
1 
 

Variations in Arctic aerosol iron solubility in relation to leaching 
methodology, air mass characteristics, and seasonality 
Chris M. Marsay1, Alina M. Ebling2, Peter L. Morton3, William M. Landing4, Clifton S. Buck5 
1School of Marine Science and Policy, University of Delaware, Newark, DE, 19716, USA 
2Villanova Center for Resilient Water Systems, Villanova University, Villanova, PA, 19085, USA 5 
3Department of Oceanography, Texas A&M University, College Station, TX, 77843, USA 
4Department of Earth, Ocean and Atmospheric Science, Florida State University, Tallahassee, FL, 32304, USA 
5Skidaway Institute of Oceanography, University of Georgia, Savannah, GA, 31411, USA 

Correspondence to: Chris M. Marsay (cmarsay@udel.edu) 

Abstract. Atmospheric deposition of the essential micronutrient, iron (Fe), can have an important influence on primary 10 

production and marine biogeochemistry. In the Arctic Ocean, the ongoing shift towards seasonal ice coverage means that 

summertime atmospheric deposition increasingly takes place directly to the surface ocean, rather than onto sea ice. As a result, 

atmospheric deposition of material emitted from natural and anthropogenic sources may become a more relevant Fe input to 

the region. As part of the U.S. GEOTRACES GN01 section, aerosols and precipitation samples were collected to quantify the 

atmospheric delivery of Fe and other trace elements to the Arctic Ocean. Aerosol Fe solubility was assessed using three 15 

different leaching approaches. The readily soluble fraction, determined by rapid exposure leaches with ultrapure water (UPW) 

and filtered seawater (SW) was low throughout GN01, averaging 0.7 % and 1.6 %, respectively. Solubility determined using 

a more aggressive acetic acid (HAc) leach as an upper limit estimate of post-deposition aerosol Fe bioavailability averaged 44 

%. Comparison to Fe UPW-solubility data from winter (median 6.5 %) and springtime (median 1.9%) aerosol samples 

collected during the MOSAiC expedition suggests a strong seasonality to Arctic aerosol Fe solubility, potentially associated 20 

with winter/springtime Arctic haze. Summertime bulk deposition fluxes, calculated by applying the beryllium-7 method to 

GN01 data, were estimated at 0.9 ± 1.3 nmol m-2 d-1 UPW-soluble Fe, 2.4 ± 1.9 nmol m-2 d-1 SW-soluble Fe, and 46 ± 48 nmol 

m-2 d-1 HAc-soluble Fe. Thus, the UPW-soluble Fe flux during GN01 was around an order of magnitude lower than that 

measured during the winter months despite bulk deposition velocity being almost twice as fast during the summer. 

1 Introduction 25 

Supply of the crucial micronutrient, iron (Fe), to the surface ocean can influence the magnitude of primary productivity (de 

Baar et al., 1995; Martin et al., 1989; Martin and Fitzwater, 1988), algal community structure (Bruland et al., 2001; Moore et 

al., 2009), and biogeochemical cycles of carbon and major nutrients (Browning and Moore, 2023; Martin, 1990; Tagliabue et 

al., 2014, 2017). Deposition of continentally derived material from the atmosphere (either through gravitational settling or 

carried by precipitation) is an important supply mechanism of Fe to the surface ocean (Jickells et al., 2005; Jickells and Moore, 30 
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2015), and observational and experimental evidence indicates that this input can promote increased productivity by relieving 

iron limitation (Han et al., 2011; Achterberg et al., 2013; Tang et al., 2021). Globally, this input is dominated by continental 

emissions of mineral aerosol, particularly from arid midlatitude regions such as northern Africa and central Asia (Mahowald 

et al., 2005; Prospero et al., 2002; Shao et al., 2011). But other natural and anthropogenic sources, including volcanic eruptions, 

wildfires, fossil fuel combustion, and industrial activities such as smelting, also emit aerosol Fe and can make significant 35 

contributions to total aerosol Fe load (Hamilton et al., 2022; Ito, 2011; Luo et al., 2008; Olgun et al., 2011; Rathod et al., 2024; 

Rauch and Pacyna, 2009).  

Not all the iron delivered to the ocean by atmospheric deposition is accessible to phytoplankton within the residence time of 

particles in the euphotic zone. A fraction of aerosol Fe is rapidly released into solution upon deposition, while further, gradual 

dissolution (assisted through complexation by dissolved organic ligands) competes with non-biogenic removal of dissolved Fe 40 

by scavenging and aggregation to modify the net aerosol Fe solubilization before material sinks below the euphotic zone 

(Baker and Croot, 2010; Boyd et al., 2010; Tagliabue et al., 2023). Understanding the degree to which atmospherically supplied 

Fe is bioavailable once in the ocean is crucial for modelling the impact of atmospheric deposition upon the marine ecosystem 

and the carbon cycle (Boyd and Ellwood, 2010; Tagliabue et al., 2016). However, directly measuring aerosol Fe bioavailability 

is complicated by variability of the surface ocean microbial community structure and water column properties, including the 45 

presence of different organic ligands that can complex Fe to increase its solubility above its very low inorganic solubility in 

oxic seawater (Baker and Croot, 2010; Gledhill and Buck, 2012). As such, various chemical leaching approaches have been 

developed to measure the operationally defined solubility of aerosol Fe as a proxy for its bioavailability - see Baker and Croot 

(2010) and Perron et al. (2020) for an overview of some of the approaches used.  

Although comparison of data across different studies is complicated by the range of leaching methodologies used, there is a 50 

consensus that source and mineralogy are more important controls on Fe solubility than nuances of leach approach (Aguilar-

Islas et al., 2010; Mackey et al., 2015). Iron in clays and glacial sediments is typically more soluble than Fe hydr-(oxides), 

while Fe associated with combustion aerosols is more soluble than that in mineral aerosols (Desboeufs et al., 2005; Journet et 

al., 2008; Schroth et al., 2009). Thus, anthropogenic aerosol Fe is thought to make an outsized contribution to atmospheric 

soluble Fe supply (Hamilton et al., 2020; Luo et al., 2008). Chemical processing and physical sorting of aerosols during 55 

transport are also thought to influence Fe solubility, through internal mixing of aerosol Fe with acidic inorganic aerosols and 

organic ligands, as well as an increase in surface area to volume ratio during transport due to more rapid settling of coarser 

particles (Baker and Jickells, 2006; Buck et al., 2013; McDaniel et al., 2019; Paris and Desboeufs, 2013). However, the relative 

importance of these various mechanisms remains uncertain (e.g., Baker et al., 2006; Shi et al., 2011). 

Atmospheric Fe supply is thought to be less important in the Arctic Ocean, compared to more remote ocean regions. Dust 60 

deposition to the region is expected to be low due to its distance from major dust emission areas (Kok et al., 2021). A handful 

of studies measuring aerosol Fe concentrations in the central Arctic Ocean (primarily in summer months) support this (Gao et 

al., 2019; Guan et al., 2026; Kadko et al., 2016; Maenhaut et al., 1996; Marsay et al., 2018a, 2025). Instead, the broad 
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continental shelves surrounding the ocean, significant river inflow into the basin, and transport of material across the basin by 

the Transpolar Drift are thought to be more important inputs of dissolved Fe to surface waters (Charette et al., 2020; Kadko et 65 

al., 2019; Klunder et al., 2012a,b). In addition, extensive (though increasingly seasonal) sea ice coverage means that 

atmospheric deposition does not occur directly to the ocean for much of the year and has the potential for further 

(photo)chemical and biological processing of Fe before being released into surface waters (Marsay et al., 2018b). Nevertheless, 

studying Arctic aerosols can provide useful information for understanding controls on aerosol Fe solubility and ground-truthing 

model predictions of the total and soluble Fe supply from atmospheric deposition.  70 

Composition and concentration of aerosols in the Arctic atmosphere are characterized by strong seasonality. In the winter and 

spring, long-range transport to the Arctic from lower latitudes, combined with low precipitation rates, leads to a build-up of 

anthropogenic aerosols known as Arctic haze, characterized by higher concentrations of organic and acidic aerosols (Barrie, 

1986; Schmale et al., 2022; Shaw, 1995). This transport includes mineral aerosol carried from distant sources to the south, 

which contribute more to dust loading during the spring, whereas locally sourced mineral aerosol dominates in the summer 75 

and autumn months (Groot Zwaaftink et al., 2016).  

In this study, we discuss aerosol Fe solubility during the summertime U.S. GEOTRACES GN01 section, including a 

comparison of solubility using different leaching methods and the influence that different air masses have on our observations. 

Together with data from a separate study conducted in the Arctic winter and spring, we assess the seasonality of aerosol Fe 

solubility over the Arctic Ocean in the context of Arctic haze influence, and the implications of this phenomenon for 80 

atmospheric deposition of soluble Fe over the course of the year. 

2 Methods 

2.1 Sample collection 

Aerosol and precipitation samples were collected during the U.S. GEOTRACES Western Arctic (GN01) Section on USCGC 

Healy between 9th August and 12th October 2015. The cruise track consisted of a northward transect from Dutch Harbor across 85 

the Bering Sea and Makarov Basin to the North Pole and return transect across the Canada Basin towards the northern coast 

of Alaska, before returning to Dutch Harbor (Figure 1).  

Bulk aerosol samples (i.e., with no size fractionation) for trace element (TE) analyses were collected on three high volume 

aerosol samplers (~1.2 m3 air/minute; Tisch Environmental, model 5170V-BL) installed above the ship’s bridge, 

approximately 23 m above sea level. Each sampler was loaded with a set of twelve open-face filter holders loaded with 47 mm 90 

diameter acid-washed cellulose Whatman 41 filters (Marsay et al., 2018a). Thus, each deployment produced up to 36 near-

replicate filters – assuming synchronised start and end times, there would be only slight differences in the volume of air filtered 

between different samplers. To avoid potential contamination from stack exhaust emissions, the samplers were interfaced with 
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an anemometer and wind vane installed nearby, which restricted sampling to periods when the wind was blowing from forward 

of the ship for at least five continuous minutes. 95 

 

Figure 1: Locations of (a) bulk aerosol and (b) precipitation samples collected during GN01. Cruise track is shown by thin blue line 
with aerosol or N-CON precipitation sample collections overlain in black and light blue on each map. Red triangles in (b) indicate 
locations of blowing snow samples collected with cutoff bottles, while the black square indicates two N-CON samples (Ppt06, Ppt08) 
collected close to each other and to cutoff bottle samples Ppt05 and Ppt07. Figure produced using Ocean Data View (Schlitzer, 2025). 100 

Aerosol deployment times ranged from 2–7 days, with the prevalence of “in-sector” conditions dictating run time and the 

volume of air sampled. Across 14 deployments the average amount of air pulled through each filter was 165 m3. Power issues 

during Aer01 resulted in uncertainties about sampler runtime and therefore volume of air filtered, along with significant 

differences between individual samplers, while technical problems during Aer05 resulted in only 13 m3 of air being drawn 

through each filter. As such, data for Aer05 are not discussed here.  Aerosol deployments are represented in Figure 1a, while 105 

full details (dates and locations of sample deployments and recoveries) are listed in Table 1 of Marsay et al. (2018a), which 

describes total TE aerosol loading during GN01.  

An automated wet deposition sampler (N-CON Systems) was deployed alongside the aerosol samplers to collect rain and/or 

snow samples. The sampler was outfitted with a bucket that contained a funnel connected to a polyethylene bottle, both acid-

cleaned for trace element use prior to the expedition. After each sample recovery a fresh funnel and receiving bottle were 110 

installed and samples were processed underneath a HEPA-blower inside a “bubble” constructed for TE work inside the ship’s 

main laboratory. Recovered funnels and bottles were rinsed with 0.1 M distilled hydrochloric acid (HCl) and ultrapure water 

(UPW, 18.2 MW·cm) before being reused. Only one significant rain event (Ppt16) took place during GN01. During the 
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remainder of the cruise, any rainfall was typically light and of short duration, while the wet deposition sampler proved 

inefficient at sampling snow during windy conditions, and so individual N-CON precipitation samples were often deployed 115 

for several days, opening intermittently for small precipitation events, and thus represent temporally and spatially integrated 

samples (Figure 1b). 

In addition to the wet deposition sampler, snow samples were collected during blizzard conditions on six occasions. For this, 

two 2L high-density polyethylene bottles had their bases removed to create a wide opening. The two cut-off bottles, which had 

also been acid-cleaned before their initial deployment, were uncapped and secured in place above the bridge during blizzard 120 

events, oriented with the wide opening facing the wind so that snow collected on the inside surface of each bottle. After the 

blizzard, the bottles were removed, recapped and placed upside down in resealable plastic bags, then transferred to the “bubble” 

where the collected snow was allowed to melt over the space of a few minutes. The cut-off bottles were thoroughly rinsed with 

0.1 M HCl and UPW between deployments. Details of all wet deposition samples are provided in Table 1, while sampling 

locations are summarized in Figure 1b. 125 

2.2 Aerosol sample processing 

After sample recovery, filters were stored frozen (−20 °C) until further processing. Replicate filters from each deployment 

were designated for strong acid digestion for total TE measurements, or for leaching with UPW, filtered seawater or an acetic 

acid solution. All UPW and seawater leaches were carried out at sea, inside the “bubble” and underneath a HEPA-filtered air 

blower, while total digests and acetic acid leaches were carried out back on land, at Florida State University. All plasticware 130 

used during sample processing was acid-washed in advance using TE clean protocols. 

2.2.1 Total TE determination 

Total TE concentrations in GN01 aerosol samples have been published previously (Marsay et al., 2018a). Briefly, 1–3 replicate 

sample filters were fully digested using a three-step strong acid digestion procedure that combined concentrated acids (HNO3, 

HF) and heating on a hotplate at 140 °C (Morton et al., 2013). After the third digestion step, samples were dried down and 135 

redissolved in 4 mL of 0.32 M quartz-distilled HNO3. 

2.2.2 Ultrapure water (UPW) leach 

Three replicate filters from each deployment were leached with UPW using a protocol adapted from Buck et al. (2006). Each 

filter was loaded on a PFA filter rig (Savillex) attached to a custom-built acrylic vacuum chamber containing a 100 mL LDPE 

bottle. A 0.4 µm polycarbonate membrane, previously acid-washed following procedures described in Planquette and Sherrell 140 

(2012), was loaded on the filter rig beneath the aerosol filter as a backing filter to prevent any particles being washed through 

into the collection bottle. After applying a gentle vacuum to the chamber, 100 mL of UPW was poured over the aerosol filter 

and quickly drawn through into the collection bottle. Samples were processed in four separate batches throughout the cruise. 
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For each batch at least three unused, acid-washed W41 filters were also leached with UPW to provide filter blanks.   

From each UPW leach, a 5 mL subsample was poured into a HDPE vial for analysis of major inorganic cations and anions and 145 

water-soluble organic species. Major ions subsamples were stored frozen (–20 °C) and the remaining leachate volumes were 

acidified to 0.024 M HCl using 6 M quartz-distilled HCl. Measurements of major inorganic ions and water-soluble organic 

species during GN01 have been reported previously (Mukherjee et al., 2021). 

Table 1: Details of GN01 precipitation samples, listed by time of recovery. “*” denotes sample collected using cut-off 
bottles. Due to low sample volumes for bucket samples, many included a rinse of the funnel and bottle with UPW (see 150 
footnotes). Where two volumes are given, first is for unfiltered sample and second is for filtered sample. 

Sample Start Time  
(UTC) 

Start Lat. 
(°N) 

Start Long. 
(°W) 

End Time 
(UTC) 

End Lat. 
(°N) 

End Long. 
(°W) 

Volume 
(mL) 

Ppt01 12 Aug 23:00 60.18 179.10 14 Aug 02:20 61.65 173.65 trace1 
Ppt02 14 Aug 03:25 61.75 173.27 16 Aug 06:49 65.80 168.60 752 
Ppt03 16 Aug 09:06 66.02 168.73 21 Aug 22:04 76.58 173.25 trace1 
Ppt04 21 Aug 23:41 76.59 173.27 31 Aug 21:24 87.28 -179.29 trace1 
Ppt05* 01 Sep 06:12 87.52 179.82 01 Sep 09:40 87.53 179.94 28 
Ppt06 31 Aug 22:38 87.35 -179.67 01 Sep 10:20 87.53 179.99 1153 
Ppt07* 01 Sep 18:30 87.56 -179.21 01 Sep 22:20 87.58 -178.93 75/40 
Ppt08 01 Sep 11:31 87.53 -179.91 02 Sep 23:25 87.67 179.50 1854 
Ppt09* 07 Sep 09:00 89.96 6.37 07 Sep 15:52 89.97 46.30 22 
Ppt10 02 Sep 00:00 87.67 179.50 08 Sep 21:10 89.07 150.45 1353 
Ppt11* 15 Sep 18:45 85.13 149.91 16 Sep 00:35 85.14 149.86 32 
Ppt12 15 Sep 18:00 85.13 149.91 18 Sep 17:43 83.08 150.11 trace1 
Ppt13* 24 Sep 08:25 80.50 148.62 24 Sep 13:05 80.50 148.59 110/35 
Ppt14* 25 Sep 07:00 79.80 149.47 25 Sep 14:00 79.86 149.46 65/35 
Ppt15 18 Sep 19:03 83.02 150.26 28 Sep 18:12 77.01 148.85 1302 
Ppt16 08 Oct 00:00 72.03 162.54 10 Oct 02:20 65.21 168.44 80/45 

1No measurable volume. Funnel and bottle rinsed with 100 mL of UPW. 
2Volume includes 50 mL of UPW rinse. 
3Volume includes 100 mL of UPW rinse. 
4Volume includes 75 mL of UPW rinse. 155 

2.2.3 Filtered seawater (SW) leach 

A further three replicate filters from every deployment were each leached with 100 mL of 0.2 µm-filtered seawater (SW) using 

the same setup and procedure described for the UPW leach. Samples were leached at sea in three separate batches, each time 

using filtered seawater that had been recently collected using trace metal clean protocols (Whitmore et al., 2019; see 

Supplementary Table S1 for collection details), and at least three unused filters were leached with the same seawater each time 160 

to provide filter blanks specific to the batch of filtered SW. All leachates were acidified to 0.024 M HCl using 6 M quartz-
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distilled HCl. 

2.2.4 Acetic acid (HAc) leach 

Between one and three replicate filters from each deployment were treated with a more aggressive acetic acid (HAc) leach that 

also included a reducing agent and a heating step. The procedure, originally developed for determining biologically available 165 

TEs in marine particles (Berger et al., 2008), was slightly modified for aerosol samples (Ebling and Landing, 2015). Briefly, 

each filter was folded and added to a centrifuge tube, to which 5 mL of 4.4 M HAc with 0.02 M hydroxylamine hydrochloride 

was added. Samples were heated for ten minutes at 90 °C in a water bath, then cooled to room temperature for 12–16 h. The 

leachate solution was decanted off into a sample bottle, along with a UPW rinse, and diluted to a final concentration of 0.44 

M acetic acid. 170 

2.3 Wet deposition sample processing 

Rain and snow samples were processed as soon as samples were recovered and any snow had melted. For samples collected 

using the N-CON sampler, the sample was transferred directly to a 100 mL LDPE bottle if sufficient volume was present. For 

smaller volumes, a known volume of UPW was poured into the collection bottle via the funnel and then the mixture of sample 

and rinse were poured into a sample bottle. In such cases, a UPW blank was also kept to correct for any potential rinse 175 

contribution to measured TE concentrations (generally <1 % for Fe measurements). For snow samples collected with cut-off 

bottles, the melted snow was poured directly into a 100 mL LDPE bottle. Subsamples (5 mL) were taken from each 

precipitation sample and stored frozen for major ions analyses. In addition, subsamples from one large rain event and three 

snow samples were filtered through a 0.2 µm polycarbonate membrane and transferred to separate 100 mL bottles (Table 1). 

All unfiltered and filtered precipitation samples for TE analyses were acidified to 0.024 M HCl within an hour of sample 180 

recovery.  

2.4 Trace element determination 

All UPW and SW leaches and precipitation samples were analysed for Fe and other TEs at Skidaway Institute of Oceanography 

by inductively coupled plasma mass spectrometry (ICP-MS; Perkin-Elmer NexION 300D) following in-line pre-concentration 

on a cation exchange column (Nobias Chelate-PA1 resin) incorporated into a seaFAST S3 flow-injection system (Elemental 185 

Scientific Inc). Precipitation samples were stored acidified for at least six months before analysis. Samples were analysed 

alongside external multi-element standards. HAc leaches were analysed at the National High Magnetic Field Lab (NHMFL) 

on a Thermo-Element 2 high resolution ICP-MS, as were aerosol digests (Marsay et al., 2018a).  

For all leach and digest samples, measured concentrations (ppb) were converted to ng values by multiplying by the mass of 

solution analysed. For UPW and SW leaches, this was the mass of leaching agent used (seawater mass was calculated as 190 

volume used ´ 1.025 g mL-1 for the density of seawater), while for HAc leaches and acid digests, it was the mass of solution 
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after redissolving and/or diluting the leachate/digest. For replicate treatments, the average and one standard deviation (1s) of 

replicates were then calculated, and the average filter blank subtracted from the sample value. For UPW and HAc leaches, an 

overall filter blank was applied, while batch-specific filter blanks were applied for SW leaches due to greater variability 

between batches (Table S2). Blank-corrected values were converted to moles and divided by the volume of air filtered through 195 

each filter to give pmol m-3 values.  

For UPW and SW leaches, triplicate samples were processed for all deployments. For digests and HAc leaches, only a subset 

of deployments had triplicate subsamples processed. The average precision (as relative standard deviation) from these replicate 

measurements was then applied to all other deployments. In all cases, reported uncertainties of blank-corrected aerosol 

concentrations represent propagation of the precision (1s) from samples and filter blanks. 200 

3 Results and Discussion 

3.1 Arctic aerosol Fe solubility determined using different approaches 

One of the difficulties in quantifying the impact of atmospheric Fe deposition on marine biogeochemistry is determining the 

fraction of total aerosol Fe that is available for biological uptake in the surface ocean. Operationally defined Fe solubility is 

used as a proxy for bioavailability, but a multitude of approaches are used, using different leaching agents, conditions 205 

(temperature, pH, etc.), and exposure times (e.g., Li et al., 2023, 2024; Tang et al., 2025). Each method represents a trade-off 

between accurate characterization of natural processes and practical and logistical constraints.  

Soluble aerosol Fe concentrations determined in GN01 samples using UPW, SW, and HAc leaches are displayed by 

deployment number in Figure 2, along with total aerosol Fe concentrations and are also provided in Table S3. Concentrations 

for Aer05 are excluded because of the low volume of air sampled, while no SW leach was carried out for Aer14. Low aerosol 210 

loading and low Fe solubility throughout GN01 resulted in an average filter blank/sample ratio of 58% for UPW leaches and 

60% for SW leaches (Table S4), with leachate Fe concentrations less than the average filter blank for Aer08 (UPW and SW) 

and Aer13 (SW only). 

UPW-soluble aerosol Fe concentrations ranged from 0.1–3.7 pmol m-3 (Figure 2b), with concentrations <1 pmol m-3 measured 

for all deployments except Aer01 (3.7 pmol m-3), collected while traversing the Bering Sea and Chukchi Sea, and Aer11 (2.1 215 

pmol m-3), collected between 75–78 °N in the Canada Basin (Figure 1). One sample (Aer08) was measured at less than the 

filter blank, while two others (Aer02, Aer09) were indistinguishable from zero within propagated uncertainty once blank-

corrected. Concentrations of SW-soluble aerosol Fe ranged from 0.1–5.1 pmol m-3 (Figure 2b), with the highest concentration 

again measured in Aer01. Higher filter blanks for the SW leach, which included an Fe contribution dependent upon the SW 

batch used (Table S1, S2), resulted in two samples (Aer08, Aer13) being measured at less than the filter blank and three others 220 

(Aer02, Aer04, Aer12) indistinguishable from the blank within measurement uncertainty. Concentrations of HAc-soluble 
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aerosol Fe were notably higher, ranging from 4.8–155 pmol m-3 (Figure 2a), with the highest value associated with Aer11. 

 

   

Figure 2: Aerosol Fe concentrations and Fe fractional solubility in GN01 aerosols, where fractional solubility is the ratio of soluble 225 
to total Fe, expressed as a percentage. (a) concentrations of total Fe and HAc-soluble Fe, (b) concentrations of UPW-soluble and SW-
soluble Fe, (c) fractional solubility of Fe in the HAc leach, (d) fractional solubility of Fe in the UPW and SW leaches. Asterisks 
indicate no data (Aer05, SW leach of Aer14). Values for Aer08 (UPW and SW leaches) and Aer13 (SW leach only) were less than 
average filter blank. Error bars are propagated error as described in the text and include air volume uncertainty for Aer01. Dashed 
line in (c) marks 100%. 230 

Fractional solubility of Fe determined by each of the three leaching schemes is also presented in Figure 2, calculated as the 

amount of Fe released by the leach divided by the total Fe released by strong acid digestion. Solubility in the UPW leach 

ranged from 0.1–8.8 % (Figure 2d), with a median value (excluding Aer02, Aer08, Aer09) of 0.7 %. Aer01 had the highest 

fractional solubility, with no other sample being higher than 1.7 %, and the lowest value was determined for Aer07, collected 

near the North Pole. Fractional solubility in SW spanned a similar range (0.5–12.2 %; Figure 2d), with a median value of 1.6 235 
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%, excluding five values less than or indistinguishable from the filter blank. As with the UPW leach, highest Fe solubility in 

SW leaches was measured for Aer01. Iron solubility in the HAc leach was significantly higher than in either the UPW or SW 

leaches, ranging from 26–96 % (Figure 2c), with a median value of 44 %. In contrast to the flow-through leaches, Aer01 had 

the lowest HAc solubility, while the highest value was determined for Aer02.  

The SW and UPW leaches used here were both developed as a way of determining the fraction of Fe “instantaneously” released 240 

from aerosols following deposition to the air/sea interface or during scavenging of aerosol particles by rainfall (Buck et al., 

2006). Using filtered surface seawater is more representative of the sea surface environment to which atmospheric deposition 

takes place, but as an extraction medium it is also highly variable in terms of organic ligand concentration and dissolved Fe 

concentration (and therefore leach blanks; Table S2), making comparison between studies using SW more difficult. The benefit 

of using UPW is that it can provide a more standardized approach, allowing for easier intercomparison between different 245 

studies. It’s lower pH (~5.6), relative to seawater (pH ~8.1), is also more representative of the lower pH of rainfall (typically 

in the range of pH 4 to pH 6), which can play a major role in atmospheric deposition in some regions (Duce et al., 1991; Spokes 

et al., 1994). In addition, direct comparison of the two leaches (i.e., using the same flow-through method but with UPW or 

SW) has previously demonstrated that, although Fe solubility is typically slightly higher in the UPW leach than in SW, aerosol 

source typically has a greater influence on variability in Fe solubility than the choice of UPW or SW as leaching agent (Aguilar-250 

Islas et al., 2010; Buck et al., 2006, 2010; Shelley et al., 2018). 

Reports in previous studies of generally higher Fe solubility in UPW, relative to SW,  have been attributed to the lower pH of 

UPW versus seawater (Buck et al., 2006, 2010, 2013; Shelley et al., 2018). Such a relationship was not found in the GN01 

aerosols, with Fe solubility significantly higher in SW leaches than in paired UPW leaches (Wilcoxon Signed Rank, p = 0.014) 

(Figure 2d). However, this may simply reflect the combination of low aerosol loading and low Fe solubility in GN01 samples, 255 

resulting in relatively high blank/sample ratios and thus relatively high uncertainty in soluble Fe loading determined by the 

two approaches (Figure 2b,d). Power issues while sampling Aer01 also resulted in a much lower volume of air filtered by 

sampler 2 (from which filters for SW leaches were taken) versus sampler 1 (from which filters for total digests and UPW and 

HAc leaches were taken) for that sample. Thus, the higher solubility calculated for the SW leach in Aer01 may also reflect 

differences in the integrated aerosol load of the two samplers. 260 

The higher solubility measured in all samples using the HAc leach, relative to UPW and SW leaches, is expected given the 

more aggressive leaching conditions involved – a significantly lower pH of 2, a short heating step at 90–95 °C, the inclusion 

of a reducing agent, and a longer total contact time of 12–16 hours. The approach was based on a protocol to assess labile 

forms of Fe and other metals in pelagic sediments (Chester and Hughes, 1967) and adapted to quantify the bioavailable fraction 

of particulate trace metals in seawater samples, with the aim of solubilizing the fraction of metals that would be available to 265 

phytoplankton in the timeframe of days through grazing, photochemistry, redox processes, and ligand-assisted dissolution 

(Berger et al., 2008). This fraction would include biogenic material, metals bound to the surface of aluminosilicate clays, and 

some oxyhydroxide phases. The fact that aerosols had Fe/Al and Fe/Ti close to (and often less than) crustal averages throughout 



11 
 

GN01 suggests that although the aerosol Fe concentration was low it was dominated by mineral aerosol loading (Marsay et 

al., 2018a). Thus, the high Fe solubility in the HAc leach (averaging 53±23 %) suggests that a substantial fraction of mineral 270 

aerosol Fe was accessible to the leach, potentially due to the material being relatively weathered either before or during 

atmospheric transport.  

3.2 Comparison to other Arctic aerosol Fe solubility data 

There are few previous studies of Fe solubility in Arctic aerosols. Fractional Fe solubility determined for GN01 aerosols using 

the different methods is summarized in Table 2, alongside previously reported values. These include bulk aerosol samples 275 

collected during another GEOTRACES study (GN02; De Vera et al., 2021) and the Multidisciplinary drifting Observatory for 

the Study of Arctic Climate (MOSAiC) Expedition (Marsay et al., 2025) using similar UPW and HAc leaching approaches; a 

bulk aerosol time-series study in Kevo, Finland (69.8 °N), using a UPW leach with a longer exposure time (Laing et al., 2014a); 

and size-fractionated samples collected using a low-volume Micro-Orifice Uniform Deposition Impactor (MOUDI) sampler 

during GN01, which were leached using ammonium acetate (Gao et al., 2019). 280 

Table 2: Comparison of Arctic aerosol Fe solubility (%Fesol) determined in this and other studies. Aerosol leaching 
approach is described as Bulk or size-fractionated (SF) samples, UPW, SW, ammonium acetate (NH4Ac), or HAc leach, 
flow through (FT) or batch leaching. CAA refers to Canadian Arctic Archipelago. “n/a” indicates not available. 

Location  Dates %Fesol 
range 

%Fesol mean±1s 
(median) 

# of 
samples 

Leaching 
approach 

Reference 

Arctic Ocean Aug-Nov 0.1–8.8% 1.5 ± 2.6% (0.7%) 12 Bulk, UPW, FT This study 

Arctic Ocean Dec-May 0.03–28% 6.7 ± 7.3% (3.8%) 24 Bulk, UPW, FT Marsay et al. (2025) 

CAA Jul-Aug 2–17% 8 ± 5% (7%) 6 Bulk, UPW, FT De Vera et al. (2021) 

Arctic Ocean Aug-Nov 2.6–12% 6.9 ± 3.5% (6.8%) 8 SF, NH4Ac, batch Gao et al. (2019) 

Kevo, Finland Jan-Dec n/a 11 ± 1% (n/a) n/a Bulk, UPW, batch Laing et al. (2014a) 

Arctic Ocean Aug-Nov 0.5–12% 3.4 ± 4.2% (1.6%) 10 Bulk, SW, FT This study 

Arctic Ocean Aug-Nov 26–96% 53 ± 23% (44%) 13 Bulk, HAc, batch This study 

Arctic Ocean Dec-May 13–42% 25 ± 7% (24%) 24 Bulk, HAc, batch Marsay et al. (2025) 

CAA Jul-Aug 31–55% 43 ± 10% (44%) 4 Bulk, HAc, batch De Vera et al. (2021) 

Alert, Canada Apr-Jul 48–91% 70 ± 16% (67%) 14 Bulk, HAc, batch De Vera et al. (2021) 

Arctic Ocean Aug-Nov 2–12% 5 ± 5% (3%) 4 Filtered rain/snow This study 
 

Reported UPW Fe solubility for six aerosol samples collected between 49–74 °N during GN02 in summer 2015 (2–17 %, 285 
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averaging 8 %; De Vera et al., 2021) was higher than that during GN01, despite total Fe concentration covering a similar range 

(41–269 pmol m-3, median 99 pmol m-3) to the GN01 samples (16–350 pmol m-3, median 43 pmol m-3). It is unclear to what 

extent the solubility differences between the two studies reflect natural variability versus slight differences in the leaching 

protocol. Although total Fe and Al concentrations measured during GN02 were similar to those measured during GN01, V 

concentrations in the former were approximately five times higher (Marsay et al., 2018a; De Vera et al., 2021). This suggests 290 

a greater contribution from fossil fuel combustion aerosols that have been linked to higher aerosol Fe solubility (Sedwick et 

al., 2007) and may reflect the GN02 cruise track being generally further south and potentially more influenced by 

anthropogenic emissions. However, GN02 samples were also leached with 3 ´ 30 mL aliquots of UPW, rather than a single 

100 mL aliquot as used during GN01, while there is no mention of a backing filter being used during leaching for the GN02 

study (De Vera et al., 2021). While several studies assessing Fe release into multiple aliquots of UPW have reported >90% of 295 

soluble Fe being leached by the first aliquot (Buck et al., 2006; Fishwick et al., 2014; Winton et al., 2015), an experiment by 

Winton et al. (2016) using multiple sequential leaches with 50 mL aliquots of UPW reported only 30–70% of soluble Fe was 

released into the initial aliquot. A recent intercomparison study observed generally higher Fe solubility from the UPW flow-

through approach if no backing filter was used (Tang et al., 2025). Thus, it is possible that the slight difference in approach 

may also have influenced results. 300 

Aerosol Fe solubility determined by UPW leach during the MOSAiC Expedition between December 2019 and May 2020 was 

also typically higher than during GN01 (<0.1–28.1 %, median 3.8 %). In this case, the same leaching approach was used as 

during GN01 (i.e., one 100 mL UPW leach, using a backing filter), and so we can be confident that the differences are due to 

aerosol properties. Comparison of UPW-leachable Fe between GN01 and MOSAiC aerosols is discussed more in Section 3.4.  

Laing et al (2014a) measured aerosol Fe solubility in UPW for a time-series of aerosols collected at Kevo, in the Finnish 305 

Arctic. Average Fe solubility reported for that study (11 ± 1%) was also higher than during GN01, though it was measured 

using a 24-hour extraction with UPW rather than a rapid flow-through leach. The Kevo samples were also collected in a 

continental region with significantly higher loading of anthropogenic aerosols (Laing et al., 2014a,b) which is likely to have 

influenced aerosol Fe solubility. In addition, the authors noted that Fe fractional solubility calculations may have been biased 

upwards due to incomplete digestion of aluminosilicates (Laing et al., 2014a). 310 

Iron solubility determined using the HAc approach during GN01 was similar to that of a small number of samples treated 

during GN02 (averaging 43±10 %), and during spring and early summer at Alert, Canada (70±16 %), but was higher than that 

during MOSAiC (25±7 %), despite UPW solubility during GN01 being lower than during MOSAiC. This difference may arise 

because of total contact time between sample and leaching agent, which was restricted to two hours during MOSAiC, but 

lasted for 12–16 hours during the GEOTRACES studies. In addition, MOSAiC samples were leached using UPW and HAc 315 

methods sequentially, without the backing filter from the UPW leach being subject to the HAc leach. Thus, it is possible that 

the MOSAiC HAc solubility was underestimated (Marsay et al., 2025). 
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MOUDI samples collected during GN01 were collected over ten size fractions using a lower flow rate (30 L min-1) than the 

bulk samplers, and a portion of filter for each size fraction was leached with 0.5 mM ammonium acetate (pH 5.3) for one hour 

(Gao et al., 2019). The values in Table 2 represent weight-averaged solubility by deployment, which masks variability between 320 

different aerosol size classes. For example, within the same dataset, Fe solubility of coarse particles (i.e., averaged for all size-

classes >1 µm for each sample) ranged from 0.8–8.7 %, while fine particle (<1 µm) Fe solubility was generally higher, 

spanning 4.1–17% (Gao et al., 2019). Unsurprisingly, weight-averaged Fe solubility determined on MOUDI samples during 

GN01 fell between that assessed by UPW and HAc leaches, as also observed during a recent intercomparison of leaching 

protocols (Tang et al., 2025). This reflects the longer contact time between sample and solution compared to the UPW leach, 325 

along with the presence of the acetate ligand in the leaching solution, but higher pH, lower temperature, and shorter contact 

time compared to the HAc leach applied to bulk aerosols. 

Solubility of Fe in GN01 wet deposition samples is also included in Table 2. Concentrations of Fe in rain and snow samples 

during GN01 are presented in Figure 3, along with the percent of Fe in the dissolved (<0.2 µm) phase immediately after 

recovery for four samples (concentrations of other TEs in precipitation samples are summarized in Figure S1). From these four 330 

precipitation samples, average Fe solubility was roughly 4 times higher than for aerosol Fe UPW-solubility (Table 2), though 

this drops to 2 times higher if we exclude Ppt13, which had a notably higher dissolved Fe percentage than the other three 

filtered precipitation samples (Figure 3b). This trend was shared by other measured TEs, with average solubility determined 

for precipitation samples typically being higher than that measured for the UPW leach of aerosols by a factor of 2-5, but by as 

much as 12 times for Ti (Figure S2). This could potentially be due to precipitation samples incorporating different populations 335 

of aerosols (from the free troposphere as well as the boundary layer) during deposition compared to aerosols collected within 

the boundary layer (Church et al., 1990), or due to a lower pH in precipitation samples compared to the UPW leach (pH 5.6) 

facilitating greater solubilisation of Fe (e.g., Spokes et al., 1994). Unfortunately, this cannot be checked as pH was not 

measured in GN01 precipitation samples.  

However, it may also represent incomplete solubilization of refractory particles collected in unfiltered precipitation samples, 340 

which were acidified to 0.024 M HCl and stored for over six months before analysis, whereas aerosol sample replicates were 

fully digested with a multi-step, strong acid digestion (Marsay et al., 2018a). A comparison of North Atlantic rain samples 

treated with a strong acid digest to corresponding samples acidified as described here found that the latter typically recovered 

less than 30% of total Fe, albeit in a region with high mineral aerosol loading (Tian et al., 2008). For this reason, previous 

studies using a similar acidification approach to the GN01 precipitation sampling have identified Fe and other TEs measured 345 

in unfiltered rain samples as “total dissolvable” rather than “total” (e.g., Sedwick et al., 2007). This would suggest that the 

estimated Fe solubility from GN01 precipitation samples is likely an overestimate. 
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Figure 3: Iron concentration and solubility in GN01 precipitation samples. (a) Total dissolvable and dissolved Fe concentrations in 350 
precipitation samples collected by N-CON sampler and cut-off bottles, with dissolved Fe contributions to four samples indicated by 
hatching. (b) Percent of total dissolvable Fe in the dissolved fraction at the time of sample recovery for four samples where a 
subsample was filtered. 

3.3 Spatial and air-mass related variations in GN01 aerosol Fe solubility 

Air mass provenance and transport time can each play a significant role in determining aerosol characteristics, and air mass 355 

back trajectories are often used to assess potential sources regions for sampled aerosols. Mukherjee et al. (2021) discussed 

water-soluble inorganic and organic aerosol species during GN01 by grouping samples together based on shared characteristics 

of air mass influences. Using the NOAA HYSPLIT model (Rolph et al., 2017; Stein et al., 2015), they calculated 100-hour air 

mass back trajectories (AMBTs) at 6-hour intervals for every aerosol deployment and grouped them together to produce a 

density plot showing relative spatial frequency of back-trajectories. Group 1 (consisting of sample Aer01 only) was assessed 360 

to have been dominated by air masses that had spent time over the North Pacific and Bering Sea, with smaller contributions 

from marine Arctic air (air masses that had remained over the Arctic Ocean for the previous ~4 days) and coastal Arctic air 

masses that had spent time over continental North America and Russia around the margins of the Arctic Ocean. Samples 

Aer02–Aer09 were grouped together (Group 2) as being dominated by marine Arctic air masses, while Aer10–Aer14 were 

grouped together (Group 3) as including a mix of Arctic continental influence (from both North America and eastern Russia) 365 

and marine Arctic air masses (Mukherjee et al., 2021).  

A similar comparison of the distribution of AMBTs for these three groups is presented in Figure S3. Aerosol Fe concentration 

and solubility for each of the three groups are summarized in Table 3. Also included are concentrations of some major inorganic 

aerosol components for bulk aerosols (Mukherjee et al., 2021) and Fe solubility data for MOUDI samples, which typically 
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spanned one or two bulk aerosol sample deployments (Gao et al., 2019).  370 

There are no significant differences in total Fe concentration between the three groups due to significant variability between 

individual samples (Figure 2). For example, among the Group 3 samples, Fe concentration measured during Aer11 (350 pmol 

m-3) was 6–8 times higher than the samples collected immediately before and after it. This is likely because that sample 

coincided with direct atmospheric transport to the region from northern Canada and/or Siberia, which brought with it a 

relatively high dust load (Marsay et al., 2018a). Differences in UPW-soluble Fe concentration and Fe solubility between the 375 

three groups were more distinct, with the highest concentration (3.7 pmol m-3) measured during the single deployment 

contributing to Group 1 (Aer01). As that sample did not have a particularly high total Fe load, calculated UPW-Fe solubility 

for Group 1 (8.8 %) was notably higher than for Groups 2 (0.4 ± 0.3 %) and 3 (0.9 ± 0.3 %). In contrast, the second highest 

UPW-soluble Fe concentration (2.1 pmol m-3, Aer11) represents only 0.6% solubility due to the relatively high total Fe load 

also measured in that sample.  380 

Table 3: Summary of GN01 aerosol characteristics based on air mass influence. Values are the mean and standard 
deviation of the deployments listed except for Group 1 (Aer01 only). 

 Group 1 Group 2 Group 3 

Air mass influence(s) N. Pacific/Arctic Marine Arctic Continental /Marine Arctic 

Deployment #s Aer01 Aer02–Aer09 Aer10–Aer14 

Total Fe (pmol m-3) 42 68 ± 47 98 ± 142 

UPW Fe (pmol m-3) 3.7 0.16 ± 0.06 0.71 ± 0.78 

UPW %Fe solubility 8.8 % 0.4 ± 0.3 % 0.9 ± 0.3 % 

HAc Fe (pmol m-3) 10.8 40.7 ± 28.4 45.3 ± 62.0 

HAc %Fe solubility 26 % 61 ± 29 % 47 ± 10 % 

MOUDI %Fe solubility1 2.9 % 9.3 ± 2.8 % 5.1 ± 2.5 % 

Sea salt (ng m-3)2 3600 365 ± 365 6400 ± 6700 

nss-SO4 (ng m-3)2 193 39 ± 23 24 ± 13 

NO3 (ng m-3)2 120 22 ± 8 30 ± 14 

1000 × V/Al (mol mol-1)3 3.4 0.22 ± 0.06 0.70 ± 0.38 

1Gao et al. (2019); Group 1 includes MOUDI sample M1, Group 2 is M2-M5, Group 3 is M6-M8. 
2Mukherjee et al. (2021). Excludes values less than detection limit. 
3Marsay et al. (2018a). 385 

The higher UPW-Fe solubility of Aer01 coincided with higher non-sea-salt sulfate (nss-SO42–) and nitrate (NO3–) 

concentrations (Mukherjee et al., 2021) and a higher V/Al molar ratio in that sample (Marsay et al., 2018a) relative to Group 
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2 and 3 samples (Table 3). All three have been used as tracers of anthropogenic aerosol influence, and particularly fossil fuel 

combustion emissions (e.g., Schmale et al., 2022; Sedwick et al., 2007; Yang et al., 2020), and so the higher UPW-Fe solubility 

of the sample may reflect greater impact from anthropogenic contributions to the aerosol load of Aer01, presumably from 390 

emissions around the Bering Sea or further south. Previous studies have determined that Fe associated with carbonaceous 

combustion aerosols is present as adsorbed impurities or ferric sulphate salts, rather than within a ferric (oxy)hydroxide matrix, 

and is thus highly soluble regardless of solution pH and with rapid dissolution rates (Desboeufs et al., 2005; Schroth et al., 

2009).  

AMBTs for Group 2 suggest little recent (100 hours) transport from continental areas during the time samples were collected, 395 

which suggests that any contributions from mineral aerosol (or other terrestrial sources) would be relatively aged, while low 

Fe/Al and Fe/Ti ratios in these samples (Marsay et al., 2018a) suggest little influence from non-crustal Fe sources. Indeed, 

Fe/Al and Fe/Ti ratios of Group 2 samples were significantly lower than average crustal values (Gao et al., 2019; Marsay et 

al., 2018a), which suggests either a mineral aerosol contribution sourced from low Fe-content minerals or an in-situ loss of Fe 

relative to Al and Ti. Studies in the remote Pacific Ocean have encountered similarly low Fe/Al ratios along with a distinct 400 

heavy stable Fe isotope signature, which has led to speculation that this may be due to loss of a soluble fraction of Fe during 

transport, along with isotope fractionation (Kurisu et al., 2021; Camin et al., 2025). This would explain the low Fe solubility 

in Group 2 samples. However, more work is needed to verify how the soluble fraction could be separated, and whether Al and 

Ti would undergo similar processing. Notably, the similarly low Fe solubility in Group 3 samples was associated in some cases 

with more direct transport from terrestrial sources (e.g., Aer11; Marsay et al., 2018a), rather than material that had been 405 

airborne for a long period. 

In contrast to the UPW leach data, Gao et al. (2019) described a general increase in aerosol Fe solubility towards higher 

latitudes for samples treated with ammonium acetate, with Group 2 samples having the highest average solubility of 9.3 ± 2.8 

% (Table 3). Fan et al. (2023) linked the pattern of ammonium acetate Fe solubility in MOUDI samples to a combination of 

Fe mineralogy and atmospheric processing during long range transport: Aer01 Fe was dominated by biotite and hematite, 410 

whereas Group 2 samples were dominated by ferrihydrite and ilmenite, and Group 3 contributions were more variable, but 

with significant contributions from hematite, biotite, Fe(III) phosphate and ferrihydrite (Fan et al., 2023). The HAc leach data 

roughly follows the same trend as for the ammonium acetate leach, with Group 2 sample solubilities being generally higher 

than Group 3 (61 ± 29 % and 47 ± 10 %, respectively), and Group 1 solubility being lower than both (26 %).   

That the same trend is not seen in UPW leachable Fe may reflect the shorter contact time between leachate and sample for 415 

UPW, and the increased effectiveness of the ligand-containing ammonium acetate leach and the HAc leach at accessing some 

mineral-associated Fe relative to the UPW leach. This suggests that differences in UPW solubility were driven more by the 

relative importance of lithogenic versus anthropogenic Fe contributions, while differences in Fe solubility in the longer leaches 

also reflect differences in mineralogy of mineral aerosol Fe. This is not meant to imply that mineralogy has no effect on UPW 

solubility of Fe, as it has been demonstrated previously that the method can differentiate differences in Fe solubility of biotite-420 



17 
 

rich glacial flour versus ferrihydrite-dominated arid soils (Schroth et al., 2009). That higher UPW solubility is not mirrored by 

higher HAc solubility of Fe in the same samples is consistent with the UPW-soluble Fe fraction being readily and rapidly 

released (Desboeufs et al., 2005), such that the HAc leach would not be expected to release significant additional Fe from any 

combustion aerosols. 

Comparison between patterns for UPW and ammonium acetate derived Fe solubility is, however, also complicated by 425 

differences for the samples constituting Group 1, where UPW-determined Fe solubility in Aer01 was higher (8.8%) than 

ammonium acetate-determined solubility for the corresponding MOUDI sample (2.9%). This is likely a result of a mismatch 

between sampling duration, as power issues during the first deployment resulted in differences in operating periods between 

samplers. Thus, the MOUDI sample may have not been operating at a time when aerosol with more soluble aerosol Fe was 

collected. 430 

3.4 A wider perspective of Arctic aerosol Fe solubility – combining GN01 and MOSAiC data 

Although the late summertime GN01 cruise provided only a small dataset of Arctic aerosol samples, the same sample collection 

and UPW-leaching approach was also used during the MOSAiC expedition in winter and spring of 2019/2020 (Marsay et al., 

2025). The two projects therefore provide an opportunity to investigate Arctic aerosol Fe solubility in a larger dataset and in 

contrasting seasons, with the caveat that GN01 was conducted on the Amerasian side of the Arctic Ocean, while MOSAiC 435 

sampling took place on the Eurasian side, between 80–89 ºN. However, except for Aer01 and Aer14 (which are excluded from 

the following assessment), all GN01 samples were collected north of 70 ºN and wholly within the Arctic Ocean, as were the 

MOSAiC samples. 

3.4.1 Aerosol loading versus Fe solubility 

Previous Atlantic and Pacific Ocean studies have highlighted an inverse hyperbolic relationship between Fe solubility and total 440 

Fe or dust loading, with low solubility associated with high total Fe loading and higher solubility when aerosol Fe 

concentrations are lower (Jickells et al., 2016; Shelley et al., 2018; Sholkovitz et al., 2012; Yang et al., 2020). This has been 

suggested to result from mixing of two types of aerosols – relatively fresh mineral aerosol with low Fe solubility and 

anthropogenic aerosol with high Fe solubility (Sedwick et al., 2007). Alternatively, the relationship has been hypothesized to 

represent the combined effects of aerosol removal by deposition during atmospheric transport and physicochemical processing 445 

of the remaining material. In this scenario, Fe solubility increases as mineral aerosol undergoes increasing interaction with 

other aerosol components, including acidic species and organic ligands (Mahowald et al., 2018), as observed during laboratory 

experiments (Maters et al., 2022). In Figure 4, fractional Fe solubility is plotted against total Fe loading for Arctic Ocean 

(GN01 and MOSAiC) aerosols collected north of 70 ºN, along with data from several other studies in which the same short-

exposure UPW leach was used to assess Fe solubility in Atlantic and Pacific Ocean aerosols. Whereas the overall dataset 450 

reflects the previously described inverse relationship between total Fe concentration and Fe solubility (Sholkovitz et al., 2012), 
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there is no clear relationship for the Arctic aerosol data. This is presumably due to the limited range in Fe loading in these 

Arctic aerosol samples (16–350 pmol m-3 during GN01 and 54–1091 pmol m-3 during MOSAiC). In contrast, most of the 

datapoints with >20 nmol m-3 Fe loading and low Fe solubility in Figure 4 are samples collected in the North Atlantic and 

strongly influenced by Saharan dust outbreaks (Buck et al., 2010; Sedwick et al., 2007; Shelley et al., 2018). Time-series data 455 

of total Fe loading at Alert, Canada (82.5 ºN) (Gong and Barrie, 2005) suggests that such high concentrations are rarely 

encountered in the high Arctic. Instead, significant variability in Fe solubility is seen over a relatively small concentration 

range. 

   
Figure 4: Comparison of aerosol Fe solubility to total Fe loading. Iron solubility assessed using a flow-through UPW leach is plotted 460 
against total Fe for GN01 samples (cyan circles) versus MOSAiC samples (pink diamonds) and samples collected over the Atlantic 
(grey triangles) and Pacific (grey inverted triangles) Oceans. Inset shows expanded view of low total Fe concentrations that includes 
all GN01 and MOSAiC data. MOSAiC data are from Marsay et al. (2025); Atlantic data are from Buck et al. (2010), Shelley et al. 
(2018), and Sholkovitz et al. (2012); Pacific data are from Buck et al. (2006, 2013). 

3.4.2 Seasonality of aerosol Fe solubility 465 

Data from MOSAiC indicated higher aerosol Fe solubility in winter than in spring (Marsay et al., 2025). We extend this 

seasonal comparison for total Fe concentration and Fe solubility in Figure 5, with comparisons of GN01 and MOSAiC data, 
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and of GN01 summertime data to MOSAiC winter and spring data separately. Both total Fe loading and Fe (UPW) solubility 

were significantly lower during GN01 than during MOSAiC (Mann-Whitney Rank Sum Test, p<0.01) (Figure 5a,c). Total Fe 

loading during GN01 was significantly lower than both the winter and spring MOSAiC datasets (Figure 5b). Iron solubility 470 

seemed to show a seasonal progression, being highest during winter, lower in spring, and lowest during the summertime GN01 

data, although the small datasets available prevent the spring/summer comparison from being statistically significant at the 

p<0.05 level (Figure 5d). This seasonality broadly agrees with time-series data from Kevo, Finland, which indicated a peak in 

median aerosol Fe solubility in April, but with highest individual measurements of solubility in February and March (Laing et 

al., 2014a). 475 

Higher Fe solubility during MOSAiC than GN01 was mirrored by a higher V/Al ratio and higher nss-SO42– and NO3– 

concentrations during MOSAiC (Figure 5e,g,i). These seasonal differences are consistent with the Arctic haze phenomenon, 

resulting from a buildup of anthropogenic aerosols in the Arctic atmosphere, being most pronounced in winter and spring 

(Barrie, 1986; Schmale et al., 2022; Shaw, 1995). Some previous studies have identified relationships between Fe solubility 

and tracers of anthropogenic aerosols such as V/Al ratio (Sedwick et al., 2007; Sholkovitz et al., 2009) and nss-SO42– (Yang 480 

et al., 2020), while in other cases, no significant correlation has been identified (Baker et al., 2006; Buck et al., 2006, 2010, 

2013). This disparity likely reflects regional variability in aerosol source and transport patterns, which in turn could influence 

the degree of internal mixing of aerosols from different sources. Aerosol nss-SO42– and NO3– concentrations are often 

considered to be associated with acidic conditions within the atmosphere because they imply the presence of acidic precursors 

(e.g., H2SO4, HNO3), formed from gaseous SO2 and NOx emissions, which could interact with surficial aerosol iron and 485 

enhance its potential solubility. In this case, the shared seasonality between Fe solubility and anthropogenic aerosol tracers 

suggests that the acidic aerosol components of Arctic haze play a role in influencing Fe solubility.  

Indeed, the combined GN01 and MOSAiC dataset exhibits a positive correlation between Fe solubility and nss-SO42– 

concentration (Spearman Rank Order Correlation, r = 0.75, p<0.001; Figure 6), albeit with little contribution from GN01, for 

which all but four of the samples collected north of 70 ºN had nss-SO42– below the detection limit (Mukherjee et al., 2021). 490 

Closer examination of the data suggests seasonality to the relationship between nss-SO42– and Fe solubility (Figure 6). For the 

summertime (GN01) data, the limited dataset and low nss-SO42– concentrations make it difficult to identify any relationship 

between the two. Both winter and spring datasets exhibit significant correlations between Fe solubility and nss-SO42–. With 

the exclusion of one sample (MOSAiC Aer03) that had very high nss-SO42– concentration – more than twice as high as any 

other sample during MOSAiC – the winter MOSAiC samples present a much stronger increase in Fe solubility with increasing 495 

nss-SO42– concentration, relative to samples collected during the spring transition period. (Figure 6). However, there was no 

significant difference in nss-SO42– concentration between winter and spring (Figure 5h). Instead, a similar range in nss-SO42– 

concentration was associated with higher Fe solubility in winter than in spring (Figure 6).  
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   500 

Figure 5: Comparison of aerosol characteristics between GN01 (cyan) and MOSAiC (purple). (a, b) Total aerosol Fe concentration, 
(c, d) Fe UPW-solubility, (e, f) V/Al molar ratio, (g, h) nss-sulfate concentration, and (i, j) nitrate concentration. Comparisons are 
made between the two projects (left column) and between seasonal datasets (right column), with MOSAiC data (n = 26) split between 
winter (deployments 1-13, n = 13) and spring (deployments 14-26, n = 13). GN01 data excludes samples collected south of 70ºS 
(Aer01, Aer14; n = 11, or less where some measurements are below detection). Each box spans 25th to 75th percentiles of data and is 505 
bisected by the median, with whiskers extending to 10th and 90th percentiles. Individual datapoints are superimposed as dots. Red 
lines indicate statistically significant differences between datasets (Mann-Whitney Rank Sum Test), with level of significance 
indicated by asterisks. 



21 
 

Baker et al. (2006) have interpreted a missing relationship between nss-SO42– and Fe solubility as evidence of a lack of internal 

mixing between coarse, Fe-bearing mineral grains and fine, combustion-derived particles. The seasonality observed between 510 

Fe solubility and nss-SO42– concentrations could therefore result from differences in residence time for aerosols in the Arctic 

atmosphere and the related potential for interactions between aerosol types. Arctic haze is characterized by a buildup of 

aerosols during the winter months, due in part to lower precipitation rates removing material less efficiently than in the summer 

(Barrie, 1986). Potentially, the longer wintertime atmospheric residence times for particles would allow for greater internal 

mixing of crustal aerosols and anthropogenic emissions, resulting in greater solubilization of crustal Fe by acidic species. 515 

However, bulk deposition velocities determined during MOSAiC from beryllium-7 data were found to be reasonably stable 

between December and late May (613 ± 153 m d-1 over the entire period (Marsay et al., 2025)), suggesting no significant 

difference in atmospheric residence time for winter and spring samples. 

 
Figure 6: Relationship between aerosol Fe solubility and nss-sulfate concentration. Fe solubility is plotted against nss-sulfate 520 
concentration for GN01 (cyan circles), MOSAiC Winter (blue triangles), and MOSAiC Spring (red inverted triangles). Dashed 
regression lines are included where statistically significant correlations exist for seasonal data (Aer03 excluded from MOSAiC winter 
data due to unusually high nss-sulfate). Solid black regression line indicates significant correlation for all data. 

An alternative explanation is that the steeper relationship between Fe solubility and nss-SO42– during winter may arise from 

the influence of additional aerosol components. The highest Fe solubility values in the MOSAiC data were measured in samples 525 

collected during January-February (Marsay et al., 2025), a period that also saw the highest black carbon aerosol concentrations 
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during MOSAiC (Boyer et al., 2023). Black carbon is a tracer of emissions from fossil fuel and biomass combustion (Luo et 

al., 2008; Winiger et al., 2019) and the peak during MOSAiC was attributed to anthropogenic aerosols transported primarily 

from northern Asia/Siberia (Boyer et al., 2023). Presumably this also coincided with relatively high concentrations of primary 

and secondary organic aerosols that have also been attributed partially to combustion emissions (Kawamura and Kaplan, 1987; 530 

Narukawa et al., 1999; Nguyen et al., 2014; van Pinxteren et al., 2015). Previous work has linked loading of water-soluble 

organic compounds, and oxalate in particular, to aerosol Fe solubility (Ito and Shi, 2016; Paris and Desboeufs, 2013; Wozniak 

et al., 2015). Thus, the generally higher Fe solubility and greater increase in Fe solubility relative to nss-SO42– loading during 

winter may be due to interactions between mineral aerosol, nss-SO42–, and higher concentrations of oxalate (and potentially 

other organic aerosols) derived from combustion emissions. Time-series data from multiple sites around the Arctic indicate 535 

that black carbon has an annual cycle similar to nss-SO42–, with peak concentrations during the January-March period and 

minimum concentrations during the September-October period in which GN01 took place (Boyer et al., 2023; Schmale et al., 

2022). This may not, however, be true of oxalate, which is also produced by photochemical reactions of organic precursors 

but also thought to be decomposed by photochemistry (Kawamura et al., 2010), and more work is undoubtedly needed to pick 

apart the relative importance of acidic species versus organic ligands in influencing aerosol Fe solubility. 540 

 

3.4.3 Seasonality of bulk deposition flux of soluble Fe to the Arctic Ocean 

Aerosol concentration of a chemical species, Ci, can be used to calculate its bulk atmospheric deposition flux, Fi, by combining 

the data with a bulk deposition velocity, Vbulk (Eq. 1): 

𝐹! 	= 	𝐶! 	× 	𝑉"#$%       (1) 545 

During both GN01 and MOSAiC, bulk deposition velocity was calculated based on measurements of the short-lived 

radioisotope, beryllium-7 (Be-7; half-life = 53.3 days) (Marsay et al., 2018a, 2025). Be-7 is produced in the stratosphere and 

upper troposphere and quickly becomes associated with aerosol particles. Due to the long residence time of aerosols in the 

stratosphere relative to the short half-life of Be-7, tropospheric production dominates Be-7 deposition, by gravitational settling 

and particularly scavenging by precipitation (Kadko and Swart, 2004). For large areas of the open ocean, the only processes 550 

significantly influencing the distribution of Be-7 are its deposition from the atmosphere and its natural decay (Kadko et al., 

2015). During GN01, the deposition flux of Be-7 was determined both from its inventory in snow samples collected on sea ice 

and from falling snow collected directly. The average value was combined with aerosol Be-7 activity data to calculate an 

average bulk deposition velocity of 1140 ± 490 m d-1, which was then used with minimum and maximum measured aerosol 

TE concentrations to calculate a range in bulk deposition flux for each element (Marsay et al., 2018a). 555 

The same Vbulk value of 1140 m d-1 is applied to UPW, SW and HAc soluble Fe concentrations in bulk aerosols collected north 

of 70 °N to provide estimates of soluble and labile Fe flux to the Arctic Ocean during GN01 (Table 4). Also included in the 

table are spring and winter fluxes of UPW-soluble Fe to the Arctic Ocean, based on concentrations during MOSAiC and a 
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Vbulk of 613 ± 153 m d-1, similarly calculated from Be-7 data (Marsay et al., 2025). The same deposition velocity was applied 

to both spring and winter subsets of soluble concentration data.  560 

The data indicate a strong seasonal variation in UPW-soluble Fe deposition to the Arctic Ocean, with higher solubility in spring 

and particularly in winter, during the Arctic haze period, compensating for the lower bulk deposition velocity during that 

period resulting from less precipitation. Thus, the greatest deposition flux of UPW-soluble Fe to the Arctic Ocean takes place 

during winter (15 ± 14 nmol m-2 d-1), when much of the sea surface is ice-covered and primary production is light limited. 

Although summertime has a much lower deposition flux (0.9 ± 1.3 nmol m-2 d-1), this supply is more likely to be available for 565 

immediate biological uptake, due to abundant sunlight and a greater proportion of deposition taking place directly to the surface 

ocean.  

Table 4: Bulk deposition fluxes of total and soluble Fe to the Arctic Ocean (>70 ºN) calculated from GN01 data. Also 
included are UPW-soluble Fe fluxes in spring and winter based on data from MOSAiC. All values are in nmol m-2 d-1. 

 Total Fe HAc-Fe SW-Fe UPW-Fe Spring UPW-Fe1 Winter UPW-Fe1 

Mean ± 1s 88 ± 103 46 ± 48 2.4 ± 1.9 0.9 ± 1.3 5.9 ± 2.2 15 ± 14 
Min 18 5.5 0.35 0.13 2.6 2.4 
Max 399 177 5.9 4.2 8.7 44 

Median 50 32 2.3 0.26 6.1 11 
1Marsay et al. (2025) 570 

Winter and springtime deposition is also eventually released to surface waters during seasonal melting, albeit potentially after 

post-depositional photochemical and biogeochemical changes in Fe chemistry while deposited material is on snow cover or 

during transit through melt ponds (Marsay et al., 2018b). Thus, the labile (HAc-soluble) Fe deposition flux may be a more 

relevant estimate of atmospheric Fe supply to the Arctic region. The HAc-soluble Fe deposition flux calculated during GN01 

is more comparable to that calculated during MOSAiC – a median of 32 nmol m-2 d-1 during GN01 versus 31 nmol m-2 d-1 575 

during MOSAiC (Marsay et al., 2025). However, these estimates are not as directly comparable between the two studies due 

to slight differences in the HAc-leaching protocol. 

3.4.4 Potential changes in atmospheric Fe supply in a changing climate and their impact 

The Arctic climate is rapidly warming, leading to a 43% decrease in summertime sea ice extent since satellite observations 

began in 1979 and a smaller decrease in winter maximum ice coverage (AMAP, 2021). Thus, atmospheric deposition is 580 

increasingly taking place directly to surface waters, particularly in summer. While the Arctic Ocean is typically not considered 

to be Fe limited due to the influence upon Fe supply of shelf processes, fluvial inputs, and the Transpolar Drift, there is some 

evidence that low dissolved Fe concentration can become important for limiting productivity in the summer (Rijkenberg et al., 
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2018). Thus, the magnitude and relative solubility of atmospheric Fe deposition (either direct or from seasonally melting sea 

ice) could become increasingly important in the future. 585 

The combined GN01 and MOSAiC datasets suggest that acidic inorganic aerosol species from fossil fuel combustion 

emissions, represented by nss-SO42–, influence Fe solubility in Arctic aerosols during the Arctic haze period, but less so during 

the summer months. An ongoing trend in declining Arctic haze nss-SO42– concentrations due to emissions regulations in areas 

south of the Arctic (Schmale et al., 2022) may therefore lead to a reduction in Arctic aerosol soluble Fe deposition during the 

winter months. However, summertime aerosol Fe solubility may increase due to expected increases in local anthropogenic 590 

emissions (from increased marine traffic and industrial activity) as the Arctic region continues to warm. The frequency and 

intensity of large boreal wildfires is also predicted to increase, which will likely increase emission and atmospheric transport 

to the Arctic Ocean of nutrients, including soluble Fe (Ardyna et al., 2022; Bergas-Masso et al., 2025; Cunningham et al., 

2024).   

Changes in atmospheric transport patterns and an increase in wet deposition, driven primarily by an increase in rain, are also 595 

predicted due to ongoing climate change (AMAP, 2021). A shift to a wetter Arctic will likely influence aerosol residence time 

and efficiency of deposition (Sharma et al., 2013), with scavenging by rainfall thought to more efficiently remove aerosols 

than that by snow (Browse et al., 2012). Thus, soluble Fe will be delivered more efficiently from the atmosphere. But the 

shorter atmospheric residence time will reduce the potential for internal mixing of mineral aerosol with acidic and organic 

aerosols that would act to increase solubility. As such, further studies investigating the relative importance of atmospheric 600 

processing versus emission type (e.g., soluble combustion emissions, refractory mineral aerosol) are needed to predict how 

changing atmospheric weather patterns will influence the supply of bioavailable iron from the atmosphere to the Arctic Ocean 

in the future.  

4 Conclusions 

The solubility of Fe in late summertime Arctic aerosols and precipitation samples was assessed by several approaches. Iron 605 

solubility in short exposure, flow-through leaching approaches using ultrapure water and filtered seawater produced similar 

results, given the relative uncertainty in measurements, while the more aggressive approach of heating the aerosol samples 

with acetic acid and a reducing agent provided an upper estimate of Fe solubility. Using the UPW leaching approach, Fe 

solubility was low throughout GN01, except for one sample collected while traversing the Bering Sea, which chemical tracers 

and air mass back trajectories indicate was more influenced by anthropogenic emission contributions.  610 

A seasonal comparison of the (summertime) GN01 UPW-derived Fe solubility to that measured in winter and springtime 

samples using the same approach suggests a strong seasonality to Arctic aerosol Fe solubility, connected with the Arctic haze 

phenomenon and potentially influenced by interactions of both inorganic and organic aerosol species with Fe. As a result, bulk 

deposition of soluble Fe to the Arctic region is higher in winter and spring than in summer, despite slower rates of aerosol 
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removal during the winter months due to the dominance of dry over wet deposition. This means that a significant fraction of 615 

the annual atmospheric supply of soluble Fe to the Arctic Ocean likely occurs onto sea ice and during the Arctic winter, rather 

than directly to the sea surface. As such, any post-depositional processes that occur to material deposited onto the sea ice, 

along with the timing of release of meltwater from the sea ice to the surface ocean, will play an important role in determining 

the impact of atmospherically supplied Fe in winter/spring to Arctic Ocean surface waters in summer.  

The combined GN01 and MOSAiC datasets suggest that acidic inorganic aerosol species from fossil fuel combustion emissions 620 

influence Fe solubility in Arctic aerosols during the Arctic haze period. An ongoing trend in declining Arctic nss-SO42– 

concentrations due to emissions regulations (Schmale et al., 2022) may therefore lead to a reduction in winter/spring Arctic 

aerosol Fe solubility on an annual basis. In contrast, summertime concentrations of soluble aerosol Fe may well increase in the 

future due to expected growth in emissions from local marine traffic and industrial activity as the Arctic region continues to 

become more accessible. The contribution of wildfire aerosols to Fe loading and their potential to influence Fe solubility during 625 

summer and winter is poorly constrained at present but is expected to increase. The ongoing shift to a warmer, wetter Arctic 

will presumably increase efficiency of atmospheric deposition in the region but may also decrease the residence time of 

aerosols in the Arctic atmosphere, thus reducing the potential for solubilisation of aerosol Fe before deposition. 
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