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Abstract

The subarctic Pacific Ocean and Bering Sea comprise the second-largest high nitrate, low chlorophyll region in the world, where
primary production is limited by the availability of iron (Fe). To estimate the potential impact of different terrestrial aerosol
Fe sources on marine ecosystems, we performed a suite of laboratory assessments following established protocols, including:
1) leaching with Milli-Q water, 2) sequential extractions, 3) complete acid digestions, 4) X-ray diffraction, and 5) grain size
analysis. Measurements were performed on 20 fine-grained (<5 wm) glacier-derived sediments from Alaska and the Yukon, 2
fresh, never-wetted volcanic ashes (Redoubt 2009 and Pavlof 2016), and 6 weathered ashes (Redoubt and Augustine) which
span the past “8700 years. We compared results to published data on Asian desert-derived sediments, finding that the glacier-
derived sediments have five times higher easily-reducible Fe (median 2.3 + 0.6 wt. %) than desert-derived samples (0.49 + 0.1
wt. %) and fourteen times higher easily-reducible Fe than fresh ash (0.16 £ 0.1 wt. %). In addition, fractional Fe solubility was
higher in glacial sediment (median cumulative 0.31 £+ 0.11% Feg) than volcanic ash (0.04 £ 0.02 % Feg). Glacial sediments
also contained higher concentrations of bioactive metals including Co, Ni, Cu, Zn, Mo, Cd, and Pb. Inferred Fe availability
increased with sample age, pointing to the ability of environmental weathering processes to change Fe geochemistry. Together
these results suggest that glacier-derived dust may provide the subarctic Pacific with more bioavailable iron per unit mass than
either volcanic ash or desert-derived dust.
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Key Points:
1) Alaska glacial sediments contain easily-reducible Fe that is 5x higher than Asian desert
sediments and 14x higher than volcanic ash.
2) Iron in volcanic ash is relatively insoluble and non-bioavailable.
3) Sediment and volcanic ash Fe availability increases through time and environmental
exposure in the climate of southcentral Alaska.
4) Alaska glacier-derived sediments contain five to thirty times higher Cu, Ni, and Pb, and

~twice as high Co, Zn, Cd, and Mo as volcanic ash.

Abstract

The subarctic Pacific Ocean and Bering Sea comprise the second-largest high nitrate, low
chlorophyll region in the world, where primary production is limited by the availability of iron
(Fe). To estimate the potential impact of different terrestrial aerosol Fe sources on marine
ecosystems, we performed a suite of laboratory assessments following established protocols,
including: 1) leaching with Milli-Q water, 2) sequential extractions, 3) complete acid digestions,
4) X-ray diffraction, and 5) grain size analysis. Measurements were performed on 20 fine-
grained (<5 pum) glacier-derived sediments from Alaska and the Yukon, 2 fresh, never-wetted
volcanic ashes (Redoubt 2009 and Pavlof 2016), and 6 weathered ashes (Redoubt and Augustine)
which span the past ~8700 years. We compared results to published data on Asian desert-derived
sediments, finding that the glacier-derived sediments have five times higher easily-reducible Fe
(median 2.3 £ 0.6 wt. %) than desert-derived samples (0.49 + 0.1 wt. %) and fourteen times
higher easily-reducible Fe than fresh ash (0.16 + 0.1 wt. %). In addition, fractional Fe solubility
was higher in glacial sediment (median cumulative 0.31 = 0.11% Fes) than volcanic ash (0.04 +
0.02 % Fes). Glacial sediments also contained higher concentrations of bioactive metals
including Co, Ni, Cu, Zn, Mo, Cd, and Pb. Inferred Fe availability increased with sample age,
pointing to the ability of environmental weathering processes to change Fe geochemistry.
Together these results suggest that glacier-derived dust may provide the subarctic Pacific with

more bioavailable iron per unit mass than either volcanic ash or desert-derived dust.
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Plain Language Summary

The subarctic Pacific Ocean is a region where the growth of algae at the base of the ocean’s
food web is limited by a lack of the nutrient iron. In offshore regions far from river discharge and
the edges of continents, iron inputs from the atmosphere, such as from volcanic ash or dust
storms, can help fuel algae growth, supporting the ocean ecosystem and fisheries that depend on
it. In order to learn how different terrestrial nutrient sources might impact algae growth, we
compared the compositions of volcanic ash, dust from Asian deserts, and dust from glacier-fed
riverbeds in Alaska and Yukon Territory. We also looked at ash and dust of different ages, to see
how compositions changed through time. We found that glacier-derived dust had the most iron in
a form usable by algae, nearly five times higher than desert dust and fourteen times higher than
volcanic ash. The ash had the lowest amount of iron in a form usable by algae. We also found
that the form of iron in both volcanic ash and glacial dust changes with increasing time and
environmental exposure in southcentral Alaska’s climate, making it more biologically available

to algae as it ages.

1. Introduction

The Arctic and subarctic Pacific Ocean is experiencing rapid change as a result of climate
warming and associated feedbacks (Gregg et al. 2003; Grebmeier et al. 2006; Serreze et al.
2007). The northeastern Pacific Ocean and the Bering Sea are characterized as high nutrient, low
chlorophyll (HNLC) regions due to limited iron (Fe) inputs. Global satellite-based measurements
of primary production suggest a large decrease in the North Pacific region (-9.3%) associated
with increasing sea surface temperatures and decreasing terrestrial dust deposition, thus
enhancing this region’s HNLC status (Gregg et al. 2003). Climate change may impact nutrient
cycling by affecting sources and availability of Fe and macronutrients to pelagic phytoplankton
(e.g., Aguilar-Islas et al. 2008; Kipp et al. 2018). There may also be changes in the seasonality of
nutrient deposition, altering the relevance and impact of different terrestrial nutrient sources.

Despite significant progress toward understanding phytoplankton growth response to Fe

fertilization, the relative importance of different natural micronutrient sources has not fully been
explored. Aerosol geochemistry may play an important role in determining bioavailability and
thus stimulating phytoplankton growth and production (Journet et al. 2008; Schroth et al. 2009).
Fractional Fe solubility (%Fes), operationally defined as the fraction of total Fe that passes
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through a given filter pore size, has been used as a measure of Fe availability (e.g., Fan et al.
2006; Winton et al. 2016). Mineral dust typically has %Fes of 1% (Jickells and Spokes 2001;
Mahowald et al. 2009) though higher measured %Fes (~10-90%) worldwide points to a
significant soluble Fe contribution from combustion emissions (Chuang et al. 2005; Sedwick et
al. 2007; Sholkovitz et al. 2012). Atmospheric processing by acidic aerosols, including industrial
pollution, tends to reduce Fe oxidation state, increasing solubility substantially (Cwiertny et al.
2008; Solmon et al. 2009). Recent work has suggested that factors besides %Fes, such as Fe
speciation (Schroth et al. 2009) and oxidation state of particulate Fe, driven by sediment
weathering mechanism (Shoenfelt et al. 2017, 2019), may better reflect the Fe available for use
by phytoplankton. Thus there is a strong link between the geology and weathering history of
mineral aerosols and their potential impact on ocean ecosystems.

In addition to Fe, other trace elements needed for phytoplankton growth include
manganese (Mn), cobalt (Co), cadmium (Cd), nickel (Ni), copper (Cu), molybdenum (Mo), and
zinc (Zn) (Morel 1991; Baeyens et al. 2011; Twining and Baines 2013), which can be co-limiting
with iron in HNLC regions. Trace element quotas vary among phytoplankton taxa, but a
generalized stoichiometry of their requirements is Fe ~ Zn > Mn = Ni = Cu >> Co = Cd
(Twining et al. 2011; Twining and Baines, 2013). In addition, trace elements such as Cu, Cd, and
lead (Pb) can be toxic to phytoplankton in high concentrations, and terrestrial aerosols are a
recognized source of these metals (Paytan et al. 2009; Echeveste et al. 2012).

The northeastern subarctic Pacific receives terrestrial nutrients from several sources. It is
generally assumed that dust sourced from Asian deserts accounts for the majority of the annual
atmospheric Fe deposition, given high annual dust emissions and peak deposition during
springtime (Harrison et al. 1999; Xuan and Sokolik 2002; Measures et al. 2005; Mahowald et al.
2005, 2009; Fischer et al. 2009). For instance, deposition from the April 2001 “perfect dust
storm” caused a near-doubling of carbon biomass over a two-week interval in the northeastern
Pacific (Bishop et al. 2002). In contrast to this ongoing, annual supply of dust, volcanic eruptions
have been recognized as a significant episodic source of micronutrients in Fe-limited regions
(Browning et al. 2014, 2015; Simonella et al. 2015). Notably, direct deposition of ash from the
2008 eruption of Kasatochi (Alaska) fueled an anomalous phytoplankton bloom in the Gulf of
Alaska (GOA) (Hamme et al. 2010; Langmann et al. 2010), potentially even enhancing salmon
recruitment in subsequent years (Parsons and Whitney 2012; Olgun et al. 2013). Ash plumes
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containing iron-bearing silicate minerals and glass can be dissolved by the low pH of the plume;
the dissolved components can then be reprecipitated as highly soluble iron salts, but the degree to
which these salts alter the amount of soluble iron in volcanic ash is unknown (Browning et al.
2015). Although direct volcanic ash fertilization has thus far only been assessed on a case-by-
case basis, such examples hint at a potential ongoing role for intermittent eruptions in natural Fe
fertilization of this volcanically active region.

Volcanic ash previously deposited sub-aerially can also be remobilized and deposited
subsequently in the ocean. Recent satellite observations of ash remobilization from the flanks of
Kamchatka (Russia) volcanoes suggest that volcanically-sourced nutrients may be deposited in
the surface ocean for months to years following an eruption (Flower and Kahn 2017a). In fact,
ash remobilization can continue for decades following large eruptions, a phenomenon most
evident at Katmai (Alaska) where remobilization is ongoing (Global Volcanism Program 2016;
Wallace and Schwaiger 2018) despite the dormancy of the volcano since 1912 (Hildreth 1983).
Aged ash, even though it has likely lost the soluble salts thought to make fresh ash particularly
reactive (Jones and Gislason 2008; Duggen et al. 2010), typically exhibits high micronutrient
availability relative to desert dust (Frogner et al. 2001; Chuang et al. 2005; Schroth et al. 2009;
Duggen et al. 2010). Given that active volcanoes characterize the northern Pacific rim,
remobilized volcanic ash may serve as a significant and previously unrecognized ongoing source
of nutrients to this Fe-limited ecosystem.

A fourth source of terrestrial nutrients, glacially-fed Alaska riverbeds provide a
potentially significant supply of mechanically-weathered mineral material to the northeastern
subarctic Pacific. Glacially-derived dust plumes have been observed extending from multiple
river mouths hundreds of km into the GOA, where they are deposited into the Fe-limited
offshore region (Crusius et al. 2011; Schroth et al. 2017). Although these local dust sources do
not have the global footprint of Asian desert dust (e.g., Uno et al. 2009), the processes producing
the glacial dust, namely, mechanical weathering of bedrock via glacier activity, may make the Fe
and other micronutrients more bioavailable than in desert dust (Schroth et al. 2009; Bullard et al.
2016; Shoenfelt et al. 2017, 2019). For example, Muhs et al. (2013) found that loess (wind-
blown silt) within the Copper River basin of southcentral Alaska, the largest drainage into the
GOA, contained a higher proportion of Fe than all other loess bodies in North America.

Estimated loess mass accumulation rates (MARs) during the Holocene range from 78—158
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g/m?/yr, making them among the highest reported in the Northern Hemisphere (Muhs et al.
2013). Crusius et al. (2011) estimated that a single dust storm in 2006 from the Copper River
basin could have delivered 30-200 metric tons of soluble Fe to the GOA. Glaciogenic dust
therefore may play an important role in fertilizing the northeastern subarctic Pacific.

A detailed understanding of terrestrial micronutrient sources, including their mineralogy,
Fe geochemistry, and Fe solubility is needed to help estimate their potential to impact marine
phytoplankton communities. This information, in turn, can contribute to an understanding of the
role of changing nutrient deposition in declining North Pacific primary production, and the
vulnerability (or resilience) of the subarctic Pacific ecosystem to ongoing climate change. In this
study we evaluate four classes of terrestrial nutrients in terms of their potential to deliver
bioavailable Fe and other trace metals: Asian desert sediment, aged and fresh volcanic ash, and
glacier-derived sediment, including glaciofluvial silt and loess. We compare data from a range of
well-established protocols, finding that glacially-sourced dust outpaces both volcanic ash and

desert dust as a source of bioavailable trace nutrients.

2. Materials and Methods

2.1 Sample collection

2.1.1 Glaciofluvial silt and loess samples

We collected glaciofluvial silt and loess samples from southcentral Alaska, USA, in
summer 2016 and from Yukon Territory, Canada, in summer 2017 (Fig. 1). Glaciofluvial silts
were collected from river channel deposits or river banks downstream from alpine glaciers. We
sampled silt from the Chistochina, Copper, Gakona, Knik, Matanuska, and Susitna Rivers, which
collectively represent erosion of bedrock from the Alaska, Talkeetna, Chugach, and Wrangell
mountain ranges. The Alaska and Yukon samples are considered collectively in subsequent
figures and text as “AK glaciofluvial silt.” We sampled loess from the Matanuska and Copper
River valleys, including a section at the confluence of the Chitina and Copper Rivers described
and radiocarbon-dated by Mubhs et al. (2013). In total, we analyzed 20 glacier-derived samples,

including eleven glaciofluvial and nine loess samples (Table 1).
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2.1.2 Volcanic ash samples

Volcanic ash samples include two fresh, never-wetted samples from the Redoubt 2009
and Pavlof 2016 eruptions, and six aged ash samples from Redoubt and Augustine volcanoes
which represent deposition over the past ~8700 cal years B.P. (Fig. 1). Fresh ash from Redoubt
Event 19 erupted on 4 April 2009 (sample AT-3982) was collected in Homer, Alaska (115 km to
the SE) as a I-mm layer on clean poster board. Fresh ash from Pavlof erupted on 28 April 2016
(AT-3680) was collected from wood planks of a porch in Nelson Lagoon (78 km to the NE). One
aged ash sample (AT-1411), inferred to be from the 1989—1990 eruption of Redoubt Volcano,
was collected from beneath modern leaf litter along the Drift River (11 km NE). Five other aged
ash samples (AT-2851, 2854, 2867, 2876, 2886) were collected from a surface pit in a coastal
bluff 20 km W of Augustine Island (Fig. 1).

Glaciofluvial Silt T, ., | Figure 1. Map showing sample
O Loess . - o
A A Fresh Ash Ve Y ) sites in Alaska and the Yukon
A Aged Ash o O Territory, including the Chitina
' B loess section and Copper River
basin. Map generated using

GeoMapApp.

170% i TB0™A 15554 N 14550 140" 13585 130%W

2.2 Sample processing

A summary of the sample processing and analytical methods can be seen in Fig. 2.
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Figure 2. Flowchart diagram showing sample processing and analysis steps used in this study. Not all

samples went through all procedures.

2.2.1 Size separation

Glaciofluvial and loess samples were separated by size, first using wet sieving (<63 pm
diameter) and then humid sedimentation following Stokes’ law (<5 pm diameter), assuming
spherical grains. Ultrapure water used for all experiments came from a Milli-Q Integral 3
System. The <5 pm fraction represents the material most likely to be wind-transported (Prospero
1999). It is important to perform analyses specifically on the size fraction that is transported
offshore since there may be geochemical and mineralogical variation based on grain size. For
example, the Fe content of our <5 pm samples is likely higher in finer grain sizes relative to bulk

sediment, as Fe-bearing clay minerals and iron oxides, such as hematite, goethite, and chlorite,
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tend to be smaller (Whitney 1975; Poulton and Raiswell 2005; Lu et al. 2017). Grain size
separations were not performed on pristine ash samples because we did not want to alter the Fe
geochemistry of these never-wetted samples prior to the sequential Fe extractions. Specifically,
we were interested in detecting surficial Fe sulfate salts, which we expected would dissolve in
the MgCl, extraction. Aged ash samples were sieved to remove >63 pm material, which was
generally negligible. Grain size distributions for all sample types are shown in Fig. 2 and

discussed in Section 3.3.

2.2.2 Leaching

Fine-grained (<5 um diameter) glaciofluvial and loess samples were leached to remove
carbonates using a pH 5 buffered acetic acid solution until non-reactive. A visible reaction
occurred for loess samples from the Chitina loess section, which contained gastropod shells, but

not for other sediment samples.

2.3 Analytical methods

2.3.1 Grain size distribution

We measured grain size distribution using a Beckman Coulter Multisizer 3 with a 100 pm
aperture tube and glass propeller stirrer. We used Isoton II diluent in a 50% dilution, running
each sample at least 3 times. All labwork was conducted in a new, purpose-built facility at Colby
College, which provides the low blanks required for trace-metal clean procedures. The lab has a
dedicated air handling system that maintains HEPA filtration and minimum humidity levels. The
main laboratory is accessed via an adjacent anteroom where workers don non-particulating lab
coats, hair nets, dedicated clogs, and nitrile or vinyl gloves.

Particle blanks were consistently <0.5% of sample concentrations, and we did not perform
a blank correction. Both concentration and particle sizing measurements were highly
reproducible. For example, twelve analyses of a sediment sample gave concentrations with a 1%
residual standard deviation (%RSD). Individual size bins with counts per bin of ~10-1500
particles/mL yielded 2*standard errors of < 1 particle/mL in size bins 2—13 um diameter. In bins
greater than 13 pm, the rarity of coarse particles in our samples led to spikier data, and

2*standard errors ranged from 1-7 particle/mL.
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2.3.2 Fractional solubility via ultrapure water leaches

Iron and other trace metal fractional solubility was determined following the ultrapure
water leaching procedure of Schroth et al. (2009). We placed 3—4 mg of sediment (weighed
using a Sartorius Cubis Ultra-Microbalance, which has repeatability to +/- 0.00025 mg) on a 0.4-
um-pore Whatman polycarbonate filter in an acid-cleaned Nalgene filter holder. The sediment
was leached with Milli-Q™ ultrapure water under vacuum at a rate of 250 mL per 45 seconds.
Water was passed through the filter in incremental steps of 100 mL, 150 mL, 250 mL, and 500
mL, for a total volume of 1000 mL, to assess progressive solubility. Each sample was leached in
triplicate and acidified to 3% v/v nitric acid prior to analysis. Procedural blank concentrations
represented 6-30% of the sample concentrations, and blank corrections were performed.

We recognize that ultrapure water itself bears little resemblance to seawater and real-
world conditions. However, this simple and widely-used experimental design allows for the
evaluation of relative differences among sample types and between studies (e.g, Shelley et al.
2018). We also note that any measure of solubility is operationally defined and may reflect some

combination of dissolved and colloidal Fe (Wu et al. 2001).

2.3.3 Sequential Fe extraction

Iron has varying chemical reactivity and solubility based on how it is bonded within
minerals and other compounds. Sequential Fe extractions aim to remove and analyze Fe
contained as: 1) exchangeable Fe(II) ions (including iron-bearing salts), 2) “easily-reducible” Fe
oxides (ferrihydrite and lepidocrocite), 3) “reducible” Fe oxides (goethite, hematite, and
akagangéite), and 4) Fe (oxyhydr)oxides as well as Fe from sheet silicates (e.g., chlorite and
biotite) (Chester and Hughes 1967; Poulton and Canfield 2007; Lu et al. 2017; Slotznick et al.
2019). While each extractant targets a specific group of minerals, it is not mineral-specific, and
minerals may dissolve across multiple extraction steps (Slotznick et al. 2019). However, the
extractions provide useful operational definitions for comparisons among sample types.

Beginning with 100 mg of sediment in a 15 mL centrifuge tube, each extractant was
added, sonicated and vortexed until sediment became fully suspended. After each extraction,
samples were centrifuged for twenty minutes at 3900 RPM and the supernatant was collected for

analysis. The first extraction uses 10 mL of 1 M magnesium chloride, brought to pH 7 with 1 M

10
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sodium hydroxide and rocked for two hours, to extract exchangeable Fe(Il) ions (Heron et al.
1994; Poulton and Canfield 2005). For the second extraction, we added 10 mL of 1 M
hydroxylamine—hydrochloride solution in 25% v/v acetic acid to each sample, then placed
samples on a rocking table for 24 hours under dark conditions to extract easily-reducible Fe
oxides (Chester and Hughes 1967; Poulton and Canfield 2005). The third extraction adds 10 mL
of sodium dithionite solution (50 g/L, buffered to pH 4.8 with acetic acid, sodium citrate, and
sodium bicarbonate) to each sample. These were placed in an 80° C water bath for 30 minutes
and shaken every five minutes, to extract reducible Fe oxides (Mehra and Jackson 1958; Poulton
and Canfield 2005; Lu et al. 2017). This extraction has been found to be the “most robust at
extracting the targeted phases” (Slotznick et al. 2019). We then added 3 mL of 6 N HCl at 100°C
in Teflon beakers for 2 hours for the final extraction of Fe (oxyhydr)oxides and Fe from sheet
silicates (Poulton and Canfield 2005; Lu et al. 2017). Following this step, we performed an HF-
HNO:s hotplate digestion following the procedure described in section 2.3.4 to determine residual

iron concentrations (results discussed in section 3.4).

2.3.4 Hotplate digestion

To digest the samples, we weighed 100 mg of sample into Savillex™ beakers, then added
concentrated in-house double-distilled HNO3 and Seastar® Ultrapure HF in a 3:1 ratio. Samples
were disaggregated in an ultrasonic bath for 20 minutes and heated, capped, at 100°C for >24
hours. Some glaciofluvial silt and loess samples contained organic carbon, appearing as a black
residue. These required the addition of 0.3—0.5 mL concentrated Fisher Chemical Optima HCIOs,
followed by fuming at 200°C in a dedicated hood with washdown system. We repeated this step
until the samples dried to whitish cakes. Residual halides were removed by two successive
additions of 6 mL double-distilled 8N HNOs3 followed by 20 minutes in an ultrasonic bath and
>1 hour heating, capped, at 100°C. Dried, digested samples were brought up to 5 mL in 4N
HNO:s. Rock standard BCR-2 was digested and processed in parallel with each batch of samples
to ensure analytical accuracy (Jweda et al., 2015), and a procedural blank accompanied each
batch of samples through all steps. Digestions were performed in laminar-flow exhausting hoods

in a clean lab (described in Section 2.3.1).

2.3.5 Major and trace element analysis

11
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Major element concentrations in digested and extracted samples were determined using a
Spectro Arcos ICP-AES housed at Colby College. USGS rock standards AGV-2, SCO-1, SDC-1,
and BCR-2 were used as a calibration curve to find sample major oxide weight percentages.
Trace element concentrations and Fe concentrations from the solubility experiments were
measured on a Thermo Finnigan Element II high-resolution ICP-MS at the University of Maine.
ICP-MS samples were run using an Elemental Scientific PFA-ST self-aspirating nebulizer with
100 pL/min uptake and a quartz cyclonic spray chamber. Sample gas flow was ~0.8mL/min with
additional gas of ~0.2mL/min and RF power of ~1280. All settings were optimized during tuning
before analyzing samples. We determined trace element concentrations by analyzing a mixed-
matrix elemental standard at four dilutions spanning the expected concentrations of our samples.
A check standard was analyzed periodically to assess for analytical drift. USGS rock standards
BCR-2, AGV-2, SDC-1, and SCO-1 were run as “random” samples on the ICP-MS to assess
accuracy. Procedural blank concentrations were negligible, and no blank corrections were
performed. We calculate percent residual standard deviation (%RSD) using data from six
independent digestions and seven independent analyses of BCR-2. We find %RSDs <8% for all
elements except Co, As, Ag, and Cd, which are among the lowest-concentration elements for

BCR-2.

2.3.6 X-Ray diffraction

The mineralogy of samples was determined at Colby College using a Bruker D2 Powder
Phaser X-ray diffractometer (XRD) with a Cu Ka anode and goniometer radius of 141.00 mm.
The <5pm grain size fraction of sediment samples was analyzed; bulk samples were used for the
volcanic ash samples. Approximately 15 mg of sample was suspended in Milli-Q water, pipetted
onto a silica zero-background wafer, and dried down to align clay minerals. Samples were
analyzed for 20 values from 5-30° with a step size of 0.020°. Peaks were identified using Bruker
Diffrac.EVA software with International Center for Diffraction Data PDF-4+ 2019 database and
compared to those documented in the literature (Moore and Reynolds 1989; Lu et al. 2017; Muhs
et al. 2013).

2.3.7 Radiocarbon dating of aged ash samples

12
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Ages of ash samples collected from the soil pit near Augustine Island were determined by
radiocarbon dating of the humic acid fraction of underlying soils. Samples were processed either
at the USGS AMS Radiocarbon Lab in Reston, VA with analysis at the Center for Mass
Spectrometry, Lawrence Livermore National Laboratory in Berkeley, CA, or at the University of
Georgia Center for Applied Isotope Studies in Athens, GA (Table 2). Raw ages were calibrated
using CALIB v.5 (Stuiver and Reimer, 1993) and 95% age distributions at 26 were found using
IntCal04 (Reimer et al., 2004).

3 Results
3.1 Grain size distribution

Sediments subjected to sieving and settling for grain size separation had approximately
lognormal volume distributions (dV/dInD), with volume mode diameters of ~4—4.5 um (Fig. 3).
Fresh and aged ash samples, which were run as bulk and <63 um size fractions, respectively, had
coarser grain size distributions. The fresh ash sample we analyzed in duplicate, AT-3982, had a
volume mode diameter of ~10—11 pm. Two aged ash samples, AT-2876 and AT-2886, had

volume mode diameters of ~20 um (Fig. 3).
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The total Fe content of the bulk fresh ash samples from Redoubt (AT-3982) and Pavlof
(AT-3680) were 5.96 wt % and 11.9 wt % respectively. Aged ash samples from Redoubt and
Augustine ranged from 4.49 wt % to 7.06 wt %, with a median of 4.97 wt %. The total Fe
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content of the <5 um glacier-derived sediments ranged from 6.89 to 14.1 wt % with a median of
10.6 wt %. Glacier-derived Alaska sediments had greater total Fe content than the Asian desert
samples analyzed by Lu et al. (2017); the average Fe concentrations from each desert ranged
from 5.92 £ 1.41 wt % (n=15; 1 s.d.) to 8.38 £ 1.55 wt % (n=37; 1 s.d.) Fe, with a median of
6.92 wt % (Lu et al., 2017).

Glaciofluvial silt, loess, and aged ash samples had similar cumulative fractional Fe
solubility (%Fes) values after leaching with 1000 mL of ultrapure water, ranging from 0.12% to
0.76%, with a median solubility of 0.32% (Table 3). There were no significant differences
among these three sample types (Fig. 4). In contrast, the two fresh ash samples had significantly
lower cumulative Fe solubilities, at 0.06% and 0.03% (Fig. 4). In all samples, Fe solubility was
positively associated with easily-reducible Fe content (r = 0.33) and Fe contained in sheet
silicates and (oxyhydr)oxides (r = 0.31), and negatively associated with the residual Fe fraction (r

= .0.49).

10° F . Figure 4. Cumulative
1/4 ] fractional Fe solubility
] following successive
leaches of sediment/ash
samples with Milli-Q
water. Fresh volcanic ash

samples are ~7x less

soluble than aged ash,
loess, and glaciofluvial silt
samples (calculated using
median values), which all
have similar Fe solubility.
Samples were leached in

-

o
4
T

Cumulative Fe solubility (%)

:

102 h : 2& f(';‘;ig"““a' Silt | | triplicate, and error bars
= AK Fresh Ash ] represent one standard
A AKAged Ash deviation.

1 1 1 1 1 1 L 1 I 1

100 200 300 400 500 600 700 800 900 1000
Leachate volume (mL)

3.3 Trace metal (Mn, Co, Ni, Cu, Zn, Mo, Cd, Pb) content and solubility of dust and ash
Bioactive and/or potentially toxic trace metal concentrations were generally higher in
glacier-derived sediments than in ash samples (Table 1). Most of these metals followed one of

two patterns. For Ni, Cu, and Pb, concentrations in silt and loess were similar, and were 5-30
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times higher than in fresh or aged ash samples, which were similar to each other (Fig. 5A-C).
Specifically, Ni concentrations followed the order: silt (median: 89.4 + 22.3 ppm median
absolute deviation (MAD); n=11), loess (84.7 £ 34.4 ppm; n = 8), aged ash (8.2 £ 5.8 ppm; n =
6), fresh ash (2.9 £+ 1.0 ppm; n = 2). Cu concentrations were: loess (209 + 81.2 ppm), silt (158 +
30.9 ppm), fresh ash (39.4 £+ 1.5 ppm), aged ash (37.2 £+ 14.4 ppm). Pb concentrations followed
the order: silt (30.2 + 4.1 ppm), loess (30.1 + 12.7 ppm), fresh ash (5.9 + 1.0 ppm), aged ash (5.2
+ 2.7 ppm). For Co, Zn, Mo, and Cd, silt samples had the highest concentrations, but the four
sample types were much closer in value, with more overlap in their ranges (Fig. 5D-G).
Specifically, Co concentrations were: silt (38.0 + 5.1 ppm), loess (26.9 + 10.4 ppm), fresh ash
(15.5 £4.3 ppm), aged ash (11.5 + 2.9 ppm). Zn concentrations decreased in the order: silt (249
+ 47.7 ppm), loess (118 + 7.6 ppm), fresh ash (100 + 12.4 ppm), aged ash (73.9 = 19.8 ppm). Mo
concentrations were: silt (3.2 £ 1.4 ppm), loess (2.9 + 1.8 ppm), aged ash (2.4 + 0.6 ppm), fresh
ash (1.3 £ 0.2 ppm). Cd concentrations were quite low, with: silt (0.19 + 0.05 ppm), loess (0.14 +
0.05 ppm), fresh ash (0.11 £ 0.02 ppm), aged ash (0.07 + 0.02 ppm). Mn concentrations were
highest in fresh ash (611 + 161 ppm) and silt (547 = 193 ppm), and lower in aged ash (338 + 48
ppm) and loess (306 + 113 ppm) (Fig. SH).

We determined the cumulative fractional solubility of Mn, Cu, and Co following leaching
with 1000 mL of Milli-Q water (see section 2.3.2), and found that values were similar among
sample types (Table 3). Cu solubilities were highest (median: 4.4 + 3.4% MAD; n = 10),
followed by Mn (1.6 £ 1.1%; n = 13) and Co (0.8 + 0.2; n = 13). For the other metals,
concentrations were either below detection limits, or had higher blanks, likely because of
contributions from the filters, and thus we were unable to determine fractional solubilities using

this approach.
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Figure 5. Box-and-whisker plots showing concentrations of bioactive and/or potentially toxic trace metals
among four sample types. Boxes represent 25" and 75" percentiles, while the thin horizontal line shows the
median value of each dataset. Whiskers (thin vertical lines) indicate the data range, excluding statistical outliers
(outside ~2.70). Trace metals generally follow one of two patterns: Ni (A), Cu (B), and Pb (C) are 5-30x
higher in loess and silt samples than in ash samples. Concentrations of Zn (D), Co (E), Cd (F), and Mo (G) are
much more similar among samples, though glacier-derived samples remain higher than ashes. Mn (H) is
slightly higher in fresh volcanic ash samples than in silt samples, while loess and aged ash have lower but
similar concentrations.

3.4  Fe speciation

Glaciogenic sediments, including silt and loess, had the highest weight percentage of
easily-reducible Fe (median: 2.3 + 0.6 MAD; n = 20), nearly five times higher than Asian desert
sediments (0.49 = 0.1 wt %; n = 108; data from Lu et al., 2017) and fourteen times higher than
fresh volcanic ash (0.16 £ 0.1 wt %; n = 2) (Fig. 6; Table 4). There were no significant
differences in the easily-reducible Fe content of silt vs. loess samples. Proportionally, easily-
reducible Fe made up 23 + 7.5% of the total iron in the glacier-derived samples compared to 7.8
+ 1.6% in Asian desert sediments and 1.7 £+ 0.2% in fresh ash. Aged volcanic ash contained 1.6 +
0.3 wt % (n = 6) easily-reducible Fe, ten times higher than fresh ash. Easily-reducible Fe
accounted for 33 + 2.2% of the total Fe in aged ash, twenty times higher than its proportion in
fresh ash. Fig. 6 provides a summary of the Fe extraction data among sample types, shown as
proportions of total Fe. We use estimation plots to illustrate the differences among sample types
(Fig. 7A) (Ho et al., 2019). These provide the distributions of values as well as the average
difference (with 95% confidence interval) between each sample type and a reference data set, in
this case, Asian desert sediment (from Lu et al., 2017).

Reducible Fe oxides were most abundant in Asian desert sediments, at 2.4 + 0.42 wt %,
equivalent to nine to 172 times higher than in other sample types. By comparison, glaciogenic
sediments contained 0.18 + 0.07 wt % reducible Fe; fresh ash contained 0.014 + 0.002 wt %
reducible Fe, and aged ash contained 0.27 + 0.05 wt % reducible Fe. Proportionally, reducible Fe
accounted for 34 + 3.3% of the Fe in Asian sediments, whereas it comprised 1.6 + 0.55% of the
Fe in glaciogenic sediments, 0.18 £+ 0.08% of the Fe in fresh ash, and 5.6 £ 0.72% of the Fe in
aged ash (Figs. 6, 7B). Among the glaciogenic samples, loesses had higher and more variable

concentrations of reducible Fe oxides (0.74 &+ 0.56 wt %) than silts (0.14 = 0.05 wt %).
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432  Exchangeable Fe(Il) ions were negligible in most samples, but three AK loess samples had ~1%
433 of their total Fe in this form.

434 Glaciogenic samples had the highest concentrations of Fe as sheet silicates and

435  (oxyhydr)oxides, at 6.8 = 1.0 wt %, making them 2—3x higher than fresh ash (2.7 + 0.39 wt %),
436  aged ash (2.4 + 0.51 wt %), and Asian desert sediments (3.2 + 0.23 wt %). Silts had higher and
437  less variable concentrations (6.9 + 0.81 wt %) than loess samples (5.0 = 3.3 wt %).

438  Proportionally, glaciogenic sediments contained 62.4 + 9.3% of their Fe in this form, compared
439  to 34.7 £+ 15.3% in fresh ash, 45.8 + 7.6% in aged ash, and 43.4 + 4.2 % in Asian desert sediment
440  (Figs. 6, 7C).

441 As determined following complete acid digestion of the remaining sediment after the first
442  four extractions, fresh ash samples contained by far the highest refractory Fe, at 6.2 + 3.2 wt %.
443 In comparison, other sample types contained close to 1 wt % refractory Fe. Proportionally,

444  refractory Fe accounts for 63.2 + 15.3% of the Fe in volcanic ash, compared to 22.9 + 2.9% of Fe
445  in aged ash, 12.4 + 3.0% of Fe in Asian desert sediment, and 9.8 + 2.1% of Fe in glaciogenic
446  sediments (Figs. 6, 7D). Of the samples analyzed here, freshly deposited volcanic ash contained
447  the least Fe in a form potentially usable by phytoplankton, and the most Fe in a refractory form.
448 The sum of extracted Fe compares reasonably well to the total amount of digested Fe
449  measured in each sample, with extracted Fe representing 73 to 109% of digested Fe (mean:

450  95.8% =+ 10 s.d.) (Fig. 8). Differences may relate to errors in sample weights or to different

451  analytical runs. In comparison, the percentage of extracted Fe from Asian desert sediments

452  relative to total Fe ranges from 81 to 128% (Lu et al. 2017). The Asian desert dust values fit the
453 1:1 line more closely than the Alaska and Yukon samples, likely because each point represents
454  an average of samples from each desert region.

455
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462
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464 Figure 6. Stacked bar plot showing proportions of total Fe represented by each Fe extractant. Color hues
represent sample type, with tints indicating the Fe extraction used (see legend). Asian desert sediment bars
465 represent means of samples from each desert (numbers given in parentheses) (Lu et al., 2017).
466 Glaciofluvial silt, loess and aged ash samples have the highest proportions of easily-reducible Fe, while
Asian sediments have the highest proportion of Fe as reducible Fe oxides. The majority of Fe in fresh
467 volcanic ash samples is refractory.

468

469 3.5 Mineralogy

470 Chlorite, muscovite, quartz, and plagioclase were the dominant mineral phases present in
471  the glacier-derived silt and loess samples (Fig. 9). Chlorite was the most abundant Fe-bearing
472  mineral and one of the most abundant minerals present; prominent (002) and (004) peaks relative
473  to (001) and (003) peaks suggest that it is Fe-rich (Muhs et al., 2013). We did not detect iron

474  oxide minerals in these samples using XRD, although from the sequential Fe extraction results,

475  we infer the presence of easily-reducible Fe oxides such as ferrihydrite, and reducible Fe oxides
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such as hematite and goethite. Pristine ash samples contain quartz, plagioclase, and muscovite,

though presumably are largely non-crystalline, with Fe occurring in the glass both in the

interstices between silica tetrahedra, and substituting for Si*" within tetrahedra (Ayris and

Delmelle, 2012).
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Figure 7. Estimation plots of sequential Fe extraction data after Ho et al. (2019). Upper panels show distributions
of values as % of total Fe represented by each extractant, with error bars giving the mean (black dot) and one
standard deviation of each dataset. Lower panels show the average difference between each sample type and
Asian desert sediment (from Lu et al., 2017). Error bars give 95% confidence intervals of the delta values. A)
Fresh ash samples have lower easily-reducible Fe than Asian desert sediments, while aged ash, silt, and loess
samples have ~3x higher easily-reducible Fe than desert sediments. B) Asian desert sediments have the highest
proportion of reducible Fe oxides, ~3x higher than Alaska ash and sediment samples. C) Glaciofluvial silt
samples have 2x higher proportions of Fe contained as sheet silicates and (oxy)hydroxides than Asian desert
sediments and fresh and aged ashes. D) Fresh volcanic ash has ~3x higher refractory Fe than other sample types.
Exchangeable Fe (MgClz extraction) data are not shown, as this fraction was only detected in three loess samples.
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Figure 8. Comparison of total
extracted Fe to total digested
Fe for independently processed
and analyzed samples
measured in this study and
Asian desert sediments
analyzed by Lu et al. (2017).
Most samples fall near the 1:1
line, though several are
significantly different between
the two approaches.

Figure 9. Representative XRD
spectra showing mineralogy of
A) glacier-derived silt and loess
samples and B) fresh volcanic
ash samples. Chlorite appears
as the dominant Fe-bearing
mineral in glacier-derived
samples, while ash samples do
not contain any obvious Fe-
bearing minerals.
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4 Discussion

4.1 Fe geochemistry, solubility, and mineralogy

We observed several key differences in the Fe geochemistry of glacier-derived and Asian
desert sediments, hinting at differences in their potential impacts on ocean ecosystems.
Glaciogenic silt and loess samples contained more Fe (median = 10.6 wt %) than the Asian
sediment samples (median = 6.92 wt %) characterized by Lu et al. 2017 (Table 1), suggesting
that even if there were no differences in the speciation or solubility of iron, glacier-derived dust
would provide the northeastern subarctic Pacific more Fe per unit mass than would Asian dust.
Reported values of bedrock from southcentral Alaska, where the silt and loess were collected,
range from 2.38 to 17.0 wt % with a median of 8.68 wt % (Greene et al. 2006, found on
www.earthchem.org/petdb). Since the median sediment concentrations are higher in the fine-
fraction material, it may indicate that there is an enhancement of Fe in the <5 um grain size
fraction relative to the bedrock, perhaps related to Fe-bearing clays (Journet et al. 2008).

While total Fe contents between Alaska and Asian samples differ, we also see significant
differences in the speciation and solubility of glacier-derived vs. desert-derived dust. Glacier-
derived samples, including glaciofluvial silt and loess, have the highest weight percentages of
easily-reducible iron, five times higher than Asian desert sediments and fourteen times higher
than fresh volcanic ash. They also have twice as high Fe extracted from sheet silicates than either
ash or Asian desert sediments. XRD analysis shows that chlorite is a dominant Fe-bearing
mineral (and sheet silicate) in these samples, and we also infer the presence of Fe oxides such as
ferrihydrite and goethite, based on the sequential Fe extraction data (e.g., Slotznick et al., 2019).
Overall, the silicate mineralogy of the sediment samples is dominated by chlorite, muscovite,
quartz, and plagioclase. In comparison, fine-grained Asian desert sediments are, on average,
dominated by secondary minerals including illite (55%), kaolinite (29%), chlorite (12%) and
smectite (4%), with ~2% hematite and goethite (Lu et al. 2017). Overall, Asian desert sediments
have lower proportions of Fe as sheet silicates and higher proportions of Fe as reducible Fe
oxides (hematite and goethite) than Alaska glacier-derived sediments (Figs. 6-7). These
differences exist despite the fact that Lu et al. (2017) analyzed the <2 pum fraction, while our

sediments are coarser, with ~5 um diameter (Fig. 3).
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Mineralogical results from Alaska are broadly consistent with those of Muhs et al.
(2013), who analyzed the bulk and <53 pum fractions of loess samples from two of the same sites
analyzed in this study: Chitina and Matanuska valley, Alaska. Muhs et al. (2013) identified
quartz, plagioclase, amphibole, and chlorite, with lesser amounts of K-feldspar, mica, and
carbonate minerals. We did not detect amphibole or K-feldspar, and removed carbonates through
an acetic acid leach prior to analysis. We also see some broad similarities to the findings of
Schroth et al. (2009), who used EXAFS spectra to infer the dominant minerals within Asian and
Alaska sediments. Namely, there is a significant contribution of Fe oxides in Asian desert
samples and of primary silicates in Alaska glaciofluvial samples (Schroth et al., 2009, 2011).
However, there are some differences: Schroth et al. (2009) identified only ferrihydrite and
hornblende in an Asian desert sample, whereas Lu et al. (2017) measured a range of clay
minerals and Fe oxides, with Fe contributions from chlorite, hematite, and goethite. Schroth et al.
(2009) inferred large fractions of biotite, hornblende, ferrosmectite, and ferrihydrite in Alaska
sediments, whereas both Muhs et al (2013) and this study identified chlorite as a dominant Fe-
bearing mineral. These differences probably can be attributed to the different instrumentation
and associated procedures used to identify minerals, as well as differences among samples.

Fe solubility results are consistent with the sequential extraction and mineralogy data,
showing relatively high cumulative Fe solubility of 0.12% to 0.76% in silt and loess samples
following leaching with 1000 mL of ultrapure water, but much lower values of 0.03% and 0.06%
in fresh volcanic ash. Results are consistent with previously published data on sediments from
glacially-fed rivers obtained using the same experimental setup. Schroth et al. (2009) measured
Fe solubility after leaching with 750 mL of ultrapure water, finding values of 0.4% and 0.8%,
respectively, in two Alaska glaciofluvial samples. Additional leaching of the same samples with
5 L of water yielded higher values of 2—3% (Schroth et al., 2009). Although we did not perform
this more extensive set of leaches, we would expect comparable increases in our samples. The
volcanic ash solubility results (0.03—0.06% Fes) fall near the middle of a previously reported
range of Fes for fresh volcanic ash samples of 0.007-0.1% Fes (Olgun et al. 2011). Overall, our
measured values are on the low end of a spectrum of %Fes values measured globally, consistent
with natural aerosol sources and no input of combustion aerosols (Sholkovitz et al, 2012).

Although we expected to measure Fe-bearing salts in the fresh ash samples via the MgCl,

extraction, which removes exchangeable Fe(Il) ions, we found only negligible amounts of Fe in
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this form. Though Fe-bearing salts may be present on the ash particle surfaces (Browning et al.,
2015), they would account for such a low fraction of the total iron content of the ash (<< 1%)),
that they would not compensate for the lack of easily-reducible and reducible iron in the ash
samples. A second potential source of highly soluble Fe is the formation of ferrihydrite
nanoparticles through cloud processing (Shi et al., 2009), which may occur on ash particles
(Ayris and Delmelle, 2012). The sequential extraction data show very low percentages of easily-
reducible Fe, a pool which includes ferrihydrite. Thus, in these samples we find little evidence
for the Fe-bearing compounds thought to play a role in ash Fe solubility. Overall, our results
show that fresh volcanic ash has the least Fe fertilization potential of the terrestrial nutrient
sources measured.

The aged ash samples, in contrast, had fractional Fe solubilities very similar to those of
glacier-derived samples (Fig. 4): median of 0.28 + 0.12% MAD (n = 6) for the aged ashes
compared to 0.32 £ 0.11% (n = 5) for the glacier-derived sediments. Although eruptive ash
compositions presumably would differ among the volcanoes (Pavlof, Augustine, and Redoubt)
and individual events sampled, the difference in Fes between the fresh (AT-3982) and aged (AT-
1411) samples from Redoubt suggests that geochemical transformations may increase Fes as ash
ages. The fresh sample (2009 eruption) had Fes of 0.06%, while the aged sample (1989 eruption)
had Fes of 0.35%. The mode particle size of the aged ash samples was slightly coarser than that
of the fresh ashes, so these differences cannot be attributed to differences in surface area-to-
volume ratios (e.g. Ayris and Delmelle, 2012). We explore additional evidence for time-

dependent changes in Fe geochemistry and potential bioavailability in section 4.4.

4.2 Trace metal (Mn, Co, Ni, Cu, Zn, Mo, Cd, Pb) geochemistry and solubility

With the exception of Mn, trace metal concentrations were highest in glacier-derived
samples (silt and loess), and lowest in ash samples (both fresh and aged) (Fig. 5). The differences
were most extreme for Ni, Cu, and Pb, which were five to thirty times higher in the sediments.
This pattern is consistent with the Fe geochemistry results; namely, that Fe solubility and the
extracted Fe fractions thought to be most available to phytoplankton were higher in the glacier-
derived samples than in the fresh volcanic ash samples. Thus, on a per-mass basis, local

sediments have greater potential to deliver key trace nutrients to the northeastern subarctic

24



584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614

Confidential manuscript submitted to Global Biogeochemical Cycles

Pacific than do local volcanoes. Unfortunately, a lack of comparable data on digested fine-
fraction sediments from Asian deserts limits the ability to compare trace metal concentrations.

While total metal concentrations may be useful for making basic comparisons among
aerosol sources, metal fractional solubility can provide a more realistic estimate of potential
release into the surface ocean. Trace metal fractional solubilities are highly dependent on pH,
with solubility generally increasing significantly as pH decreases (e.g., Lim et al., 1994). Our
values, measured at pH ~5.5, may be most comparable to wet deposition of natural aerosols into
the surface ocean, although there are key differences between ultrapure water and rainwater,
such as negligible buffering capacity and a lack of natural ligands (e.g., Shelley et al., 2018).
Another difference is the length of contact time, as our measurements represent instantaneous
solubilities of source sediments, whereas wet-deposited aerosols over the ocean likely have
experienced a great deal more processing at acidic pH during transport (e.g., Duce and Tindale,
1991; Cwiertny et al., 2008; Solmon et al., 2009; Chen and Grassian, 2013; Jickells et al., 2016).
There may also be a contribution of soluble metals from combustion aerosols in open-ocean
locations (Sedwick et al., 2007; Sholkovitz et al., 2012).

We measured cumulative median solubilities of Cu: 4.3 +3.9% MAD (n=11), Mn: 1.6 +
1.1% MAD (n = 13) and Co: 0.8 = 0.2% MAD (n = 13), following leaching with 1000 mL of
ultrapure water, without finding significant differences between glacier-derived and ash samples.
Our measured Mn solubility is generally lower than values reported by other studies that used
similar methods. For example, Chance et al. (2015) measured aerosol solubility in the SE
Atlantic using a pH 4.7 ammonium acetate leach, and found that Mn solubility ranged from ~12—
82%, with a median of ~20%, higher than our measured value. Mn solubility of aerosols
collected in the North Atlantic on three GEOTRACES cruises, determined using ultrapure water,
was also higher, at 32 + 13% (Shelley et al., 2018). Saharan aerosols leached with pH 4.7
ammonium acetate and North Pacific aerosols leached with ultrapure water both measured 45%
soluble Mn (Buck et al., 2013; Baker et al., 2020). It seems clear that our values, measured
directly on dust source sediments or volcanic ash samples near their source, represent something
fundamentally different from these open-ocean atmospheric aerosols. Atmospheric processing
could play a role in these observed differences, as aerosols over the ocean have experienced at
least some degree of processing. An alternative explanation is that high Mn solubilities reflect

contributions from Mn oxide coatings on soil particles, which are prevalent in arid regions
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(Jickells et al., 2016; Baker et al., 2020 and refs therein). As our samples come from a maritime
climate, this may be a better explanation for the observed differences in Mn solubility.

In the case of Co, solubility in southeastern Atlantic aerosols was 2 + 1%, closer to our
median value (0.8 + 0.2%). In the North Atlantic, Co fractional solubilities spanned a wide range
from ~0-100%, with most samples falling between 10-20% (Shelley et al., 2018). A study which
leached Cape Verde soil particles with seawater in a flow-through reactor measured fractional
Co solubility of 0.14%, bracketing our sample on the low end (Thuroczy et al., 2010). For Cu,
our values (4.3 + 3.9%) are within the range reported for Saharan dust aerosols, 1-7% solubility
(Sholkovitz et al., 2010). Values are lower than those measured on three GEOTRACES cruises
in the North Atlantic, where Cu solubility ranged from ~1-50%, with a median of ~15% (Shelley
et al. 2018). It is possible that these higher values reflect the input of anthropogenic aerosols
(Sholkovitz et al., 2010).

While Fe limitation characterizes 30—40% of the world ocean (Sunda 2012), other
bioactive metals play important roles in fostering phytoplankton growth and influencing species
compositions, and may be co-limiting in certain regions (Moore et al. 2013). For example, the
addition of Mn, Cu, and Zn in bottle experiments in the subarctic Pacific stimulated algal growth
(Coale 1991; Crawford et al. 2003). Zinc may be co-limiting in this region because of
particularly low concentrations in surface waters (Lohan et al. 2002). Co was found to be co-
limiting with Fe in the GOA during the VERTEX experiment (Martin et al. 1989). Copper also
can be co-limiting with Fe, as Cu is needed for Fe uptake (Peers et al., 2005). Metal availability
also plays a role in driving species compositions, as metal requirements differ among taxa (e.g.,
Twining and Baines, 2013). For instance, high Zn concentrations can support the growth of
coccolithophores, which have a high Zn requirement (Sunda and Huntsman 1995). Given that Co
and Cd can substitute into Zn-containing enzymes such as carbonic anhydrase and alkaline
phosphatase, their presence may support growth when Zn concentrations are low (Price and
Morel 1990; Lee and Morel 1995; Sunda and Huntsman 1995). We found that glacier-derived
dust supplies relatively high concentrations of metals such as Cu, Zn, and Co compared to
volcanic ash, suggesting that Alaska dust may be an important source of these nutrients to

offshore waters.

4.3 Potential toxicity
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In terms of potential toxicity, Pb concentrations were five times higher in glacier-derived
sediments (~30 ppm) than in volcanic ash (~6 ppm). Cu concentrations followed the same
pattern: ~200 ppm in silt/loess samples and ~40 ppm in ash samples. We can use these
concentrations, along with our median measured Cu solubility of 4.3%, to estimate total and/or
soluble metal delivery during dust/ash deposition events of different sizes. For instance, Crusius
et al. (2011) estimated that a single dust storm emanating from the Copper River valley into the
Gulf of Alaska in November 2006 delivered 30—80 kton of dust. Using our values, this equates to
0.8-2.4 tons of total Pb, 5—16 tons of total Cu, and 0.2—0.7 tons of soluble Cu. Cu toxicity in
phytoplankton has been reported at concentrations of 11 to 200 ppm in the water (Mann et al.,
2002), while Pb toxicity has been found at 20—465 ppb and Cd toxicity at 0.23 to 500 ppb
(Echeveste et al., 2012). Given the area over which dust from a single storm gets deposited, it
seems unlikely an event such as this would reach the threshold necessary to cause toxic effects.
This interpretation is consistent with an analysis of Saharan dust deposition in the tropical and
subtropical Atlantic, where solubilities are similar (1-7%) but fluxes are much higher
(Sholkovitz et al., 2010).

In contrast, a volcanic eruption can deliver an enormous volume of ash to the surface
ocean in a short period of time, particularly in coastal waters (e.g., Olgun et al., 2011; Hoffmann
et al., 2012). While events such as the 2008 eruption of Kasatochi (Alaska) and 2010 eruption of
Eyjafjallajokull (Iceland) have been credited with triggering phytoplankton blooms through Fe
fertilization (Hamme et al., 2010; Langmann et al., 2010; Achterberg et al., 2013), they also may
supply large amounts of toxic metals to the atmosphere and ocean (e.g., Hoffmann et al., 2012;
Edmonds et al., 2018). For instance, during the VEI 4 Kasatochi eruption, an estimated 0.15 to
0.28 km?® of ash was erupted (Waythomas et al., 2010). Using our measured Pb and Cu
concentrations from Pavlof and Redoubt ash samples, and an estimated density for volcanic ash
of 1600 kg/m?, we estimate that this event could have produced ~1400-2600 metric tons of total
Pb, ~9,000-18,000 metric tons of total Cu, and 400—800 metric tons of soluble Cu. These
estimates are comparable to, or somewhat higher than, estimates of total metal fluxes from the
2008 VEI 4 Chaitén eruption (Chile), which was rhyolitic (Ruggieri et al., 2012). Depending on
the timeframe and area over which ash is deposited, these masses of toxic metals have the

potential to cause negative effects on ecosystems (Hoffmann et al., 2012; Ruggieri et al., 2012).
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4.4 Impacts of aging on sediment and ash Fe geochemistry

Aged samples tended to have higher proportions of exchangeable, easily-reducible, and
reducible Fe compared to fresh samples (Figs. 6, 7). In the case of sediments, we were able to
compare Holocene-aged loess (i.e., sampled from outcrops *C-dated by Mubhs et al., 2013) to
modern glaciofluvial samples. The loess samples had detectable Fe in the exchangeable fraction,
as high as 1.7% of total Fe (median: 0.50 + 0.41% MAD), whereas the glaciofluvial silts had
essentially no Fe in this fraction (median: 0.06 + 0.05% MAD). The loess samples had a 1.8
times higher proportion of easily-reducible Fe, at 33 £ 16% MAD compared to 19 + 6.6% MAD
for silt. Loess also had eight times higher Fe in the reducible fraction compared to silt, though
with substantial variability (median: 9.8 + 8.1% MAD compared to 1.2 £+ 0.44%). The
differences between fresh and aged ash were greater. Aged ash (spanning 8730 B.P. to 1990
C.E.) contained nearly twenty times higher easily-reducible Fe (median: 33.5 +2.2% MAD
compared to 1.7 + 0.2%) and over thirty times higher reducible Fe (median: 9.8 + 8.2% MAD vs.
0.18 £ 0.08%) compared to fresh ash. These differences are consistent with the Fe solubility
data, which show that aged ash samples contain six times more soluble Fe than fresh ash samples
(Fig. 4; median: 0.28 + 0.12% MAD vs. 0.04 £+ 0.02% MAD). Thus, overall, the aged samples
contained higher proportions of Fe fractions considered relevant to ecosystems.

The observed increases in exchangeable, easily-reducible, and reducible Fe in aged
samples may relate to pedogenic processes as sediment or ash sits at the surface for decades to
millennia. Soil development processes in the boreal forests of southcentral Alaska (including all
our sample sites) are characterized by high annual precipitation (~400—1000 mm yr!), low pH
(4-5), and the presence of chelates that allow Al and Fe migration (Carter and Pendleton, 1956;
Stafford et al., 2000; Mubhs et al., 2004). The detection of reducible Fe oxides by citrate-buffered
sodium dithionite extraction (as in this study) has been used to infer the accumulation of Fe in
soil B horizons (Muhs et al., 2004 and refs therein). In fact, the increase of reducible Fe can be
used to predict age of sediment on the land surface (Dethier et al., 2012). Thus, the observed
increases in the proportions of easily-reducible and reducible Fe fractions likely represent
migration and accumulation of Fe in the sediment profile through time. Because of high loess
accumulation rates at the sites we sampled (Muhs et al., 2003, 2013), deposition typically
outpaces pedogenesis (Muhs et al., 2004). Nevertheless, our data provide evidence for changes in

Fe geochemistry through time in the climate of southcentral Alaska. These changes are likely to
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make the Fe within sediment/ash more accessible to organisms, either in situ or in the ocean, if
this material were to become re-mobilized.

In the case of the ash samples, we only measured one set of paired fresh and aged
samples, from Redoubt (1990 and 2009). The other aged samples (dated to 8730 B.P. to 3460
B.P.; Table 2) were erupted from Augustine, and we do not have an equivalent fresh sample.
Therefore, we cannot discount geochemical variations among the volcanoes as a source of some
of the observed differences between fresh and aged samples. However, the consistency of the
pattern between both sediment and ash samples suggests that geochemical transformations are
increasing Fe bioavailability through time. Future work can test this hypothesis by measuring

additional paired aged and fresh ash samples from the same volcano(es).

4.5 Ash remobilization as a source of Fe to the ocean

Given the observed changes in ash Fe solubility and speciation as a result of
environmental aging processes, the remobilization of aged volcanic ash may act as a mechanism
of Fe delivery to HNLC waters. While volcanic eruptions are episodic and lack seasonality,
remobilization events are subject to weather and climate patterns, and thus appear to exhibit
seasonality. For instance, of 115 ash plumes observed from eight Kamchatka volcanoes over a
16-year period (2000-2016), 19 were determined to be remobilized ash, based on particle
characteristics (Flower and Kahn 2017a,b). Importantly, the remobilization events occurred most
frequently from July to early November, a time when adequate light is available to support
phytoplankton blooms, provided that macronutrients are also in sufficient supply. The timing of
these events likely depends on the desiccation of ash on the volcanoes’ flanks during the summer
months (Flower, pers. comm., 2017), which is likely a function of both temperature and the
amount and type of precipitation. Further work is needed to assess the influences of temperature,

precipitation, and winds on remobilization event frequency, timing, and magnitude.

4.6 Glaciogenic Fe delivery to the northeastern subarctic Pacific

Through a comparison of mineralogy, Fe and trace metal content and solubility, and Fe
speciation, we have shown that glacier-derived materials have greater fertilization potential per
unit mass than either Asian desert-derived dust or Aleutian Arc volcanic ash. These results

support previous work which showed that dust derived through mechanical weathering processes
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is more soluble, and provides particulate ferrous Fe which can be used by phytoplankton
(Schroth et al., 2009, 2011; Shoenfelt et al., 2017, 2019). While geologic source and weathering
history appear to dictate the geochemical properties of dust near its source region, additional
processing during atmospheric transport can significantly affect particulate geochemistry. In
particular, aerosol pH, condensation/evaporation cycles, the presence of ligands, and
photochemical reactions can impact Fe oxidation state and solubility, and subsequent
bioavailability (e.g., Duce and Tindale 1991; Cwiertny et al. 2008; Shi et al. 2009; Solmon et al.
2009; Chen and Grassian 2013). Natural aerosols also can mix with combustion products,
increasing overall Fe solubility (Sedwick et al. 2007; Sholkovitz et al. 2012). For these reasons,
particulate properties at their sources may not fully reflect downstream geochemistry. Future
work could assess the impact of atmospheric processing on dust from different source regions
(e.g., Asian deserts vs. Alaska glacier-fed riverbeds) to understand whether differences in
mineralogy and Fe speciation, as described in this study, persist through time.

A second largely unconstrained issue is that of flux. Marine sediment core-tops show that
recent dust fluxes across most of the subarctic North Pacific are in the range 1-2 g/m?/yr (Serno
et al. 2014). Eolian dust accounts for 80—100% of lithogenic flux at open-ocean sites far from
volcanic sources, and less than 50% near continental margins, where higher fluxes, differing
geochemistry, and coarser grain size modes point to terrigenous input, including volcanism
(Serno et al. 2014). Further investigation into dust provenance and deposition rates in the Gulf of
Alaska are needed in order to assess the flux from Alaska glaciofluvial sources, and the relative
magnitudes of deposition from local vs. Asian dust sources. Loess mass accumulation rates
(MARs) (<20 um grain size) over the past 9,000 years at the Chitina loess section (Fig. 1) are in
the range 78-158 g/m?/yr (Muhs et al., 2013), significantly higher than the open-ocean fluxes
reported by Serno et al. (2014). This high rate of aeolian deposition within the Copper River
basin suggests that this region has been an active dust source throughout the Holocene.

Glaciogenic Fe fertilization in the offshore GOA may have been higher during times of
expanded glacier extents over the Pleistocene. Miiller et al. (2018) found that peaks in primary
production from 1.5 to 0.5 Ma at IODP Site U1417 (northcentral GOA) corresponded with times
of increased glacially-sourced Fe input, both through ice-rafted detritus (IRD) and dust. Dust-
related productivity peaked several times across the Mid-Pleistocene Transition (MPT) (Miiller

et al., 2018), likely related to increased glacial erosion (Gulick et al., 2015). As the Cordilleran
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Ice Sheet expanded, dust-driven productivity peaks tapered off, while IRD-driven peaks
persisted, likely reflecting an increase in marine-terminating glaciers (Miiller et al., 2018).
Farther to the south, McDonald et al. (1999) observed episodic extreme production events during
MIS 5.3 to MIS 3 at ODP Site 887 (southcentral GOA), characterized by high Ba/Al and Si/Al,
and diatom oozes up to ~1 m thick. The diatom-rich layers did not contain IRD, and the authors
inferred that meltwater pulses or dust-borne Fe promoted the large blooms (McDonald et al.,
1999). While neither study found a clear glacial-interglacial pattern in Fe fertilization events
related to glaciation, it seems plausible that dust-driven events would be most likely to occur
following intervals of glacial retreat, when ample glacial flour is available for deflation (Bullard,
2013). High loess MARs would appear to support this hypothesis, although it is important to
bear in mind that MARs reflect both sediment production and loess accumulation processes (e.g.,
vegetation trapping dust) (Muhs et al., 2003; 2013)), and thus are not a perfect proxy for long-
range dust transport.

Looking to the future, there are likely to be changes in glaciogenic sediment supply and
mobilization in the GOA as a result of climate change, considering that nearly 30% of watershed
area is covered by permanent snow and ice (Wang et al., 2004). For example, Schroth et al.
(2011) demonstrated that the size, speciation, and mineralogy of Fe-bearing sediments differed
between glaciated catchments and boreal-forested catchments within the Copper River basin,
with the former dominated by Fe-bearing silicates, and the latter by Fe (hydr)oxides and Fe
complexes with humic substances. Overall, their work suggested that fundamental changes in Fe
geochemistry and supply in rivers will occur as deglaciation and reforestation continue.
Likewise, the riverine supply of major nutrients including carbon, nitrogen, and phosphorus is
likely to change as a result of deglaciation and reforestation (Hood and Scott, 2008). A year-long
study of nutrient loads and river discharge in southeastern Alaska found that nonglaciated
catchments yielded lower soluble reactive phosphorus fluxes and less labile dissolved organic
matter than glaciated catchments (Hood and Scott, 2008). These changes in river-borne nutrients,
particularly colloidal and particulate phases, are likely to affect the geochemistry and supply of
aeolian dust deflated from riverbeds.

Changes in the timing of precipitation also may influence dust emissions. Peak stream
flows in snowmelt-dominated rivers of central Alaska have shifted earlier by ~15-20 days over

the past half-century (Stewart et al. 2005). It seems likely that ongoing reductions in seasonal
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snow cover (e.g., Wipf et al. 2009) and increases in rain vs. snow (e.g., Karl et al. 1993) will
drive dust emissions ever earlier. Even a shift of 1-2 months would allow nutrient deposition to
coincide more closely with light availability, increasing the potential impact of local dust-derived
nutrients on phytoplankton in this HNLC region (e.g, Brickley and Thomas, 2004).

Dust delivery to offshore GOA waters is a function not only of fine-grained sediment
supply, but also of transport. Dust emission from the Copper River occurs primarily in the
autumn, when river discharge is low and before snow blankets the landscape (Crusius et al.,
2011), although transport has also been observed during springtime (Schroth et al., 2017).
Offshore dust transport requires northerly to northeasterly winds, which are driven by patterns of
anomalous high pressure in the Bering Sea and low pressure in the North Pacific (Crusius et al.,
2011; Schroth et al., 2017). Specifically, a more southerly position of the wintertime Aleutian
Low pressure system (ALow) facilitates dust transport into the GOA (Schroth et al., 2017). The
ALow has intensified over recent centuries, likely in response to warming tropical sea surface
temperatures (Osterberg et al., 2017). This intensification likely contributes to the observed

strong interannual variability in offshore dust transport (Schroth et al., 2017).

S Conclusions

We conducted a variety of geochemical procedures to determine relative Fe fertilization
potential among four types of samples: glacier-derived silt and loess and fresh and aged ash
samples. We compared the findings to published data on Asian desert sediments. The results
from mineralogical, Fe extraction, and Fe solubility experiments were broadly consistent,
pointing to Alaska glacier-derived sediments as having the highest Fe fertilization potential

among these sample types. Specifically, we found the following:

1. Glacier-derived sediments have the highest weight percentages of easily-reducible iron,
five times higher than Asian desert sediments and fourteen times higher than fresh
volcanic ash. They also have twice as high Fe extracted from sheet silicates, mainly

chlorite.
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2. Volcanic ash samples have the lowest available Fe and least soluble Fe of our samples,
suggesting that volcanic ash fertilization may be a function of amount, rather than of

favorable Fe geochemistry.

3. Alaska glacier-derived sediments contain five to thirty times higher Cu, Ni, and Pb than
volcanic ash, and ~twice as high Co, Zn, Cd, and Mo, suggesting that dust-supplied
bioactive metals may help support phytoplankton growth and influence species

compositions in offshore waters.

4. Estimated delivery of Pb, Cu, and Cd during local dust storms is unlikely to cross a
toxicity threshold, but the greater masses delivered during explosive volcanic eruptions

may reach levels toxic to phytoplankton, depending on the rate and area of deposition.

5. Sediment Fe availability increases through environmental exposure in this climate, as
evidenced by increased exchangeable and easily-reducible Fe fractions in the Holocene

loess and ash samples compared to recent silt and fresh ash.

While this study has shown that local glacially-sourced material may have more Fe fertilization
potential in the northeastern subarctic Pacific than long-traveled Asian dust or local volcanic
eruptions, a critical factor that remains largely unconstrained is the fluxes of these aerosols to
offshore regions. Future work should attempt to determine relative magnitudes of deposition to

quantify the roles of these different nutrient sources in supporting this HNLC ecosystem.
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Figure Captions
Figure 1. Map showing sample sites in Alaska and the Yukon Territory, including the Chitina
loess section and Copper River basin. Map generated using GeoMapApp.

Figure 2. Flowchart diagram showing sample processing and analysis steps used in this study.

Not all samples went through all procedures.

Figure 3. Particle volume size distributions (dV/dInD). Size-separated sediments have volume
mode diameters of ~4—4.5 pm, while pristine ash samples, which were not size-separated, have
volume mode diameters of ~10—11 pum. Aged ash samples are a bit coarser, with mode diameters

of ~20 um.

Figure 4. Cumulative fractional Fe solubility following successive leaches of sediment/ash
samples with Milli-Q water. Fresh volcanic ash samples are ~7x less soluble than aged ash,
loess, and glaciofluvial silt samples (calculated using median values), which all have similar Fe

solubility. Samples were leached in triplicate, and error bars represent one standard deviation.

Figure 5. Box-and-whisker plots showing concentrations of bioactive and/or potentially toxic
trace metals among four sample types. Boxes represent 25" and 75" percentiles, while the thin
horizontal line shows the median value of each dataset. Whiskers (thin vertical lines) indicate the
data range, excluding statistical outliers (outside ~2.7c). Trace metals generally follow one of
two patterns: Ni (A), Cu (B), and Pb (C) are 5-30x higher in loess and silt samples than in ash
samples. Concentrations of Zn (D), Co (E), Cd (F), and Mo (G) are much more similar among
samples, though glacier-derived samples remain higher than ashes. Mn (H) is slightly higher in
fresh volcanic ash samples than in silt samples, while loess and aged ash have lower but similar

concentrations.
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Figure 6. Stacked bar plot showing proportions of total Fe represented by each Fe extractant.
Color hues represent sample type, with tints indicating the Fe extraction used (see legend). Asian
desert sediment bars represent means of samples from each desert (numbers given in
parentheses) (Lu et al., 2017). Glaciofluvial silt, loess and aged ash samples have the highest
proportions of easily-reducible Fe, while Asian sediments have the highest proportion of Fe as

reducible Fe oxides. The majority of Fe in fresh volcanic ash samples is refractory.

Figure 7. Estimation plots of sequential Fe extraction data after Ho et al. (2019). Upper panels
show distributions of values as % of total Fe represented by each extractant, with error bars
giving the mean (black dot) and one standard deviation of each dataset. Lower panels show the
average difference between each sample type and Asian desert sediment (from Lu et al., 2017).
Error bars give 95% confidence intervals of the delta values. A) Fresh ash samples have lower
easily-reducible Fe than Asian desert sediments, while aged ash, silt, and loess samples have ~3x
higher easily-reducible Fe than desert sediments. B) Asian desert sediments have the highest
proportion of reducible Fe oxides, ~3x higher than Alaska ash and sediment samples. C)
Glaciofluvial silt samples have 2x higher proportions of Fe contained as sheet silicates and
(oxy)hydroxides than Asian desert sediments and fresh and aged ashes. D) Fresh volcanic ash
has ~3x higher refractory Fe than other sample types. Exchangeable Fe (MgCl» extraction) data

are not shown, as this fraction was only detected in three loess samples.

Figure 8. Comparison of total extracted Fe to total digested Fe for independently processed and
analyzed samples measured in this study and Asian desert sediments analyzed by Lu et al.
(2017). Most samples fall near the 1:1 line, though several are significantly different between the

two approaches.
Figure 9. Representative XRD spectra showing mineralogy of A) glacier-derived silt and loess
samples and B) fresh volcanic ash samples. Chlorite appears as the dominant Fe-bearing mineral

in glacier-derived samples, while ash samples do not contain any obvious Fe-bearing minerals.
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Table 1. Sample locations, types, descriptions and major and trace element concentrations. IGSN
stands for International Geo Sample Number and is a unique sample identifier. Nr indicates not
reported. Major elements are reported as oxide weight percentages. Trace element concentrations

are reported in ppm.

Table 2. AMS radiocarbon ages and calibrated age ranges for buried soils constraining the age of

tephra layers on Augustine volcano.

Table 3. Cumulative fractional solubility data following successive leaches with a total volume

of 1000 mL of Milli-Q water. Nr indicates not reported.

Table 4. Fe extraction data reported as weight % and as proportion of total Fe. Asian desert data

represent average values from each desert (Lu et al 2017).
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