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The Arctic region is undergoing signiﬁcant changes in climate, with a notable decrease in summertime sea ice
coverage over the past three decades. This trend means an increasing proportion of Arctic Ocean surface waters
can receive direct deposition of material from the atmosphere, potentially inﬂuencing marine biogeochemical
cycles and delivery of pollutants to the Arctic ecosystem. Here, we present aerosol concentrations of selected
trace elements (Al, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb) measured during the US GEOTRACES Western
Arctic cruise (GN01, also known as HLY1502) in August–October 2015. Concentrations of “lithogenic” elements
(Al, Ti, V, Mn, Fe, and Co) were similar to those measured in remote and predominantly marine-inﬂuenced air
masses in previous studies, reﬂecting the remoteness of the Arctic Ocean from major dust sources.
Concentrations of Ni, Cu, Zn, Pb, and Cd showed signiﬁcant enrichments over crustal values, and were often of
similar magnitude to concentrations measured over the North Atlantic in air masses of North American or
European provenance. We use 7Be inventory and ﬂux data from GN01 to estimate a bulk atmospheric deposition
velocity during the study period, and combine it with our aerosol concentrations to calculate atmospheric deposition ﬂuxes of the trace elements in the Arctic region during late summer. The resulting estimates for mineral
dust and Fe deposition fall at the low end of global estimates and conﬁrm the Arctic Ocean as a low-dust
environment during the summer months.
This article is part of a special issue entitled: Conway GEOTRACES - edited by Tim M. Conway, Tristan
Horner, Yves Plancherel, and Aridane G. González.
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1. Introduction
Atmospheric transport of dust from the continents and its eventual
deposition to the ocean is an important input of many bioactive trace
elements (TEs; e.g. Fe, Mn, Co, Ni, Zn, Cd) to surface waters remote
from the inﬂuences of continental runoﬀ and shelf inputs (Duce et al.,
1991; Jickells et al., 2005). The same atmospheric transport process can
deliver signiﬁcant anthropogenic contributions of certain elements (e.g.
V, Cu, Zn, Cd, Pb) to areas of the ocean distant from their emission
sources (Arimoto et al., 1995; Guo et al., 2014; Helmers and Rutgers
van der Loeﬀ, 1993), resulting in considerable perturbations from the
natural supply rate for some of these elements (Pacyna and Pacyna,
2001). Sea-salt particles, formed by wind action at the air-sea interface,
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natural and anthropogenic biomass burning, and particles released by
volcanic emissions also contribute to the atmospheric transport of trace
elements (Arimoto et al., 2003; Cottle et al., 2014; Duggen et al., 2010;
Jones and Gislason, 2008).
Mineral dust deposited to the surface ocean also acts as mineral
ballast that increases the sinking speed of marine organic particles, and
can scavenge trace elements from the water column (Armstrong et al.,
2002; Ittekkot, 1993; Rogan et al., 2016). However, total annual dust
deposition ﬂux varies region-to-region by more than two orders of
magnitude (Mahowald et al., 2005), implying that its inﬂuence on
surface ocean biogeochemistry diﬀers signiﬁcantly over global scales
(e.g. Boyd et al., 2010). In the polar regions, aerosol deposition onto
snow and ice can also result in a lowering of the surface albedo, and
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that atmospheric deposition of the key micronutrient iron represents a
minor input, relative to inputs from the surrounding continental shelves
and Eurasian rivers, the inﬂuence of which reach the central basin
through the Transpolar Drift and the sea ice that it transports (Klunder
et al., 2012; Wang et al., 2014). Nonetheless, Klunder et al. (2012)
documented lower dissolved Fe concentrations outside of the area inﬂuenced by the Transpolar Drift, while Taylor et al. (2013) reported
dissolved Fe concentrations low enough to co-limit primary production
in the Beaufort Sea.
Reduced sea-ice coverage during the summer months allows more
direct input of atmospheric TEs to Arctic Ocean surface waters during
this season. In contrast, winter deposition takes place predominantly
onto snow and ice and may be modiﬁed by photochemical reactions as
well as by processing through melt ponds during the following spring
melt before it reaches surface waters. How these respective input
pathways inﬂuence the bioavailability of atmospherically supplied
materials remains an open question. The current warming trend, with
earlier seasonal melting and more extensive areas of open water
(Comiso, 2012; Vaughan et al., 2013), underscores the importance of
quantifying the summertime atmospheric deposition to the Arctic
Ocean to assess its impact on marine biogeochemical cycles of TEs and
the carbon cycle.
The aims of this paper are: (1) to add aerosol TE concentration data
collected during late summer/early fall as part of the 2015 US GEOTRACES Western Arctic Section to the small dataset of aerosol TE measurements currently available for the Arctic Ocean and compare these
to land-based Arctic aerosol studies and measurements made in other
oceanic regions; (2) to discuss aerosol provenance and enrichment of
TEs in aerosols collected during the GEOTRACES cruise; and (3) to
estimate the summertime atmospheric deposition ﬂux of TEs to the
Arctic in order to improve our understanding of the biogeochemical
cycles of these elements in the region.

therefore inﬂuence the radiative budget (Law and Stohl, 2007).
Model simulations indicate that atmospheric dust deposition to the
Arctic Ocean falls at the low end of global atmospheric ﬂuxes, averaging < 0.5 g m−2 y−1, due to a lack of proximal major dust sources
(Jickells et al., 2005; Mahowald et al., 2005). Observations support the
models, with relatively low particle numbers and low concentrations of
aerosol Al (a proxy for mineral dust) measured at land-based stations
around the edges of the Arctic Ocean (Gong and Barrie, 2005; Hirdman
et al., 2010; Rahn, 1981; Tunved et al., 2013), and by the few shipboard
measurements made in the Arctic Ocean (Kadko et al., 2016; Lannefors
et al., 1983; Maenhaut et al., 1996). However, compositional studies of
Arctic aerosols have shown signiﬁcant enrichments of several TEs over
crustal values due to contributions from anthropogenic emissions
transported from further south, and particularly related to industrial
processes in northern Eurasia and Siberia (Gong and Barrie, 2005;
Kadko et al., 2016; Shevchenko et al., 2003; Stohl, 2006).
Time-series studies have revealed a strong seasonal cycle in Arctic
aerosol concentrations, with highest concentrations in the winter and
spring, when maxima in pollutant aerosols contribute to “Arctic haze”
(Shaw, 1995; Zhan and Gao, 2014). This phenomenon results largely
from meteorological factors rather than seasonal changes in emissions
in the Arctic region itself. During winter, low pressure systems over the
northern Atlantic and Paciﬁc Oceans – the Icelandic Low and the
Aleutian Low – act as conduits to transport pollutants into the Arctic.
These anthropogenic aerosols include sulfate, black carbon, and heavy
metals from fossil fuel combustion and other industrial sources, primarily in Eurasia and North America (Barrie, 1986; Hirdman et al.,
2010; Macdonald et al., 2005). This input of pollutants is exacerbated
by the stable, cold troposphere over the wintertime Arctic, and the
associated low rate of precipitation, resulting in relatively long aerosol
residence times and a consequent build-up of the pollutant aerosols
(Barrie, 1986; Shaw, 1995). In contrast, during the summer months,
atmospheric transport from lower latitudes is diminished due to
northward recession of the Polar Front, leaving the Arctic troposphere
more isolated from industrial sources, and there is also more eﬃcient
scavenging of particles from the lower atmosphere by more frequent
precipitation (Barrie, 1986; Stohl, 2006). Together, this results in a
shorter residence time of atmospheric particles and a minimum in
aerosol concentrations in late summer (Hirdman et al., 2010; Tunved
et al., 2013).
There are relatively few studies of TEs in aerosols over the central
Arctic Ocean. Kadko et al. (2016) reported concentration data for
multiple elements from aerosols collected north of 80°N during three
short sampling periods in August–September 2011, while Maenhaut
et al. (1996) reported median atmospheric concentrations of multiple
elements from samples collected in the Nansen and Amundsen Basins in
August–October 1991. Shevchenko et al. (2003) summarized atmospheric concentrations of some trace elements from a number of mostlysummertime expeditions in the Russian Arctic. Measurements of multiple elements in aerosol samples collected at land-based sites around
the Arctic Ocean indicate that, as with non-sea-salt sulfate, TEs with
signiﬁcant anthropogenic sources (Ni, Cu, Zn, Pb) have strong seasonality, with maxima in late winter/early spring (Barrie and Hoﬀ, 1985;
Gong and Barrie, 2005; Laing et al., 2014a). In contrast, concentrations
of soil-related TEs (Al, Fe, Mn) display weak seasonality at Alert, Canada (82.5°N, 62.3°W), with one small maximum in late spring, due to
long range dust transport, and another in late summer due to local
sources. Boreal forest ﬁres in Siberia and North America can also have a
noticeable eﬀect on aerosol optical depth and black carbon concentrations in the Arctic during summer months (Hirdman et al., 2010;
Stohl et al., 2006) and may also inﬂuence atmospheric concentrations
and deposition of some elements, while volcanic eruptions, particularly
in the Aleutian Islands and on the Kamchatka Peninsula, also have the
potential to inﬂuence Arctic aerosol TE concentrations.
Studies of trace element biogeochemistry in the Arctic Ocean and
the impacts of atmospheric inputs are currently limited. It is thought

2. Methods
2.1. Sample collection
A total of fourteen multi-day integrated aerosol samples were collected during the US GEOTRACES Western Arctic research cruise
(hereafter known as GN01), which took place from 9th August to 12th
October 2015 on the USCGC Healy (cruise HLY1502). The cruise track
consisted of a northward transect from Dutch Harbor, Alaska, across the
Bering Sea, through the Bering Strait and across the Makarov Basin to
the North Pole, followed by a return transect across the Canada Basin
and back across the Bering Sea to Dutch Harbor (Fig. 1, with deployment locations of aerosol samples Aer01 to Aer14 shown).
Bulk aerosol samples for multiple trace element analyses were collected using one of ﬁve Tisch Environmental high-volume
(~1 m3 air min−1) aerosol samplers (model 5170V-BL). For each deployment, 12 replicate 47 mm diameter Whatman 41 ﬁlters were
loaded on open-face ﬁlter holders (Advantec MFS) installed on the
aerosol sampler upon a PVC adaptor plate (Shelley et al., 2015). Filters
were acid-washed before use to reduce trace element blanks, following
the procedure described by Morton et al. (2013). The samplers were
deployed on the ship's ﬂying bridge (~23 m above sea level) to minimize the inﬂuence of sea spray on samples. In order to eliminate contamination from the ship's stack exhaust, samplers were deployed as far
forward of the stack as possible, and controlled by wind speed and
direction through a Campbell Scientiﬁc CR800 data-logger, interfaced
with an anemometer and wind vane set up in close proximity to the
samplers. This setup was used to restrict sampling to periods when
relative wind speed and direction were > 0.5 m s−1 and from
within ± 60° of the bow of the ship, respectively, for at least ﬁve
continuous minutes.
Due to the relatively low frequency of in-sector wind conditions,
and the low dust concentrations expected in the Arctic Ocean, ﬁlters
2
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Fig. 1. Map showing locations of aerosol deployments (red diamonds) along the GN01
cruise track, and the locations of hydrostations
(black dots). The recovery location of each
aerosol sample coincided roughly with the deployment location for the following sample with
the exceptions of Aer01 (recovery location
shown by red ‘x’) and Aer14 (shown by red ‘+’).
(For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the
web version of this article.)

by collecting volumes of snow down to the snow-ice boundary (9–12 cm
depth; 1 m2 area) from the sea ice at six ice stations, and by using 21 cm
diameter buckets deployed close to the aerosol samplers on the ship's
ﬂying bridge (Table 2).

were typically deployed for 3–4 days before being replaced (Table 1).
The volume of air ﬁltered through each set of ﬁlters averaged 2224 m3
(equal to 185 m3 through each ﬁlter), and ranged from 154 to 6717 m3
(13–560 m3 per ﬁlter; Table 1). Total sampling time (and therefore
volume of air ﬁltered) during the ﬁrst sample is uncertain due to power
problems that aﬀected the digital timer of the aerosol sampler, and so
the volume of air sampled for Aer01 in Table 1 is a best estimate value
from “in-sector” conditions, along with a maximum possible uncertainty. Filters were transferred to plastic petri dishes after recovery,
and stored frozen prior to processing upon return to the laboratory. All
ﬁlter loading and unloading to/from the PVC adaptors was carried out
in a laminar ﬂow bench, located within a plastic “bubble” constructed
in the ship's main laboratory and supplied with HEPA-ﬁltered air.
Additional triplicate aerosol samples for 7Be analysis were collected
on 47 mm Whatman 41 ﬁlters loaded on a separate high-volume sampler with the same sector controls during a subset of ﬁlter deployments
(Aer04, Aer06, Aer07, Aer09, Aer10, and Aer11). Bulk deposition (dry
deposition and snowfall) samples for 7Be analysis were also collected,

2.2. Sample processing and analysis
To determine total TE concentrations of the samples, ﬁlters were
subjected to a three-stage strong acid digestion, carried out in a Class1000 clean room and following the method of Morton et al. (2013).
Brieﬂy, ﬁlters were transferred to individual 15 mL Teﬂon vials (Savillex), and digested successively with 1 mL concentrated quartz-distilled HNO3 (Q-HNO3), followed by 0.5 mL concentrated Q-HNO3 and
0.1 mL concentrated HF (Fisher Optima), and ﬁnally 0.5 mL concentrated Q-HNO3. At each stage, samples were heated at 150 °C
overnight and taken to dryness the following day. After the ﬁnal drydown, samples were redissolved in 4 mL of 0.32 M Q-HNO3 for analysis.
For every third sample, triplicate ﬁlters from the same aerosol sampler

Table 1
Aerosol sample deployment and recovery information, with volume of air sampled per ﬁlter. All dates and times are in Universal Coordinated Time (UTC).
Sample

Start date & time

Latitude (°N)

Longitude (°W)

End date & time

Latitude (°N)

Longitude (°W)

Air volume per ﬁlter (m3)

Aer01
Aer02
Aer03
Aer04
Aer05
Aer06
Aer07
Aer08
Aer09
Aer10
Aer11
Aer12
Aer13
Aer14

10
20
23
27
30
04
08
12
17
21
26
29
03
07

56.07
75.57
80.00
83.76
86.36
88.41
89.94
87.27
85.16
82.10
78.80
75.06
73.40
72.00

170.51
170.75
174.96
−175.04
−171.69
−176.75
104.19
149.04
150.40
150.81
148.09
150.21
156.77
162.56

17
23
27
30
04
08
12
16
20
26
29
03
07
09

69.93
80.00
83.57
86.24
88.40
89.94
87.35
85.15
82.26
78.97
75.05
73.43
72.00
65.95

167.69
174.95
−174.73
−170.65
−176.64
97.85
149.43
149.85
149.38
148.50
150.18
156.79
162.56
168.45

559.7 ± 115.4a
173.7
270.4
116.0
12.8
275.6
118.4
72.7
102.9
321.3
116.6
211.8
152.2
90.5

Aug 2015 17:53
Aug 2015 05:34
Aug 2015 19:21
Aug 2015 20:49
Aug 2015 23:57
Sep 2015 10:02
Sep 2015 06:05
Sep 2015 06:13
Sep 2015 00:20
Sep 2015 01:10
Sep 2015 04:38
Sep 2015 20:31
Oct 2015 18:41
Oct 2015 18:40

Aug 2015 17:15
Aug 2015 18:12
Aug 2015 16:19
Aug 2015 21:40
Sep 2015 02:42
Sep 2015 04:34
Sep 2015 03:45
Sep 2015 04:30
Sep 2015 22:13
Sep 2015 03:05
Sep 2015 19:34
Oct 2015 16:25
Oct 2015 17:33
Oct 2015 23:50

Total sampling time during the ﬁrst sample is uncertain due to power problems, so the volume of air sampled for Aer01 is a best estimate from “in sector”
conditions, along with a maximum possible uncertainty.
a
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Table 2
Atmospheric 7Be ﬂux calculated from (a) snow samples collected on sea-ice and from (b) bulk deposition samples collected in buckets deployed on the ﬂying bridge.
All dates are UTC.
(a)
Be activity (dpm m−2)b

Be ﬂux (dpm m−2 d−1)c

Station

Latitude (°N)

Longitude (°W)

Snow start date

Collection date

t (days)a

7

7

31
33
39
42
43
46

88.41
89.99
87.77
85.72
85.16
82.50

176.76
−89.25
148.71
150.61
149.97
149.79

08/23/15
08/23/15
08/23/15
08/23/15
08/23/15
08/23/15

09/04/15
09/07/15
09/11/15
09/14/15
09/16/15
09/19/15

12
15
19
22
24
27

469
425
778
513
809
319
Mean ± 1SD

42.23
31.16
46.19
26.81
39.25
14.03
33.3 ± 10.8

(b)
Be activity (dpm m−2)d

Be ﬂux (dpm m−2 d−1)c

Sample

Deployment date

Recovery date

t (days)a

7

7

Bucket 1 stbd.
Bucket 1 port
Bucket 2 port
Bucket-DH stbd.

09/01/15
09/01/15
09/18/15
10/02/15

09/18/15
09/18/15
10/07/15
10/11/15

17
17
19
9

457
314
723
731
Mean ± 1SD

29.9
20.6
42.95
86.1
44.9 ± 29.0

a
b
c
d

Time between snow onset and sample collection, or deployment duration of sample buckets.
Measured 7Be in 1 m2 of snow.
Calculated from Eq. (5).
Measured 7Be normalized to bucket area.

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
(Rolph et al., 2017; Stein et al., 2015) was used to calculate three-day
(72 h) air mass back trajectories for the air masses arriving at the deployment and recovery dates and locations for each sample (Fig. S1).
The ensemble trajectory option of HYSPLIT with the Global Data Assimilation System (GDAS) and 1° global meteorology data set was used.
An arrival height of 300 m was chosen, and comparisons with back
trajectories carried out with arrival heights of 50 m and 500 m (both
within the marine boundary layer) did not show large diﬀerences over
the 3-day trajectory period. Due to the 3–5 day deployment times for
each sample, additional back trajectory analyses were run using as the
arrival location any hydrographic stations that were occupied during
each aerosol deployment interval in an eﬀort to identify any signiﬁcant
changes in air mass inﬂuence.

were processed to assess the homogeneity of material collected on the
twelve replicate ﬁlters. Blank ﬁlters were treated in exactly the same
way as samples and average blank values were subtracted from each
sample. The suitability of this digestion method for measuring Al, Ti, V,
Fe, Zn, and Pb has been evaluated previously by application to certiﬁed
reference materials (Morton et al., 2013). Additional application of the
method to PACS-2 certiﬁed reference material (marine sediment; National Research Council of Canada) during this study gave mean recoveries (n = 5) of 99% (Al), 100% (Ti), 105% (V), 97% (Mn), 101%
(Fe), 103% (Co), 89% (Ni), 99% (Cu), 108% (Zn), 89% (Cd), and 77%
(Pb).
Determinations of total aerosol trace elements were made on a highresolution inductively coupled mass spectrometer (HR-ICPMS; ThermoElement 2) at the National High Magnetic Field Laboratory at Florida
State University. Solutions resulting from blank ﬁlter and sample ﬁlter
digests were drift-corrected using an internal In standard (10 ppb; High
Purity Standards) and the elemental concentrations quantiﬁed using
multi-element external calibration standards (High Purity Standards) in
low resolution and medium resolution modes. All bulk aerosol TE
concentrations from GN01 are publically available at the Biological and
Chemical Oceanography Data Management Oﬃce (BCO-DMO) online
data repository (www.bco-dmo.org/dataset/725905).
Aerosol and snow samples for 7Be analysis were treated as described
in Kadko et al. (2016). Brieﬂy, three 47 mm Whatman 41 aerosol
sample ﬁlters were stacked together in a plastic Petri dish and counted
for 7Be. This conﬁguration was calibrated with a commercially prepared mixed solution of known gamma activities. Snow and bulk deposition samples were melted and received 5 mL of concentrated HCl,
5 mL of FeCl3 in solution, and 0.5 mL of a stable Be tracer. After 12 h of
equilibration, a concentrated NaOH solution was slowly added to coprecipitate the 7Be with Fe(OH)3. The precipitate was returned to the
lab where it was dried, placed in Petri dishes, and counted by gamma
spectroscopy calibrated for this geometry. The precipitate was redissolved in dilute HCl, and analyzed for stable Be by atomic adsorption to
calculate recovery yields.

3. Results and discussion
3.1. Trace element concentrations in aerosol samples
The atmospheric loadings of Al, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Cd,
and Pb, in pmol m−3, are shown in Fig. 2 for all samples except Aer05.
The Aer05 sample was recovered four days after deployment, but
consisted of only 2 h of sampling time and only 12.8 m3 of air having
passed through each ﬁlter, due to unsuitable wind conditions and
problems with the sampler motor. At recovery, visual inspection of
ﬁlters from all deployments indicated very low aerosol loading, with
little or no diﬀerence in color discernible between exposed parts of the
ﬁlters and the ﬁlter edges. Trace element concentrations in sample digests were at least ten times greater than the ﬁlter blank average for
most samples and elements, but all Ni measurements were less than six
times greater than the blank. However, only two samples (Aer13 and
Aer14) had blank-corrected Ni concentrations below the detection limit
(calculated as 3σ of ﬁlter blank replicates).
Analysis of replicate ﬁlters from samples Aer03, Aer06, Aer09, and
Aer12 demonstrated precision to be a function of both element and
ﬁlter loading. Of these four samples, Aer06 had the highest concentrations for most elements and also most frequently showed the best
precision for each element. Across all four sets of replicates, precision
among replicates averaged 20–25% for most elements, but 35% for Ni

2.3. Air mass back trajectory analysis
The publicly available NOAA Air Resources Laboratory HYbrid
4
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Fig. 2. Atmospheric concentrations (pmol m−3) of selected elements for aerosol sample deployments during GN01. No data are shown for sample Aer05 (indicated by
‘N/A’), due to the low volume of air sampled. ‘ < DL’ indicates blank corrected concentrations less than three times the standard deviation of blank ﬁlter values. Error
bars for samples Aer03, Aer06, Aer09, and Aer12 represent standard deviations of triplicate samples, while those for Aer01 represent uncertainty in the volume of air
ﬁltered.

Table 3
Mineral dust concentrations, in ng/m3, measured in air masses over the Arctic Ocean and elsewhere, based on Al and Ti concentrations and average crustal Al and Ti
content of 8.04% and 0.30% respectively (Taylor and McLennan, 1995). Values are given as a range, with median values in brackets.
Sampling location

Research cruise

Dust concentration from Al

Dust concentration from Ti

Reference

Arctic
Arctic
Arctic (open water)
Arctic (pack ice)
Equatorial Paciﬁc
North Atlantic
N. Atlantic – marine
N. Atlantic – N. American
N. Atlantic – European
N. Atlantic – African

GN01
ARK-XXVI/3
IAOE-91
IAOE-91
GP16
GA01
GA03
GA03
GA03
GA03

26–439 (124)
63–236 (112)a
(97)
(168)
31–2558 (50)
15–359 (166)
9–244 (38)
77–1105 (378)
818–1930 (1675)
4233–93,097 (32,463)

47–920 (215)
157–1300 (227)a
(90)
(147)
137–3692 (255)
3–632 (209)
83–1062 (202)
455–2895 (869)
921–3664 (2327)
9259–199,586 (68,320)

This study
(Kadko et al., 2016)
(Maenhaut et al., 1996)
(Maenhaut et al., 1996)
(Buck et al., this issue)b
(Shelley et al., 2017)
(Shelley et al., 2015)
(Shelley et al., 2015)
(Shelley et al., 2015)
(Shelley et al., 2015)

a
b

Three samples only.
Data available at https://www.bco-dmo.org/dataset/675632/.

concentrations in the Alert time-series (Gong and Barrie, 2005). They
were generally higher than those measured in remote air masses, such
as in the equatorial Paciﬁc and in “marine-sourced” air masses in the
North Atlantic during GEOTRACES cruises GA01 and GA03, and were
closer to concentrations in North American inﬂuenced aerosols during
the latter cruise (Fig. 4). However, they were still typically lower than
concentrations measured in air masses of European and African (high
dust) provenance during GA03. Higher concentrations associated with
African-derived air masses during the latter are likely due to much
higher loadings of mineral dust, whereas the high concentrations of
these elements during GN01, as with the GA03 samples of North
American and European provenance, most likely indicates transport of
anthropogenic aerosols from industrial sources.
Concentrations of Cd during GN01 (0.04–7.55 pmol m−3) were
notable in that they reached the high end of concentrations documented
for other regions (Fig. 4), although similarly high values have been
previously reported for the Arctic region (up to 9 pmol m−3 at Spitsbergen (Pacyna and Ottar, 1985)). Despite these higher values, the
lower end of the Cd, Cu, Zn and Pb concentration ranges measured
during GN01 were close to values from the more remote air masses
(Fig. 4). Together, these observations suggest that, although concentrations of these elements are not as signiﬁcantly impacted by anthropogenic emissions as they are during the Arctic winter, the summertime Arctic air can still have a signiﬁcant pollutant component
relative to air masses in other remote regions.
Although the concentrations of some elements indicate anthropogenic contributions, air mass back trajectories do not reveal obvious
recent transport from urban/industrial areas. For most deployments,
the air sampled had spent little or no time over land in the three days
before reaching the sampling area (Fig. S1). Samples with higher concentrations of many elements (Aer06-Aer08, Aer10, Aer11) tended to
be associated with air masses moving towards the pole for at least some
of the sampling period, though for Aer06-Aer08 this is in part due to the
proximity of the sampling location to the North Pole and thus any air
mass must have moved north to reach the area. In contrast, the samples
with lower Al and Ti concentrations were typically associated with air
mass back trajectories that indicate circumpolar or southward transport
to reach the sampling area.
An alternative explanation for the observed distribution of certain
aerosol TEs relates to ﬁndings during a previous shipboard study of
summertime Arctic aerosols. Maenhaut et al. (1996) reported higher
concentrations of lithogenic and anthropogenic elements in aerosol
samples collected while in pack ice, relative to those collected in open

and 45% for Cd.
Both Al and Ti are commonly used as tracers of mineral dust in
aerosol samples (Buck et al., 2010; Shelley et al., 2017) due to their
relatively high abundance in crustal material (e.g. Taylor, 1964). This
technique assumes that the Al (or Ti) is only associated with lithogenic
aerosol material, rather than with sea salt mobilized from the sea surface or with aerosols originating from anthropogenic processes. Based
on mean upper continental crust (UCC) Al and Ti content of 8.04% and
0.30% by mass, respectively (Taylor and McLennan, 1995), we calculate mineral dust loadings during GN01 of 26–439 ng m−3 using Al, or
47–920 ng m−3 using Ti. These values cover a range similar to dust
loadings calculated from previous Arctic Ocean aerosol Al and Ti
measurements (Table 3). They are also comparable to equatorial Paciﬁc
and North Atlantic samples with a “marine” provenance (i.e. samples
for which air-mass back trajectories indicate no time spent over continental land masses during the three days before the air mass reached
the sampling location) (Table 3). In contrast, the mineral aerosol
loadings are approximately one and two orders of magnitude lower,
respectively, than North Atlantic aerosols with European and African
provenance collected during the US GEOTRACES GA03 study (Shelley
et al., 2015) and in previous North Atlantic studies (Baker et al., 2006;
Buck et al., 2010).
As with Al and Ti, aerosol concentrations of V, Mn, Fe, Co, and Ni
during GN01 were similar to concentrations observed in the equatorial
Paciﬁc and North Atlantic in air masses with marine provenance and
were lower than those in North Atlantic air masses that had travelled
from Africa or Europe (Fig. 3; V not shown). However, median Fe, Mn,
and Co concentrations during GN01 were approximately an order of
magnitude lower than concentrations measured in three samples collected north of 80°N during the ARK-XXVI/3 study in August–September 2011 (Kadko et al., 2016). Median concentrations of
Fe, Mn and V were also roughly an order of magnitude lower than late
summer (August–October) average values in time-series (1980–2000)
aerosol data from Alert, Canada (Gong and Barrie, 2005), though the
latter data show signiﬁcant spread. In contrast, the median GN01 Al
and Ni concentrations were similar to their respective seasonal averages
at Alert, and GN01 Ti concentrations were 3–4 times higher than the
late summertime average for the Alert dataset, though again, the
twenty year time series reveals a large range in measured concentrations during the August–October period.
Median aerosol concentrations of Cu, Zn, and Pb during GN01 were
similar to concentrations reported for the high Arctic (> 80°N) during
summertime (Kadko et al., 2016), and to their seasonal average
6
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Fig. 3. Comparison of aerosol Mn, Fe, Co, and Ni concentrations during GN01 (at left) to those measured in previous studies in the Arctic (ARK-XXVI/3) (Kadko et al.,
2016), equatorial Paciﬁc (EPZT) (Buck et al., this issue), and North Atlantic (Geovides, GA03) (Shelley et al., 2017, 2015). GA03 data is split by provenance of air
masses sampled (Eur. – European, Mar. – Marine, Afr. – African, N·Amer. – North American). Each dataset is shown as a box and whisker plot with the box covering
the 25th–75th percentiles of data, the median shown by the horizontal line in the box, and whiskers spanning the 10th–90th percentiles of the dataset.

through erosion of material frozen into the ice or by resuspension of
dust and/or snow previously deposited on top of the sea ice.
Concentrations of Fe, V, and Mn in Aer11 are notable in that they
are at least 2–4 times higher than in any other sample, while Al, Ti, and
Co in the same sample are among the highest measured during GN01
(Fig. 2). However, elevated concentrations are not seen for Ni, Zn, Cd or
Pb. HYSPLIT back trajectories suggest that the start of sampling for
Aer11 coincided with inﬂuence from an air mass moving northward
from mainland Canada, while the latter part of the deployment may
have been inﬂuenced by a Siberian source (Fig. S1). Therefore the relatively high concentrations of these elements may reﬂect a signiﬁcant
contribution from lithogenic aerosol material in Aer11 due to its recent
transport from a continental area.

water. They suggested that this could be attributed to coarse aerosols
being carried by wind blowing over the sea ice, mobilizing materials
that had originated from Siberian river outﬂow and frozen into the ice.
The spatial distribution of higher aerosol TE concentrations measured
during GN01 could be a product of this process. Samples Aer12 to
Aer14, which generally showed relatively low trace element concentrations, were collected south of 76.5°N, as the ship crossed open
water, which is reﬂected in a relatively high sea-salt component to the
aerosols collected (Mukherjee et al., 2017). The same is true for Aer01,
collected while transiting northward over open water. Samples Aer02
to Aer04, which also had generally low TE loading, were collected
within the marginal ice zone (Aer02) and in full sea ice coverage (Aer03
and Aer04), but in an area of relatively thin ﬁrst year ice.
The samples with higher loading of mineral dust were collected
while in more extensive sea ice (Aer06 to Aer10). For much of this time
the ship was in a region potentially inﬂuenced by the Transpolar Drift,
which transports both ﬂuvial material and sediment-laden sea ice
across the Arctic Ocean from the Siberian shelf seas (Klunder et al.,
2012; Nürnberg et al., 1994). Indeed, the inﬂuence of the Transpolar
Drift was evident from surface water data between Station 30, occupied
1st–3rd September on the northbound transect, to Station 43, occupied
15th–17th September on the southbound transect (unpublished data).
The sea ice coverage at this time extended as far south as ~80°N (Fig.
S2), and back-trajectories calculated for these aerosol samples indicate
that the air masses sampled would have spent upwards of 12 h passing
over sea ice before being sampled (Fig. S1). Thus, there may be a
contribution to the higher aerosol loadings in this study from aerosols
generated by surface winds blowing over sea ice, resulting either

3.2. Elemental ratios and enrichment factors
Both Al and Ti are frequently used as tracers of crustal material in
aerosol samples, and comparison of the TE/Al or TE/Ti ratios in aerosol
samples to those typical of crustal material can inform about the noncrustal contributions of those TEs (Chester et al., 1993; Peirson et al.,
1974). In doing so, one must consider the caveat that elemental composition (and therefore elemental ratios) of source minerals can vary
quite signiﬁcantly from average crustal values. For example, the Ti/Al
ratios of aerosol and soil samples reported from diﬀerent areas within
the North Africa region vary by at least a factor of four (GeladoCaballero et al., 2012). In using either Al or Ti as a mineral dust tracer,
it is also assumed that there is a negligible contribution from anthropogenic or sea-salt sources.
7
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Fig. 4. Comparison of aerosol Cu, Zn, Cd, and Pb concentrations during GN01 (at left) to those measured in previous studies in the Arctic and elsewhere (names as in
caption for Fig. 3). Each dataset is shown as a box and whisker plot with the box covering the 25th–75th percentiles of data, the median shown by the horizontal line
in the box, and whiskers spanning the 10th–90th percentiles of the dataset.

EF = (TE / Al)sample /(TE / Al)crust

The Ti/Al, Fe/Al and Fe/Ti molar ratios for all GN01 aerosol samples except Aer05 are presented in Fig. 5. For Ti/Al, the values fall
either side of the UCC average (Fig. 5a), with Ti/Al values for Aer02 to
Aer04 as low as 40% of the UCC average, while the remaining samples
have a Ti/Al of up to 3.5 times the average crustal ratio. The variability
in Ti/Al is similar to that observed in a series of twelve daily samples
collected at Alert during springtime, which ranged from
0.01–0.37 mol mol−1, despite the concentrations of both elements following similar trends over the study period (Landsberger et al., 1990).
Most Fe/Al values, excluding samples Aer01, Aer11, and Aer14, fall
below the average UCC value, as do all Fe/Ti values (Fig. 5b and c).
While these relatively low ratios could potentially indicate additional,
non-mineral dust contributions to aerosol Al and Ti, the low dust concentrations observed during this study, along with the fact that Ti/Al
ratios are close to crustal values, suggests that the low Fe/Ti and Fe/Al
ratios instead represent a crustal source that is relatively depleted in Fe.
Again, the observed deviations from average crustal ratios are not
unusual, falling at the low end of the Fe/Ti range (2.4–333 mol mol−1)
reported over a 12-day period in the Canadian Arctic by Landsberger
et al. (1990), and similar to the range reported along a meridional
transect of the North Atlantic (Buck et al., 2010).
A similar pattern of TE/Al (and TE/Ti) ratios lower than average
crustal values was seen in the GN01 aerosol data for V, Mn, and Co. In
contrast, Ni, Cu, Zn, Cd and Pb in each aerosol sample were enriched
over Al, relative to UCC values. The increased concentrations of different elements in aerosol samples, relative to a speciﬁed source material, is often described in terms of an enrichment factor, EF (Peirson
et al., 1974). To compare samples to crustal material, the EF can be
calculated as follows:

(1)

where (TE/Al)sample is the trace element to Al ratio in the sample and
(TE/Al)crust is the average crustal element to Al ratio. The TE/Ti ratio
can also be used for crustal material, but we compare to Al data here
because of higher sample Al concentrations relative to ﬁlter blanks. Due
to the variability in crustal elemental ratios, EF values of < 10 are
generally not considered to reﬂect signiﬁcant enrichments in an element relative to crustal material, while values > 10 are considered to
be signiﬁcantly enriched (e.g. Chester et al., 1993). In this case we
calculated EF values for Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb using
average UCC TE/Al values from Taylor and McLennan (1995). The
resulting distributions of EF values (Fig. 6) look very similar if average
crustal TE/Ti values are used instead (data not shown).
Fig. 6 illustrates that none of the GN01 aerosol samples were signiﬁcantly enriched in Ti, V, Mn, Fe, or Co over Al, relative to average
crustal material. This is unsurprising for Ti and Fe, both of which have
relatively high concentrations in lithogenic material and are typically
dominated by a natural mineral dust contribution in aerosols (e.g. Buck
et al., 2013; Shelley et al., 2015). Although Fe is enriched in some
anthropogenic emissions, such as from industrial coal combustion and
the combustion products of heavy fuel oil (Desboeufs et al., 2005; Luo
et al., 2008), the prevalence of mineral dust and its relatively high Fe
content means that even at some urban sites, aerosol Fe exhibits no
signiﬁcant enrichment over crustal material (Chester et al., 2000).
Previous aerosol measurements from the Arctic also indicate strong
coupling between Fe, Al, and Ti concentrations. Kadko et al. (2016)
found EFs of 0.18–0.49 for Al and 1–7 for Fe (based on TE/Ti ratios) in
three samples from the high Arctic during summer 2011, and statistical
analysis of the 21 year time-series dataset from Alert grouped the three
8
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Fig. 5. Molar ratios of Al, Ti and Fe for all GN01 samples except sample Aer05
(due to low air volume sampled): (a) Ti/Al, (b) Fe/Al, (c) Fe/Ti. Dashed horizontal line in each plot represents the upper continental crust molar ratio
(Taylor and McLennan, 1995).

elements together as mainly soil inﬂuenced (Gong and Barrie, 2005).
The lack of V, Mn, and Co enrichments are also not unexpected,
though each is sometimes found to be enriched in aerosols sampled
elsewhere (e.g. Chance et al., 2015; Shelley et al., 2017, 2015). Aerosol
concentrations of V are sometimes enriched over crustal values due to
contributions from the combustion products of crude oil (Chen and
Duce, 1983), while enrichments in Co and Mn have been attributed to
release during smelting and from the use of Mn as an additive in vehicle
fuels (Fomba et al., 2013; Laing et al., 2014b; Wallace and Slonecker,
1997). However, aerosol V, Mn, and Co concentrations also often follow
those of crustal elements, with EF < 10 often reported, including in
some “urban-rich” aerosols (Chester et al., 2000, 1993; Shelley et al.,
2017).
In Arctic aerosol datasets, Kadko et al. (2016) calculated EF values
for V, Mn, and Co of < 10, with those for V being < 1 (i.e. aerosols had
V/Ti ratios lower than that of the crustal reference value used), as was
generally the case in this study. Gong and Barrie (2005) found variations in aerosol Mn concentrations at Alert to generally follow those of
Fe and Al, while V concentrations showed strong seasonal variations
more typical of anthropogenic elements. However, “non-soil” fractions
of V and Mn, calculated by subtracting the lithogenic contribution
based on ratios to Al, and often used as proxies of anthropogenic contributions to V and Mn (Sirois and Barrie, 1999; Zhan et al., 2014), each
showed minima in concentrations during the summer months in the
Alert dataset (Sirois and Barrie, 1999), and the low EFs for Mn and V in
our own data suggest no signiﬁcant non-soil contributions for this time
of year.
Enrichment factors for Ni in GN01 samples ranged from 9 to 65,
based on Ni/Al ratios, while all Cu, Zn, Cd and Pb EFs were > 10
(Fig. 6). This is typical for aerosols collected in various other regions,
with the exception of those heavily inﬂuenced by mineral dust (Buck
et al., 2013; Chester et al., 2000; Patey et al., 2015; Shelley et al., 2017,
2015), and is consistent with the anthropogenic enrichment of these
elements in Arctic aerosols observed in previous studies (Gong and
Barrie, 2005; Kadko et al., 2016; Shevchenko et al., 2003; Zhan et al.,
2014). Anthropogenic sources of these elements include coal and oil
combustion in power stations, roasting and smelting of non-ferrous
metal ores, refuse incineration, gasoline combustion, and cement production (Pacyna and Pacyna, 2001). Combustion of heavy fuel oils,
including marine fuel oils, is a major source of Ni, as well as V, to the
extent that the two are used as markers for shipping emissions (Celo
et al., 2015; Streibel et al., 2017). However, the V/Ni ratios measured in
this study (0.02–1.9 mol mol−1) were generally signiﬁcantly lower than
both the range typical of shipping emissions (2.3–5.8 mol mol−1) (Celo
et al., 2015; Viana et al., 2009) and the average crustal value
(3.5 mol mol−1) (Taylor and McLennan, 1995), suggesting a diﬀerent
Ni source and negligible inﬂuence from heavy fuel oil combustion on
the aerosols sampled. Although fuel oil combustion is considered to be
by far the main anthropogenic source of aerosol Ni on a global basis
(Pacyna and Pacyna, 2001), several studies from the Eurasian Arctic
indicate that emissions from non-ferrous metal smelters in northern
Eurasia represent the most signiﬁcant local anthropogenic contribution
to aerosol Ni, as well as being important sources of aerosol Cu, Zn, Cd
and Pb (Berg et al., 2008; Laing et al., 2014a, 2014b; Shevchenko et al.,
2003).
Enrichment factors for Cu, Zn and Pb were somewhat higher than
those calculated from three high Arctic aerosol samples collected
during summer 2011 (Kadko et al., 2016) and of a similar magnitude to
the “European” inﬂuenced North Atlantic samples reported by Shelley
et al. (2015). However, the Cd EF values calculated for GN01 samples
9
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Fig. 6. Enrichment factors for diﬀerent trace elements in
GN01 aerosols, relative to Al in upper continental crust (UCC)
material (Taylor and McLennan, 1995). Box plots show the
25th–75th percentiles of the data as the box, bisected by the
median. Whiskers show the range of the 10th–90th percentiles of the data, with outliers marked by black dots. The solid
horizontal line indicates an EF of 1 (i.e. TE/Al ratio equal to
that of UCC) and the dashed horizontal line indicates an EF of
10 (EF > 10 indicates signiﬁcant enrichment).

to be a major source of ecologically important TEs to surface waters,
and the supply rate of aerosol iron, in particular, can inﬂuence rates of
primary productivity (Jickells et al., 2005; Moore et al., 2004). This is
unlikely to be the case in the Arctic Ocean, where Eurasian river inputs
have a signiﬁcant inﬂuence on some TE distributions (Klunder et al.,
2012; Middag et al., 2011). However, the Arctic Ocean remains a region
that is under-sampled with respect to in situ observations of atmospheric deposition, which limits our ability to verify the accuracy of
global atmospheric deposition models (e.g. Mahowald et al., 2009). In
addition, with the Arctic climate changing rapidly, understanding the
relative magnitude of micronutrient and pollutant TE inputs from different sources can help us predict how Arctic biogeochemistry may be
aﬀected in the coming decades (Macdonald et al., 2005).
Aerosol TE concentrations (C) are often used to calculate dry deposition ﬂux (Fdry) through the equation:

were up to an order of magnitude greater than those reported during
ARK-XXVI/3 (Kadko et al., 2016), due to generally higher Cd concentrations during GN01. Cadmium EF values for GN01 were also signiﬁcantly higher than any reported from recent GEOTRACES studies in
the North Atlantic and equatorial Paciﬁc Oceans. Again, this is primarily due to higher Cd concentrations measured during GN01 (Fig. 4).
Table 4 shows a matrix of Spearman Rank Order correlation coefﬁcients (ρ) for the TE concentrations we observed, based on thirteen
aerosol samples from GN01 (Aer05 was excluded due to the low sample
volume). It indicates strong correlations (ρ > 0.7) between Al and the
non-enriched elements, Ti, Fe, and Co, but also strong correlations
between Al and Cu, Zn, and Cd. This could indicate that much of the
aerosol Cu, Zn and Cd is of lithogenic origin, and that the observed EFs
are due to a natural dust source that is relatively enriched in these
elements (and depleted in Mn and Fe), relative to average UCC material. Alternatively, the correlations could simply reﬂect that samples
with a higher aerosol load included higher loadings of both natural dust
and anthropogenic aerosols. In contrast, V and Mn show only moderate
correlations with Al. This is not due to anthropogenic enrichment of
aerosol V and Mn, as each had EFs of < 10 in all samples (and
often < 1). Table 4 also shows that aerosol Ni and Pb concentrations
had weak to moderate correlations with the other TEs. This may indicate that the sources of these two elements are distinct from the other
TEs and from each other.

Fdry = C × Vdry

(2)

where Vdry is the dry deposition velocity (Duce et al., 1991). However,
Vdry is sensitive to particle size, as well as wind speed, relative humidity
and other factors, and parameterizations of Fdry are often simpliﬁed by
using ﬁxed values of Vdry, with the caveat that there is considerable
uncertainty associated with the chosen velocity (Buck et al., 2010;
Chance et al., 2015; Duce et al., 1991), leading to uncertainties in dry
deposition of up to an order of magnitude.
Here we instead calculate a value for the bulk (i.e. dry and wet)
atmospheric deposition velocity, using 7Be atmospheric aerosol data
and the 7Be inventory associated with recent snowfall, employing an
approach similar to that used previously (Kadko et al., 2016, 2015). We

3.3. Trace element atmospheric deposition estimates
In many remote ocean regions, atmospheric deposition is considered

Table 4
Matrix of Spearman Rank Order correlation coeﬃcients (ρ) for the reported TEs, based on all samples except Aer05 (due to low volume of air sampled). Values of
ρ > 0.7 are in bold. Correlations signiﬁcant at the p < 0.01 level are italicized.

Ti
V
Mn
Fe
Co
Ni
Cu
Zn
Cd
Pb

Al

Ti

V

Mn

Fe

Co

Ni

Cu

Zn

Cd

0.802
0.593
0.538
0.885
0.758
0.643
0.753
0.863
0.720
0.280

0.725
0.681
0.896
0.874
0.500
0.714
0.791
0.522
0.401

0.989
0.857
0.852
0.060
0.484
0.484
0.253
0.198

0.819
0.830
0.017
0.445
0.445
0.187
0.198

0.923
0.396
0.769
0.819
0.582
0.379

0.220
0.758
0.747
0.423
0.577

0.319
0.588
0.396
−0.044

0.885
0.687
0.670

0.791
0.588

0.363
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In addition, replicate ﬁlters from aerosol samples Aer04, Aer06,
Aer07, Aer09, Aer10 and Aer11 were analyzed for 7Be. Data from these
are shown in Table 5. Using this aerosol 7Be concentration data (C7Be;
dpm m−3) with the F7Be ﬂux measurements, the bulk deposition velocity can be derived as:

then provide estimates for dry deposition of TEs by combining our bulk
atmospheric ﬂux values with data from the literature.
The short-lived radioisotope, 7Be, is formed in the atmosphere by
gas-phase nuclear transformations and quickly attaches to aerosol
particles, prior to wet and dry deposition with those particles. It has
been shown (Kadko et al., 2015) that the bulk deposition ﬂux of a trace
element (FTE) can be related to that of 7Be (F7Be, derived from the
measured inventory) by:

C
FTE = F7Be × ⎡ TE ⎤
⎢
C
⎦
⎣ 7Be ⎥

Vbulk =

where [CTE/C7Be] is the ratio of a trace element to 7Be measured on
aerosols. Formulated in another way, the ratio F7Be/C7Be can be considered as an eﬀective bulk deposition velocity, Vbulk, such that:
(4)

This method was applied to waters oﬀ Bermuda and shown to give
comparable results to wet plus dry TE ﬂuxes independently measured
on the island (Kadko et al., 2015). The inter-seasonal variability of the
aerosol 7Be activity over Bermuda is only about a factor of 2–3 (Arimoto
et al., 1999; Kadko et al., 2015) with the consequence that the cumulative 7Be ocean inventory, from progressive input and decay of the
input ﬂux, does not vary by greater than 20% throughout the year
(Kadko et al., 2015; Kadko and Prospero, 2011). Therefore, the ocean
inventory measured at any one time is representative (to within 20%) of
the instantaneous 7Be ﬂux. In the Arctic, the situation is more complicated, as the aerosol 7Be activity exhibits signiﬁcant seasonal variability
(Dibb et al., 1994; Kadko et al., 2016). For that reason, the measurement of the system inventory at one time cannot reﬂect the instantaneous ﬂux, but rather an integration of the ﬂux over the previous
77 d mean life of 7Be. Previously, Kadko et al. (2016) modeled the
seasonal variation of aerosol 7Be concentration and the ﬂux to the
Arctic and derived a bulk deposition velocity of 1350 m d−1.
Here, a somewhat diﬀerent approach is used. The GN01 timeframe
overlapped with the end of summertime melting and the start of fresh
snow accumulation on the sea ice, which allowed samples of freshly
fallen snow to be collected for 7Be analysis at six ice stations (Table 2a).
From the resulting 7Be activity measurements and the date of sample
collection, instantaneous values of 7Be ﬂux (dpm m−2 d−1) were estimated using:

F7Be = λ∙As /(1 − exp (−t∙λ ))

(5)

This equation is derived from the radioactivity ingrowth equation
for a constant production rate, with the 7Be deposition ﬂux representing
the production rate, λ is the 7Be decay constant (0.013 d−1), As is the
activity of 7Be measured per m2 in the collected snow, and t is the time
between onset of snowfall and sample collection date. Initial observations of snowfall were recorded on August 23rd. The results for F7Be are
shown in Table 2a. Flux determinations were also made from buckets
deployed near the aerosol collectors, each of which collected a mixture
of dry deposition and snowfall from events that ranged from brief
ﬂurries to hours-long events. Eq. (5) was likewise applied to the 7Be
activity measured in these bucket samples to calculate F7Be (Table 2b).
Table 5
Aerosol 7Be activity from six samples, along with the
mean ( ± 1 SD) value.
Be (dpm m−3)

Sample

7

Aer04
Aer06
Aer07
Aer09
Aer10
Aer11
Mean ± 1SD

0.044 ± 0.033
0.023 ± 0.012
0.036 ± 0.029
0.028 ± 0.019
0.042 ± 0.009
0.034 ± 0.008
0.034 ± 0.008

(6)

Implicit in this approach is the assumption that the sum of dry and
wet deposition rates of 7Be-bearing aerosols is approximately equal to
that of the TE of interest, driven by a balance of dry deposition velocity
and scavenging ratio for diﬀerent size particles (Kadko et al., 2015;
Shelley et al., 2017). Applying the average aerosol 7Be from Table 5
(0.034 ± 0.008 dpm m−3) and the average 7Be ﬂux from Table 2a
(33.3 ± 10.8 dpm m−2 d−1) to Eq. (6) we calculate a bulk deposition
velocity of 970 ± 390 m d−1, while using the alternative ﬂux value
from the bucket samples (44.9 ± 29.0 dpm m−2 d−1; Table 2b) gives a
Vbulk of 1310 ± 900 m d−1. Both values are comparable to the value of
1350 m d−1 derived by modeling the seasonal variability of the Arctic
Ocean inventory (Kadko et al., 2016) and fall within the range of bulk
deposition velocities calculated using a 7Be approach during a North
Atlantic study (610–2800 m d−1) (Shelley et al., 2017).
Taking the average of our two estimates of the bulk deposition velocity gives a Vbulk value of 1140 ± 490 m d−1, which we apply to our
aerosol TE concentrations to estimate the bulk depositional ﬂux using
Eq. (4) (Fig. 7a, Table 6). By extrapolating the daily Al deposition ﬂux,
and using 8% by mass average Al content of lithogenic material (Taylor
and McLennan, 1995), we calculate a range of values for the annual
dust ﬂux to the Arctic Ocean of 11–182 mg m−2 y−1, with a median
value of 52 mg m−2 y−1 (Fig. 7b), which agrees with modeled dust
ﬂuxes to the Arctic region of < 200 mg m−2 y−1 (Jickells et al., 2005).
Similarly, extrapolating our calculated Fe bulk deposition ﬂux to an
annual estimate gives a median atmospheric Fe ﬂux of 1.0 mg m−2 y−1;
slightly lower than the modeled atmospheric Fe deposition to the Arctic
region of 2–10 mg m−2 y−1 (Mahowald et al., 2009).
We note that extrapolating our summertime aerosol data to calculate annual deposition ﬂux could over- or under-estimate annual atmospheric deposition if there are seasonal changes in the aerosol concentrations or the bulk deposition velocity. Time series data from the
Canadian Arctic indicate only minor seasonality in aerosol Al and Fe
concentrations, though the variations in some other elements are much
greater (Gong and Barrie, 2005). Seasonal changes in the bulk deposition velocity are also possible, arising from variations in the relative
importance of dry versus wet deposition, and from seasonal shifts in
particle size distribution due to changes in transport pathways, photochemistry, and the inﬂuence of open water on contributions from seasalt particles (Sirois and Barrie, 1999; Tunved et al., 2013).
Our bulk deposition velocity calculated from 7Be data is close to the
1000 m d−1 often applied to calculate dry deposition associated with
particles of > 1 μm, or alternatively applied to elements with low EFs
(i.e. “crustal” elements) (Buck et al., 2010, 2006; Shelley et al., 2017).
However, it is signiﬁcantly greater than the 86–260 m d−1
(0.1–0.3 cm s−1) values often applied to calculate dry deposition of ﬁne
(< 1 μm) aerosol particles or aerosols considered to be highly inﬂuenced by anthropogenic contributions from high-temperature combustion (Baker et al., 2007, 2003; Chance et al., 2015; Shelley et al., 2017).
In addition, in locations such as the Arctic Ocean that are distant from
major dust sources, it may be expected that the average particle size
would be smaller, through settling and scavenging of particles during
extended transport from source regions, resulting in a lower average
dry deposition velocity for the remaining, smaller particles. Indeed,
Davidson et al. (1985) calculated a dry deposition velocity for Al to the
Greenland Ice Sheet of 0.2 cm s−1 (~170 m d−1).
Applying commonly used dry deposition velocities of 1000 m d−1
and 260 m d−1 to GN01 aerosol TE concentrations would suggest that
the dry deposition ﬂux accounts for 88% and 23% of the calculated bulk

(3)

FTE = Vbulk × CTE

F7Be
C7Be
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Fig. 7. Box plots showing bulk deposition ﬂuxes
calculated by applying the 7Be-derived deposition velocity of 1140 m d−1 and GN01 aerosol
TE concentrations to Eq. (4). (a) Daily deposition ﬂuxes calculated for selected trace elements
during GN01. (b) Range and median annual dust
deposition ﬂux to the Arctic Ocean, calculated
by extrapolating the daily Al ﬂux and assuming
8% Al by mass in mineral dust.

(0.07 cm s−1) or 456 m d−1 (0.5 cm s−1), based on 5% or 40% contributions from dry deposition to bulk atmospheric deposition.
The GN01 research cruise coincided with the seasonal minimum in
Arctic sea ice extent in September (Comiso, 2012). The calculated bulk
deposition ﬂuxes of TEs summarized in Fig. 7 therefore represent deposition that takes place when the amount of open water in the Arctic
Ocean is at its greatest, and can be used to calculate the magnitude of
summertime direct atmospheric input of TEs to the surface ocean in
building TE budgets for the region. The current trend of a warming
Arctic climate and more extensive sea ice melting during the summer
months will act to increase this direct atmospheric contribution to the
surface ocean inventory over time. However, this eﬀect may be counterbalanced or exacerbated by other eﬀects that result from a changing
Arctic climate. These may include: changes in dust sources and/or
frequency of forest ﬁres brought about by changes in precipitation
patterns further south; changes in mining and transportation activities
within and adjacent to the Arctic region; changes to air mass transport
to the Arctic resulting from a reduction in temperature gradient between the Arctic and mid-latitude areas; and changes in precipitation
patterns over the Arctic Ocean itself.

Table 6
Estimates of trace element dry deposition ﬂux, given as ranges based on aerosol
concentrations measured during GN01 and using 5% and 40% dry deposition
contributions to bulk deposition to calculate Vdry values of 57 m d−1 and
456 m d−1, respectively. Also given for comparison is the range of bulk deposition ﬂux for each TE, as shown in Fig. 7.
Range of dry deposition ﬂuxes (nmol m−2 d−1)a

Al
Ti
V
Mn
Fe
Co
Ni
Cu
Zn
Cd
Pb

(Vdry = 57 m d−1)

(Vdry = 456 m d−1)

4.4–74.6
0.17–3.3
0.002–0.078
0.015–0.470
0.92–19.97
0.001–0.010
0.01–0.20
0.02–0.99
0.19–4.61
0.002–0.43
0.004–0.298

35–597
1.3–26.3
0.02–0.62
0.12–3.76
7.4–159.7
0.01–0.08
0.11–1.62
0.20–7.92
1.5–36.8
0.02–3.44
0.03–2.38

Bulk deposition ﬂux
(nmol m−2 d−1)b

89–1492
3.4–65.7
0.05–1.55
0.30–9.41
18–399
0.01–0.20
0.27–4.05
0.49–19.8
3.8–92
0.04–8.61
0.08–5.96

a
Flux ranges calculated by applying Eq. (2), using minimum and maximum
aerosol TE concentrations and stated dry deposition velocities.
b
Calculated using Eq. (4) and a bulk deposition velocity of 1140 m d−1.

4. Conclusions
The Arctic Ocean is a region characterized by signiﬁcant seasonality
in aerosol concentrations, with much previous research focused on the
accumulation of atmospheric pollutants during the winter months. Our
samples, collected late in the summer of 2015, reveal relatively low
concentrations of mineral dust aerosols and low concentrations of the
key micronutrient Fe, consistent with air mass back trajectory analyses
that suggest no recent transport from major dust sources. However,
concentrations of some TEs in our samples, notably Cd, Pb, Cu and Zn,
showed signiﬁcant enrichments over typical crustal material, apparently indicating an anthropogenic component that may have remained
in the atmosphere longer due to smaller particle size, though this
cannot be veriﬁed from the current data.
Using 7Be ﬂux data (from freshly fallen snow) and 7Be activity of
aerosol samples, we calculated a bulk depositional velocity of
1140 ± 490 m d−1, which was used along with aerosol TE concentration data to estimate bulk deposition ﬂuxes of the trace elements
of interest to the Arctic region during the summer months. Our calculated bulk deposition ﬂuxes of mineral dust and aerosol Fe, along with
literature estimates of the dry deposition percentage contribution to
bulk deposition, highlight the low rates of dust deposition and atmospheric Fe supply to the central Arctic during the summer months.

deposition ﬂux, respectively. There have been few studies of the relative magnitude of dry and wet deposition of TEs in the Arctic. Rahn
(1981) estimated that for submicron aerosol particles at Barrow,
Alaska, dry deposition should contribute only 5% of total deposition,
though large uncertainties in the assumptions made were acknowledged. Davidson et al. (1981) calculated dry deposition to contribute < 25% of total annual deposition for enriched elements to the
Greenland Ice Sheet, while suggesting that the number may be higher
for crustal elements. On a global basis, Duce et al. (1991) calculated dry
deposition to account for 40% of mineral aerosol and 17% of anthropogenic aerosol deposition to the oceans.
Based on the dominance of the wet deposition contribution in these
previous estimates, it seems likely that the bulk TE deposition ﬂuxes
calculated here are strongly inﬂuenced by a wet deposition contribution
from snowfall (i.e. the calculated deposition velocity is heavily inﬂuenced by a wet deposition contribution). In Table 6, we apply the
minimum and maximum dry deposition contributions from these literature estimates (5% and 40%) to our bulk deposition ﬂuxes and
calculate in each case a range of dry deposition ﬂux (Fdry) values for
each TE for the summertime Arctic Ocean. In doing so, we also derive a
range of potential dry deposition velocities (Vdry) by substituting the
calculated Fdry values into Eq. (2). This gives Vdry values of 57 m d−1
12
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