from Dutch Harbor, Alaska, on 9th August 2015, and the cruise
track consisted of a northward transect through the Bering Strait and
across the Makarov Basin to the North Pole, returning southward across
the Canada Basin along 150°W, and arriving back in Dutch Harbor on
12th October 2015. Melt ponds were sampled at five of the six ice
stations occupied north of 80°N during GN01, starting with Station 33
at the North Pole on 7th September, and at four subsequent stations on
the southbound portion of the section, the most southerly being Station
46 (82.5°N) on 19th September (Fig. 1, Table 1). All ice stations were
occupied in an area with water depths> 2000m, and ice floes were
selected for sampling based on sufficient size for safe sample collection
and sufficient proximity to a paired water column station. Sea ice
thickness at these stations ranged from 136 to 164 cm.

All sampling on the ice floes for TE measurements, including melt
pond sampling, was conducted 30–50m upwind of the ship. As the ice
stations were occupied at high latitudes and relatively late in the
summer, all melt ponds encountered at these stations had frozen over at
the time of sampling, with liquid water present under 5–10 cm of ice
covered by 10–15 cm of recent snow. Before sampling, surface snow
was cleared away with an acid-cleaned polyethylene shovel, and a
polyethylene and titanium trace metal clean coring system was used to
drill through the upper layer of ice. Melt pond water samples were
collected using a battery powered peristaltic pump (Pegasus Alexis) to
fill acid-washed 20 L carboys (low density polyethylene – LDPE)
through C-Flex tubing (Masterflex) that had been acid-cleaned with
0.1 M ultrapure HCl and thoroughly rinsed with ultrapure water before
use. At each melt pond, the tubing was used as a probe to ascertain that
the pond did indeed have a bottom layer of ice, although it was not
possible to determine any connectivity with seawater through flaws in
the ice, or the presence of a “false bottom” formed from refreezing of
fresh meltwater. The tubing was then partially withdrawn, such that
~30 cm of the tubing remained in the melt pond. A few hundred mil-
liliters of water were rinsed through the tubing before starting sample
collection. Melt ponds can contain steep salinity gradients (Fernández-
Méndez et al., 2014), so once sample collection began, the tubing was
left in place in the melt pond, to reduce the risk of filling different
carboys from different depths along any possible vertical gradient. No
assessment was made regarding the presence or absence of salinity
gradients in the melt ponds sampled.

Subsampling and filtration was carried out aboard ship within 3 h of
sample collection, inside a plastic enclosure (“bubble”) constructed for
trace metal work and supplied with HEPA filtered air. Subsamples for
dissolved TE analysis were taken from one 20 L carboy and were filtered
through an Acropak-200 capsule filter (0.8/0.2 μm polysulfone
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membrane; Pall) into acid-cleaned LDPE bottles. For size-fractionation
analyses, one of these subsamples at each station was subjected to
Anopore (0.02 μm) filtration and another to cross-flow filtration
(10 kDa; ~0.003 μm), as described in Fitzsimmons and Boyle (2014).
Combining these two ultrafiltration approaches allowed determination
of a subset of dissolved TEs in three size fractions: “truly soluble”
(< 0.003 μm), “small colloidal” (0.003–0.02 μm), and “large colloidal”
(0.02–0.20 μm). All filtered samples were subsequently acidified to
0.024M with ultrapure hydrochloric acid while at sea.

Samples for particulate TE measurements were collected after
gently inverting the carboy to homogenize particle distribution, then
filtering 4 L of melt pond water through a 25mm diameter Supor
polyethersulfone 0.45 μm filter held in a Swinnex polypropylene filter
holder, using filtered air to pressurize the carboy (Twining et al., 2015).
Process blanks were also generated, by passing a similar volume of
filtered (0.2 μm) seawater through Supor filters. Sample and process
blank filters were digested in acid-cleaned PFA vials (Savillex) by ad-
dition of 2mL of a solution of 4M HCl, 4M HNO3, and 4M HF (all
Optima grade) and heating at 110 °C for four hours. Full details of the
method are described in Twining et al. (2015).

Samples for TE analysis were also collected from snow, sea ice, and
from seawater beneath the sea ice at each station. Snow samples for TE
analysis were collected using an acid-cleaned polyethylene shovel to
transfer the snow column into an acid-cleaned LDPE drum insert (CDF
Corporation), which was held inside a plastic bucket, and which was
subsequently sealed before transfer to the ship. The sample was allowed
to melt at room temperature on the ship (8–10 h), and then homo-
genized by gentle shaking. A subsample was transferred to an acid
cleaned 2 L high density polyethylene bottle under filtered air. Sea ice

was collected using a trace metal clean corer. At each station, 4 ice
cores (1 m in length) were collected within a 10m2 area. Cores were
kept inside pre-cleaned custom-made plastic tube inserts that fit within
the corer. These tube inserts were capped immediately after collection,
and stored inside plastic bags in the ship's walk-in freezer. Cores were
thawed inside custom-made melting chambers inside the plastic
“bubble”. Ice melt from all four melting chambers was combined and
the sample homogenized by gentle shaking. Both snowmelt and ice melt
samples were filtered by passing through 47mm polyethersulfone
0.2 μm filter discs (Supor) that were loaded in in-line Teflon filter
holders (Adventec).

Melt pond subsamples for salinity and oxygen isotope analysis were
taken from the same 20 L carboy as the trace element samples, and
subsamples for each were also taken from snow, sea ice and seawater
samples. In addition, a further two 20 L carboys were filled from the
same melt ponds for 7Be measurements. Snow, sea ice and seawater
samples were collected for 7Be analysis using previously described
methods (Kadko, 2000; Kadko et al., 2016).

2.2. Sample analysis

Analysis of different dissolved TEs in melt pond samples was carried
out by several groups, depending on the focus of each group, as part of
the collaborative GEOTRACES program. For some elements this al-
lowed for intercomparison of data between groups. Analyses of dis-
solved Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb in 0.2 μm-filtered melt pond
samples were carried out at the Skidaway Institute of Oceanography
(SkIO) on a Perkin-Elmer NexION 300D ICP-MS following in-line pre-
concentration on a cation exchange column (ESI; Nobias Chelate-PA1

Fig. 1. Map of the US Arctic GEOTRACES GN01 section. Ice stations are shown by black diamonds. Melt ponds were sampled at all ice stations except Station 31.

Table 1
Details of the melt ponds sampled during GN01, along with mean sea ice thickness, overlying snow depth and salinity of water immediately beneath the sea ice at
each station.

Station # Date sampled (UTC) Latitude (°N) Longitude (°E) Melt pond salinity Salinity of underlying water (1 m depth) Sea ice thickness (cm) Snow depth (cm)

33 9/7/2015 89.99 89.25 1.40 27.65 136 15
39 9/11/2015 87.77 −148.89 10.60 28.08 161 11
42 9/14/2015 85.72 −150.61 5.92 27.16 141 11
43 9/16/2015 85.16 −149.97 25.76 27.39 164 14
46 9/19/2015 82.50 −149.79 4.49 28.22 159 9
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resin; (Sohrin et al., 2008)) incorporated into a seaFAST S3 flow-in-
jection system. The analyses were calibrated using external, matrix-
matched standards. Additional subsamples and size-fractionated dis-
solved TE samples were analyzed for the same elements at Texas A&M
University (TAMU) on a Thermo-Scientific Element XR high resolution
ICP-MS following offline pre-concentration on a seaFAST pico system
(ESI; Nobias Chelate-PA1 resin), using a modified offline version of the
isotope dilution standardized method of Lagerström et al. (2013).

Further subsamples were analyzed at the University of Southern
Mississippi (USM), using a ThermoFisher Element XR ICP-MS following
isotope dilution and either magnesium hydroxide coprecipitation (Ga),
dilution with ultrapure water (Ba), or offline pre-concentration using a
seaFAST system (V, Mn, Ni, Cu) (Hathorne et al., 2012; Jacquet et al.,
2005; Shiller and Bairamadgi, 2006). Dissolved Al was measured by
shipboard flow injection analysis (Measures et al., 2015; Resing and
Measures, 1994) by researchers from the University of Hawai'i (UH).
Stable isotope analyses of dissolved Fe, Zn, and Cd were carried out on
additional subsamples at the University of Southern California (USC)
using double-spike multi-collector ICP-MS, which also provides con-
centration data (Conway et al., 2013).

Each research group verified the accuracy of their data by con-
current analysis of seawater reference materials (Table 2). Analyses of
SAFe D1 intercomparison samples carried out at both SkIO and TAMU
agreed well with each other and with consensus values, although UV
oxidation was not employed prior to sample processing at either in-
stitution, which likely explains the offset between measured and con-
sensus values for Co and perhaps also Cu (Milne et al., 2010). De-
terminations of dissolved Al, V, Ga and Ba in the GEOTRACES GS
reference sample by the relevant research groups are also shown in
Table 2.

Analyses of particulate TE and phosphorus concentrations were
carried out at the National High Magnetic Field Laboratory's
Geochemistry Division at Florida State University (NHMFL/FSU) on a
Thermo-Scientific Element 2 HR-ICP-MS, with external calibration
using a matrix-matched multi-element standard (High Purity Standards,
South Carolina). Digestion and analysis of three reference materials was
carried out using the same method and showed good agreement with
certified values (Table 3). The reference materials used were BCR-414
(plankton; Institute for Reference Materials and Measurements), and
MESS-3 and PACS-2 (both marine sediment; both National Research
Council of Canada).

Samples of melt ponds, snow, sea ice, and surface seawater were
processed for 7Be measurements using established methods (Kadko,
2000; Kadko et al., 2016). Oxygen isotope ratios (H2

18O/H2
16O) were

measured at Columbia University's Lamont Doherty Earth Observatory
using a Picarro L2130-i Cavity Ring-Down Spectroscopy (CRDS) ana-
lyzer, following the method and data processing described by Walker
et al. (2016). Oxygen isotope data are reported as δ18O, which re-
presents the per mil deviation of the 18O/16O ratio from that of Vienna
Standard Mean Ocean Water (VSOW-2). Analytical precision is ap-
proximately± 0.025‰ (Pasqualini et al., 2017). Salinity measure-
ments were carried out at sea by members of the Oceanographic Data
Facility of Scripps Institute of Oceanography, using a Guildline Autosal
8400B salinometer.

3. Results

Melt pond salinity measurements ranged from 1.4 to 25.8 (Table 1),
indicating varying degrees of seawater influence in the ponds. Simi-
larly, melt pond δ18O ranged from −5.28‰ to −4.38‰ (see supple-
mentary materials; no measurement was made at Station 33), reflecting

Table 2
Reported values (mean ± 1σ) of intercomparison samples analyzed at each institution contributing dissolved TE concentration data during this study, along with the
most recent consensus values (www.geotraces.org). Consensus values are for SAFe D1 for elements analyzed at SkIO and TAMU, and for GEOTRACES GS for elements
analyzed at UH and USM. Values are given in nmol/kg to match reported consensus data. (nd=not determined).

SAFe D1 consensus (nmol/kg) SkIO values (nmol/kg) n TAMU values (nmol/kg) n

dFe 0.67 ± 0.04 0.73 ± 0.04 6 0.70 ± 0.02 8
dMn 0.35a 0.41 ± 0.01 6 0.39 ± 0.02 7
dCo 0.045 ± 0.005 0.032 ± 0.001 6 0.032 ± 0.002 8
dNi 8.58 ± 0.26 9.34 ± 0.18 6 8.81 ± 0.18 7
dCu 2.27 ± 0.11 2.04 ± 0.05 6 2.22 ± 0.12 7
dZn 7.40 ± 0.35 7.68 ± 0.09 6 7.52 ± 0.07 7
dCd 0.991 ± 0.031 1.046 ± 0.009 3 1.005 ± 0.017 8
dPb 0.028 ± 0.003 0.022 ± 0.002 6 0.023 ± 0.001 8

GEOTRACES GS consensus
(nmol/kg)

UH
values
(nmol/kg)

n USM
values
(nmol/kg)

n

dAl 27.5 ± 0.2 28.85 ± 1.12 2 nd –
dV ndb nd – 34.6 ± 0.5 16
dGa ndb nd – 0.046 ± 0.004 6
dBa ndb nd – 43.7 ± 1.0 19

a Not enough reported dMn data for a consensus mean and standard deviation.
b Consensus values not yet available for dV, dGa and dBa, but USM values were in close agreement with other laboratories during intercalibration exercises.

Table 3
Reported recoveries (mean ± 1σ) of certified reference materials for particu-
late TE analysis (NHMFL/FSU). Typical masses digested were 10–26mg of each
reference material. Measured data are given as a percentage of certified values
(values in parentheses are based on uncertified values from GeoReM (http://georem.
mpch-mainz.gwdg.de) due to a lack of certified values). Recoveries from CRMs
were not used to make corrections to melt pond data.

IRMM BCR-414 n NRCC MESS-3 n NRCC PACS-2 n

Al (85% ± 7%) 5 99% ± 5% 5 95% ± 2% 4
Ti (64% ± 14%) 4 93% ± 6% 5 99% ± 4% 4
V 94% ± 4% 5 89% ± 3% 5 92% ± 8% 4
Mn 79% ± 4% 5 93% ± 5% 5 95% ± 1% 4
Fe 94% ± 2% 5 96% ± 4% 5 101% ± 1% 4
Co 95% ± 1% 5 88% ± 2% 5 96% ± 6% 4
Ni 93% ± 3% 5 93% ± 2% 5 94% ± 2% 4
Cu 92% ± 1% 5 98% ± 7% 5 96% ± 3% 4
Zn 89% ± 10% 5 91% ± 5% 5 99% ± 5% 4
Cd 63% ± 15% 5 109% ± 3% 5 90% ± 2% 4
Ba (60% ± 24%) 5 (63% ± 22%) 5 (100% ± 8%) 4
Pb 87% ± 29% 5 88% ± 10% 5 103% ± 7% 4
P (102% ± 3%) 5 107% ± 3% 5 111% ± 4% 4
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a combination of sources for the pond water (Kadko and Swart, 2004).
The 7Be activity measured in melt pond samples ranged from
2300 dpm/m3 at Station 43 to 11,200 dpm/m3 at Station 33 (see sup-
plementary materials), which is a similar range to previous melt pond
7Be measurements (Eicken et al., 2002; Kadko et al., 2016). This
compared to mean (± 1σ) 7Be activities in snow, sea ice, and surface
seawater of 25,900 ± 8900 dpm/m3, 1700 ± 670 dpm/m3 and
85 ± 24 dpm/m3, respectively (see supplementary materials).

Dissolved TEs (denoted by dFe, dMn, etc.) in the five melt ponds
were measured at pM to nM concentrations (Fig. 2). Analyses carried
out on separate subsamples at different institutions generally gave very

good agreement (see Table S1). In the following discussion, we use SkIO
data except for dissolved TEs not measured at that institution – dAl
(UH), dV, dGa, and dBa (all USM) – and dFe data from Stations 43 and
46, for which the SkIO data was notably lower than TAMU and USC
data (TAMU data are used).

While the differences in dFe concentration between the SkIO and
TAMU and USC subsamples for Stations 43 and 46 may indicate con-
tamination of the TAMU and USC subsamples from these stations, our
conclusion is that the higher concentrations are more accurate.
Evidence for this comes from a lack of similarly elevated concentrations
of other contamination-prone TEs (such as dZn) in these samples; the

Fig. 2. Melt pond dissolved (< 0.2 μm) TE concentrations. Concentrations for dMn, dFe, dCo, dNi, dCu, dZn, dCd and dPb are SkIO data (except where * denotes
TAMU data). UH data is shown for dAl. Concentrations of dV, dGa and dBa are USM data. Concentrations are shown in nM, except dCo, dGa, dCd and dPb (all pM).
Error bars represent± 1σ from replicate analyses of the same subsample for SkIO data or method precision for UH and USM data. Data for dTi are not available.
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good agreement between TAMU and USC data (e.g. 3.57 nM and
3.47 nM, respectively, at Station 43, compared to 0.91 nM for SkIO);
and the dFe concentration and δ56Fe at the high salinity Station 43
being similar to those in under-ice seawater at the same station (R.
Zhang, pers. comm.). The low dFe values from SkIO for Stations 43 and
46 remain unexplained, but are restricted to those two measurements.
Reanalysis of the SkIO subsamples at TAMU gave numbers in agree-
ment with the original SkIO data, ruling out an analytical issue at SkIO.
However, given the arguments above, data from the TAMU subsamples
are used here.

Size-partitioning studies of filtered melt pond samples allowed
concentrations of dMn, dFe, dCo, dNi, dCu, dZn, dCd, and dPb to be
separated into soluble (< 0.003 μm) and colloidal (0.003–0.2 μm)
fractions, with the latter subdivided into small (0.003–0.02 μm) and
large (0.02–0.2 μm) colloids for all except dZn and dPb (Fig. 3). This
revealed dMn, dCo, dNi, dCu and dCd to be mostly (> 50%) soluble,
while dZn and dPb were predominantly colloidal, and dFe size parti-
tioning varied between melt ponds. No size partitioning was measured
for dAl, dV, dGa, or dBa.

Melt pond particulate TE concentrations (hereafter referred to as
pFe, pMn, etc.) were also measured in the picomolar to nanomolar
range (Fig. 4, Table S2). The highest particulate concentrations for
several elements (pAl, pTi, pV, pMn, pFe, pCo, and pPb) were measured
at Station 33, exceeding those for all other stations by an order of
magnitude in some cases (Fig. 4).

4. Discussion

4.1. Sources of melt pond waters and trace elements

Melt ponds are formed by melting of snow that has accumulated on
top of sea ice through the previous winter, and so can potentially be
used to estimate integrated atmospheric deposition during the months
prior to their formation. However, as they develop they receive addi-
tional brines and meltwater released through melting of the sea ice that
forms the perimeter of the pond, and by exchange with the underlying
seawater through various mechanisms, including percolation and the
development of macroscopic flaws in the ice (Eicken et al., 2002;
Fetterer and Untersteiner, 1998; Lee et al., 2012; Polashenski et al.,
2012). Salinity measurements of the five melt ponds sampled during
GN01 (Table 1) indicate varying contributions of seawater, with the
greatest at Station 43, where the melt pond salinity (25.8) was close to
that of water collected directly beneath the sea ice (27.4). This, along
with the timing of the melt pond sampling in mid-September, indicates
that the melt ponds sampled during GN01 were more typical of late
summer ponds and more likely to have had contributions from addi-
tional sources beyond just melted snow. Thus, any melt pond TE con-
tent derived from atmospheric deposition since the previous melt
period would likely have been added to from other sources and/or al-
tered during the lifetime of the melt ponds.

Using a combination of salinity, δ18O, and 7Be measurements for
each melt pond, together with end-member values for surface seawater,
sea ice and snow, we calculated the fraction that each of these three
sources contributed to the water content of each melt pond (see sup-
plementary material). The results (Table 4) suggest that seawater con-
tributed ~80% of the melt pond volume at Station 43, while melting

Fig. 3. Size partitioning of melt pond dissolved trace element samples between large colloidal (0.02–0.2 μm), small colloidal (0.003–0.02 μm) and soluble
(< 0.003 μm) size fractions. Each is expressed as a fraction of the dissolved TE concentration. Dissolved Zn and Pb for each sample, and all dissolved TEs for Station
42, are split into a soluble fraction and only one combined colloidal fraction (0.003–0.2 μm). Size fractionation analysis was not carried out for dMn and dCo at
Station 46.
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sea ice made the dominant contribution to melt pond water at Stations
39, 42 and 46. Only at Station 33 did snowmelt represent the dominant
contribution to melt pond volume (94%), with only a 20–25% con-
tribution from snowmelt calculated for the other melt ponds (Table 4).

Based on this apportionment, the TE content of late-summer melt
ponds, such as those sampled during GN01, is likely to be the product of
multiple sources, which are summarized in Fig. 5. Mature melt ponds
are likely to have received TE inputs by direct atmospheric deposition
during summer, as well as the input of atmospherically derived TEs
through the initial melting and pooling of snow from the previous
winter, and are also likely to have received dissolved and particulate
TEs by their release from melting of the sea ice perimeter. Dissolved and
particulate materials become incorporated into sea ice during its

Fig. 4. Melt pond particulate (> 0.45 μm) TE concentrations by station. Concentrations are in nM for pAl, pTi, pMn, pFe and pBa, and in pM for pV, pCo, pNi, pCu,
pZn, pCd and pPb. Error bars are± one standard deviation, based on the relative standard deviation calculated from replicate digestions and analysis of MESS-3
reference material. Particulate Ga data are not available.

Table 4
Percentage contributions to melt pond volume from snow (Fsnow), seawater
(Fsw) and sea ice (Fice). Derivations are outlined in supplementary material.

Station Salinity Fsnow Fsw Fice

33 1.40 94% 4% 2%
39 10.60 21% 25% 54%
42 5.92 24% 9% 67%
43 25.76 21% 79% 0%a

46 4.49 20% 3% 77%

a Fice < 1%.
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formation (Janssens et al., 2016), and in the Arctic this can include
contributions from fluvial inputs and resuspended shelf sediments that
are then transported throughout the Arctic Ocean by the Transpolar
Drift (Eicken et al., 2005; Nürnberg et al., 1994; Wegner et al., 2017).
Exchange of material with the underlying seawater also becomes in-
creasingly likely as the summer progresses.

In addition, it might be expected that TEs in melt ponds are subject
to internal cycling processes. Removal of dissolved TEs to the particu-
late phase may occur by biological uptake, scavenging onto particles, or
by in situ mineral formation as the melt pond temperature and salinity
change. Conversely, remineralization of biogenic material and dis-
solution from aerosols or sedimentary inclusions could transfer parti-
culate TEs to the dissolved phase, while particles will also settle to the
bottom of the pond over time.

4.2. Melt pond dissolved trace elements

Melt pond concentrations of dV, dNi, dCu, dCd, and dBa all showed
statistically significant positive correlations with salinity and with each
other (Fig. 6). From this we infer that the degree of seawater influence
on the melt ponds was the main factor controlling dissolved con-
centrations of these elements. This inference is supported by compar-
ison of the concentrations of these dissolved TEs in snow, sea ice and
near-surface seawater collected at the same stations (Aguilar-Islas and
Rember, 2017). These data, summarized in Table 5, show that for each
of these five elements, the average dissolved TE concentrations were
significantly higher in seawater than in sea ice, with the lowest con-
centrations in snow.

Indeed, when we estimate the average expected concentration of
each of these elements in the melt ponds using their mean concentra-
tions in the three end-members and the percentage contributions to
melt pond volumes by those end-members (Table 4), the modeled va-
lues come out within 15–30% of the average measured concentrations
in the melt ponds (Table 5). Given that the calculations rely on in-
dependent data (TEs, salinity, and δ18O or 7Be) in snow, sea ice, sea-
water and melt ponds this agreement is remarkable. We attribute the
slight underestimation of each of the five dTEs by these calculations to

dissolution from aerosols during summertime direct atmospheric de-
position to the melt ponds and/or to seasonal differences in TE content
of snow between that collected during GN01 and the snow that initially
formed the melt ponds. Snowfall over the previous fall to spring period
is expected to have had a higher anthropogenic aerosol content than the
fresher snow collected during GN01, due to the greater prevalence of
Arctic Haze in the winter and early spring (Barrie and Hoff, 1985; Ström
et al., 2003; Tunved et al., 2013). Winter/spring snow would therefore
be expected to have contained higher dissolved TE concentrations than
our snow samples for some elements. However, as snowmelt only
contributed 20–25% of the volume for four of the five melt ponds
sampled, this seasonal difference should not affect the modeled melt
pond dTE concentrations significantly.

Of these five TEs, size partitioning was analyzed for dNi, dCu and
dCd, and revealed in each case that the soluble (< 0.003 μm) size
fraction made the greatest contribution (50–95%) to melt pond con-
centrations. Most of the remaining dNi and dCd was associated with
small colloids, while the remaining dCu was relatively evenly split
between small and large colloids (Fig. 3). Melt pond dCu size parti-
tioning was similar to that in all three end-members, but melt pond dNi
and dCd were both intermediate between seawater (low colloidal
contributions) and snow and sea ice (higher colloidal contributions)
(Lanning et al., 2017). Thus, as the melt pond inventories mix with
seawater, it appears that colloidal contributions of dNi and dCd re-
leased from snow and sea ice are lost or at least diluted under increasing
influence from seawater with higher concentrations but lower colloidal
contributions.

Dissolved cadmium stable isotope data (δ114Cd) for the melt ponds
averaged +0.49 ± 0.13‰ for all ponds except at Station 33 (Fig. 6),
in agreement with the notion that near-surface seawater
(δ114Cd=+0.53 ± 0.04‰; Table 5) contributed the majority of melt
pond dCd. In contrast, melt pond δ114Cd for Station 33 and δ114Cd in
the single snow sample with enough dCd for isotope analysis (+0.06‰
and+0.02‰, respectively) were both much lighter than seawater va-
lues. These values are similar to the δ114Cd of crustal material (John
et al., 2017), suggesting an aerosol source for the small amount of dCd
present in each case. Overall, measured melt pond δ114Cd values agree
very well with the modeled values calculated using the three end-
member dCd concentration and δ114Cd data, suggesting that simple
mixing of the three sources controls δ114Cd.

There are also indications of positive relationships between melt
pond salinity and concentrations of dCo and dGa, though in each case
there is no statistically significant correlation (Fig. 6). Concentrations of
both dCo and dGa in the surrounding snow and sea ice were again
lower than those measured in near-surface seawater and generally
lower than melt pond concentrations (Table 5), suggesting that sea-
water was the dominant but not sole influence on melt pond con-
centrations for these elements. Furthermore, dCo resembled dNi and
dCd in having a modest colloidal fraction (averaging 17%) in melt
ponds (Fig. 3), with similar colloidal contributions in snow (22%) and
sea ice (16%) and a lower colloidal contribution in surface seawater
(6%). It should however be noted that all dCo data discussed here re-
present samples that were not treated with UV-oxidation and so likely
underestimate dCo chelated by strong organic ligands (e.g. Milne et al.,
2010). For dGa, which has been proposed as an alternative to aluminum
as a tracer of dust input (Shiller and Bairamadgi, 2006), the apparent
relationship with salinity is driven by a high concentration in the most
saline melt pond, while snow and sea ice sources may have had more
influence on melt pond concentrations than for the TEs previously
discussed. For example, the Station 33 melt pond, with ~95% snowmelt
contribution by volume and lowest salinity, had the second highest dGa
concentration (Figs. 2 and 6), suggesting a significant contribution from
dissolution of atmospheric dust introduced with snowmelt at that sta-
tion.

There is no clear relationship between melt pond dFe and salinity.
The melt pond at Station 43, which had a much higher dFe

Fig. 5. Schematic summary of inputs and processes potentially influencing
dissolved and particulate TE concentrations in melt ponds: (a) snowfall and dry
atmospheric deposition onto sea ice, (b) drainage of snowmelt to form melt
ponds, (c) direct atmospheric deposition during the melt season, (d) inputs
from melting of the surrounding sea ice, (e) exchange with surface seawater
through porous sea ice and macroscopic flaws, (f) biological uptake, (g) re-
lease/remineralization from biogenic material, (h) in situ precipitation, (i)
scavenging of dissolved TEs onto particles, (j) dissolution of TEs from particles,
(k) sinking of particles to the bottom of the melt pond or to the surface ocean.
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concentration (3.5 nM) and higher salinity than any other melt pond,
had a similar dFe concentration to the underlying seawater at that
station (~4.0 nM). Without this value, melt pond dFe averaged
0.8 ± 0.1 nM, with no trend with increasing salinity (Fig. 6). Fur-
thermore, this average is lower than average concentrations measured
in snow, sea ice, or seawater. A comparison of measured and modeled
melt pond dFe concentrations suggests a general loss of dFe within melt
ponds, relative to the three sources (Table 5).

Three potential processes could explain a loss of dFe in melt ponds
compared to its sources: aggregation of colloids, scavenging onto par-
ticles, or biological uptake. Size partitioning of melt pond dFe was more
variable than that for the elements previously discussed (Fig. 3). The
colloidal contribution to dFe was 83 ± 5% at Stations 33, 39 and 46,
but only 35% and 49% at Stations 42 and 43, respectively. However,
with melt pond salinities of 5.9 and 25.8 at these latter two stations,
their dFe size partitioning cannot be explained simply as a result of melt
pond sourcing from seawater or fresh water. The one pattern that re-
mained constant across the melt ponds was the dominance of large
colloids within the colloidal fraction; they comprised between 40% and

85% of total dFe at the four stations where colloids were split into two
size classes. Colloidal Fe also represented the largest fraction of dFe in
snow (79 ± 16%) and sea ice (65 ± 10%), and was lower but sig-
nificant in seawater (38 ± 14%) (Lanning et al., 2017). Thus, with
significant colloidal fractions and similarly high dFe concentrations in
snow, sea ice and seawater, the relatively low melt pond dFe con-
centrations may represent a loss from the colloidal fraction to the
particulate phase by aggregation and/or scavenging processes in the
melt ponds as temperature and salinity changed. This process would
likely be enhanced by the presence of particles also introduced with
snowmelt.

Removal of dFe by biological uptake within melt ponds cannot be
ruled out. However, based on measured non-crustal particulate phos-
phorus concentrations and measured ice algal TE/P ratios (Table 6; see
Section 4.3.2), biological uptake would likely account for only a minor
uptake of dFe (and also dissolved Co, Ni, Cu and Zn) relative to mea-
sured dissolved TE concentrations. However, the full effect of this po-
tential mechanism cannot be calculated without a thorough inventory
of fresh algal material and organic aggregates that may have settled on

Fig. 6. Melt pond dissolved TE concentrations and δ56Fe, δ66Zn and δ114Cd data plotted against melt pond salinity. Gray dashed horizontal line on isotope plots
indicates 0‰. Where a significant (p <0.05) correlation exists between concentration and salinity, a linear regression line is shown.
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the bottom of the ponds.
Iron stable isotope data are also indicative of the active cycling of Fe

within melt ponds, as well as the influence of the different sources. The
low salinity melt pond at Station 33 had δ56Fe of +0.13‰, close to
crustal values (+0.09‰; Beard et al., 2003), while δ56Fe for the high
salinity, high dFe Station 43 melt pond was close to that of near-surface
seawater at that station (+0.06‰). At the mid-salinity melt ponds
where melting sea ice dominated contributions to melt pond water,
dissolved δ56Fe was isotopically light, particularly at Station 39 where
melt pond δ56Fe (−1.90‰) was lighter than any measurements made
in snow (−0.38‰ to −0.61‰) or sea ice (−0.17‰ to −1.10‰).
Either biological or chemical processes could be invoked to explain the
low δ56Fe values observed at intermediate salinities. For example, large
Fe isotope fractionations are typically associated with redox processes,
with Fe(II) species typically having lighter δ56Fe (Welch et al., 2003).
Thus, low δ56Fe could reflect photochemical or biological reduction of
Fe within the ice and melt ponds to produce a pool of isotopically light
dissolved Fe(II) (Ellwood et al., 2015), which could persist in the dis-
solved phase even after subsequent oxidation of Fe(II) back to Fe(III).
Photochemistry is certainly a credible candidate for such transforma-
tions within melt ponds, as the material is exposed to long daylight

hours during the Arctic summer, and their shallow depth means that
even particulate material at the bottom of melt ponds receives light
with relatively little attenuation from surface irradiance. However, this
would be expected to increase the dFe concentration in melt ponds
relative to sources and so cannot be the only mechanism influencing
melt pond dFe concentration and δ56Fe.

Scavenging is another mechanism that could produce low δ56Fe
signatures at intermediate salinities. Lower dissolved δ56Fe values are
typically observed in the deep chlorophyll maximum in the oceans,
reflecting either biological uptake of heavy Fe isotopes or passive
scavenging (Conway and John, 2015; Conway and John, 2014), and
similar processes could be at work in melt ponds. Scavenging has also
been observed to alter dissolved δ56Fe during mixing of fresh and saline
waters in estuaries, though previous studies have either found pre-
ferential loss of lighter isotopes during mixing (Escoube et al., 2009), or
suggested another source of Fe within the estuary, such as anoxic se-
diments (de Jong et al., 2007). In this study, the fact that sea ice δ56Fe is
also relatively light suggests that scavenging during a change in melt
pond salinity is not the mechanism responsible and points more to
photochemical or biological influences.

Melt pond concentrations of dAl, dMn, dZn and dPb also showed no

Table 5
Comparison of melt pond dissolved TE concentrations and stable isotope ratios to those in snow, sea ice and near surface seawater. Also shown are average modeled
melt pond concentrations, based on contributions from snow, sea ice and seawater end-members (as reported in Table 4). All values are mean ± one standard
deviation.

Snow (n=6) Sea ice (n=6)a 5m depth seawater (n=6) Melt ponds (n=5) Modeled melt ponds (n=5)

dTE concentrations (nM)
Al 3.0 ± 1.7 5.4 ± 2.8 1.0 ± 0.3 3.4 ± 2.5 3.5 ± 1.4
V 0.22 ± 0.25 1.8 ± 1.5 14.7 ± 3.1 5.2 ± 4.6 4.3 ± 4.4
Mn 1.7 ± 1.7 6.0 ± 4.2 5.2 ± 1.3 11.1 ± 7.9 4.3 ± 1.3
Fe 3.6 ± 2.9 1.1 ± 1.0 3.0 ± 1.3 1.4 ± 1.2 2.5 ± 0.8
Ni 0.12 ± 0.18 0.75 ± 0.47 8.1 ± 0.6 2.9 ± 3.1 2.3 ± 2.4
Cu 0.30 ± 0.22 0.67 ± 0.44 6.4 ± 0.9 2.5 ± 2.4 1.9 ± 1.9
Zn 11.3 ± 3.8 3.2 ± 1.7 0.80 ± 0.32 0.83 ± 0.53 5.5 ± 3.0
Ba 0.8 ± 1.5 6.8 ± 4.5 68 ± 2 22 ± 22 19 ± 20

dTE concentrations (pM)
Cob 20 ± 25 45 ± 20 158 ± 60 106 ± 60 63 ± 40
Ga 2.3 ± 1.4 2.3 ± 1.1 7.2 ± 1.1 5.5 ± 2.7 3.4 ± 1.6
Cd 3.5 ± 2.0 34.9 ± 21.8 288 ± 9 117 ± 106 85 ± 86
Pb 48 ± 38 35 ± 22 1.8 ± 1.3 15 ± 14 32 ± 13

dTE stable isotope ratio (‰)
δ56Fe −0.48 ± 0.09 −0.61 ± 0.35 −0.22 ± 0.51 −0.61 ± 0.81 −0.45 ± 0.10
δ66Zn 0.10 ± 0.04 −0.03 ± 0.05 0.76 ± 0.10 0.28 ± 0.34 0.10 ± 0.08
δ114Cd 0.02c 0.20 ± 0.36 0.53 ± 0.04 0.41 ± 0.23 0.43 ± 0.10

a Each sample represents four sea ice cores combined to make a homogenized sample.
b Dissolved Co data are from non-UV-oxidized samples and therefore represent minimum values.
c Only one determination of δ114Cd made in snow samples due to low concentrations.

Table 6
Non-crustal pTE/pP ratios (mmol/mol) calculated for each melt pond, with the percentage contribution of non-crustal pTE to total pTE shown in brackets. Also
shown are ranges (lower and upper quartiles) of TE/P measured in phytoplankton cells in sea ice collected from Stations 33, 42, and 43, and ranges of TE/P ratios for
phytoplankton cells reported in Twining and Baines (2013). (nd=not determined).

Mn Fe Co Ni Cu Zn Cd

Station 33 63
(62%)

1023
(31%)

0.83
(58%)

2.5
(67%)

4.7
(77%)

6.9
(64%)

0.04
(93%)

Station 39 10
(93%)

30
(41%)

0.03
(71%)

0.9
(97%)

3.7
(99%)

2.7
(97%)

0.11
(100%)

Station 42 10
(88%)

72
(48%)

0.05
(71%)

2.1
(98%)

2.6
(98%)

6.6
(98%)

0.03
(100%)

Station 43 14
(93%)

26
(30%)

0.18
(91%)

1.1
(97%)

3.6
(99%)

11.6
(99%)

0.06
(100%)

Station 46 9
(84%)

70
(41%)

0.01
(33%)

0.5
(90%)

3.1
(98%)

5.7
(97%)

0.03
(100%)

Sea ice algae range 0.2–3.1 4.5–11.9 0.01–0.08 0.02–0.11 0.16–0.64 1.0–4.1 nd
Twining and Baines (2013)a 0.2–5 1–31 0.01–0.2 0.2–8 0.2–2.0 1–16 0.02–1.3

a Ranges cover values from Table 2 and Fig. 3 of Twining and Baines (2013) review article.
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correlation with salinity (Fig. 6) or with each other. Although dZn and
dPb concentration variations between melt ponds were different from
one another, both, like dFe, were mostly in the colloidal size fraction
(Fig. 3), and both had lower concentrations than the value modeled
from snow, sea ice and seawater contributions (Table 5). Thus, as
proposed for dFe, we suggest that dZn and dPb could have been lost to
the particulate phase within the melt ponds due to scavenging or ag-
gregation processes. As mentioned previously, calculations based on
particulate phosphorus concentrations and sea ice algal Zn/P ratios
suggest that biological uptake likely removed relatively little dZn,
compared to observed dZn concentrations. Melt pond dissolved δ66Zn
measurements were quite variable (−0.11‰ to +0.75‰; Fig. 6),

highlighting the complex combination of different Zn sources and/or
fractionation processes during internal cycling which govern Zn con-
centrations and isotope ratios in melt ponds.

Although dMn showed no correlation with salinity, its character-
istics in melt ponds were in some ways similar to those of the elements
that did. There was negligible (< 5%) colloidal Mn (Fig. 3), similar to
the colloidal fraction in seawater and sea ice dMn (0% and 2% colloids,
respectively), but much lower than snow dMn (76% colloidal) (Lanning
et al., 2017). This was true even for Station 33, where snowmelt made
the greatest contribution to melt pond volume. However, melt pond
dMn concentrations were generally higher than those in seawater, snow
or sea ice, such that measured melt pond dMn concentrations were

Fig. 7. Particulate TE/Al molar ratios plotted against melt pond salinity. Horizontal lines represent average UCC TE/Al (solid), 10× average UCC TE/Al (long
dashes), and 100× average UCC TE/Al molar ratios (short dashes), based on Taylor and Mclennan (1995) data. TE/Al ratios are in mol/mol for P, Ti, Mn, Fe and Ba,
and mmol/mol for all other elements. Gray shading indicates the range of TE/Al molar ratios measured in bulk aerosol samples collected during GN01 (Marsay et al.,
2018).
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~150% higher, on average, than those modeled based on end-member
concentrations. This is potentially due to higher concentrations of so-
luble Mn in wintertime aerosols and thus higher dMn in the snowmelt
that initially formed the melt ponds. However, another reasonable ex-
planation is solubilization by photoreduction of particulate Mn (Sunda
et al., 1983) released into the melt ponds from snow and sea ice. As
noted in the discussion of δ56Fe, melt ponds receive long periods of
irradiance during the Arctic summer, promoting the potential for
photochemical reactions.

Dissolved Al concentrations were relatively invariant in four of the
melt ponds, with significantly higher dAl at the Station 33 pond that
was rich in snowmelt (Fig. 2). This mirrored the much higher pAl
concentrations at that station (Fig. 4) and likely represents a higher
contribution to the Station 33 melt pond from Al solubilized from
particles in snow and/or sea ice. Though Al and Ga are both potential
tracers of dust inputs, their dissolved concentrations had very different
trends with salinity in the five melt ponds (Fig. 6). However, the dGa/
dAl ratio displayed a significant correlation with salinity (r2= 0.93,
p <0.01), with low salinity dGa/dAl ratios closer to the crustal Ga/Al
ratio and higher values at higher salinity indicative of the longer re-
sidence time of dGa in the surface seawater end-member relative to dAl
(Shiller and Bairamadgi, 2006).

4.3. Melt pond particulate trace elements

Potential contributions to melt pond particulate TE concentrations,
as summarized in Fig. 5, include lithogenic and anthropogenic aerosol
particles deposited directly from the atmosphere or released from
melting snow; sediment particles released from melting sea ice; bio-
genic particles released from melting sea ice, formed in situ, or in-
troduced with seawater; particles formed in situ by authigenic pre-
cipitation; and TEs scavenged onto the exterior of pre-existing particles.
Particulate TEs can also be lost from melt ponds through dissolution,
through settling of material to the bottom of the melt pond, or through
pond drainage. Below we use elemental ratios to infer contributions of
various particulate TE sources.

4.3.1. Elemental ratios of melt pond particulate material
The element/Al ratio of a sample of natural particulate material,

and how it compares to the average crustal ratio of the element to Al, is
often used to evaluate the relative importance of lithogenic contribu-
tions to the sample (e.g. Buck et al., 2013; Kuss and Kremling, 1999;
Shelley et al., 2015). In doing so, the element of interest is considered to
be predominantly associated with lithogenic material if the element/Al
ratio is within a factor of ten of the upper continental crustal (UCC)
average; a convention that takes into account regional and miner-
alogical variations in the element/Al ratios of lithogenic material.
Element/Al ratios more than a factor of ten greater than the UCC
average are taken to indicate a significant non-crustal contribution for
the element (Chester et al., 1993).

Using this approach, TE/Al ratios of particulate material collected
from melt ponds were similar to those of aerosol and snow samples
collected during GN01 (Bolt et al., manuscript in preparation; Marsay
et al., 2018), and to aerosols collected in the high Arctic (> 80°N)
during a previous summertime study (Kadko et al., 2016). For Fe, Ti,
and V, pTE/pAl in all melt ponds and GN01 aerosol samples were
within a factor of ten of UCC values (Fig. 7, using UCC composition
from Taylor and McLennan (1995)). The melt pond pCo/pAl and pBa/
pAl ratios were within a factor of ten of UCC values for all except the
most saline pond (values were 11 times and 39 times crustal for pCo/
pAl and pBa/pAl, respectively, at Station 43), while pMn/pAl was only
significantly enriched in the two most saline melt ponds (~14 times
UCC values at both Stations 39 and 43). Thus, for these elements (Fe, Ti,
V, Co, Ba, and Mn), the melt pond particulate TE concentrations can be
broadly explained by the presence of lithogenic material.

For Ni, Cu, Zn, Cd and Pb, melt pond (and aerosol) pTE/pAl ratios

were generally at least a factor of ten greater than average UCC ratios,
and as much as three orders of magnitude greater for Cd (Fig. 7). For
these elements, the aerosol enrichments can be explained by relatively
low mineral dust loading to the Arctic Ocean, due to its remoteness
from natural dust sources (Mahowald et al., 2009), together with an-
thropogenic aerosol contributions. Anthropogenic emissions generated
by fossil fuel combustion and non-ferrous metal production represent
significant global contributions to aerosol production for several ele-
ments, including those listed (Pacyna and Pacyna, 2001), and these are
often associated with smaller (< 1 μm) particles (Duce et al., 1991;
Jang et al., 2007). These smaller aerosol particles remain in the at-
mosphere longer and can be transported farther than larger natural dust
particles (Mahowald et al., 2005; Schulz et al., 1998), resulting in TE
enrichments in remote aerosols. The melt pond particulate data are
therefore consistent with an anthropogenically-influenced aerosol
source, deposited either directly during the melt season or with the
snowmelt that contributed to melt pond volume.

The overlap between melt pond particulate TE/Al ratios and those
of summertime aerosols may be coincidental, given that the former
should include material from the Arctic Haze period. Time-series data
from aerosol sampling sites around the Arctic indicate little seasonal
variation in mineral aerosol concentrations (from Al data), but winter/
spring maxima in various pollutant elements that vary from 2 to 3 times
(Cu, Zn) to a factor of ten (Pb) higher than summertime concentrations,
due to the Arctic Haze phenomenon (Gong and Barrie, 2005; Laing
et al., 2014; Shaw, 1995; Sirois and Barrie, 1999), resulting in corre-
sponding seasonal trends in aerosol TE/Al ratios. Thus, snowmelt car-
rying atmospheric deposits from the Arctic Haze period may be ex-
pected to have higher TE/Al ratios than summertime aerosols.
However, the GN01 aerosol data reveal short-term changes in TE/Al
ratio that also span an order of magnitude for some elements and two
orders of magnitude for Pb (Marsay et al., 2018), while the 20-year
time-series of Gong and Barrie (2005) shows strong variability in
aerosol TE concentrations in any given month.

Several other competing factors may also have influenced the melt
pond particulate TE/Al ratios prior to their measurement during GN01.
Sinking of some of the original (snowmelt-introduced) aerosol particle
load to the bottom of the ponds would have resulted in that material not
being sampled during this study. Secondly, dissolution of variable
fractions of aerosol TEs (relative to Al) within the melt pond environ-
ment would likely change the TE/Al of the remaining material, relative
to that of the source material. Aerosol TEs derived from anthropogenic
sources, such as those that contribute to Arctic Haze, are typically more
soluble than those in mineral aerosols (e.g. Guieu et al., 1994;
Sholkovitz et al., 2009). Thus, dissolution would likely lower some TE/
Al ratios in melt pond particles relative to the source aerosol due to
more of the pollutant element being lost to solution than the mineral
dust-associated Al. In addition, any contribution to melt pond particle
load from sediment released from melting sea ice (Eicken et al., 2005;
Nürnberg et al., 1994; Wegner et al., 2017) would be expected to shift
pTE/pAl ratios closer to UCC ratios.

A further observation from Fig. 7 is that for several elements the TE/
Al ratio of melt pond particles generally increases with increasing
salinity. This suggests that the degree of seawater intrusion into melt
ponds has some influence on particulate concentrations of such ele-
ments, relative to pAl concentration. This may be through particulate
material being introduced to the melt ponds with seawater, or through
scavenging and/or aggregation of dissolved phase TEs as seawater and
freshwater sources mix. However, it is difficult to draw any strong
conclusions about this trend from only five samples. Of the elements
shown in Fig. 7, only Ba/Al, Co/Al and Zn/Al ratios show any statis-
tically significant correlation (at the p <0.05 level) with salinity.

4.3.2. Potential contributions from biogenic material
Previous studies have reported melt pond chlorophyll a concentra-

tions spanning two orders of magnitude and similar to those in the
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underlying seawater (Bates et al., 2014; Gradinger et al., 2005; Lee
et al., 2012). Thus, the enrichment of certain elements observed in melt
pond particles over crustal TE/Al ratios could reflect the presence of
biogenic material (e.g. Kuss and Kremling, 1999). Unfortunately, nei-
ther photosynthetic pigments nor particulate organic carbon were
measured in this study. Instead we investigate potential biogenic con-
tributions to melt pond particles by consideration of non-crustal pP
concentration, which is assumed to be entirely biogenic (based on the
lack of an observed enrichment of P over Al relative to crustal values in
Arctic aerosols (Kadko et al., 2016)).

Thus, the biogenic pP (pPbio) is calculated as:

= ×pP pP–(pAl crustal P/Al)bio (1)

using a crustal P/Al ratio of 0.0076mol/mol (Taylor and Mclennan,
1995). Doing so suggests that pPbio contributed 92% of pP at Station 33
and > 99% at the other four stations. Non-crustal particulate con-
centrations for the other TEs were calculated in a similar way and the
resulting non-crustal pTE/pPbio molar ratios are listed in Table 6, along
with the percentage contribution of non-crustal pTE to total pTE. Also
shown are pTE/pPbio ratios measured in algal cells collected from the
sea ice at Stations 33, 42 and 43, and the range of values measured in
marine phytoplankton in previous work (Twining and Baines, 2013).

The melt pond non-crustal pTE/pPbio ratios for Co, Ni, Cu, Zn and
Cd generally fall within the range of cellular ratios measured in sea ice
samples in this study, and as previously summarized for marine
plankton values. Thus, it is plausible that in most cases a biogenic
fraction of particulate material could account for the non-crustal pTE
concentrations of these elements, which often represented the majority
of total particulate concentrations for some elements (i.e. those with
significant enrichments over crustal TE/Al ratios). However, we note
that our calculated non-lithogenic pP is not necessarily all associated
with algal material. Although Arctic aerosols show no significant en-
richment in P relative to crustal material, there could also be con-
tributions to melt pond pP from detrital organic P introduced with ice-
rafted material of marine or terrestrial origin. Such material would also,
presumably, make some contribution to melt pond non-crustal pTE
concentrations.

While most melt pond non-crustal pTE/pPbio values in Table 6 can
be broadly explained by a contribution from algal material to the par-
ticle load, the values for Mn and Fe were largely above those observed
in phytoplankton, likely indicating contributions from oxyhydroxide
formation and/or scavenging from the dissolved phase within the melt
pond. Station 33 provides a particularly strong example of this, with
notably higher pMn/pPbio and pFe/pPbio values, and a detrital con-
tribution may indeed be responsible for this. Radium-228 activities
measured in surface waters during GN01 reveal that all ice stations
occupied were in a region influenced by the Transpolar Drift, while an
ice back-trajectory analysis specifically for Station 33 indicates trans-
port from the Laptev Sea (Kipp et al., 2018). Thus, it is feasible that the
relatively small contribution from sea ice to melt pond water at Station
33 carried with it a significant particle load of shelf-derived particulate
material diagenetically enriched in Fe and Mn.

At the very least, the calculated non-crustal pTE concentrations are
highly dependent on the TE/Al ratios used, and these can vary sig-
nificantly among different natural dust and/or sediment sources com-
pared to average crustal values (e.g. Guieu et al., 2002; Krueger et al.,
2004). Further investigation and melt pond chlorophyll a data would be
necessary to put these data into better context.

4.4. Melt pond biogeochemistry in a changing Arctic

The Arctic region has experienced significant recent changes as a
result of anthropogenic greenhouse gas emissions and regional ampli-
fication effects (Serreze and Barry, 2011; Vaughan et al., 2013). Annual
sea ice extent has decreased at a rate of ~4% per decade since satellite
observations began in 1979, while summertime sea ice extent has

decreased at an even faster rate (Comiso, 2012; Vaughan et al., 2013).
This has been accompanied by an increase in melt season length
(Markus et al., 2009; Stammerjohn et al., 2012), a shift in the dominant
sea ice cover from multi-year to first year ice (Comiso, 2012; Maslanik
et al., 2011), and a decrease in average thickness and total volume of
sea ice (Kwok et al., 2009; Laxon et al., 2013; Rothrock et al., 2008).
These trends are expected to continue in the coming decades, with
nearly ice-free summertime conditions predicted to occur by 2100, and
possibly as early as 2030 (Kirtman et al., 2013; Overland and Wang,
2013; Stroeve et al., 2007).

Along with climate-driven changes in Arctic fluvial inputs (White
et al., 2007) and precipitation patterns and frequency (Curtis et al.,
1998; Liu et al., 2012; Macdonald et al., 2005), and the related changes
in inputs of micronutrient and pollutant elements, these sea ice trends
will likely lead to future changes in TE biogeochemical cycles in the
Arctic. However, our understanding of how significant these changes
may be, and whether they will have additional effects upon the Arctic
ecosystem, is currently limited by the small number of TE studies car-
ried out in the Arctic, something that the recent GEOTRACES sections
aimed to address. One such uncertainty is how changes in sea ice
coverage might affect the air-sea transfer of TEs and their availability to
primary producers.

The sea ice environment represents a dynamic link between the
atmosphere, cryosphere, and surface ocean that is unique to the polar
regions. Melt ponds represent an important feature of the Arctic sea ice
regime, and our salinity, δ18O, and 7Be data demonstrate the complex
connections between melt ponds and the atmosphere, sea ice, and
seawater. Our small dataset represents a snapshot of melt pond trace
element biogeochemistry from late summer/early fall and cannot an-
swer all of the questions about the role that melt ponds play in mod-
ulating the input and bioavailability of atmospheric deposition to Arctic
Ocean surface waters. However, our data reveal some of the different
controls on dissolved and particulate TEs in melt ponds, and can pro-
vide a guide for future studies of trace element biogeochemistry during
the evolution of these transient features.

The salinity, δ18O, and 7Be data from the five melt ponds studied
reveal varying degrees of influence by melting of the surrounding sea
ice, and exchange with the underlying water column, as well as
snowmelt, and these sources had varying degrees of importance for the
different TEs measured. For some elements (V, Ni, Cu, Cd, Ba, and
possibly Co), the dissolved phase concentrations were dominated by the
influence of seawater intrusion to the ponds, which suggests that the
seasonal release of these elements from draining melt ponds does not
play a major role in their surface ocean distributions in the Arctic
Ocean, despite several of these elements having large anthropogenic
aerosol contributions during the Arctic Haze period. Thus, we suggest
that changes in seasonality and extent of sea ice coverage may not
significantly affect surface ocean concentrations of these elements.

For other trace elements (Al, Mn, Fe, Zn, Pb, and possibly Ga), there
was no single clear control on the dissolved TE concentrations, or there
was evidence of the importance of atmospheric deposition. Comparison
of dFe, dZn and dPb concentrations measured in melt ponds to those
expected based on content of the three source reservoirs suggest a loss
of these elements from the dissolved phase within melt ponds. This may
be linked to the relatively high contributions of colloids to dissolved
concentrations of these elements in each source water, which may fa-
cilitate aggregation and scavenging as different sources mix in the melt
ponds. In contrast, melt pond dMn was higher than calculated based on
end-members, suggesting a significant release from particulate material
within the ponds. This indicates a role for melt ponds in modifying
atmospheric inputs of these elements before they are introduced to the
surface ocean. Thus, the shift towards seasonal and less extensive ice
coverage, thinner ice and earlier melting is likely to influence the
bioavailability of each of these elements in surface waters, by reducing
the amount of material “processed” through melt ponds before delivery
to the surface ocean.
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