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ABSTRACT: Iron (Fe) is a key trace nutrient supporting marine primary
production, and its deposition in the surface ocean can impact multiple
biogeochemical cycles. Understanding Fe cycling in the subarctic is key for
tracking the fate of particulate-bound sources of oceans in a changing climate.
Recently, Fe isotope ratios have been proposed as a potential tool to trace
sources of Fe to the marine environment. Here, we investigate the Fe isotopic
composition of terrestrial sources of Fe including glacial sediment, loess, volcanic
ash, and wildfire aerosols, all from Alaska. Results show that the δ56Fe values of
glaciofluvial silt, glacial dissolved load, volcanic ash, and wildfire aerosols fall in a
restricted range of δ56Fe values from −0.02 to +0.12‰, in contrast to the
broader range of Fe isotopic compositions observed in loess, −0.50 to +0.13‰.
The Fe isotopic composition of the dissolved load of glacial meltwater was
consistently lighter compared to its particulate counterpart. The ‘aging’
(exposure to environmental conditions) of volcanic ash did not significantly fractionate the Fe isotopic composition. The Fe
isotopic composition of wildfire aerosols collected during an active fire season in Alaska in the summer of 2019 was not significantly
fractionated from those of the average upper continental crust composition. We find that the δ56Fe values of loess (<5 μm fraction)
were more negative (−0.32 to +0.05‰) with respect to all samples measured here, had the highest proportion of easily reducible Fe
(5.9−59.6%), and were correlated with the degree of chemical weathering and organic matter content. Transmission electron
spectroscopy measurements indicate an accumulation of amorphous Fe phases in the loess. Our results indicate that Fe isotopes can
be related to Fe lability when in the presence of organic matter and that higher organic matter content is associated with a distinctly
more negative Fe isotope signature likely due to Fe-organic complexation.
KEYWORDS: Fe isotopes, organic complexation, chemical weathering, biogeochemistry, volcanic ash

1. INTRODUCTION

The northeast subarctic Pacific Ocean is considered a high
nutrient, low chlorophyll (HNLC) region. Severe iron (Fe)
deficiency in this region limits phytoplankton growth and
results in low levels of primary production, despite elevated
macronutrient (nitrate, phosphate, and silicate) concentra-
tions.1 Phytoplankton are the base of the marine food web and
can contribute to the sequestration of atmospheric carbon
dioxide (CO2), thus impacting the global carbon cycle.2−7

Terrestrial nutrients delivered to the ocean are typically
supplied through riverine sediment discharge and the
atmospheric deposition of ash from volcanic eruptions and
aeolian dust. Aerosols derived from combustion, biomass
burning, and natural wildfire aerosols also contribute soluble
Fe to the marine environment.8−11 Particulate matter trans-
ported via wind in the atmosphere is more likely than the
riverine discharge to reach beyond the continental shelf and

thus can have a greater potential to impact the open ocean
productivity.
As an essential trace nutrient, Fe is involved in numerous

processes in the ocean, such as photosynthesis,12 respiration,13

and nitrogen fixation.14 However, the concentration of Fe in
the surface ocean is generally low. Even during the glacial melt
months of April through August, the concentration of
dissolved Fe in the Gulf of Alaska (GoA) ranges only from
∼0.6 to 4.0 nmol/kg.15 Numerous studies have demonstrated
that Fe addition can stimulate primary production in HNLC
ocean regions.2−7 One proposed method for tracking the

Received: November 21, 2023
Revised: June 2, 2024
Accepted: June 13, 2024
Published: June 27, 2024

Articlehttp://pubs.acs.org/journal/aesccq

© 2024 The Authors. Published by
American Chemical Society

1505
https://doi.org/10.1021/acsearthspacechem.3c00338

ACS Earth Space Chem. 2024, 8, 1505−1518

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linqing+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+M.+Aarons"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bess+G.+Koffman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenhan+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lena+Hanschka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lee+Ann+Munk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+Jenckes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+Jenckes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emmet+Norris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carli+A.+Arendt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsearthspacechem.3c00338&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00338?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00338?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00338?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00338?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00338?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aesccq/8/8?ref=pdf
https://pubs.acs.org/toc/aesccq/8/8?ref=pdf
https://pubs.acs.org/toc/aesccq/8/8?ref=pdf
https://pubs.acs.org/toc/aesccq/8/8?ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/aesccq?ref=pdf
https://http://pubs.acs.org/journal/aesccq?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


sources and bioavailability of Fe in the ocean is the use of
stable Fe isotopic ratios. In the past two decades, Fe isotopic
ratios have been widely utilized in studies of crust-mantle
evolution, magmatic differentiation, hydrothermal processes,
and cosmochemistry.16−20 Recently, there has been a
significant expansion in the number of studies utilizing Fe
isotopes in the oceanic Fe cycle (see Fitzsimmons and
Conway, 2023 for a detailed summary),21 leading to major
advances in identifying Fe sources and internal cycling
processes such as speciation changes, biological uptake, and
particle scavenging.8,16,21−24 The Fe isotopic composition is
expressed by δ56Fe defined relative to the international
reference material IRMM-014:

= × [

]

Fe 1000 ( Fe/ Fe) /( Fe/ Fe)

1

56 56 54
sample

56 54
IRMM 014

(1)

Dust and riverine sediments are typically characterized by
δ56Fe values that are close to the average Fe isotopic signature
of the upper continental crust (δ56Fe = +0.08 ± 0.04‰, 95%
CI).25,26 However, subglacial streams in southwestern Alaska
have δ56Fe values that trend toward more negative Fe isotope
compositions (δ56Fe = −1.7‰,) suggesting that dissolved
riverine Fe in subglacial environments is isotopically light
relative to the igneous rocks from which it erodes.27 Similarly,
the Fe isotopic compositions of the dissolved load and
suspended sediment in the Lena River (Northeast Siberia) are
isotopically lighter than the upper continental crust as a result
of chemical weathering-induced fractionation.28 It has been
proposed that chemical weathering influences the Fe flux,
solubility, and speciation of river sediments and dust sourced
from glacial environments.29−31 Moreover, previous studies
show that the evolution of dissolved riverine Fe is often
influenced by organic carbon (OC) during transport toward
the coastal zone.31 In general, the Fe isotopic composition of
the dissolved fraction of glacial meltwaters is widely variable,
with most variation attributed to biological fractionation within
ice (e.g., sea ice in de Jong et al.).32 Two primary forms of Fe
compounds�Fe−OC and Fe oxyhydroxides�are typically
found in the dissolved fraction. Stable Fe isotopes can be used
to investigate chemical pathways for Fe and Fe bound to OC
during weathering in boreal−estuarine regions, since Fe
isotope fractionation may occur during incremental Fe(III)aq
precipitation and Fe−OC complexation.28,31,33,34

The release of Fe from industrial combustion and biomass
burning has also been recognized as an important source of
bioavailable Fe to the surface oceans.8−10,21,24,35,36 Iron
sourced from industrial combustion is highly soluble, and
model studies estimate that approximately 30% of atmospheri-
cally transported soluble Fe is from combustion sources.37 The
δ56Fe isotopic composition of industrial combustion sourced
Fe ranges up to 4‰ lower than that of natural Fe,24 which
suggests that Fe isotopes have the potential to fingerprint
different sources of aerosol Fe.8,24 Low Fe isotopic
compositions have been observed in plants (δ56Fe = −1.64
to +0.17‰),38,39 however, particulates sourced from wildfire
events contain substantial soil-derived material which may
drive the Fe isotopic compositions of wildfire aerosols to be
closer to soil or crustal values.40 The Fe isotopic composition
of this type of biomass-burning aerosol is still relatively
unconstrained.
Here, we investigate the Fe isotope compositions of several

important potential Fe sources, including glaciofluvial silt and

dissolved load, loess, fresh and aged volcanic ash, and natural
wildfire aerosols. The goal is to establish Fe isotopic signatures
of these terrestrial Fe sources to the Gulf of Alaska (GoA) and
to explore the effects of the formation mechanism (e.g.,
glaciogenic, volcanic, and transport/storage) and process (e.g.,
aeolian, fluvial, chemical weathering, and coincident with
organic matter) on the Fe geochemistry and lability. In
addition, we use transmission electron spectroscopy to gain
insight into the mineralogical and/or weathering controls on
the measured Fe isotopic compositions of glaciofluvial silt and
loess samples studied here.

2. SAMPLES AND METHODOLOGY
2.1. Sampling Locations and Description. 2.1.1. Loess

Sampling and Size Separation. Loess is fine-grained wind-
blown sediment resulting from the grinding of regolith by ice
sheets and glaciers or through wind abrasion of sediments,
which is then preserved in sedimentary layers that can be tens
to hundreds of meters thick. Dust formed by glacial abrasion
can be carried beyond the most advanced glacier positions in
glaciofluvial outwash, uplifted by wind, and deposited as
loess.41,42 Glacial loess serves as a paleoclimate archive used to
investigate Fe availability and transport and to gauge potential
carbon cycle impacts in high-latitude environments on glacial-
interglacial timescales.41,43,44 In modern environments, glacio-
genic dust may play an important role in the overall global dust
budget, particularly with respect to Fe delivery to the
northeastern subarctic Pacific Ocean, which is Fe-
limited.15,31,45,46 Active dust transport from glacial catchments,
evidenced by the accumulation of loess at downwind sites,
occurs throughout southcentral Alaska.42,44

We measured the Fe isotopic composition of nine loess
samples collected from the Chitina, Matanuska, and Copper
River valleys, including some previously studied samples.43

The Chitina loess section in the Copper River Valley has the
highest mass accumulation rates for the fine-grained (<20 μm)
fraction reported for high-latitude regions of the Northern
Hemisphere during the Holocene.41 Radiocarbon dates,
mineralogy, and geochemistry of the Chitina loess section
indicate the accumulation of dust over the past ∼10,000
years.41 The loess samples from the Copper River Valley,
Chitina River Valley, and the Matanuska River Valleys are
hereafter referred to as the river valley loess. Six additional
loess samples were collected from ∼20 m of exposed
Pleistocene aeolian deposits from Kanakanak bluffs, located
in the Nushagak lowlands near Bristol Bay, Alaska (hereafter
referred to as KNK loess). These sediments are dominated by
the coarse fraction (30−63 μm) and are described as sand-
sheet deposits and sand-loess intergrades.47 The “sandy loess”
deposit reflects a very fast aeolian deposition rate after
subsequent ice melt following the deglaciation from the Last
Glacial Period.47

2.1.2. Glacial River Sampling and Filtration. Rivers play an
important role in regulating the flux, concentration, and
bioavailability of Fe in surface oceans. The boreal zone of
glacierized systems in Alaska and Greenland is experiencing
rapid climate and environmental change, and glaciofluvial
sediments exert an increasing influence on Fe geochemistry in
high-latitude oceans.27,31,48 The input of glaciofluvial Fe varies
seasonally, usually peaking during snowmelt in spring and
glacial melt in summer.15

Sediment was sampled from several rivers draining alpine
glaciers in southcentral Alaska and the Yukon Territory in
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Canada in the summers of 2016 and 2017 to assess the spatial
and seasonal variations in input and speciation of Fe delivered
to the GoA.43 Samples were collected either from river channel
deposits or along riverbanks downstream from source glaciers.
Eleven glaciofluvial silts were collected in 2016 from the
Matanuska, Susitna, Knik, Chistochina, Copper, and Gakona
rivers,43 whose watersheds cover a large region of Alaska,
draining the Alaska, Talkeetna, Wrangell, and Chugach
Mountains (see Table S1 for all sampling locations). Glacier
meltwater samples (dissolved load and suspended particulate
matter) were also collected during the summer melt season
from the Matanuska River in 2019 and the Tutka River and
Grewingk River in the summer of 2021 (locations in Figure 1

and Table S1). Sampling bottles (LDPE Nalgene) were
washed in a soap detergent mixture overnight at 60 °C,
followed by a 48-h leach in 10% HNO3 (trace-metal grade) at
room temperature, rinsed with MilliQ water, followed by a 48-
h leach in 10% HCl (optima grade) at room temperature, and
a final rinse with MilliQ water consistent with previously
described methods for field collection for Fe isotopic
composition of glacial meltwater.30 Following water collection,
these samples were immediately filtered through acid-
precleaned 0.2 μm PTFE filters and acidified to pH 1.7−1.8
using HCl (optima grade).30 The sampling protocol follows
established trace-metal clean methods to avoid ultratrace level
metal contamination (e.g., Fe, U, Hf, and Nd).30,49 Field
blanks were collected using the same filtration and acidification
procedure with MilliQ water and field blank concentrations are
reported in Section 2.2.4. The filtered water samples were
evaporated in an ISO Class 7 exhausted laminar flow hood and
processed for sample digestion and column chemistry as
described below.
2.1.3. Volcanic Ash. Volcanic ash has been increasingly

recognized as a source of Fe to the surface ocean.50,51 Volcanic
eruptive plumes typically include a mixture of rock, mineral,

and glass particles, some of which are highly reactive and
contain highly soluble Fe.52,53 Volcanic ash may be ejected up
to tens of kilometers into the atmosphere and the finest grains
can be retained in the atmosphere for several days to weeks,
allowing them to reach the open ocean. For example, the
Aleutian volcanic chain in Alaska typically experiences
explosive Plinian eruptions with ash reaching altitudes of
8500 m.a.s.l., depositing material hundreds to thousands of
kilometers away.54 Ash from volcanoes can release substantial
amounts of macro- and micronutrients such as PO4

3−, Si, Fe,
Zn, Mn, Ni, Co, and Cu within 1−2 h of the eruption,
significantly raising the surface ocean concentrations,55−57 and
its deposition can affect marine primary production through
rapid Fe-release in contact with seawater. Following the
eruption of the Kasatochi volcano in August 2008, a
phytoplankton bloom in the subarctic northeast Pacific was
detected by satellite observations58 demonstrating how major
volcanic eruptions can influence ocean surface nutrient
fertilization.59

We examined volcanic ash samples provided by the U.S.
Geological Survey (USGS) Alaska Volcano Observatory to
investigate the Fe isotopic compositions of tephra from two
volcanic eruptions within this volcanically active region. Two
never-wetted fresh ash samples from the explosive Redoubt
Volcano 2009 eruption and Pavlof Volcano 2016 eruption
were collected to assess their Fe isotopic composition. In
addition, six aged ash samples collected from a surface pit in a
coastal bluff on Augustine Island were evaluated. The aged
samples extend from 1989 A.D. to ∼8700 years ago.43,60,61 The
fresh ash sample AT-3982 had a volume mode diameter of
∼10−11 μm. Two aged ash samples, AT-2876 and AT-2886,
had volume mode diameters of ∼20 μm.43
2.1.4. Wildfire Aerosols from Forest Fires. Aerosols sourced

from wildfire biomass burning are becoming a recognized
source of Fe delivered to the open ocean.36,62 We hereafter
refer to these as wildfire aerosols. Atmospheric chemical
transport models suggest that wildfire aerosols contribute a
large fraction of labile Fe to the Southern Hemisphere, which
can trigger widespread phytoplankton blooms in the Southern
Ocean.36,62 These studies suggest that wildfire aerosols may
play an important role in the modulation of primary
production in the surface ocean due to their enhanced Fe
solubilities.
In the present study, two wildfire-sourced particulate

samples from southcentral Alaska were collected using an
active air sampler on PTFE filters from Eagle River, Alaska in
2019 (August 19 and August 25, during a wildfire event) by
the Alaska Department of Environmental Conservation. Both
samples consist of particles less than 10 μm in diameter (PM
10) and the sample site was located in very close proximity and
downwind of the wildfire activity. By analyzing these two
samples, we can establish a basic understanding of the δ56Fe
signature of wildfire aerosols in this region.
2.2. Sampling Methods and Analysis. 2.2.1. Reagents,

Labware Cleaning and Blanks. Laboratory work was carried
out within class 100 laminar flow workstations in several
laboratories, including the Climate & Earth Surface Geo-
chemistry (CESG) clean laboratories at Scripps Institution of
Oceanography (SIO), the Colby Lab for Ice and Climate at
Colby College, and the Metal Stable Isotope Geochemistry lab
at the University of Science and Technology of China
(USTC). Chemical reagents to process the samples included
MilliQ ultrapure water, in-house double-distilled HCl and

Figure 1. Map indicating the locations of samples analyzed in this
study, including from southcentral Alaska, USA, and Yukon Territory,
Canada. Map generated using GMTApp. The sample sites of
suspended particulate are the same as those of dissolved load.
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HNO3, and Optima grade HF, HClO4, and H2O2. Blank values
for the undiluted stock acids are reported in Table S2 and are
all below 0.02 ng Fe per mL of acid. All vials used for the
sample collection and processing were acid-cleaned to
minimize blanks, and no unexpected or unusually high safety
hazards were encountered.
2.2.2. Sample Preparation. In total, 11 glaciofluvial silt, 19

suspended particulate matter, 8 dissolved load, 15 loess, 2 fresh
volcanic ash, and 6 aged volcanic ash samples were analyzed
for Fe isotopic compositions. As described in Koffman et al.,43

all glaciofluvial silts, loess samples, and aged volcanic ashes
were first separated by size. Bulk samples were passed through
63 μm sieves to remove all woody debris and whole rock
materials (i.e., pebbles, coarse ash grains) that could not be
removed in the field. Excluding loess from Kanakanak bluffs,
particles <5 μm diameter were separated using wet
sedimentation for glaciofluvial silt and loess samples, as the
<5 μm fraction represents the material most likely to be wind-
transported and contains more Fe-bearing clay minerals and Fe
oxides, such as hematite, goethite, and chlorite.
Carbonates were removed using AcOH following the size

separation and were only observed to be present in the Chitina
loess section. We acknowledge that the samples analyzed here
for Fe isotopic compositions do not include the carbonate
fraction, and there may be some associated mass-dependent
isotope fractionation during leaching (e.g., Revels et al.).63 We
expect the leachate to consist of the easily leachable portion
such as the carbonate fraction, which should be minor
compared to the amount of Fe hosted in the silicate and
hydroxide portions of our loess samples. The mineralogy of
samples was determined using X-ray diffractometry (XRD) at
Colby College.43 For these analyses, the <5 μm grain size
fraction of sediment samples was analyzed, while bulk samples
were used for the never-wetted volcanic ash. We also analyzed
an additional six loess samples from Kanakanak bluffs which
were separated into three size fractions, fine: 0.2−10 μm;
medium: 10−30 μm; and coarse: 30−63 μm using precleaned
PTFE filters to investigate potential variations in Fe isotopic
composition with respect to size.
The loss on ignition (LOI) method was employed in this

study for estimating the organic carbon (OC) content of loess
samples. The nine fine-grained loess samples (<5 μm fraction)
and six Kanakanak bluff loess samples (bulk) were added to
ceramic crucibles, placed in an oven at 110 °C for 6 h, and
then cooled and weighed to determine the water content.
Subsequently, dried samples were ashed at 550 °C for 4 h, then
cooled to room temperature and weighed. The LOI data are
reported as the percent difference between the oven-dry (110
°C) loess mass and the loess mass after combustion (550 °C),
divided by the oven-dry soil mass.
Sequential Fe extraction techniques were used to separate

different Fe species including exchangeable, easily reducible,
reducible, sheet silicates, and refractory fractions.43,64 Sediment
extractions were performed with a sample size of 100 mg. First,
sediments were subjected to 10 mL of 1 M MgCl2 at pH 7 for
2 h to extract exchangeable Fe(II) ions.64−66 Next, 10 mL of 1
M hydroxylamine−hydrochloride solution was added in 25%
v/v acetic acid to extract “easily reducible” Fe oxides (e.g.,
ferrihydrite and lepidocrocite).64,65 Samples were placed on a
rocking table for 24 h under dark conditions. The third
extraction added sodium dithionite solution (50 g L−1)
buffered to pH 4.8 with acetic acid, sodium citrate, and
sodium bicarbonate to extract “reducible” Fe oxides (e.g.,

goethite and hematite).64,67,68 The organic carbon-associated
Fe was completely leached out at this step.43,67 Finally, samples
were heated with 3 mL of 6 M HCl at 100 °C in Teflon
beakers for 2 h for the extraction of Fe (hydr)oxides, siderite
and ankerite, and Fe from certain sheet silicate minerals (e.g.,
nontronite, chlorite, glauconite, biotite).64 Finally, the
remaining portion of sediment was dissolved using a 1:3
ratio of concentrated HF-HNO3 to determine the residual
fraction of Fe.43 Samples were diluted and acidified to 3% v/v
HNO3 prior to analysis. Procedural blank concentrations for
sequential leaching were negligible, and no blank corrections
were performed.43

After samples were separated by size, an aliquot of 100 mg of
each sample powder was digested separately, following
procedures established by previous work.43,69,70 Dried samples
were weighed into clean Savillex Teflon beakers, dissolved in
an acid mixture of concentrated HNO3 and concentrated HF
in a 3:1 ratio, disaggregated in an ultrasonic bath for 20 min,
and then capped and heated at 100 °C for >24 h. The sample
powders were treated with 0.3−0.5 mL of concentrated HClO4
followed by fuming at 200 °C to eliminate the organic matter.
After evaporation to dryness, samples were treated twice
successively with 6 mL of 8 M HNO3 followed by 20 min in an
ultrasonic bath and >1 h heating, capped, at 100 °C to remove
residual halides. Dried, digested samples were finally
redissolved in 5 mL of 4 M HNO3. Aliquots for analysis
were diluted to 3% v/v HNO3.
Following the complete digestion, major and trace element

concentrations were determined. Major element concentra-
tions in digested and extracted samples were determined using
a Spectro Arcos ICP-AES housed at Colby College.43 Trace
element concentrations were measured on a Thermo Finnigan
Element II high-resolution ICP-MS at the University of
Maine.43 Procedural blank concentrations were negligible (<10
ng mL−1), and standard concentrations were consistent with
reported reference values. Additional information on analytical
accuracy and precision can be found in Koffman et al.43

2.2.3. Fe Purification/Ion Exchange Chromatography.
Digested samples provided nearly 70 μg Fe for isotopic
analysis. The Fe purification was conducted in the clean
laboratories at SIO and USTC. In summary, Fe was separated
using chromatographic columns following a method71,72

designed to provide sufficient isolation of Fe from major
elements (Al, K, Na, Ca, Mg) within the sample matrix and
from Cr, which has direct isobaric interferences on 54Fe from
54Cr. The column chemistry utilized a Poly-Prep column
obtained from Bio-Rad (USA). This column can hold up to 0.5
mL of resin and has a 2 mL reservoir. Anionic chloride resin
from Bio-Rad AG 1-X8 (200−400 mesh size) from Bio-Rad
was used for the chemical purification of Fe. Digested samples
were redissolved in 6 M HCl and loaded into the columns. The
full procedural steps for this portion of the chemistry are
provided in previous literature.71−73 After column purification,
samples were evaporated to dryness, redissolved, and diluted to
1.5 ppm in 2% (m/m) HNO3 prior to elemental and isotopic
analysis. The Fe yields were carefully checked to ensure that
the chemical procedure achieved high recovery rates (>99%).
2.2.4. Mass Spectrometry. Iron isotope analysis of all

samples was conducted using the Thermo Scientific Neptune
Plus multicollector inductively coupled plasma mass spec-
trometer (MC-ICP-MS) at the Origins Lab at the University of
Chicago and the Soil and Environment Analysis Center at the
Institute of Soil Science, Chinese Academy Sciences. Sample
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solutions were introduced into the instrument using nickel H
and jet cones, an ESI PFA microflow nebulizer with an
aspiration rate of ∼50 μL min−1, and a quartz dual cyclonic
spray chamber. Measurements were performed in either
medium or high mass resolution mode. Potential isobaric
interferences from Cr and Ni were monitored at masses 53Cr+
and 64Ni+ and subtracted from Fe signals as necessary.74 On-
peak zero was determined by measurement of a pure 2%
HNO3 blank solution at the beginning of each analytical
session and was subtracted from all standard and sample data.
Instrumental mass fractionation was corrected using the
sample-standard bracketing method.74

Each Fe isotope data analysis involved 60 cycles of 2.097 s
integrations for each cycle, and baseline calibration occurred
prior to each analysis. Samples were bracketed by measure-
ments of ΙRΜΜ-014 at the Soil and Environment Analysis
Center and IRMM-524a (from which IRMM-014 is prepared)
at the Origins Lab to account for the stability of the instrument
for the highest quality control. These two standard materials
have a Fe isotopic composition that is identical within
analytical uncertainty.74

To avoid cross-contamination, 5% and 2% HNO3 (m/m)
were used for washing for at least 4 min between each
measurement, until the 56Fe signal was less than 3 mV. The
total procedural blanks (from sample collection/dissolution to
instrumental analysis) were <40 ng, which is negligible
compared with the amount of Fe extracted from each sample
(51−191 μg). Each sample was typically measured three or
nine times nonsequentially during an analytical session.73−75

The long-term precision of the isotopic compositions was
0.04‰ (95% CI) for δ56Fe, which is calculated based on
repeated measurements of the IRMM-014 standard, and is
adopted for uncertainty bars in the figures. We analyzed U.S.
Geological Survey (USGS) rock standard BCR-2 as a random
sample, and measured δ56Fe = +0.089‰ ± 0.042 (95% CI, n =
3), in agreement with other reported literature values (e.g.,
δ56Fe = +0.091 ± 0.017‰).74

2.2.5. TEM Imaging and Analyses. We analyzed Fe-bearing
minerals in glaciofluvial silt and loess samples with Trans-
mission Electron Microscopy (TEM) to identify the speciation
and coordination of Fe. Dried silt and loess samples (<5 μm)
were thinned from a micro to nanoscale using the Focused Ion
Beam (FIB) method, which has proven to be extremely useful
for preparing cross-sectional samples for TEM investigations.76

The TEM grid samples were examined with a JEOL JEM-2800
field emission high-resolution TEM equipped with dual 100
μm2 Silicon Drift Detectors for rapid EDS mapping at the UC
Irvine Materials Research Institute. This microscope was also
equipped with a Gatan Oneview camera that allows data
capture in both imaging and in situ mode. Approximately 3
areas of each sample were analyzed, and the images included
here are representative of about 30 TEM images of particles in
total.

3. RESULTS
Major and trace element concentrations, bulk mineralogy, and
Fe sequential leaches of glaciofluvial silt, loess, and volcanic ash
have been previously reported by Koffman et al.43 None of the
samples�excluding a small subset of the river valley loess
samples (all <5 μm size fraction)�show any variability in Fe
isotopic composition with respect to Fe content (Figure S1).
The Fe isotopic compositions of wildfire aerosols,

glaciofluvial silt, and volcanic ash span a relatively narrow

range of Fe isotopic compositions, with δ56Fe = −0.10 to
+0.12‰ (Figure 2 and Table S3). The loess spans a larger Fe

isotopic range, with δ56Fe= −0.50 to +0.13‰ (Figures 2 and
4). The lightest Fe isotopic compositions measured here, δ56Fe
= −0.32 and −0.50‰, were observed in the Chitina and
Kanakanak bluff loess sections, respectively.
The LOI values of glaciofluvial silt, volcanic ash, and bulk

KNK loess samples measured in this study span a narrow range
from 0.5 to 2.5 wt %, whereas LOI in the loess samples from
river valley spans a much larger range from 1.2 to 21 wt %. We
found the LOI value of fine-grained loess to be negatively
correlated to δ56Fe isotopic composition (Section 4.3). The
highest observed LOI value (21 wt %) measured in the Chitina
loess samples corresponded to a very light Fe isotopic
composition (δ56Fe = −0.32‰).

4. DISCUSSION
4.1. Iron Isotope Compositions of Various Fe

Reservoirs. 4.1.1. Volcanic Ash. Though it is well recognized
that volcanic ash is an important Fe source to the surface
oceans, there have been few reports on the Fe isotopic
compositions of volcanic ash, with the bulk of δ56Fe values
measured in bulk volcanic rocks ranging from −0.24 to
+0.64‰.25,77 Highly evolved granites with SiO2 > 75 wt %
have highly variable and sometimes very high δ56Fe values (up
to 0.64‰).77 A recent study investigated the Fe isotopic
composition of tephra layers, sediments, and mixed tephra-
sediment samples, located offshore from the volcanically active
island of Montserrat in the Caribbean Sea.78 The fresh tephra
deposited in Montserrat exhibited near-crustal δ56Fe values
(δ56Fe = +0.02 ± 0.02‰, 2SD).78 However, the buried tephra
samples were found to have lower δ56Fe values (down to
−0.26‰),78 reflecting the loss of isotopically heavier Fe during
diagenesis.
We focus on ash from active volcanoes within the Aleutians,

whose eruptions are likely to contribute Fe to the GoA. We
assume the ash measured here should be broadly representa-
tive of volcanic ash compositions from this region. The Fe

Figure 2. Stable Fe isotopic compositions of potential Fe sources to
the Gulf of Alaska (note the loess shown here is only from the river
valley loess profiles). Error bars show the 95% confidence intervals.
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isotopic composition of two fresh ash samples from Redoubt
and Pavlof and six aged ash samples from Redoubt and
Augustine�which represent the deposition of erupted ash
over the past 8700 years�range from δ56Fe = −0.01 to +
0.13‰ (Figure 2), which is within the range of previously
published measurements of most igneous rocks.18 The ash
samples analyzed here contain quartz, plagioclase, and
muscovite, although most of the ash particles are noncrystal-
line, characterized as glass.79 The aged ash may go through
weak chemical weathering, as indicated by the increasing
proportion of authigenic Fe hydroxides observed in the
sequential leaching experiment for Fe.43 There are no
observable Fe isotopic fractionations between the fresh and
aged ash, suggesting that chemical weathering is not a strong
control on the observed isotopic composition. The Fe isotopic
composition of both the fresh and aged volcanic ash
endmember is close to the average upper continental crust
composition and undergoes fractionation only during extreme
secondary chemical weathering or diagenesis.
4.1.2. Wildfire Aerosols from Forest Fires. In this study, the

bulk Fe isotopic compositions of two bulk natural wildfire
aerosols were found to be δ56Fe = −0.01 and +0.07‰ (Figure
2). Given the much higher content of Fe in the bedrock and
soils of southcentral Alaska (∼5% m/m), compared to the
concentration of Fe in biomass (∼50−150 μg g−1),80 the
measured Fe isotopic signals of wildfire aerosols could
plausibly be obscured by a large amount of Fe derived from
the soil.40 This highlights that the Fe isotopic signature of
aerosols derived from biomass burning is close to the upper
continental crust average and the flux of Fe from this process is
dominated by the sediment contribution.
Early research on atmospheric aerosols from Bermuda

suggested that low δ56Fe values (δ56Fe ≈ −0.5‰) may be
derived from biomass burning.81 A more recent study revealed
the presence of suspended soil particles across all size fractions
within the Fe-bearing atmospheric aerosol fraction during
biomass burning events.40 The average δ56Fe values of soil,
plants, and residual ash are δ56Fe = +0.04, +0.08, and +0.09‰,
respectively, suggesting minimal Fe isotopic fractionation
during the process of biomass combustion and transformation
of soil and vegetation to ash.40

4.1.3. Glaciofluvial Silts. Glaciofluvial silts are typically
characterized by near-crustal δ56Fe compositions (+0.07‰ to
+ 0.09‰) and should primarily reflect the contribution of
particles and colloids derived from physical erosion, where the
mechanical transport of lithogenic materials should proceed
with minimal Fe isotope fractionation.16,27,30,31 The Fe
isotopic compositions of silts from eight rivers analyzed here
have a restricted range (δ56Fe = +0.02 to +0.12‰), similar to
the average crustal values. These results are also broadly in
accordance with observations of δ56Fe measured in dissolved
phases (<0.45 μm) from the Copper River glacial tributary
system, which is also close to the crustal values (δ56Fe = +
0.07‰).27,31

4.1.4. Dissolved Load. The δ56Fe values in the dissolved
load from glacial rivers in this study (−0.10 to + 0.04‰) span
a narrow range close to the crustal composition, which may
reflect the contribution of colloids derived from physical
erosion with minimal isotopic fractionation from bedrock
(Figure 3).27 We observe a small offset between the measured
δ56Fe of suspended particulate matter and the dissolved loads
(Figure 3), with the dissolved load being lighter than the
suspended particulate matter by a mean value of 0.06 ±

0.031‰. A pattern of isotopically lighter dissolved phase
(compared to the complimentary particulate phase) is also
observed in glacially fed rivers in Greenland, where subglacial
streams draining the Greenland ice sheet deliver a source of
isotopically light dissolved Fe (average δ56Fe ≈ −0.7‰) to the
North Atlantic.30 One possible reason for lower observed Fe
isotope ratios of the dissolved load than silt is incongruent
silicate weathering,30,31 as this process is noted to drive
subglacial stream Fe chemistry and may influence the δ56Fe of
dissolved Fe.
4.1.5. Loess. Previous studies on the Fe isotopic

composition of loess-paleosol layers indicate nearly homoge-
neous Fe isotopic compositions, regardless of variations in the
major element composition.18,26 As a result, fine-grained loess
is often used to estimate the average composition of the upper
continental crust.26,82 In contrast to the uniform Fe isotopic
compositions measured in previous loess profiles, the largest
range in measured Fe isotopic compositions in this study is
observed in the loess samples (δ56Fe = −0.50 to +0.12‰,
Figures 2 and 4), with the lighter Fe isotope compositions
observed in both Chitina loess (<5 μm size fraction) and
Kanakanak bluffs loess (<10 μm size fraction). The lightest Fe
isotope composition (δ56Fe = −0.32‰) in the Chitina loess
section had the lowest Fe2O3 content in all loess samples
(Fe2O3 = 7.6 wt %) and the highest LOI value (21 wt %).
As shown in Figure 4, the bottom layer in the Kanakanak

bluff loess profile was characterized by the highest LOI value of
4.5 wt %, potentially indicating the presence of paleosols. We
acknowledge that the loess samples analyzed here have likely
been subject to many processes such as biological activity,
chemical weathering, redox cycling and fluctuations, and water
percolation/movement. Nevertheless, analysis of the Fe
isotopic composition of several loess profiles allows us to
determine the range in composition of this potential
endmember to the GoA.
The LOI values in the top loess layers of the Kanakanak

bluffs loess profile remain low (2.5−2.8 wt %), except for a
small positive excursion (3.2 wt %) at the depth of 1.5 m,
where the loess sample was characterized by a very fractionated
Fe isotopic composition. The Fe isotope compositions of loess

Figure 3. Fe isotopic compositions of paired glaciofluvial suspended
particulate matter and dissolved load by sample location (see Table
S1 for full sample names and locations). The solid lines represent the
mean values. Error bars for Fe isotopic ratios determined in this study
are long-term precision. The shaded area represents the 95%
confidence intervals of the mean value.
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sampled from the Kanakanak bluffs profile do not show
distinguishable fractionation with respect to sediment size,
except for two samples. For these two samples, the large size
fractions (10−30 and 30−63 μm) are characterized by δ56Fe
values closer to 0‰, while the smaller size fraction (0.2−10
μm) is characterized by isotopically lighter Fe isotopic
composition of −0.23 and −0.50‰ respectively. One possible
mechanism to explain this isotope fractionation is the
preferential partial dissolution and later reprecipitation of Fe
from the surface. In this scenario, a portion of the insoluble
Fe(III) in the surface layer may be reduced to soluble Fe(II),
moved down the loess profile through water percolation, and
accumulated in an impermeable layer.83 During this process,
preferential removal of light Fe isotopes during partial
dissolution could explain the distinct negative δ56Fe value
measured in this layer. This is consistent with field
observations, where the lightest δ56Fe values were observed
in the finest fraction of the section highlighted in brown in
Figure 4A, an area where the accumulation of Fe may have
occurred.
4.2. Weathering Influence on Fe Isotopic Composi-

tion and Lability of Glacial Sediments. In glaciofluvial
settings within Alaska, intense rates of physical weathering
generate substantial quantities of fine-grained silts and clays,
whose mineralogy typically reflects the mineralogy of the bulk
bedrock.41,84 In this study, the glacially derived Fe in
suspended particulate matter and dissolved loads is not
substantially fractionated by initial physical weathering. The
suspended particulate matter has a range of δ56Fe values from
−0.02 to +0.09‰, whereas the dissolved load has slightly
more negative δ56Fe compositions which vary from −0.10 to
+0.04‰, with average offset between these two classes being
0.06‰. Given that the glaciofluvial silts measured in this study
span a narrow range in δ56Fe values despite originating from a
variety of bedrock compositional settings,41,42 we suggest that
processes other than bedrock composition are responsible for
the large range of δ56Fe values observed in the glaciogenic loess
measured here.

Silicate dissolution during chemical weathering is a well-
established mechanism for inducing Fe isotopic fractiona-
tion,85,86 with experimental phyllosilicate and basalt dissolution
initially releasing isotopically lighter Fe into solution with Fe
isotopic fractionation between rock and solution
(Δ56Fesolution−rock) as low as −1.20 to −1.80‰.86,87 In this
study, we observed distinct δ56Fe variations in Kanakanak
bluffs loess in different size fractions (Figure 4). Notably, the
fine silt/clay fraction (<10 μm) exhibited significant Fe
isotopic fractionation with δ56Fe compositions as low as
−0.50‰, in contrast to the larger grain size fraction, which had
δ56Fe compositions no lower than −0.08‰. The loess layer
with fractionated Fe isotopic compositions was also charac-
terized by a dark red color, potentially indicating the
widespread presence of Fe(III)-(hydr)oxides. The Fe isotope
fractionation coupled with secondary mineralization suggests
mineral dissolution and Fe reprecipitation processes. Cycles of
dissolution and precipitation during chemical weathering of
continental material will result in an isotopically heavier
residue and isotopically lighter Fe preferentially mobilized in
the dissolved phase.25 Due to the low solubility of Fe in oxic
environments, dissolved Fe will rapidly reprecipitate as Fe(III)-
hydroxides in the direct vicinity of primary minerals, resulting
in secondary minerals with smaller grain sizes.33,85 As a result,
the small size fractions of sediments with high proportions of
Fe(III)-hydroxides relative to the total Fe should be
significantly enriched in isotopically light Fe.85

When this fine-grained, high surface-area-to-volume silicate
material is transported to downstream environments by both
aeolian and fluvial processes, additional chemical weathering
occurs. Under typical chemical weathering conditions, soluble
and mobile elements in sediments are depleted in the source
material and transported to downstream environments, while
less soluble and immobile elements are enriched in the parent
material.88,89 For example, aluminum (Al) is considered one of
the relatively immobile elements during continental weath-
ering, as it is incorporated into secondary clay minerals. In
contrast, potassium (K) is highly mobile and is typically

Figure 4. (A) Fe isotopic compositions of different size fractions (colored circles) and loss of ignition (LOI) values of loess (gray hexagons) from
the Kanakanak bluffs, Alaska. The δ56Fe isotopic compositions of three size fractions of loess were measured at six different depths. Error bars show
the 95% confidence intervals. The lightest δ56Fe values were observed at ∼1.5 m depth, highlighted in brown in panel (A), where oxidized Fe may
have accumulated. The light gray shaded area in panel (A) represents a possible paleosol layer, characterized by relatively high organic matter. The
white circles in panel (B) represent the sample depths.
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depleted in soils.90 High Al/K ratios in sediments are therefore
considered to be indicative of chemical weathering.90,91

The phyllosilicate mineral chlorite is the dominant Fe-
bearing mineral in both the loess and glaciofluvial silt samples
from southcentral Alaska.43 The isotopic fractionation during
dissolution of chlorite may explain the isotopic variation
observed in these loess samples during various stages of
chemical weathering (Figure 5). The Al/K ratio correlates very

well with the δ56Fe isotopic composition in the glaciofluvial silt
and the loess samples studied here (Figure 5). At low Al/K
values characteristic of early-stage chemical weathering, δ56Fe
values of glaciofluvial silt and loess are close to the crustal
values, from −0.02 to +0.12‰, recording the δ56Fe values of
the bedrock they derived from. At high Al/K values which
would indicate more intense rates of chemical weathering,
glaciofluvial silt and loess are characterized by lighter δ56Fe
values from −0.32 to −0.06‰. Based on the relationship
between Al/K ratios and δ56Fe values, we hypothesize that the
isotopic variability observed in our samples may be influenced
by chemical weathering. The initial stages of chemical
weathering either before or during transport would result in
the dissolution of chlorite and other Fe-bearing minerals, with
the release of isotopically lighter Fe during the dissolution, and
subsequent precipitation as poorly crystalline Fe hydroxide
minerals such as ferrihydrite and lepidocrocite in fine clays. As
chemical weathering progresses, the fine clay proportion
becomes more enriched in the light isotopes of Fe, which is
consistent with the trends we observe with our data. This
mechanism is supported by the ∼14 times higher easily
reducible Fe fraction found in the loess and glaciofluvial silt
samples (median 2.3 ± 0.6 wt %) compared to fresh ash (0.16
± 0.1 wt %),43 as extracted by hydroxylamine hydrochloride.
In sum, the correlation between Fe lability, degree of chemical
weathering, and Fe isotopic composition supports the
progressive weathering of primary Fe-bearing silicates to Fe

oxyhydroxides. However, the three samples with particularly
low δ56Fe do not correlate well with Al/K (Figure 5). It is
unlikely that chemical weathering is the sole control on the
large Fe isotopic fractionation observed in the loess samples. A
range of processes, including biological activity, chemical
weathering, redox cycling, and water movement could
contribute to the Fe isotopic compositions as loess
accumulated through time. For example, during the dissim-
ilatory Fe reduction process, the δ56Fe of Fe dissolved from a
silicate soil mineral by siderophore-producing bacteria is as
much as 0.8‰ lighter than bulk Fe in the mineral phase.92 It is
likely that the Fe isotopic composition of loess and other
sedimentary archives such as permafrost will be similarly
affected by multiple processes.
To further probe the influence of primary versus secondary

minerals on observed Fe isotopic compositions, we conducted
TEM measurements on a subset of samples. The Fe-bearing
minerals present in the glaciofluvial silts were well-crystallized
with a platy shape (Figure 6), and the lattice fringe of chlorite
crystals was identified under high-resolution observation. The
energy-dispersive X-ray spectroscopy data show peaks at Fe,
Mg, Si, and O, and the lattice constant derived from the
diffraction pattern is very close to that of chlorite, which is in
good agreement with the published XRD measurements.41,43

The Chitina loess samples with the lightest δ56Fe compositions
Figure 5. Stable Fe isotopic compositions of glaciofluvial silts and
river valley loess (all <5 μm size fraction) correlated to Al/K mass
ratios (m/m). Major element data are from Koffman et al.43 Symbols
are the same as in Figure 2. Error bars for iron isotopic ratios
determined in this study are 95% confidence intervals. The black solid
line is the best linear fit for Fe isotopes and Al/K ratio with a 95%
confidence envelope (dark pink area) and 95% prediction envelope
(light pink area) excluding three loess samples with particularly low
δ56Fe as these are hypothesized to have Fe fractionation due to the
presence of organic carbon.

Figure 6. TEM images of well-crystallized Fe phases of a
representative glaciofluvial silt sample AK2016-03 from Knik River
in the <5 μm size fraction. TEM images (A,B) show ∼1 μm clay
particle sheets. The diffraction pattern in (C) shows that this particle
is crystalline. X-ray spectra (D−G) show that it contains Fe, Mg, Si,
and O within the crystalline structure.
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contain two distinct types of Fe-bearing particles. The first type
is a well-crystallized Fe silicate, similar to the Fe-bearing
minerals observed in the glaciofluvial silt samples. The second
type is Fe aggregates ranging in size from tens to hundreds of
nanometers (Figure 7). The lack of crystal lattice fringes on

these Fe particles (Figure 7B) and the diffraction pattern
(Figure 7C) suggest that they are amorphous or poorly
crystalline in nature. The X-ray spectral data show peaks at Fe
and O, and no obvious peak at Si, indicating the presence of
Fe-(hydr)oxides (Figure 7G). These poorly ordered Fe
nanoparticulate aggregates, indicative of ferrihydrite, were
widely observed in the loess samples, which revealed the
widespread presence of these nanoparticles throughout the
samples. Compared to the glaciofluvial silt, the significant
presence of Fe-(hydr)oxides strongly suggests that the isotopic
trends observed in the loess are related to the formation of the
authigenic Fe-(hydr)oxides.
4.3. Influence of Organic Carbon on Fe Lability and

Fe Isotopes in Loess. The Fe in the loess is largely hosted in
poorly crystalline Fe hydroxides and is correlated with the
presence of organic carbon (Figure 7D, G). The biogeochem-
ical cycling of Fe and carbon is strongly linked, with solid Fe
shown to complex with and preserve organic carbon.93 Studies
have shown that more than 20% of organic carbon in
sediments is bound to reactive Fe phases, with reactive Fe
phases serving as a ‘rusty sink’ for organic carbon.94 There is

evidence that organic carbon may have an inhibitory effect on
the crystallization of ferric hydroxide, with experimental results
suggesting that organic anions may disturb or even prevent the
amorphous Fe-(hydr)oxides from further dehydration and
crystallization.95 In addition, dissolved organic carbon can be
absorbed and coated to the surface of reactive Fe-(hydr)oxide
particles, affecting their surface charge and adsorption
behavior.93,94,96 This sorption process involves strong complex-
ation bonding between surface metals and acidic organic
ligands, preventing further crystallization.93 Given the sub-
stantial presence of amorphous Fe-(hydr)oxides in the loess
samples analyzed here, the presence of organic carbon may
play a role in maintaining the high Fe lability and reactivity of
these mineral phases for the lifetime of sediment storage,
which in the case of the loess may be upward of tens of
thousands of years.
Combined evidence from the TEM imaging and Fe

sequential extractions indicates the presence of reactive
amorphous Fe-(hydr)oxides in the loess samples, whereas
crystalline Fe oxides are rare. However, reactive Fe phases will
become increasingly crystalline with time causing a decrease in
their surface area, reactivity, and solubility.97,98 Experimental
work shows that crystallization of reactive amorphous Fe-
(hydr)oxides to the minerals goethite or hematite is nearly
complete after several years at room temperature,99 which
suggests that reactive amorphous Fe phases should be unstable
in loess preserved for thousands of years. In contrast, we find
an abundance of well-preserved amorphous Fe phases in our
loess samples, which suggests the inhibition of crystallization of
amorphous Fe-(hydr)oxides by organic carbon.
Iron isotopic compositions can provide valuable insights into

the relationship between organic carbon and Fe phase
transformation in aqueous systems.92,100,101 Laboratory experi-
ments show that organically complexed Fe extracted from Fe
silicates is isotopically lighter than the primary Fe-bearing
minerals.92,101 These results are also consistent with the Fe
isotopic behavior in streams, where carbon-bonded Fe is
characterized by lighter Fe isotopic signatures.27,30,31 For
example, boreal-forested stream systems are characterized by
much lower δ56Fe values in the dissolved phase ranging down
to δ56Fe = −1.73 ‰ in the Copper River basin (Alaska) and
correspond to high concentrations of dissolved organic carbon
(DOC).31 In this study, the correlation between the Fe
isotopic composition of loess and LOI data highlights the
potential association of labile Fe with organic carbon (Figure 8
and Table S4).
The liberation of Fe through chemical weathering and

organic complexation has been invoked for observed Fe
isotope fractionation during fluvial transport of sedi-
ments,28,31,33,92,102 however discrepancies remain in the
magnitude of the induced variability. A study of silicate soils
developed on Gore Mountain (New York, USA) found that
the δ56Fe of Fe-organic complexation is as much as 0.8‰
lighter than bulk Fe measured in the unaltered minerals.92 If
Fe−C species indeed record the isotopic fractionation in the
chemical weathering and organic complexation process, then
the Fe isotopic composition of loess samples (<5 μm size
fraction) should also be influenced by the fraction of Fe−C
species. The isotope composition of Fe in loess (δ56Fetotal) can
be expressed as follows:

= × + ×f fFe Fe Fe (1 )56
total

56
Fe C

56
residue (2)

Figure 7. TEM images of amorphous Fe phases of a representative
loess sample AK2016-13 from Chitina River in the <5 μm size
fraction. TEM images (A, B) show ∼1 μm clay particles. The
diffraction pattern in (C) shows that this particle is poorly crystalline
or amorphous, and X-ray spectra (D−G) show that it contains Fe,
Mg, C, and O within a poorly crystalline or amorphous structure.
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where f is the fraction of organic carbon bonded Fe, δ56FeFe−C
is the isotopic composition of Fe in Fe−C species, and
δ56Feresidue is the isotopic composition of Fe in residue
(nonorganically complexed) mineral phases. Based on the
TEM imaging results, the residue mineral phases of loess are
the primary silicate mineral phases, similar to the Fe-bearing
phases of silts. Therefore, we estimate the δ56Feresidue as the
average upper continental crust value (δ56Feresidue =
+0.08‰).26 The organic carbon content of loess can be
linearly converted from the LOI data.103 Assuming the fraction
of organic carbon-bonded Fe is linearly related to the organic
carbon content, then the value f can be expressed as follows:

= ×f LOI (3)

where α is a constant described below. Therefore, the isotope
composition of Fe in bulk loess should be linearly related to
the LOI data and can be expressed with the following
equation:

= × × + ×

×

Fe Fe LOI Fe (1

LOI)

56
total

56
Fe C

56
residue

(4)

Figure 8 illustrates the linear regression with LOI content
and δ56Fe values of loess samples. According to eqs 2 and 3,
the intercept value of the linear regression line (δ56Fe =
+0.079‰) represents the isotopic composition of Fe in
residual mineral phases, which is consistent with our
assumption. For low LOI values the fraction of Fe−C species
is lower, and the δ56Febulk value of loess is largely controlled by
the Fe isotopic composition of residual mineral phases. For
high LOI values, the fraction of Fe−C in the sample is larger,
and the δ56Febulk value is more influenced by the fraction of
Fe−C, which is derived from chemical weathering and organic
complexation.
We now describe a method to estimate the isotopic

fractionation between Fe−C phases and the original chlorite
phases (the Δ56FeFe−C‑Chlorite value) in our Chitina loess. The
sequential leaching results indicate that the Chitina loess
sample with the lightest δ56Febulk value (δ56Fe = −0.32‰) has
a reducible Fe fraction of 48%.43 Assuming the reducible Fe
fraction is entirely organic carbon-bonded, the resulting
δ56FeFe−C value and α in this sample can be calculated from
eqs 2 and 3, giving δ56FeFe−C = −0.73‰ and α = 2.29. This

calculated δ56FeFe−C value is consistent with laboratory
experimental results where the δ56Fe isotopic composition of
the organic complexation fraction on soil grains is lighter by
∼0.6−1‰ compared to Fe hosted in the mineral phases.92

While the approach described above successfully character-
izes the observed relationships within our data, the calculations
are for simplified circumstances. Eq 2 cannot explain any
change in Fe sources or Fe isotopic fractionation in residual
mineral phases. The calculations also do not consider other
possible factors such as (i) not all the extracted Fe from the
sodium dithionite leach experiment is complexed with organic
carbon for the Chitina loess sample with the lightest δ56Febulk
value, which would result in an overestimate of the Fe−C
fraction; (ii) kinetic isotopic fractionation during the organic
carbon complexation process, or (iii) the Fe isotopic
fractionation in intermediate Fe (II)aq and ferrihydrite phases
during mineral dissolution (discussed in Section 4.2). None-
theless, the model constrains the isotopic fractionation
between Fe−C phases and the original chlorite phases.
Understanding and quantifying coupled Fe cycling and

organic carbon stability is vital to predicting the composition,
lability, and fate of sediment-bound Fe sources with respect to
a changing climate. We demonstrate that there is an
association of labile Fe with organic carbon, and this
association is accompanied by a stable Fe isotopic fractionation
likely due to Fe-organic complexation. As Fe isotope
fractionation is ubiquitous in biogeochemical cycling, Fe
isotopes can be a useful tool to investigate the transport and
flux of Fe-bound organic carbon assuming that suspended
particulate matter sourced from loess and/or permafrost
retains its Fe isotopic composition during riverine transport
to nearshore environments. For example, labile Fe that has
been previously bound and preserved with organic carbon
within a loess or permafrost bluff and subsequently released
and transported to the riverine environment as a result of
climate change-driven erosion should be detectable by a shift
toward more negative Fe isotopic compositions of riverine
suspended particulate matter. This would assume that
sedimentary material not associated with organic carbon
complexation and subject to physical and chemical weathering
during erosion and riverine transport (e.g., glaciofluvial silt)
retains a Fe isotopic composition close to the upper
continental crust average (δ56Feresidue = +0.08‰)26 and is
characterized by a lower proportion of easily reducible Fe
compared to loess which has been noted in previous studies
(e.g., Koffman et al.).43 We, therefore, propose that Fe isotopic
compositions may be a useful indicator of shifts in Fe sources
and Fe lability to the nearshore environment. It is still unclear
how the exposure and transport of this material affects the Fe
lability and isotopic composition and warrants future study.

5. CONCLUSIONS
We measured the Fe isotopic compositions of several terrestrial
sources that may contribute Fe to the Gulf of Alaska.
Glaciofluvial river silts, wildfire aerosols, and fresh and aged
volcanic ash have relatively constant δ56Fe values regardless of
geographical location and are similar to the composition of the
upper continental crust. The Fe isotopic compositions of
glaciogenic loess are not uniform, with the lowest δ56Fe value
observed in the Kanakanak bluffs loess profile which we
attribute to post-depositional processes such as biological
activity or water percolation. We found that loss on ignition,
which is used as an indicator of organic carbon content, the

Figure 8. Variation of the δ56Fe values of glaciofluvial silt, loess, and
ash correlated to the LOI data. The gray bar represents the δ56Fe
values of upper continental crust.29 The loess shown here is fine-
grained (<5 μm) from the river valley loess profiles.
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proportion of easily reducible Fe species, and Fe isotopic
compositions covaried in loess samples. This indicates that
bioavailable Fe is preserved in sedimentary archives in the
presence of organic carbon and is characterized by a unique Fe
isotopic signature. These results indicate that in some cases, Fe
isotopes may be a useful proxy to trace the associations
between organic carbon and Fe and to investigate the fate of
organic carbon-bound Fe during redox cycling of Fe. While we
lack constraints on the current flux of Fe sources to the Gulf of
Alaska, we expect the bulk of material transported to the
nearshore environment to be sourced from glaciofluvial silt.
However, as climate change continues to accelerate in the
subpolar environment, a new source of bioavailable Fe from
organic-rich sedimentary archives such as loess or permafrost
may become more significant and may be accompanied by a
distinct lighter Fe isotopic composition of particulate matter in
water.
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B. Iron isotope fractionation in river colloidal matter. Earth and
Planetary Science Letters 2006, 245 (3−4), 792−798.
(103) Konen, M. E.; Jacobs, P. M.; Burras, C. L.; Talaga, B. J.;
Mason, J. A. Equations for predicting soil organic carbon using loss-
on-ignition for north central US soils. Soil science society of America
journal 2002, 66 (6), 1878−1881.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00338
ACS Earth Space Chem. 2024, 8, 1505−1518

1518

https://doi.org/10.1016/j.gca.2011.07.008
https://doi.org/10.1016/j.gca.2010.02.018
https://doi.org/10.1016/j.gca.2010.02.018
https://doi.org/10.1016/j.gca.2008.11.037
https://doi.org/10.1016/j.gca.2008.11.037
https://doi.org/10.1016/j.gca.2008.11.037
https://doi.org/10.1016/0016-7037(84)90408-3
https://doi.org/10.1016/0016-7037(84)90408-3
https://doi.org/10.1016/0016-7037(84)90408-3
https://doi.org/10.1016/S1040-6182(03)00113-7
https://doi.org/10.1016/S1040-6182(03)00113-7
https://doi.org/10.1016/S1040-6182(03)00113-7
https://doi.org/10.1016/0016-7037(94)00280-Y
https://doi.org/10.1016/0016-7037(94)00280-Y
https://doi.org/10.1016/0016-7037(94)00280-Y
https://doi.org/10.1016/j.epsl.2008.10.028
https://doi.org/10.1016/j.epsl.2008.10.028
https://doi.org/10.1016/j.epsl.2008.10.028
https://doi.org/10.1130/0091-7613(2001)029<0535:FOFIBS>2.0.CO;2
https://doi.org/10.1130/0091-7613(2001)029<0535:FOFIBS>2.0.CO;2
https://doi.org/10.1016/S0146-6380(00)00046-2
https://doi.org/10.1016/S0146-6380(00)00046-2
https://doi.org/10.1038/nature10855
https://doi.org/10.1038/nature10855
https://doi.org/10.1038/212645b0
https://doi.org/10.1038/212645b0
https://doi.org/10.1021/es0000089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0000089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2136/sssabookser1.2ed.c8
https://doi.org/10.2136/sssaj1978.03615995004200050033x
https://doi.org/10.2136/sssaj1978.03615995004200050033x
https://doi.org/10.2136/sssaj1978.03615995004200050033x
https://doi.org/10.2136/sssaj1978.03615995004200050033x
https://doi.org/10.1346/CCMN.1983.0310405
https://doi.org/10.1346/CCMN.1983.0310405
https://doi.org/10.1126/science.285.5435.1889
https://doi.org/10.1016/j.gca.2004.01.023
https://doi.org/10.1016/j.gca.2004.01.023
https://doi.org/10.1016/j.epsl.2006.03.031
https://doi.org/10.2136/sssaj2002.1878
https://doi.org/10.2136/sssaj2002.1878
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

