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Abstract Aerosol trace element (TE) transport serves as a critical driver of marine TE biogeochemical
cycles and climate feedback systems. In the rapidly warming Arctic Ocean (AO), however, the contemporary
distribution patterns and decadal variability of aerosol TE deposition remain poorly constrained, representing a
critical gap in our understanding of current and future Arctic environmental changes. Here, we present extensive
shipboard observations of 13 aerosol TEs across the AO during summer 2024. TE concentrations and the
enrichment levels of these anthropogenic TEs rank among the lowest globally observed in the AO. The
comparable or even elevated mineral- dominated TE concentrations and deposition fluxes (Al, Fe) in the Central
AO than Peripheral AO challenge current dust models, potential influenced by sea ice/snow resuspension. Coal
combustion (As, Se), non-exhaust vehicular emissions (Ni, Cr), and metallurgical activities (Zn) emerged as
primary anthropogenic sources, with detectable anthropogenic imprint even in mineral-dominated TEs (e.g., Fe,
Mn). Decadal comparisons with historical records revealed a near ten-fold reduction in Pb and Cd enrichment,
contrasting with a near-doubling of V enrichment driven by intensified Arctic shipping. Moreover, the distinct
aerosol Fe/Al fractionation between this study and historical observations likely arises from mixing inputs of
anthropogenic Fe-rich particles and permafrost-derived Fe-depleted weathering products, which amplify
uncertainties in Fe flux estimations derived from dust proxy approaches. This study provides advance
understanding of aerosol TE dynamics in the warming Arctic and provide critical constraints for polar
biogeochemical cycles.

Plain Language Summary The delivery of aerosol trace elements (TEs) constitutes a critical climate
feedback mechanism. The AO serves as a harbinger of climate change, where rapid transformations, including
declining sea ice cover, thawing permafrost, and intensifying shipping activities are converging to exert
multifaceted pressures on source-sink processes of aerosol TEs. Despite this urgency, significant observational
gaps persist regarding their current state and decadal changes. This study leveraged comprehensive ship-based
observations traversing the AO and characterized the spatial distribution, enrichment mechanisms, and
deposition fluxes of aerosol TEs. Our findings reveal that the Arctic exhibits among the lowest TE deposition
fluxes documented globally for open oceans, alongside minimal enrichment levels of these anthropogenic TEs.
We emphasize that particle resuspension from sea ice surfaces, a previously overlooked process, is identified as
a key driver of elevated TE concentrations in the Central AO. Decadal-scale trends further demonstrate a near
tenfold reduction in Pb and Cd enrichment, reflecting diminished anthropogenic influences across the Arctic,
while a near doubling of V enrichment directly correlates with expanding shipping activity. Critically, Fe
cycling manifests unique complexity due to mixed influences from anthropogenic sources and local weathering
products. These insights substantially advance our capacity to reconstruct historical and project future Arctic
climate trajectories.

1. Introduction

Aerosol transport is vital for Earth's climate and environment because it delivers bio-essential trace elements
(TEs) to the oceans (Jickells et al., 2005). This process helps alleviate micronutrient limitations in seawater,
enhances primary productivity, and facilitates carbon sequestration through the biological pump (Ducklow
et al., 2001; Weis et al., 2024). Additionally, while certain trace elements (e.g., Cu, As) exhibit bioaccumulative
toxicity and adversely affect marine biota at supra-threshold concentrations (Duan et al., 2025; Paytan
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et al., 2009), some TEs (e.g., Al, Mn, Cd) serve as valuable tracers for marine material sources and internal
geochemical processes (Zhang et al., 2019; Zheng et al., 2019). However, the accurate assessment of aerosol
deposition remains challenging due to the scarcity of observational data, particularly in the remote marine and
polar regions (Mahowald et al., 2018; Schmale et al., 2021). The Arctic Ocean (AO) serves as an intermediary
between the Pacific and Atlantic Oceans, playing a pivotal role in the global TE biogeochemical cycling (Krisch
et al., 2022; Whitmore et al., 2025). Over the past 50 years, the Arctic has experienced warming rates more than
twice the global average, resulting in reduced sea ice expand, increased weathering, and accelerated permafrost
thawing (Masson-Delmotte et al., 2021; Rantanen et al., 2022). These changes further significantly affect aerosol
TE emissions and their transport into the AO (Heintzenberg et al., 2015; Pernov et al., 2022; Willis et al., 2018).
Therefore, monitoring aerosol TEs in the Arctic is crucial for understanding the evolving dynamics of global
biogeochemistry in the context of ongoing climate change.

Nitrogen (N) has been definitively recognized as the key limiting nutrient for biological productivity in the AO
(Browning & Moore, 2023) rather than bioavailable TEs (Fe, Zn, Mn, Cd, etc.), as the broadly sufficient supply of
bioavailable TEs derived from continental shelves and fluvial sources (Kanna et al., 2025; Whitmore et al., 2025;
Zhang et al., 2019, 2021). Nevertheless, stoichiometrically induced TE limitations have been increasingly
documented in specific AO regions or during certain periods (Klunder et al., 2012; Zhang et al., 2021). A
representative study in the eastern AO demonstrated that constrained Fe bioavailability in subsurface layers may
reduce phytoplankton nitrogen uptake efficiency by nearly 50% (Rijkenberg et al., 2018). Aerosol deposition
represents an additional significant source of bioavailable TEs in the AO, supplementing inputs from continental
shelves and rivers. Illustratively, De Vera et al. (2021) quantified that annual aerosol-derived bioavailable Fe
fluxes are comparable in magnitude to those from the Mackenzie River—the principal fluvial source to the
Canada Basin. Against the backdrop of accelerated Arctic warming and permafrost degradation, mineral dust
emissions from circum-Arctic regions are emerging as a growing dust source (Gao et al., 2019), highlighting the
increasing importance of aerosol-mediated delivery of bioavailable TEs to the Arctic marine system.

The long-range transport of anthropogenic air masses has emerged as a significant source of aerosol TEs in the
AO (Heintzenberg et al., 2015; Ji et al., 2019; Lannefors et al., 1983; Xie et al., 2006), which even contributes to
Arctic haze formation (Shaw, 1995; Zhan et al., 2014). Zhan et al. (2017) reported anthropogenic influence on the
alterations in the physicochemical properties of aerosols at Ny—/o\lesund, while Marsay, Kadko, et al. (2018) noted
significant enrichments of Ni, Cu, Zn, Pb, and Cd in aerosols from the western AO. Furthermore, Pb isotopes have
traced the influence of industrial emissions to the Canadian Arctic from Russia, Europe, and China (De Vera
et al., 2021). Besides, as human activities such as shipping, and oil extraction continue to expand in the Arctic
region, regional emissions are projected to increase (Willis et al., 2018). For instance, Zhan et al. (2014) found
that ship activity tripled aerosol mass and significantly elevated concentrations of V and Ni at Ny—/f\lesund,
underscoring the importance of elucidating Arctic aerosol TE enrichment levels, sources, and their contribution to
AO TE supply. However, much of the existing data is derived from land-based stations along the Arctic periphery,
leaving a notable scarcity of ship-based observations utilizing clean sampling techniques, particularly in the
central Arctic basin, which has resulted in critical gaps in aerosol multi-TE records (Kadko et al., 2016; Maenhaut
et al., 1996; Marsay, Kadko, et al., 2018; Xie et al., 2006). With ongoing Arctic warming, the biogeochemical
cycling of TEs is rapidly changing (He et al., 2025; Tovar-Sanchez et al., 2010; Whitmore et al., 2025). As sea ice
retreats, aerosol TEs are more likely to deposit directly into surface waters, bypassing the processing typically
associated with sea ice (Confer et al., 2023; Marsay, Kadko, et al., 2018; Stephens et al., 2024), whereas the
expansion of freshwater coverage may alter deposition patterns due to increased summer fog (Danielson
etal., 2020; Zhao et al., 2022). Therefore, investigating aerosol TE enrichment and fluxes over the AO is essential
for improving current data sets and deepening our understanding of this rapidly evolving environment.

This study aims to (a) characterize the spatial distribution of various aerosol TEs, (b) assess their enrichment
levels and identify the primary sources, and (c) estimate their deposition fluxes in the AO. By addressing these
objectives, this research offers an aerosol-based perspective on the dynamics of TEs in the rapidly changing
Arctic environment. To achieve these goals, an aerosol sampling campaign was conducted during the 14th
Chinese National Arctic Research Expedition (CHINARE). This data set will help fill a critical observational gap
in AO and enhance understanding of the distribution, sources, and biogeochemical significance of aerosol TEs
under ongoing climate change.
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Figure 1. Cruise track and Sampling station information. Panel (a) shows the black solid line representing the outbound cruise
track from the Bering Strait to Murmansk, Russia, through the Arctic Ocean region, while Panel (b) displays the gray solid
line denoting the return cruise track from Murmansk, Russia, to the Bering Strait through the Arctic Ocean region. Panel
(c) illustrates sampling information from the Northwest Pacific marginal sea during the sampling period. Red dots indicate
the start or end positions of samples, with solid lines connecting two red dots representing the sampling tracks of individual
aerosol samples, and numbered IDs corresponding to sample identifiers. Additionally, the blue dashed line in Panel (a) and
the red dashed line in Panel (b) display the 3-day air mass backward trajectories of samples during the sampling period.
Additionally, in panel (c), the black line depicts the outbound trajectory to the Arctic Ocean, while the gray line shows the
return path; arrows link sample labels to their respective track segments, with red signifying outbound samples and blue
representing return samples.

2. Materials and Methods

2.1. Filter Preparation and Sample Collection

Aerosol samples were collected using Whatman 41 cellulose filters (203 mm X 254 mm, PN 1441-866) that
underwent rigorous acid-cleaning to minimize TE contaminations. The cleaning procedure was conducted in a
Class-100 laminar flow bench, as detailed by Ge et al. (2024). In brief, the filters were soaked three times in
freshly prepared 3 M HCl (trace metal grade, Fisher) for 5 days during each cycle. This was followed by three 24-
hr soaks in 0.5 M HCI (distilled from trace metal grade), with thorough rinsing in ultrapure water (18.2 MQ-cm) to
achieve a neutral pH after each step. The cleaned filters were then air-dried in the class-100 laminar flow bench
and stored in double-sealed polyethylene bags until further use.

During the 14th CHINARE cruise, 30 aerosol samples were collected near an 80-day cruise aboard the Chinese
icebreaker R/V XueLong 2 from 7 July to 24 September 2024 (Figure 1 and Table S1 in Supporting Informa-
tion S1). The sampling employed a high-volume total suspended particulate (TSP) sampler (TE-5170DX, Tisch)
that operated at a constant flow rate of ~1.13 m® min~". To minimize contamination from ship exhaust and sea
spray, the sampler was mounted on the forward railing of the compass deck, ~18 m above sea level. Sampling was
automatically regulated by a controller equipped with a Vaisala WXT530 wind sensor, activating only when the
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relative wind direction was within £60° of the vessel's heading and the wind speed exceeded 2 m s~ for a period
of over 300 s. Following collection, the filters were folded, sealed in clean polyethylene bags, and stored at —20°C
in a contaminant-free refrigerator.

2.2. Elemental Concentration Determination

Following the edge-trimming process, the membrane, which had been folded after sampling, was divided into 16
equal sections on a Teflon plate using a ceramic knife. Each section represented 5.6% of the effective sampling
area. Two symmetrically positioned sections were subsequently transferred to a pre-cleaned 7 mL poly-
fluoroalkoxy vial and subjected to acid digestion using 4 mL of a mixed acid composed of 12 M HNO; (distilled
from trace metal grade) and 6 M HF (Fisher, Optima grade). The sealed vial was gradually heated on a hot plate to
160°C until complete digestion was achieved. The digestate was then evaporated to near dryness, followed by the
addition of 0.5 mL of 15 M HNO;, with subsequent re-evaporation. This step was repeated once to ensure
complete removal of residual HF. Finally, the residue was redissolved in 10 mL of 1 M HNO; and transferred to a
trace metal clean centrifuge tube for elemental analysis. The concentrations of TE were measured by inductively
coupled plasma mass spectrometry (ICP-MS; NexION 5000, PerkinElmer). Detailed information about the
instrumental parameters, calibration protocols, and quality control procedures are outlined in Ge et al. (2024).
Quantification was performed using external calibration curves from multi-element standards in 1 M HNO;, with
indium (In) serving as an internal standard to account for instrumental drift. All data underwent rigorous blank
correction; detailed blank values are documented in Table S2 in Supporting Information S1.

2.3. Air Mass Back Trajectories

7-day back trajectories of air masses were calculated from initial altitudes of 250, 500, and 1,000 m above sea
level, using meteorological input from the Global Data Assimilation System (GDAS; http://arlftp.arlhq.noaa.gov/
pub/archives/, 2006- present). For each sampling event, the endpoints of air masses back trajectory were assigned
to geographic coordinates corresponding to the initiation, midpoint, and termination of the sampling transect,
respectively.

2.4. Evaluation of Enrichment Levels

Enrichment factors (EFs) were used to evaluate the relative enhancement of aerosol-borne TEs compared to

crustal abundance, calculated as:
TEs TEs
EF(1gs) = (7) / (7) 1
(Tey Al sample Al ucc

TEs represent the TE/Al ratios in the aerosol sample and the upper continental crust

TEs TEs
where (7 )sample Al Jucc

(UCC; Rudnick & Gao, 2003). EF values near 1 suggest a dominant crustal (mineral dust) origin, whereas

and

values > 10 indicate significant contributions from non-crustal, primarily anthropogenic, sources (Duce
et al., 1975).

2.5. Deposition Flux Assessment

The bulk deposition flux (F,,) of TEs, including both wet and dry deposition, was estimated following the
method of Kadko et al. (2020):

Foux = Cres X'V
V, =999 X annual rain rate + 1040 m d™!
Annual rain rate = 12 X monthly average rain rate

Monthly average rainrate = 2 RR; X f; X exp(=At;)/ Zﬁ X exp(—A4r;) 2)
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Here, V,, (m d™') is the bulk deposition velocity; RR; (m month™") denotes the precipitation rate in month i,
obtained from ERAS reanalysis data (https://cds.climate.copernicus.eu/); ¢; is the number of days between the first
day of month i and the sampling date; and f; (0 <f; < 1) is the fraction of the month i during the month of sampling;
the annual rain rate (m year™ ') was calculated using data from the sampling month and the previous 3 months.

3. Result
3.1. Spatial Distribution of Trace Element Concentrations

Aerosol TE concentrations demonstrated notable spatial variability across the AO, with Se exhibiting the largest
range (270-fold difference, Figure 2; Table S3 in Supporting Information S1). In the AO, elevated concentrations
of most TEs occurred at stations A21 and A22 near Murmansk, Russia, likely due to continental outflow in-
fluences. Notably, substantial levels of TEs were also identified at high AO stations A14 and A15, with the air
mass backward trajectories did not intersect low-latitude terrestrial regions (Figure 1; Figure S1 in Supporting
Information S1).

In order to facilitate a clearer evaluation of TE spatial variability, the study area was divided at 82°N into the
Central Arctic Ocean (CAO; A13-A20, A23—A27) and the Peripheral Arctic Ocean (PAO; A8-A12, A28-A29).
Stations A21 and A22 were excluded from statistical classification due to their proximity to coastal areas, which
may compromise their representativeness of typical Arctic aerosol conditions. Contrary to initial expectations
(Duce et al., 1991; Jickells et al., 2005), the CAO did not exhibit significantly lower concentrations of crustal and
anthropogenic TEs compared to the PAO, despite its increased distance from terrestrial emission sources. Dif-
ferences in mean concentrations of these TEs between the CAO and PAO were relatively minor, within a factor of
1.6-fold, with no statistically significant differences observed in TE concentrations between these two regions
(p > 0.05). Elements including Al (PAO vs. CAO: 17.4 + 12.2 vs. 16.0 + 16.3 ng m™), Ti (2.15 + 2.44 vs.
1.78 + 2.65 ng m™>), Mn (0.476 =+ 0.363 vs.0.354 + 0.466 ng m™>), Co (10.3 + 5.92 vs. 8.20 + 7.60 pg m ), Cr
(487 £390 vs.356 £ 361 pg m~>), Ni (298 + 225 vs. 257 + 327 pg m>),Zn(2.52 + 1.35vs.1.67 £ 1.18 ng m™),
and Se (20.0 + 20.3 vs. 12.8 + 12.0 pg m™>) were found to have slightly higher (1.1-1.5 times) mean concen-
trations in the PAO. Surprisingly, Fe (PAO vs. CAO: 14.3 + 13.1 vs. 16.0 + 28.7 ngm™), V (20.1 #+ 12.7 vs.
24.9 + 272 pgm™), As (19.3 + 13.1 vs.21.3 £ 42.7 pg m™>), Cd (9.54 + 4.37 vs. 10.1 + 6.41 pg m™>), and Pb
(68.1 +33.9 vs. 80.0 + 74.7 pg m™>) were found to have even slightly higher (1.1-1.2 times) mean concentrations
in the CAO.

In comparison with aerosol samples from the Northwest Pacific marginal seas NWPMS; A1-A7, A30), the AO
generally showed lower TE concentrations. Crustal elements, notably Al, showed a reduction of ~2.4-fold in the
AO relative to the NWPMS (p < 0.05). The decline in concentrations of anthropogenic TEs was even more
pronounced, highlighting the diminished influence of specific anthropogenic sources in the Arctic. Notably, V, an
indicator of ship emissions (Schlesinger et al., 2017), was found to have the largest geographical difference, with
mean values 12-fold lower in the AO than in the NWPMS (p < 0.05), reflecting significant differences in source
contributions.

3.2. Element Enrichment Analysis

Fe exhibited crustal-like ratios, with a mean EF less than 2, while Ti, Co, and Mn showed slight enrichment, with a
mean EF of 2-3 (Equation 1; Figure 2). In contrast, Cr, Ni, Zn, As, Se, Cd, and Pb were significantly enriched,
with EFs ranging tens to over a thousand, indicating considerable anthropogenic contributions. While several TEs
exhibited relatively low average EF values, there was notable spital variability; for instance, Ti reached an EF of
5.0 in the PAO, and Fe peaked at 3.4 in the CAO, reflecting the regional heterogeneity of Arctic aerosol.

The mean EFs were comparable between the PAO and CAO, differing by less than 1.4-fold (Figure 3). In
comparison to the NWPMS, the AO generally revealed lower elemental enrichments (Figures 2 and 3). Notably,
V was significantly enriched within the NWPMS (with a maximum EF of 15 in the Sea of Japan), whereas it
remained at low enrichment levels in the AO. Similarly, Mn and Co showed EFs that were 2.7 and 2.0-fold lower,
respectively, whereas Fe was 1.1-fold lower, in the Arctic region. An exception was observed for Ti, which was
slightly higher enrichment in the AO (1.3-fold). The highly enriched elements displayed EFs that were 1.6- to 3.1-
fold lower in the AO compared to the NWPMS, except for Cd and Cr, which maintained comparable enrichment
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shaded area represents the Peripheral Arctic Ocean (PAO) region (<82°N; samples A8—A12, A21-A22, A28, A29), the
brown-shaded area indicates the Central Arctic Ocean (CAO) region (>82°N; samples A13—-A20, A23—-A27), and the

Figure 2. Spatial distribution of trace element concentrations and their enrichment factors in aerosol samples. The gray-
unshaded area corresponds to the Northwestern Pacific marginal sea (NWPMS; samples A1-A7, A30) region.
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Figure 3. Comparison of trace element enrichment factors among marine basins. NWPMS: Northwestern Pacific marginal
sea (this study); PAO: Peripheral Arctic Ocean (this study); CAO: Central Arctic Ocean (this study); SO: Southern Ocean
(Ge et al., 2024); IO: Indian Ocean (Ge et al., 2024); NP: North Pacific (Buck et al., 2013); SP: South Pacific (Buck

et al., 2019); NA: North Atlantic (Shelley et al., 2015, 2017); SA: South Atlantic (GEOTRACES GA10 Cruise, data from
GEOTRACES Intermediate Data Product Group (2023). In the figure, asterisks denote missing values; in the box plot, the
solid black line inside the rectangle indicates the median, while blue squares represent the mean.

levels. These findings highlight the complex and generally reduced anthropogenic influence on aerosol TEs in the
remote AO compared to the heavily impacted NWPMS.

4. Discussion
4.1. Globally Low Concentrations and Enrichment Deficits of Arctic Aerosol Trace Elements

The AO exhibits depleted concentrations of the dust tracer element Al (Table 1), with levels approximately 50-
fold lower than the North Atlantic (Shelley et al., 2015, 2017), and this depletion persists across the North Pacific
(Buck et al., 2013), South Pacific (Buck et al., 2019), Indian Ocean (Ge et al., 2024), and South Atlantic
(GEOTRACES Intermediate Data Product Group, 2023), but comparable to the remote Southern Ocean (Ge
et al., 2024). Similarly, TEs with low crustal EFs, such as Mn, Ti, and Co, demonstrate consistently reduced
distributions. At the extremes for Fe and V, which exhibit the lowest global mean concentrations within the AO.
Collectively, these patterns indicate that mineral-dominated TEs in the AO occupy the lower extreme of global
oceanic concentration ranges.

Concentrations of most anthropogenic TEs are similarly depressed in the AO, compared with observations from
other ocean basins (Table 1). As and Pb register the lowest Arctic concentrations globally—2.8-fold and 1.6-fold
lower, respectively, than the second-lowest means observed in the Southern Ocean (Ge et al., 2024). Ni, Zn, and
Cd exhibit the second-lowest Arctic concentrations: Ni marginally exceeds Southern Ocean values, while Zn and
Cd exceed Indian Ocean concentrations, but remain lower than all other oceans. Conversely, Cr shows moderate
concentrations, with Arctic levels approximately 2-fold and 1.5-fold higher than the Southern Ocean and Indian
Ocean, respectively.
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Figure 4. Spearman correlation analysis of trace elements (TEs) in Arctic Ocean aerosols. Panel (a) illustrates correlations
between TE concentrations, while Panel (b) demonstrates correlations among Al-normalized TE concentrations (TEs/Al). In
the pie charts, the area and color intensity represent the magnitude of correlation coefficients, with asterisks (*) denoting
statistically significant relationships (P < 0.05).

Compared to global oceanic basins, the AO demonstrates systematically lower EFs for most aerosol TEs (e.g., Ni,
Zn, Cd, and As), with V, Pb, and Se registering the lowest EFs globally (Figure 3). Notably, the AO recorded the
lowest V concentrations and enrichment levels observed in global oceans, reflecting minimal influence from
shipping activities. Meanwhile, most mineral-dominated TEs (Ti, Fe, Co) exhibit intermediate enrichment,
whereas mineral-dominated Mn and anthropogenic Cr show notable elevated EFs. The subdued enrichment and
concentration level of anthropogenic TEs reflects relatively limited pollutant transport to the Arctic, except for Cr,
which shows stronger anthropogenic contributions. For mineral-dominated TEs (Ti, Fe, Co, Mn), their inter-
mediate or elevated enrichment distributions likely result not only from natural aerosol fractionation but also
anthropogenic influences. These anthropogenic influences are matched with our observations and historical in-
vestigations in Northern Hemisphere oceans (Shelley et al., 2015, 2017): EFs of Fe, Mn, and Co in the AO are
generally lower than those in the NWPMS, while Fe, Ti, Mn, and Co levels are comparable to or lower than those
in the North Atlantic. This implies that long-range transport of industrial aerosols may drive their relative
enrichment in Arctic regions.

4.2. Anthropogenic Perturbations to the Arctic Ocean Trace Element Distributions

Spearman correlation analysis revealed strong associations (» = 0.73-0.82; Figure 4a) between low-EF TEs (Fe,
Mn, Co, Ti) and the dust tracer Al, reconfirming the dominant contribution of mineral sources to these TEs in
Arctic aerosols. Notably, V displayed its strongest association with Al (r = 0.91), contradicting its typical role as a
ship-emission tracer (Schlesinger et al., 2017), suggesting a currently relatively limited influence from maritime
traffic in the AO. High-EF TEs also showed significant correlations with Al, particularly As, a species with a
stronger relationship (» = 0.82) than most low-EF species, indicating effective mixing process of anthropogenic
and mineral aerosols. Additionally, the superior inter-element correlations among certain low-EF TEs than with
Al (e.g., Ti-Fe > Ti-Al) suggest natural fractionation processes or supplemental non-crustal inputs. Furthermore,
the highly variable correlations among High-EF TEs reveal multiple anthropogenic sources. These findings
highlight the complexity of aerosol sources in the Arctic, where long-range transport of mixed continental air
masses coexists with localized particles emission.

Al-normalized TE concentrations (Figure 4b), which minimizing atmospheric processing effects (Ge et al., 2024;
Kaurisu et al., 2024), were analyzed to further identify intrinsic elemental relationships. Coal combustion tracers
Se and As (Se/Al vs. As/Al) showed strong correlations (Shen et al., 2024), confirming coal-derived emissions
influence on Arctic aerosols. Contrary to expectations, conventional ship emission tracers Ni and V (Ni/Al vs. V/
Al) showed weak correlations with atypical V/Ni ratios (generally 0.04-0.25; excepting Sample A22 near
Murmansk, Russia, at 1.4) notably diverging from the characteristic ship emission ranges (0.5-3.0) (Becagli
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et al., 2020; Yu et al., 2021; Zhao et al., 2021). Globally, the North Atlantic exhibits the highest Ni/V ratio of
1.49 + 0.96 (Shelley et al., 2015, 2017), falling within the range of ship emissions and suggesting their influence.
In contrast, other ocean basins show significantly lower V/Ni ratios relative to typical ship emission values: the
Indian Ocean at 0.22 + 0.15 (Ge et al., 2024), NWPMS at 0.21 + 0.13, the Southern Ocean at 0.20 + 0.29 (Ge
et al., 2024), CAO at 0.13 = 0.07, PAO at 0.08 % 0.05, and the South Atlantic at 0.03 + 0.03 (GEOTRACES
Intermediate Data Product Group, 2023). Ni (Ni/Al) exhibited its strongest association with Cr (Cr/Al), while Ni/
Al demonstrating no significant linkages to metallurgical- dominant tracer (Zn/Al) (Wei et al., 2025) or coal
combustion tracers (As/Al, Se/Al)—a pattern consistent with nonexhaust vehicular emissions, as both elements
are extensively utilized in automotive brake linings, an increasingly significant class of traffic-related particle
emissions (Neukirchen et al., 2025; Thomas et al., 2024).

Pb displayed broad correlations with anthropogenic TEs in raw concentrations that dissipated following Al-
normalization, potential influence from multiple anthropogenic sources. Cd demonstrated selective associa-
tions solely with Zn, As, and Pb in unnormalized data—Ilinkages that similarly vanished post-normalization—
revealing complex source heterogeneity potentially stemming from coupled metallurgical emissions and coal
combustion influences, or other anthropogenic sources.

Notably, even low-EF TEs exhibited significant ties to post-Al-normalization anthropogenic species (e.g., Fe/Al-
As/Al, Mn/Al-As/Al, and Co/Al-Cr/Al ratios), revealing unexpected anthropogenic perturbations on these con-
ventional mineral TE distributions in this remote Arctic marine environment. These signatures likely reflect coal
combustion impacts on Fe/Mn and vehicular emission influences on Co cycles, suggesting anthropogenic im-
prints in polar regions.

4.3. Decadal Comparison of Trace Element Variation Trends in the Summer Arctic Ocean

This study implemented strictly controlled wind-based sampling following GEOTRACES protocols, enabling
decadal comparisons with the GEOTRACES GA10 campaign (09 August—12 October 2015; Marsay, Kadko,
et al., 2018), ARK-XXVI/3 campaign (13 August-21 September 2011; Kadko et al., 2016) and TAOE-91
campaign (1 August—6 October 1991; Maenhaut et al., 1996). Our latitudinal data show comparable mean Al
concentrations in CAO and PAO (Table 1), and Marsay, Kadko, et al. (2018) reported a 1.6-fold higher CAO
levels (Figure 5), indicating stable or intensified mineral dust concentration across higher Arctic latitudes
regardless of continental proximity. Consistently, both data sets indicate the predominant influence of Arctic
circumpolar air mass transport during observation periods, effectively isolating the CAO from direct low-latitude
continental inputs. In contrast, localized emissions from surface sea snow/ice resuspension are likely central to
elevated mineral dust concentrations. This process incorporates post aerosol-deposited or shelf-transported
mineral materials (Bolt et al., 2020; Gao et al., 2019; Marsay, Aguilar-Islas, et al., 2018), implicating the sea
ice system as a potential source of TEs to open AO waters via aerosol deposition. The high mineral Al and Fe
concentrations in the ice zone were also recorded during the summer cruise observations in 1991 (Figure 5), for
example, the Al median in PM,, was 9.3 ng m™ in the ice-free zone and 14.0 ng m ™ in the ice zone (Maenhaut
et al., 1996). This significant deviation from conventional mineral dust distribution model predictions (Duce
et al., 1991; Jickells et al., 2005), compels an urgent reassessment of dust transport frameworks using observa-
tional data, given the Arctic accelerated environmental changes.

For anthropogenic TEs Cr, Ni, and Zn, EFs showed stable decadal patterns (Figure 5). Previous studies found no
significant V enrichment in summer 2014 (EF: 0.67 = 1.42) or summer 2011 (EF: 0.82 + 0.41) (Kadko
et al., 2016; Marsay, Kadko, et al., 2018), but this study observed a near two-fold increase in V concentrations
(Table 1) and EFs (EF: 1.21 £ 0.297). This modest increase is potentially linked to the exponentially growing
maritime traffic in the rapidly intensifying Arctic navigation corridor, while remaining below significant levels, as
the post-increase V EF remains low. Notably, the concentrations of Pb and Cd exhibited dramatic plummets,
decreasing 6-fold and 35-fold respectively (Table 1; Figure 5), while their EFs obediently retreated by nearly an
order of magnitude (Marsay, Kadko, et al., 2018). The substantial reduction in Pb is consistent with recent ob-
servations in the Southern Ocean (Ge et al., 2024), suggesting the effectiveness of improved emission regulations
in related source regions.

Kadko et (2016) reported remarkably high Fe EFs in the CAO, with Al-normalized EFs reaching 15, and Ti, Mn,
and Co exhibited EFs greater than 1. This study also observed Fe, Ti, Mn, and Co enrichment patterns but with
lower mean EFs than Kadko et al. (2016). This contrasts with Marsay, Kadko, et al. (2018) reporting
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Figure 5. Comparative analysis of trace element (Al, Fe) concentrations and enrichment factors (V, Cr, Ni, Zn, Cd, Pb, Fe,
Mn, Ti) in the Arctic Ocean over the past decade, incorporating data from four key studies: This study (19 July to 24
September 2024), Marsay, Kadko, et al. (2018) (GEOTRACES GA10 campaign conducted 9 August to 12 October 2015),
Kadko et al. (2016) (ARK-XXVI/3 campaign spanning 13 August to 21 September 2011), and Maenhaut et al. (1996)
(IAOE-91 campaign from 1 August to 6 October 1991). Special consideration is given to methodological variations,
particularly that Maenhaut et al. (1996) measured PM,, concentrations whereas other studies analyzed total suspended
particulates. For spatial consistency, the pack ice region in Maenhaut et al. (1996) has been reclassified as Central Arctic
Ocean (CAO) and their ocean subset as Peripheral Arctic (PCA) in our current framework.

predominantly sub-unity EFs for Fe and Mn. These discrepancies suggest complex Arctic aerosol source dy-
namics. While mineral dust is the primary source of low-EF TEs, regional and annual variations exist, and the
key controlling factors remain poorly constrained. One of the possible reasons for the depletion of Fe relative to
Al is thawing permafrost (Gao et al., 2019; Pokrovsky et al., 2018; Sebaaly et al., 2025). This process exposes
mineral soils with characteristically low Fe/Al ratios as Fe is preferentially lost over Al, while resuspension
processes of weathered permafrost particles may preferentially deplete Fe in aerosols. However, in this study, the
significant correlations between Fe/Al, Mn/Al ratios and several anthropogenic TEs/Al imply potential human
contributions that may mask the Fe depletion signals caused by permafrost weathering. This suggests that the Fe
in Arctic aerosols may be in a dynamic balance between depletion and enrichment, influenced by the interaction
of local continental/sea ice surface permafrost particles and long-range transported anthropogenic and mineral
Fe sources.
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Table 2

The Mean Values (+1o in Parentheses) of the Evaluated Bulk Deposition Fluxes for Aerosol Trace Elements (ng m™> d~")
and Dust (mg m™2 d~') Are Presented for the Arctic Ocean, Central Arctic Ocean, Peripheral Arctic Ocean, and the
Northwestern Pacific Marginal Seas

Arctic Ocean

Central Arctic Ocean

Peripheral Arctic Ocean

Northwestern Pacific marginal seas

Al 23900 (20700) 24300 (23800) 23100 (14800) 79800 (48800)
Ti 2740 (3540) 2680 (3890) 2850 (3080) 6240 (4830)
Fe 22200 (34800) 24000 (42000) 18800 (16200) 77600 (63500)
Mn 567 (606) 536 (690) 626 (453) 5660 (5440)
\% 33.9 (33.2) 37.9 (39.7) 265 (15.4) 627 (1010)
Co 12.9 (9.75) 12,5 (11.2) 13.7 (7.13) 114 (114)
Cr 577 (501) 539 (526) 649 (483) 2170 (1800)
Ni 393 (411) 389 (479) 400 (279) 2880 (3260)
Zn 2830 (1700) 2540 (1730) 3370 (1620) 35000 (45200)
As 29.6 (50.8) 31.8 (62.7) 254 (16.2) 281 (340)
Se 21.9 (20.7) 19.3 (18.0) 26.6 (25.9) 282 (247)
cd 14.7 (8.38) 15.7 (9.63) 12.8 (5.57) 652 (57.1)
Pb 111 (91.1) 122 (109) 91.9 (42.4) 1350 (1910)
Dust  0.295 (0.255) 0.300 (0.294) 0.285 (0.183) 0.985 (0.603)

Note. The dust flux was calculated based on Al concentrations in aerosols and the crustal abundance of Al in the upper
continental crust.

4.4. Bulk Flux Assessment of Dust and Trace Elements

The bulk deposition fluxes of dust and TEs were calculated using aerosol bulk deposition velocity derived from
precipitation data inversion (Equtaion 2, Table 2; Kadko et al., 2020). This study determined a mean bulk
deposition velocity of 1,480 + 122 m d™" in the AO. This value is approximately 1.5 times higher than the typical
dry deposition velocity of 1,000 m d~' for bulk mineral aerosols, indicating relatively limited contribution from
wet deposition processes. Based on aerosol Al concentrations and its UCC abundance (8.1%; Rudnick &
Gao, 2003), the bulk dust flux across the AO was estimated to range from 0.113 to 1.20 mg m—2 d7!, with a
median value of 0.199 mg m™ d™". This estimate aligns well with Marsay, Kadko, et al. (2018) observations in
Western AO (range: 0.030-0.499 mg m~> d™'; median: 0.142 mg m~> d™"). Spatially, the mean flux in the AO
was 0.295 + 0.255 mg m~>d ™", which is 3.3 times lower than the estimated flux for the NWPMS. In contrast, dust
fluxes in the CAO and PAO showed comparable magnitudes (Table 2). Globally, the bulk dust flux in the AO is
substantially lower than values reported for the Indian Ocean (0.837 + 0.700 mg m~2 d™"; Ge et al., 2024) and the
South Pacific (0.477 + 0.181 mg m 2 d™"; Buck et al., 2019). While comparable to fluxes in the Southern Ocean's
Pacific and Indian sectors (0.302 & 0.187 mg m2 dfl; Ge et al., 2024), it maintains a 1.9-fold elevation over the
remote central North Pacific (0.157 + 0.088 mg m™2 d~!; Marsay, Kadko, et al., 2018). Collectively, this sys-
tematic quantification positions the Arctic deposition regime within the lowest quintile of global dust flux
distribution.

The mean bulk Fe deposition flux in the CAO (24.0 + 42.1 pg m™> d™") notable exceeded the PAO value
(18.8 + 16.2 pg m~2d™"). A slightly elevated spatial flux pattern was also observed for Al, V, As, Cd, and Pb in
the CAO. The weaker lithogenic signature in off-shelf Arctic seawater (Kanna et al., 2025; Zhang et al., 2021) and
elevated aerosol Fe fluxes jointly imply greater aerosol deposition influences to surface Fe budgets in the CAO
than PAO. The cryptic transfer facilitated by the synergistic coupling of ice/snow resuspension with aerosol
deposition processes collectively enhances TE redistribution in the Arctic marine system. Additionally, current
Arctic warming, characterized by extensive sea ice retreat and permafrost thawing, may reorganize these summer
flux patterns, modifying air-sea TE exchanges. Furthermore, pronounced Fe/Al fractionation in summer Arctic
aerosols, driven by the interplay between local emissions and long-distance anthropogenic transport, introduces
important bias in dust-based Fe flux estimation (a 2.7-fold difference of mean Fe/Al value between this study and
Marsay, Kadko, et al. (2018)). This reveals the complexity of Arctic aerosol transformations under rapid climate
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change, necessitating refinement of climate models for aerosol-climate quantification. Thus, advancing the un-
derstanding of present-day and future Arctic biogeochemical cycles requires more detailed knowledge of aerosol
TE spatial distribution, enrichment mechanisms, and deposition fluxes.

5. Conclusions

This study provides new insights into aerosol TEs in the rapidly warming AO through an integrated analysis of
spatial patterns, anthropogenic fingerprints, and flux assessments, yielding the following key conclusions. First,
the spatial homogeneity of TE concentrations between the CAO and PAO was relatively minor, with mean
concentration differences typically below 1.6-fold. Notably, comparable or even higher Fe and Al concentrations
in the CAO contradict dust models, suggesting a potential role for local resuspension from sea ice/snow. Second,
source apportionment unequivocally identifies coal combustion for As and Se, non-exhaust vehicle emissions for
Ni and Cr, metallurgical sources for Zn, and mixed anthropogenic origins for Pb and Cd, whereas mineral sources
dominate Fe, Ti, Mn, Co, and V, albeit with detectable anthropogenic influences. Crucially, both TE concen-
trations and anthropogenic enrichment levels in the Arctic aerosol generally rank among the lower ends observed
globally. Third, decadal comparisons reveal divergent anthropogenic trajectories: a remarkable order-of-
magnitude decline for Pb and Cd, contrasting with stable enrichment for Ni, Cr, As, Se, and Zn. Emerging
Arctic shipping activity is now reshaping V profiles. The pronounced fractionation of Fe relative to Al exhibits
alternating depletion and enrichment patterns, likely driven by the mixing between anthropogenic Fe-rich par-
ticles and thawed permafrost weathered Fe-depleted particles. Fourth, the summer dust and Fe bulk deposition
fluxes are 0.295 + 0.255 mg m2d 'and22.2 +34.8 pg m2d, respectively, positioning the region at the lower
end of global estimates. A pivotal finding is the higher Fe flux in the CAO compared to PAO, offering critical
constraints for models. Furthermore, pronounced Fe/Al fractionation introduces substantial uncertainty in Fe flux
assessments. These findings reveal the unique distribution and source characteristics of TEs in Arctic aerosols,
strengthen the understanding of TE cycling amid accelerating Arctic warming, and contribute significantly to
advancing polar climate science and environmental prediction.
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