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ARTICLE INFO ABSTRACT
Keywords: The Amundsen Sea in the Pacific sector of West Antarctica receives meltwater from the fastest retreating Ant-
Thwaites Glacier arctic glaciers, and its coastal polynyas host the highest primary productivity per unit area observed on the

Marine sediment Antarctic continental shelf. Polynya productivity provides the base for a robust, diverse ecosystem and is

ilnotiiztcilzmlstry controlled primarily by light and the availability of the micronutrient iron (Fe). While the sources of Fe in the
Iron flux region are not yet certain, Fe could be transported within modified Circumpolar Deep Water (mCDW) that in-
Trace metals trudes onto the retrograde shelf and into ice shelf cavities, where it gains buoyancy through the addition of
Volcanic glass glacial meltwater and is injected into the upper water column when it exits the cavity. Thus, fluxes of dissolved
Polynya Fe from the seafloor into in-flowing mCDW may ultimately be a source of Fe to the euphotic zone in the

Amundsen Sea. To investigate the surface sediment biogeochemistry and the potential for a significant benthic
flux of Fe to the waters on the Amundsen Sea shelf, sediment cores were collected at two sites close to the calving
fronts of the Pine Island and Thwaites Glacier ice shelves. Pore water was analyzed for trace element content, and
sediment was analyzed for physical and chemical properties including organic carbon and trace elements. Using
a novel approach based on hypothesized Fe speciation and colloidal particle radius, theoretical Fe fluxes were
calculated from pore water gradients and porosity. The fluxes reveal a spatially variable Fe input to the lower
water column that could ultimately fertilize primary productivity. Supported by geochemical and physical evi-
dence, we conclude that submarine weathering of volcanic glass grains observed and quantified in seabed
sediments at the Pine Island site drives nonreductive Fe fluxes that are 100-fold higher than at the Thwaites site.
This study highlights the need for further investigations of benthic-pelagic coupling in the Amundsen Sea region,
which will likely be impacted in coming decades by accelerating glacial melting.

1. Introduction et al., 2019). The primary concern in this region is the ongoing melting
of ice-streams draining the WAIS and the resultant rise in global sea level
The Amundsen Sea drainage sector of the West Antarctic Ice Sheet (e.g., Hoffman et al., 2019; DeConto et al., 2021). However, the marine

(WAIS; Fig. 1) is undergoing rapid changes, with outlet glaciers such as biogeochemical implications of glacier collapse have so far received less
Pine Island Glacier (PIG) and Thwaites Glacier (TG) at risk of melting attention. Changes in ice-sheet dynamics with ongoing retreat are likely
and destabilization (Favier et al., 2014; Scambos et al., 2017; Holland to impact the physical, chemical, and biological dynamics of polynyas in

Abbreviations: CDW, Circumpolar Deep Water; mCDW, modified Circumpolar Deep Water; WAIS, West Antarctic Ice Sheet; PIG, Pine Island Glacier; TG, Thwaites
Glacier; MC, mega-corer; ICP-MS, inductively coupled plasma mass spectrometer; ICP-OES, inductively coupled plasma — optical emission spectrometry; SEM,
scanning electron microscope; EDS, energy dispersive x-ray spectrometry.
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the Amundsen Sea embayment, including the Amundsen Polynya adja-
cent to the Dotson and westernmost Getz ice shelves and the Pine Island
Polynya in Pine Island Bay, adjacent to PIG (Fig. 1). Therefore, it is
critical to understand the likely future impacts on the continental shelf
ecosystem with continued WAIS melting.

On the Antarctic continental shelf, primary productivity is concen-
trated in coastal polynyas, which account for 65% of phytoplankton
growth in shelf waters and host carbon fixation rates much higher
(0.5-2.5gC m~2d!) than in the open Southern Ocean (0.2-0.4 g C m~2
d™h (Arrigo et al., 2008; Arrigo and van Dijken, 2003). The Amundsen
Sea Polynya, for example, is the most productive of the Antarctic po-
lynyas per area, supporting a diverse ecosystem (Arrigo et al., 2012).
Productivity in the polynyas in this region is controlled by the avail-
ability of light and the micronutrient iron (Fe) (Alderkamp et al., 2015;
Oliver et al., 2019). Forms of Fe available for biological uptake
(“bioavailable Fe”) may be delivered to the polynya via outflows from
the cavities of the ice shelves that fringe the Amundsen Sea embayment
(Sherrell et al., 2015; St-Laurent et al., 2019), and recent circum-
Antarctic modeling suggests that this mechanism applies throughout
the Antarctic margin (Dinniman and St-Laurent, 2020).

Warm Circumpolar Deep Water (CDW) initially invades the conti-
nental shelf at depth, mixes with Winter Water that lies above it to form
modified CDW (mCDW), and then enters the ice shelf cavities to drive
glacial melting primarily near the grounding line. Upon mixing with
meltwater within the cavity, this water mass gains buoyancy and flows
toward the ice shelf terminus and into the open coastal ocean at the
depth of the ice shelf draft (Randall-Goodwin et al., 2015). This phe-
nomenon is called the “meltwater pump,” and is driven by the rate at
which warm mCDW drives melting of the basal ice shelf (Greisman,
1979; Jenkins et al., 2016). Because mCDW interacts with shelf sedi-
ments en route to the ice shelf cavities, the meltwater pump may play an
important role in advective coupling between the seafloor sediments
and the euphotic zone.

The outflowing water mass formed by the meltwater pump is rich in
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Fe (e.g., 0.7 nM dissolved Fe and 90 nM particulate Fe for the Dotson Ice
Shelf outflow; Sherrell et al., 2015; unpublished data) and is thought to
be critical in sustaining intense polynya productivity throughout the
growing season (Alderkamp et al., 2015; Sherrell et al., 2015; St-Laurent
et al., 2019). Yet, the primary sources of Fe enrichment in this water
mass are not well known. Based on recent observational and modeling
studies, the Fe pool in the sub-surface outflow is likely a combination of
1) dissolved and particulate Fe released during basal ice-shelf melt or
from glacial sediments proximal to the grounding zone (with a possible
contribution from drainage of the subglacial hydrologic system, e.g.
Malczyk et al., 2020), and 2) inflowing mCDW that has already incor-
porated additional dissolved Fe released from continental shelf sedi-
ments, as suggested by water column dissolved Fe measurements (Oliver
et al., 2019; Sherrell et al., 2015; St-Laurent et al., 2019, 2017; van
Manen et al., 2022). Iron supplied to the polynya by the outflow from
the ice shelves is dominated by suspended particulate Fe, with a rela-
tively high fraction of labile Fe and Mn oxide phases that may result
from diagenesis or subglacial/submarine weathering of sediments up-
stream and downstream of the grounding line (Planquette et al., 2013;
van Manen et al., 2022). However, water column Fe measurements
suggest that, in the region of the Dotson Ice Shelf and the adjacent
Amundsen Sea Polynya, mCDW flowing into the cavity has already ac-
quired additional dissolved Fe equivalent to the concentrations observed
in the outflow (Sherrell et al., 2015; van Manen et al., 2022). This
suggests that benthic sediments likely add dissolved Fe to the mCDW
before it mixes with glacial meltwater. Numerous studies have indicated
the importance of a benthic Fe source to other Antarctic shelf regions as
well, such as the Ross Sea and the western Antarctic Peninsula shelf
(Hatta et al., 2017, 2013; Sherrell et al., 2018), and the Southern Ocean
as a whole (Burdige and Christensen, 2022; Dinniman and St-Laurent,
2020; Sieber et al., 2021; Tagliabue et al., 2009).

Dissolved Fe>" and Mn?* can be released to the sediment pore water
during early diagenesis following metabolic reduction of metal oxides
by benthic microbes oxidizing sedimentary organic matter through
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Fig. 1. Map of the study site adjacent to Pine Island and Thwaites Glaciers in the Amundsen Sea embayment. Red circles indicate the two sample sites: MC24/Pine
Island (PIG) and MC32/Thwaites (TG). The polynya outlines (dashed lines) were derived from satellite images (MODIS/NSIDC) from December 2010 (yellow, short
dashes) and February 2019 (green, longer dashes). Polygons showing the typical January positions of the Amundsen Sea Polynya (ASP) and Pine Island Polynya (PIP)
are shown in yellow in the inset map. Multibeam data are from Hogan et al., 2020, collected during NBP19-02 and NBP20-02. The grounding lines are inSAR and are
from Milillo et al., 2019 and Rignot et al., 2011. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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dissimilatory iron reduction (Lovley, 1993). This occurs in sediments
once oxygen and nitrate have been depleted to concentrations that
cannot support microbial metabolism, a state which is referred to as
“suboxic” in this paper. The reduced, aqueous metals diffuse along pore
water concentration gradients and can 1) precipitate as sulfide, car-
bonate, or oxide minerals depending on sediment geochemistry, or 2)
cross the sediment-water interface through molecular diffusion, irriga-
tion by benthic macrofauna, or sediment resuspension (Burdige, 1993;
Canfield, 1989; Homoky et al., 2016). The reductive release of dissolved
Fe from suboxic sediments is a well-established phenomenon (Berelson
et al., 2003; Dale et al., 2015; Elrod et al., 2004; Homoky et al., 2012;
Klar et al., 2017; Noffke et al., 2012; Severmann et al., 2010). However,
previous biogeochemical studies of seafloor surface sediments near the
Amundsen Sea Polynya indicated that despite high productivity, carbon
oxidation rates are low in the consolidated sediments and oxygenation
of the upper sediments is high compared to similar high-latitude systems
(Choi et al., 2016; Kim et al., 2016). Therefore, nonreductive release of
Fe from submarine mineral weathering must be considered in this
setting. Nonreductive Fe release has been identified in oxygenated
sediments, particularly those containing trace metal-rich, highly
weatherable volcanic material (Homoky et al., 2021, 2013, 2011a;
Longman et al., 2022). The Amundsen Sea embayment is adjacent to
regions with evidence of past volcanism, including activity within the
last 10,000 years (Rowley et al., 1990; Corr and Vaughan, 2008; Wilch
et al., 1999), making a volcanic contribution to the offshore sediments
feasible.

In this study we consider both reductive and nonreductive release
mechanisms and their relative importance in Amundsen Sea sediments.
To do so, we employ a novel method of quantifying nonreductive Fe flux
to the overlying water based on high sensitivity mass spectrometric
measurements of dissolved metals in porewater, and the possible size
distribution of the expected organic Fe complexes and colloids that are
included within the operationally defined “dissolved” fraction. Through
geochemical analysis of two sediment cores located immediately
offshore of Thwaites and Pine Island glaciers, we aim to determine
variables controlling fluxes of benthic Fe that may be important in
supporting the observed productivity in the Amundsen Sea Polynya. We
find that benthic flux differs greatly between the two investigated sites,
and that flux linked to nonreductive weathering of volcanic glass par-
ticles could be an important source of Fe to the water column. More
broadly, our findings support previous studies arguing that early
diagenesis of volcanogenic sediments could be an important source of
trace metals to the water column in the global ocean (Homoky et al.,
2011b; Longman et al., 2022).

2. Methods
2.1. Field sampling

We make use of two mega-corer (MC) subcores that were collected
on research cruise NBP20-02 aboard the RV/IB Nathaniel B. Palmer, the
second of three expeditions under the Thwaites Offshore Research
(THOR) initiative of the International Thwaites Glacier Collaboration
(ITGC). Subcore MC24 (the PIG site; water depth 460 m; 74.9016° S,
100.5979° W) was recovered at the NE corner of the Pine Island Glacier
Ice Shelf front, where CDW inflow under the Pine Island Ice Shelf
dominates (e.g., Yoon et al., 2022), and subcore MC32 (the TG site;
water depth 1043 m; 74.7014° S 106.2709° W) was collected north of
the Thwaites Eastern Ice Shelf, near a location where also CDW inflow is
recorded (Wahlin et al., 2021; Fig. 1). The PIG site was located under the
Pine Island Glacier Ice Shelf from at least 1947C.E., and probably since
10 ka (Arndt et al., 2018), until just 12 days before its recovery, when a
major calving event took place (Yoon et al., 2022). Both coring sites
were selected based on shipboard multibeam swath bathymetry to target
undisturbed sediment (e.g., no seafloor evidence of iceberg ploughing).

All pore water and overlying water samples were conducted using
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all-plastic syringes and acid-cleaned Rhizons, model CSS, 8 cm length
with mean pore size 0.15 pm (Dickens et al., 2007; Seeberg-Elverfeldt
et al., 2005). Rhizons were inserted though pre-drilled holes in the core
liner to sample interstitial pore water and overlying water (2 cm above
the sediment-seawater interface). From each sampling interval, the first
1.0 mL of filtered water was discarded to sample-rinse the Rhizon before
a sample volume of 2.0 mL was collected. Pore water samples were
immediately acidified to 0.024 M ultrapure hydrochloric acid (HCl;
0.2% v/v) within the syringe, and a new Rhizon and syringe were used
for each sampling interval. Acidified pore water was stored in acid-
cleaned LDPE Nalgene bottles. Sediment samples were collected from
parallel cores from the same MC deployment (<1 m distant from the
pore water subcore) retrieved during the MC24 and MC32 deployments.
Sediment samples were homogenized and stored in centrifuge tubes
with no headspace for porosity analysis. All sampling tools were acid
cleaned and rinsed with ultrapure water at the Department of Marine
and Coastal Sciences at Rutgers University before the cruise. Pore water
and sediment samples were stored and shipped at 4 °C.

2.2. Pore water analyses

Acidified pore water and overlying water samples were analyzed for
dissolved aluminum (Al), barium (Ba), cadmium (Cd), cobalt (Co),
chromium (Cr), Fe, Mn, molybdenum (Mo), nickel (Ni), phosphorus (P),
titanium (Ti), uranium (U), vanadium (V), and yttrium (Y) using a
Thermo Scientific Element 2 inductively coupled plasma mass spec-
trometer (ICP-MS) at Rutgers University. The full trace metal suite was
analyzed to provide evidence for biogeochemical processes in the sedi-
ment that could be influencing Fe release. The multi-element standards
were prepared in-house and matrix-matched with overlying seawater
(assuming similar major ion composition as the pore water). Samples
were diluted 20-fold before analysis, and drift and matrix corrections
were based on In added to each solution. Determined blanks were <20%
of lowest pore water samples for all elements except Cd and Cr, where
blanks were 21-30%, and Mn, Co, and Ni where the lowest samples were
in the same range as the blank. Precision, estimated by preparing and
analyzing a sample in triplicate and calculating the percent relative
standard deviation, was <+5% for all elements except Cd, Al, Ti, and Ni,
which were <+15%.

Silicic acid was determined in 10-fold diluted pore waters and
overlying waters by inductively coupled plasma — optical emission
spectrometry (ICP-OES; Thermo iCAP 7000 series) against matrix-
matched (Equatorial Pacific surface water) standards made from a
NIST-traced single element silicon (Si) standard (High Purity Stan-
dards), using Y as a drift and matrix normalizer in all solutions. A
working stock standard (3000 uM) for seawater Si analysis was obtained
from the Ocean Data Facility at Scripps Institution of Oceanography
(Susan Becker, pers. comm.) and run as an unknown to test accuracy and
inter-laboratory agreement; results agreed within 7%. Blanks were
<10% of determined values for all samples.

2.3. Solid phase analyses

For porosity determination, subsamples of solid sediment were
weighed in vials of known mass and volume, then placed open in an
oven at 60 °C and re-weighed once dry. The porosity (v/v) was calcu-
lated based on the known volume of sediment and the calculated volume
of water (corrected for salt assuming 35 g/kg salt) lost on drying.

For organic carbon analysis, the dried sediments from the porosity
analysis were powdered and weighed (~15-25 mg) into silver weigh
boats, then acid fumed in a sealed container with an open beaker of
concentrated hydrochloric acid for 24 h to remove carbonates. Total
carbon contents (assumed to represent total organic carbon after car-
bonate removal) were analyzed on a CE Elantech Flash 2000 CHN
analyzer (column configured for CNS analysis) at the New Jersey City
University Geosciences Laboratory.
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Laser diffraction particle size analysis was carried out using a Bet-
tersizer S3 Plus with a green laser optimized for fine-grained sediments.
Samples were treated with sodium hexametaphosphate to deflocculate
the sediment grains in deionized water for at least 48 h prior to analysis.
A magnetic stir bar was used to create a homogenized slurry from which
aliquots were pipetted into the Bettersizer reservoir. Smear slides were
made from each grain size sample and imaged using a Zeiss Axiolab 5
under plane-polarized light.

To quantify volcanic glass content in the Pine Island sediments,
deflocculated sediment samples were sieved at 63 pm, 125 pm, 212 pm,
and 300 pm and each fraction was dried and weighed. Each fraction was
spread evenly across a microscope plate with a grid of 0.5 x 0.5 cm cells
for counting. Between 300 and 500 grains in each fraction were counted
under a Leica dissecting microscope and classified by appearance as
“Pristine glass”, “Other volcanics” or “Not volcanic.” “Pristine glass”
grains were not visibly weathered and were characterized as exhibiting:
1) vesicles and/or conchoidal fracturing, 2) brown coloration, 3)
translucency, and 4) a glassy luster in reflected light. “Other volcanics”
were identified as having visible vesicles, but only some, not all, of the
other characteristics of pristine glass listed above. This second category
likely includes originally pristine glass particles that had been subse-
quently weathered, physically altered by erosion and transport, and/or
were coated by other minerals. The “Not volcanic” fraction consisted of
a variety of other minerals including quartz and micas, as well as oc-
casional foraminifera tests. The mass of each class was converted to
estimated volume based on the ratio of volcanics to other minerals using
grain densities of 2.3 g cm > for the volcanic glass and 2.7 g cm ™ for the
other minerals (Shipley and Sarna-Wojcicki, 1982). The volume fraction
of glass in each sediment sample was estimated based on porosity.

Sieved samples (>63 pm fraction) were examined under a stereo-
scope and approximately 30 volcanic grains were mounted and sputter
coated (gold-palladium) for imaging with an FEI Quanta 650 field-
emission gun scanning electron microscope (SEM) in high-vacuum
mode. After imaging was completed, characteristic x-rays were
measured using energy dispersive x-ray spectrometry (EDS) and trans-
lated into energy spectra and elemental abundance using AZtec soft-
ware. The EDS spectra were collected at 15.00 kV, spot size of 5.0 pm,
and a working distance of 10.0 mm. Elements of interest, including Si,
Al, magnesium (Mg), Ti, and Fe were included. Several outlier spectra
had substantially different elemental compositions than the rest (even
on the same grain), presumably due to incomplete cleaning of the grain
surface or the formation of secondary minerals on the glass surface and
were not included in compositional averages. Four spectra exhibited
high Mg and low Al contents and may have represented Mg (hydr)ox-
ides, while two other spectra exhibited high calcium (Ca) and Fe,
possibly representing a mixed Fe and Ca sulfate or carbonate precipitate.
The remaining 14 spectra were from 8 unique grains from 5 sample
depths, with a relative standard deviation of <20% for Ca, Ti, and Fe,
<11% for Al and Si, and <5% for oxygen (O), sodium (Na), and Mg.

Extractions of reactive Fe and Mn phases were conducted following a
modification of the sequential extraction in Poulton and Canfield
(2005). Wet sediments were mixed with 1 M hydroxylamine HCl in 25%
v/v (4.35 M) acetic acid and agitated continuously for 48 h at room
temperature. The samples were then centrifuged, the supernatant
removed for analysis, and the process was repeated with 50 g/L (0.29 M)
dithionite buffered with sodium citrate with continuous agitation for 2 h
at room temperature. The concentrations of Fe and Mn in both extracts
were analyzed using ICP-OES on an iCAP 7500 instrument at Rutgers
University. Standards and blanks were matrix matched with the corre-
sponding extract solution (hydroxylamine HCI or dithionite). Instrument
drift was monitored using yttrium additions and no drift was observed.
Two procedural blanks were similar to instrumental blanks, indicating
no contamination occurred during sample processing.

To determine total elemental composition, dried homogenized sed-
iments were subsampled (50 mg) and digested in Teflon PFA screw-cap
vials (Savillex), using a mixture of concentrated HNO3 and HF. Digests
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were then dried on a hotplate in a clean HEPA hood and taken up again
in 6 M HCI until fully dissolved. For analysis by quadrupole ICP-MS
(Thermo iCAP Q operated in KEDS mode), samples were dried down
again and re-dissolved in 2% (v/v) HNOs. Concentrations were deter-
mined using mixed element standards and several certified reference
materials were digested and analyzed in the same session (marine
sediment MAG-1, basalt BCR-1, and estuarine mud 1646), with indium
used as a matrix normalizer and drift monitor for all samples, standards,
and blanks. Blanks were <0.1% of lowest signal for all reported ele-
ments. Determined values for the reference materials agreed with
certified values, within certified uncertainty.

2.4. Flux determination

Benthic fluxes of Fe across the sediment-water interface at both sites
were calculated assuming molecular diffusion only using a model based
on Fick’s first law (Boudreau, 1997):

T =D &)

4

where J = the flux of Fe, 9= porosity of the sediment, Ds.q = the effective
diffusion coefficient for Fe, and dC/dz = partial differential of concen-
tration with respect to vertical distance into the sediment, for the up-
permost infinitely small interval in depth, approximated here as the
gradient between the uppermost sample, 0.5 cm below sea floor (cmbsf),
and the overlying water. Note that the overlying water values used for
this calculation were likely influenced by disturbance during sampling
or contamination from coring equipment, making the estimated gradi-
ents lower than they would be in situ. Positive values of J indicate a flux
from the sediment to the water column.

Values of Dy, for non-ionic Fe phases were determined from the
Stokes-Einstein relation:

kT

Dy, = ——
‘ 6Ny

(2)

where k = the Boltzmann constant (1.38 x 1072y K’l), T = the tem-
perature (K), 1 = the viscosity of the solvent (kg m ! s’l), and r; = the
hydrodynamic radius of the ligand or colloid (nm). Diameters were
selected to represent realistic values for organic ligands such as side-
rophores (1 nm; Baars et al., 2014; Vraspir and Butler, 2009), fresh
ferrihydrite nanoparticles (30 nm; Wells et al., 1991), the purported
predominant colloid size in seawater (65 nm; Vaillancourt and Balch,
2000), and an average value used previously for Fe colloids in the
Southern Ocean (150 nm; Boye et al., 2010). Salinity and temperature
values representing mCDW in the vicinity of the core locations were
taken from the literature. All variables used in the flux determination are
given in Supplementary Table 1.

3. Results
3.1. Pore water trace metal concentrations

Concentrations of dissolved Fe in the pore water at the PIG site were
low (<1000 nM), with the exception of two peaks of 5100 nM and 2800
nM at 0.5 cmbsf and 2.5 cmbsf, respectively (Fig. 2A). At the Thwaites
Glacier (TG) site, Fe concentrations remained very low (<100 nM) down
to 5 cmbsf, then rose to a peak of 8500 nM at 8 cmbsf (Fig. 2A). At Pine
Island, the pore water Fe concentrations correlated (Pearson correlation
coefficient r > 0.8) with Al, Co, Mn, Y, and Ti, while at TG, pore water Fe
correlated less strongly (r between 0.62 and 0.82) with Co, Mn, Ni, Y, Pb,
and Cd (Table 1; Supplemental Fig. 1).

Pore water Al and Ti profiles are similar in shape to that of Fe at the
PIG site, with elevated concentrations at 0.5 and 2.5 cmbsf of
4400-7200 nM for Al and 300-500 nM for Ti (Fig. 2B, C). At the TG site,
pore water concentrations of Al and Ti are much lower (<900 nM Al and
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Fig. 2. Profiles of pore water Fe (A), Al
(B), Ti (C), Mn (D), Co (E), and Ni (F)
concentrations vs. depth in the sediment
indicated as centimeters below sea floor
(cmbsf) at the Pine Island (purple rect-
angles) and Thwaites (green circles)
sites. The dashed line indicates the
sediment-water interface, and the point
at —0.5 cm represents the overlying
bottom water sample. The inset in the Fe
plot shows the low concentration
gradient in the upper 4 cm at the Pine
Island and Thwaites sites, and the insets
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© Thwaites in the Mn and Co plots show the low
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Table 1
Linear correlation coefficients (r; Pearson method) of pore water trace metal concentrations with Fe at the Pine Island and Thwaites sites. Significant correlations >0.8
are highlighted in bold.
Site Al Co Mn Y Ti Cd Ni Ba Mo P 18) v Cr
Pine Island (Fe) 0.99 0.99 0.91 0.9 0.8 —-0.07 0.4 -0.29 —0.39 0 —0.26 0.02 —-0.14
Thwaites (Fe) -0.12 0.6 0.46 0.65 —-0.21 0.83 0.53 0.48 0.29 0.27 —0.02 -0.19 —0.63

<20 nM Ti) and exhibit no significant correlation with Fe or any other
elements (Table 1; Supplemental Figs. 1, 2). Pore water Si also shows
two concentration peaks in the PIG site of 125 pM and 123 pM at 0.5 and
2.5 cmbsf, respectively (Supplemental Fig. 2). At the TG site, pore water
Si increases with depth to a maximum of 281 pM at 4 cmbsf and does not
correlate with Fe, Al, or Ti (Supplemental Fig. 2).

Pore water Mn concentrations are below 200 nM throughout the PIG
core and below 600 nM in the upper section of the TG core (Fig. 2D).
Below 5 cmbsf at TG, Mn concentrations rise to a peak of 32 uM at 8
cmbsf. Concentrations of Mn decrease at 9 cmbsf, and then rise again
downcore to maximum values of 58 pM. Concentrations of Co and Ni co-
vary with Mn distributions in both cores, but at concentrations two to
three orders of magnitude lower than Mn (~0.2-80 nM; Fig. 2E, F).

Distributions of U in the pore water exhibit divergent behavior at the
two sites, decreasing from 14.7 nM in the overlying water at both sites
(slightly above mean seawater values of ~13.2 £+ 0.3 nM for salinity =
34; Owens et al., 2011) to 9.3 nM at the TG site and increasing to 23.2
nM at the PIG site (Supplemental Fig. 3G). Concentration profiles of pore
water V and Cr profiles showed behavior similar to U (Supplemental Fig.
3F, H). Concentrations of V increased from seawater values (35-45 nM,;
Emerson and Huested, 1991) to a maximum of 62 nM at 3 cmbsf at PIG,
while at TG concentrations decreased to a minimum of 14 nM at 8 cmbsf.
Pore water Cr concentrations increase rapidly between 2 and 2.5 cmbsf
at the PIG site, from ~9 nM to 26 nM, and at the TG site Cr decreases

steadily to 1.2 nM at depth. Average concentrations of pore water Cd are
slightly higher at PIG (3.3 nM) than at TG (2.3 nM), but with a single
broad peak of 5 nM at 7 cmbsf at TG (Supplemental Fig. 3C). Barium
increases downcore at both sites from ~100 nM to 150-200 nM, with
generally higher concentrations at TG. The profile of Y at PIG shows
peaks similar to those of Fe, Al, and Ti, but the overall profiles at the two
sites resemble those of Ba. Pore water Mo and P concentrations are
generally lower at TG, but otherwise show modest and non-systematic
variations downcore (Supplemental Fig. 3D, E).

3.2. Sediment characteristics

At the PIG site, porosity in the surface sample is 0.82, and the surface
porosity at the TG site is 0.88 (Supplemental Fig. 4A). Total organic
carbon (TOC) is overall lower at the PIG site, ranging from 0.16 to 0.43
wt%, than at the Thwaites site, which has a range of 0.52-0.81 wt%
(Supplemental Fig. 4B).

3.2.1. Solid Fe and Mn distribution and reactivity

The results of the sequential extraction can provide insight into the
distribution of solid Fe and Mn phases in these sediments, with several
important caveats. The hydroxylamine HCl extraction was designed to
target carbonates, acid-volatile sulfide, and less crystalline Fe oxides
such as ferrihydrite and lepidocrocite, while the dithionite extraction
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targets crystalline Fe-oxides such as goethite and hematite (Poulton and
Canfield, 2005). The extraction procedure used here has been tested
extensively for the extraction of Fe minerals, but not of Mn minerals.
Without using a procedure more specific to Mn, we hypothesize that the
Mn phases extracted in each step may be similar to the Fe phases (car-
bonate and amorphous oxides in the hydroxylamine HCI and crystalline
oxides in the dithionite). Importantly, many studies have highlighted
that, even for Fe, these extraction steps are not specific in mineralogi-
cally complex natural sediments; for example, both steps are likely to
dissolve some Fe-bearing clay minerals and dithionite is known to
extract magnetite (Henkel et al., 2016; Hepburn et al., 2020; Koster
et al., 2021; Ryan et al., 2008; Schroder et al., 2016; Vosteen et al.,
2022). Therefore, to avoid assumptions of mineralogical specificity we
define the hydroxylamine fraction as “easily reducible” and the
dithionite fraction as “reducible” in this study, with the sum of the two
fractions representing “reactive” Fe or Mn.

At the PIG site, little downcore variation is observed for Mn in any of
the three solid fractions (Fig. 3A). The easily reducible fraction is larger
than the reducible fraction, making up 19-44% of the total content,
while the reducible fraction contributes 0.4-6% to the total. In contrast,
at the TG site, the total content and easily reducible fractions are higher
than at PIG in the upper 4 cm of sediment, with a peak of 42 pmol g * at
2.0-2.5 cmbsf for the total content and 26 umol g~ ! for the easily
reducible fraction (Fig. 3B). The reducible fraction does not show the
same vertical profile shape but makes up a larger percentage of the total
Mn (5-16%) than at the PIG site.

No significant downcore trends are observed in the solid phase Fe
contents at either site (Fig. 3C, D). Total Fe contents are slightly higher
at the PIG sites with more downcore variability (average of 839 + 86
pmol g~ 1) than at the TG site (average of 767 + 61 pmol g~1). The easily
reducible fractions are similar at both sites, making up 6-12% of the
total Fe content, and the reducible fraction was larger than the easily
reducible fraction at both sites.

Solid Mn (umol g™ dry)

Solid Fe (umol g™" dry)
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3.3. Grain size and mineralogy

The grain size distributions are similar between the two sites, with
the exception of a > 100 pm mode that is present only in the PIG site
(Fig. 4A, C). At the PIG site, these >100 pm grains are most prevalent in
sandy layers in the upper part of the core and decrease downcore in
parallel with an increase in the 4-5 pm grain size (Fig. 4B). The TG site
shows a sandy layer (more >100 pm grains and fewer 4-5 pm grains) at
5-7 c¢cm depth, but no consistent downcore trend in grain size (Fig. 4D).

The smear slide analyses confirm the grain size distributions but also
reveal the mineralogical compositions of individual grains. At both the
TG and PIG sites, the dominant 4-5 pm mode consists primarily of
terrigenous grains presumed to be quartz (Fig. 5A-D). In sediment cores
from this region, this grain-size mode and mineralogy has been associ-
ated with transport and deposition by subglacial meltwater plumes
(Lepp et al., 2022). High relief of grains in the <1 pm fraction may
indicate heavy or magnetic minerals (e.g., magnetite; Fig. 5F). The
>100 pm mode, which is much more abundant at the PIG site, is
composed of grains with varying mineralogy, but includes an abundance
of volcanic glass grains (Fig. 5A, B). These grains exhibit conchoidal
fractures typical for glassy minerals and vesicle features suggestive of
gas release during glass formation (e.g., cooling; Fig. 5SE-G). The smear
slides further indicate that the PIG core is barren of diatoms and diatom
fragments below 3 cm; above 3 cm, diatoms (~40-60 pm) and diatom
fragments (~20 pm) are present but quite sparse (<5 per slide). In
contrast, diatoms and diatom fragments are more abundant throughout
the sampled interval at the TG site.

3.3.1. Volcanic glass distribution and composition in the Pine Island
sediments

Based on SEM-EDS analysis, the PIG volcanic glass grains have an
average Fe/Al ratio of 0.41 + 0.051 (mol/mol), an average Fe/Ti of 4.8
+ 0.28, and an average Fe/Si ratio of 0.19 + 0.019 (Table 2). This glass
Fe/Al value is almost double the typical ratio for upper continental crust

Fig. 3. Depth profiles of solid phase Mn and Fe
contents at the Pine Island (A, C) and Thwaites (B, D)
sites in pmol per g dry weight. Total contents are

shown in the yellow shaded area, with the hash
marks indicating analytical error in the measurement
(£ 1 6). The easily reducible fraction is shown in blue
squares, and the reducible fraction is shown in orange
circles. Analytical error bars are smaller than the
symbol size. Vertical bars indicate the range of depth
interval over which each sediment sample was ho-
mogenized. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. Frequency distribution of grain size (pm) plotted on a log axis at the Pine Island (A) and Thwaites (C) sites, with the color of the line indicating the depth in
the sediment (warmer colors = deeper, cooler colors = shallower). Depth profiles of the 4-5 um (orange circles) and > 100 um (black squares) grain size fractions at
the Pine Island (B) and Thwaites (D) sites. Vertical bars indicate the depth interval over which each sediment sample was homogenized.

(~0.23), while the Fe/Ti is lower than typical crustal values (~8.8)
(Rudnick and Gao, 2013). The glass Fe/Si ratio is about three times the
typical crustal Fe/Si (~0.063). The glass composition is therefore easily
distinguishable from other typical crustal values. The volume fraction of
total volcanic grains >63 pm varies downcore, with a peak of 0.3 at
1-1.5 cmbsf (Fig. 6). A secondary peak of 0.2 volume fraction appears at
4-5 cm depth in the core. The relative contribution of unaltered “pris-
tine” glass to total volcanics varies from 71% to 89% (Fig. 6).

3.4. Iron flux calculations

Fluxes of dissolved Fe from the sediment to the bottom water are
approximately 100 times higher at the PIG site compared to the TG site
(Table 3), and are dependent on the assumed physico-chemical specia-
tion of pore water Fe. The highest flux values are calculated when pore
water Fe is assumed to be either Fe* or Fe®*. If, alternatively, pore
water Fe exists primarily as small organic complexes such as side-
rophores, the calculated flux is only 67% of the value for Fe?*. For pore
water Fe that exists as <0.15 pm colloids, estimated fluxes decrease with
increasing particle radius, as determined by the Stokes-Einstein relation
(Eq. 2). The flux of the largest colloids in the Rhizon filtrate (150 nm) is
estimated to be only 0.4% of the Fe>" flux. We discuss the potential
sources of the Fe flux at the PIG site in Section 4.2.3.

4. Discussion
4.1. Dynamic glacial sediment delivery

The physical properties of the sediment at both the PIG and TG sites
indicate non-steady state deposition of sediment from variable sources.
The quartz-dominated 4-5 pm grain size mode, diagnostic for meltwater
plume deposits (Lepp et al., 2022), and the co-occurrence of this melt-
water mode with heavy minerals in the <1 pm fraction could reflect
hydraulic sorting in subglacial channels or during transport away from
the grounding line (Witus et al., 2014). This suggests that a major source
of sediment at the two sites is derived from sediment-laden meltwater
plumes originating from glacial melt, subglacial discharge, or resus-
pension at the grounding line (Lepp et al., 2022; Witus et al., 2014). Both
sediment cores have layers of coarser-grained and more poorly sorted
material, indicating depositional events and/or changes in sediment
source. The PIG site experienced a major calving event weeks before
core collection, so iceberg scraping (which has been observed in up to
500 m water depth in Antarctica; Barnes and Lien, 1988) could be
possible. However, given that distinct sand layers are observed (Figs. 4
and 6) and the 21°Pb profile shows an exponential decrease with depth in
the upper 5 cm (Supplemental Fig. 5), we consider it very unlikely that
this sediment interval was mixed by iceberg scraping. The PIG sediments
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Fig. 5. Smear slide images of sediments from the Pine Island (A-B) and Thwaites (C-D) sites in the 0.5-1 cm and 5-6 cm intervals. Examples of pristine volcanic glass
grains are identified in yellow circles. The >100 um fraction from O to 2 cmbsf at the Pine Island site is shown under reflected light in (E), and SEM images of two
pristine volcanic glass grains from the same sample are shown in (F) and (G). (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Table 2

Elemental ratios (mol/mol) resulting from SEM-EDS analysis of volcanic glass in
the Pine Island core (MC24). The sediment depth interval from which each grain
was isolated is given. For grains from which two spectra were collected, ratios
derived from each spectrum are separated by a comma. The mole % and weight
percent of each element analyzed are given in Supplemental Table 2.

Depth Number of Fe/Si Fe/Al Fe/Ti
interval of spectra per (spectrum 1, (spectrum 1, (spectrum 1,
imaged grain grain spectrum 2) spectrum 2) spectrum 2)
(cmbsf)
0-0.5 2 0.17,0.21 0.37, 0.48 4.9, 4.8
0-0.5 2 0.16, 0.21 0.35, 0.48 4.5, 4.7
1.5-2 2 0.19, 0.18 0.41, 0.38 4.9, 4.5
1.5-2 2 0.23,0.18 0.51, 0.41 5.0, —
2-2.5 2 0.18, 0.16 0.37, 0.37 4.7, 4.4
4-5 1 0.21 0.47 5.5
8-9 1 0.18 0.39 4.6
8-9 2 0.19, 0.18 0.40, 0.38 4.7, 4.7
Average + 1 0.19 + 0.019 0.41 + 0.051 4.8 £0.28

c

show a substantial >100 pm mode containing pristine volcanic glass
grains that is not present at the TG site. In glaciomarine facies models,
coarser grain sizes (i.e., sands and coarser) are typically associated with
grounding line-proximal sediment deposition, often related to melt-out
of basal debris (cf., Smith et al., 2019), so the glass-containing >100
pm mode at the PIG site is likely sourced from the nearby grounding line
of the Pine Island Ice Shelf near the Hudson Mountains (see Fig. 1). At
the PIG site, this mode is more prevalent in the upper layers of the core,
suggesting that the deposition of glass-containing, >100 pm sediment at
the grounding line has increased in recent years. Based on best estimates
using 21°Pb profiles, the upper 10 cm interval sampled in this study is
likely to have been deposited in the last 40 years for the PIG site (Comas
et al., 2022) and the last 60 years for the TG site (Clark et al., 2023).
Thus, the shift to increased supply of grounding line sediments at the PIG

Pine Island Glass Fraction (v/v dry)

Pore water Fe (nM)
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site has occurred over the last several decades, perhaps reflecting an
increase in basal melting and grounding line retreat.

4.2. Pore water trace metal biogeochemistry

4.2.1. Reductive Fe release

In addition to differences in sediment sources and physical proper-
ties, pore water data from the PIG and TG sites indicate different
geochemical reactions occurring at the two sites. The TG site shows
distinctive characteristics of in situ reductive-oxidative (redox) cycling
of Mn. Specifically, this site has an enrichment in easily reducible solid
phase Mn in the upper 5 cm, directly overlying a substantial increase in
pore water Mn concentration below 5 cmbsf. The dissolved Mn diffuses
upward along its concentration gradient and, upon encountering suffi-
cient oxygen in the overlying sediment and likely Mn-oxidizing bacteria,
precipitates as authigenic Mn oxides (likely extracted in the easily
reducible fraction of our sequential extraction; Burdige, 1993; Oldham
et al., 2017; Herbert et al., 2020; Poulton and Canfield, 2005). If this
process is sustained over time, the result is a Mn-oxide enrichment above
the Mn-reduction zone as observed at the TG site (2-4 cmbsf; Fig. 3B).

The evidence for suboxic conditions and substantial Mn redox
cycling below 5 cmbsf at the TG site is further supported by other trace
metal evidence. For example, pore water concentrations of Co and Ni
increase downcore along with Mn below this depth, and these elements
are known to be released during Mn oxide reduction (Murray and Dil-
lard, 1979; Peacock and Sherman, 2007; Stockdale et al., 2010). The
total digest also revealed a surface enrichment in solid phase Mo, which
is known to associate with Mn oxides (Supplemental Fig. 6) (Barling and
Anbar, 2004; Shimmield and Price, 1986). The PIG site shows none of
these indicators of reductive trace metal cycling over the sampled
interval.

Further evidence for suboxic conditions at the TG site, in contrast to
the PIG site, can be found in the pore water concentration of Cr, U, and

Fig. 6. Depth profile of the volume of total volcanic
grains and of the subset of pristine glass grains, as a

0.1 0.2 0.3 40]00 80]00 volume fraction of dry sediment in the Pine Island
0.0 ¢ : : : - core (MC24; A). The dark gray shading and black
¢ """"""""" circles indicate pristine glass grains, which are
exemplified in circle 1, panel (B), similar to those
shown in Fig. 5 F,G, while circle 2 shows a volcanic
2.5 1 ¢ . grain not classified as pristine, and circle 3 shows a
g + g?gﬁalifleasnd grain classified as not volcanic (see Methods). The
% pore water Fe peaks corresponding to the volcanic
.g + glass peaks are indicated in the subpanel.
g B + Total volcanics
< Pristine glass
Q.
<))
o 75¢
10.0 - t
Table 3

Calculated fluxes of Fe, assuming soluble ionic, soluble organically complexed, and colloidal forms at the Pine Island and Thwaites sites. The diameter used to
determine the diffusion coefficient for each particle size is given in parentheses. All units are pmol m~2 d~".

Site Fe** Fe®* Siderophore (1 nm) Fresh ferrihydrite (30 nm) General colloid (65 nm) Large Fe colloid (150 nm)
Pine Island 17.1 15.5 11.5 0.382 0.176 0.0764
Thwaites 0.175 0.159 0.117 0.00392 0.00181 0.000783
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V, which all increase with core depth at the PIG site and decrease
downcore at the TG site (Supplemental Fig. 3). Globally, Cr is released to
the ocean during oxidative weathering of continental crust and removed
from seawater in suboxic and anoxic marine sediments through strong
organic complexation of Cr(III) and adsorption onto particles (Fendorf,
1995; Gueguen et al., 2016). Under oxic, pH >7 conditions, Cr is most
stable in the soluble, highly mobile Cr(VI) state (Kotas and Stasicka,
2000). Uranium is removed from pore water in anoxic sediments when U
(VD) is reduced to U(IV) (catalyzed by anaerobic bacteria; Lovley et al.,
1993) and precipitates as an insoluble phase (Klinkhammer and Palmer,
1991; Morford et al., 2009). In oxic seawater, V(V) is stable and soluble,
but upon introduction of suboxic or anoxic conditions, V(V) is reduced
to V(IV) and V(III) which are readily removed from solution through
complexation and adsorption to particles or precipitation of insoluble
hydroxide phases (Huang et al., 2015; Sadiq, 1988). Thus, the progres-
sive decrease of pore water Cr, U, and V with depth at TG indicates
suboxic conditions deeper in the sediment, while, in contrast, the
accumulation of these three elements in the pore water at the PIG site
indicates an absence of metal-reducing conditions. Without nitrate data,
it is difficult to determine whether the upper 10 cm in the PIG sediments
are truly oxic; oxygen could be depleted enough to allow denitrification
over this interval. However, the trace metal profiles show no evidence of
substantial metal redox cycling; we therefore conclude that this sedi-
ment interval is nonreductive with respect to Fe and Mn.

The development of Mn-reducing conditions at the TG site and not at
the PIG site is attributable to the TG site being located under more open,
productive water while the PIG site was until recently covered by the
Pine Island Ice shelf. The TG sediments contain higher TOC content
(~0.7 wt%) relative to the PIG site (~0.3 wt%) (Supplemental Fig. 4).
The TG sediments also contain a higher abundance of diatoms, sug-
gesting that some portion of the organic carbon was relatively labile
(Fig. 5). Higher availability of labile organic matter drives higher rates
of microbial respiration and more rapid drawdown of oxygen in the pore
water (Froelich et al., 1979).

Despite evidence for suboxic Mn cycling at the TG site, the Fe fluxes
across the sediment-water interface at both sites appear to be driven by
nonreductive processes. In contrast to Mn, there is no evidence of sus-
tained reductive Fe cycling at either site; no resolvable authigenic en-
richments in solid phase Fe are observed, even in the easily reducible
fraction which would be dominated by authigenic oxide precipitation.
The pore water release of Fe below 5 cmbsf at the TG site (Fig. 2) may be
incidental with Mn oxide dissolution, as Mn oxides typically contain
significant amounts of Fe (Manceau et al., 1992), or concurrent low-
level reduction of Fe oxides. The low Fe flux at this site results from
the low pore water concentrations in the upper 1-2 cm. The source of the
pore water Fe in the upper 5 cm at the TG is unlikely to be reductive as
the sediments show no evidence of metal reduction in the upper few cm,
and may instead be sourced from organic matter remineralization or
submarine mineral weathering.

4.2.2. Evidence for significant nonreductive Fe release

There is no evidence of reductive metal cycling anywhere in the
sampled sediment at the PIG site. However, the calculated flux of Fe
across the sediment-water interface is 100 x higher at PIG than at the TG
core site. This flux is driven by a narrow peak in concentration just
below the sediment surface, which is repeated in a second peak a few cm
below. Both peaks are defined by at least two adjacent data points and
there is no evidence of contamination in other trace metal profiles
(Fig. 2; Supplemental Fig. 3). The Fe release to the pore water at the PIG
site correlates closely with release of Al, Ti, and Si (Table 1; Supple-
mental Fig. 1). These elements are not redox-sensitive. Therefore, their
release to the pore water indicates nonreductive dissolution of a litho-
genic mineral phase. Assuming the pore water Fe is released by a
mechanism common to these four elements, the pore water Fe concen-
trations and calculated flux across the sediment-water interface must be
generated through nonreductive release during submarine weathering.
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Recent studies have indicated the importance of nonreductive release as
a source of Fe to the ocean (Conway and John, 2014; Homoky et al.,
2021; Konig et al., 2021; Radic et al., 2011), and our findings suggest
substantial nonreductive release in the PIG sediments.

4.2.3. Volcanic source for Fe, Ti, and Al enrichment in the pore water

The evidence presented here suggests a nonreductive source of Fe
from a mineral phase that is present at the PIG site but not at the TG site.
We propose that a candidate for this Fe source is pristine volcanic glass
within the seabed sediment (Fig. 5). We observed this glass only at the
PIG site (core MC24). Regarding the possible source area and transport
process for the glass deposited at the PIG site, there seem to be only two
feasible scenarios (keeping in mind that the PIG site was ice-shelf
covered for many years before 2020): 1) Ice-shelf rafting or transport
from the grounding line of Pine Island Glacier (implying that the glass
originates from somewhere within the PIG catchment area), or 2) input
from the grounded ice adjacent to the sample site (implying that the
glass originates from the nearby Hudson Mts. region; Fig. 1). There is
evidence for volcanism within the past few thousand years both under
the PIG drainage basin and in the Hudson Mountains region (Loose et al.,
2018; Corr and Vaughan, 2008). There are also active volcanoes else-
where in West Antarctica, for example in Marie Byrd Land (e.g., Dunbar
et al., 2021), but given that no macroscopically visible ash layers have
been reported in marine sediment cores from elsewhere in the Amund-
sen Sea embayment (e.g., Witus et al., 2014; Lepp et al., 2022), we as-
sume a more local volcanic source for the glass at the PIG site (i.e., the
Hudson Mountains). The majority of the glass in the PIG core is pristine,
with no indications of physical or chemical alteration. However, these
pristine glass grains are interspersed with glass grains that seem partially
or heavily weathered and have smoothed edges suggestive of physical
abrasion during transport (Fig. 5). This mixture of volcanic grains sug-
gests incorporation of material from multiple sources.

Volcanic glasses can dissolve readily in seawater at low temperatures
and have been shown to produce Fe colloids, providing a potentially
important source of mobile Fe to the ocean (Duggen et al., 2007;
Homoky et al., 2013, 2011a; Jones and Gislason, 2008; Longman et al.,
2022). This process is thought to involve quantitative or congruent
dissolution of the glass matrix, with subsequent alteration layers only
forming once secondary minerals become supersaturated in the sur-
rounding solution, allowing precipitation on the remaining glass sur-
faces (Crovisier et al., 1987; Hefmanska et al., 2022; Morin et al., 2015;
Wolff-Boenisch et al., 2004). Several studies have documented the rapid
dissolution of basaltic glass with rates of 0.001 g m~2d~! in seawater at
3°C (Crovisier et al., 1987) and 0.0258 g m~2 d~! in 10% seawater at 16
°C (Morin et al., 2015). Although the dissolution of the pristine glass
grains at the PIG site probably occurred at a lower rate given the present
in situ seawater temperature of ca. +0.6 °C, we attribute the peaks in
pore water Fe, Al, and Ti concentration to glass dissolution over the
estimated 40-year time period covered by this sediment interval.

The hypothesis of volcanic glass as a source of nonreductive Fe
release is supported by the downcore glass count profile (Fig. 6), which
exhibits a general decrease downcore and a double-peaked structure in
the upper 4 cmbsf, similar to the pore water Fe profile. This double-
peaked structure is also reflected in the total trace metal contents in
the solid phase (Ti, Cr, V, Ni, Cu, Co, Cd; Supplemental Fig. 6), which
could correlate with the presence of glass enriched in these metals. The
trace metals that reach maximum concentrations within the sediment at
1.5 and 4 cm core depth (i.e., the same depths as the glass content peaks)
are mostly in the group of elements typically enriched in the mantle
relative to continental crust (the so-called “compatible” elements, e.g.
Fe, Ni, Ca), while the solid phase trace metals that have minima at those
depths are typically depleted in the mantle (“incompatible” elements, e.
g. Uand Ba) (Hofmann, 1997; McDonough and Sun, 1995). The peaks in
glass fraction and the trace metal data do not depth-correlate perfectly
with the pore water Fe peaks; however, the pore water and sediment
samples were collected from different subcores of the same mega-corer
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deployment and using different methods. Since small-scale variability in
the seafloor topography and variation in sample depth measurements
are possible, profiles from two subcores would not necessarily be ex-
pected to align exactly on a cm scale.

Finally, the hypothesis that Fe is released from the glass at the PIG
site is supported by the Fe/Al and Fe/Ti ratios of the glass grains
determined from the SEM-EDS data (Fig. 7A, B). Assuming quantitative
dissolution of the mineral source through congruent weathering, the
gradients of the lines passing through the porewater analyses should
reflect the Fe/Al and Fe/Ti of their source mineral. Most of the pore
water Fe/Al and Fe/Ti ratios fall closer to the glass ratios than to typical
crustal ratios (Fig. 7). Furthermore, the pore water Al and Ti profiles
predicted on the basis of the pore water Fe concentration and the glass
Fe/Al and Fe/Ti ratios, assuming quantitative glass dissolution, are
similar to those observed, particularly at the lower concentrations
(Fig. 7C, D). Assuming Si from glass dissolution is additive with buried
overlying water Si concentration, the same is true for predicted Si con-
centration profiles, although modest dissolution of biogenic silica may
supply additional pore water Si below the uppermost peak at the Pine
Island site (Supplemental Fig. 2). Note that at the Thwaites site, the pore
water Si profile is likely dominated by biogenic silica dissolution rather
than glass dissolution, given that the pore water Si concentrations are
higher (maximum 281 pM at TG vs 125 pm at PIG), do not correlate with
Al and Ti concentration, and that a greater number of diatoms were
observed in smear slides from TG compared to PIG (Fig. 5). As discussed
previously, the Fe, Al, and Ti pore water concentrations at PIG site are
likely to be impacted by removal mechanisms including adsorption to
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particles and diffusion away from the source layer. Additionally, the
submarine weathering of glass is likely to lead to secondary mineral
precipitation, including hydroxides and poorly ordered sheet silicates.
The combination of all these processes is likely to remove each element
at slightly different rates, which could explain the offset between the
glass and pore water Fe/Al ratio (Fig. 7A, C) and the one porewater
sample that exhibits significantly lower than expected Ti (Fig. 7B, D).

4.3. Volcanic glass as a source of Fe to the Pine Island polynya

With nonreductive release of Fe likely in the surface sediments at
both the PIG and TG sites, any Fe transported across the sediment-water
interface is presumably in a Fe(III) phase rather than the soluble Fe2t
form typically assumed in Fe flux calculations for reducing sediments.
We calculated the Fe fluxes at both sites for a range of possible Fe species
including Fe?t, Fe®*, and several possible non-ionic forms. In oxic
seawater, the aqueous Fe pool contains a significant (37-51%) fraction
in the colloidal size range (0.03-0.4 pm; Boye et al., 2010; Fitzsimmons
and Boyle, 2014), either as organic complexes or inorganic colloidal
minerals such as ferrihydrite (Wells et al., 1991). According to the
Stokes-Einstein relation, in a non-turbulent system such as pore water,
small particles should diffuse at rates that are an inverse function of
radius; larger particles diffuse more slowly. Since we do not know the
form of the “dissolved” (<0.15 pm) pore water Fe we measured in this
study, we calculated diffusion coefficients based on the representative
radii for feasible forms of Fe smaller than or equal to our operational
filter pore size. Organic complexes such as siderophores are generally in

Fig. 7. Pore water Al (A) and Ti (B) plotted against Fe
concentrations at the Pine Island site. The solid black
line represents the elemental ratios of the glass grains.
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the size range of 140-1500 Da, or 0.7-1.5 nm assuming a typical protein
density of 1.35 g/cm3 (Baars et al., 2014; Vraspir and Butler, 2009) and
fresh ferrihydrite colloids are thought to be around 30 nm (Wells et al.,
1991). The grain size mode of general colloids in seawater was deter-
mined by flow field-flow fractionation as ~60-70 nm, and several
studies have defined Fe colloids methodologically as the fraction of Fe
between 30 and 200 nm (Boye et al., 2010; Vaillancourt and Balch,
2000). Therefore, we calculated fluxes for colloids with diameters of 65
nm and 150 nm to generally represent two possible characteristic
fractions.

While no other study has considered Fe species size in determining
benthic Fe fluxes, our range of potential Fe flux values (Table 3) fall
within the range of other benthic Fe flux estimates in the Southern
Ocean. Using bottom water concentration gradients and estimated ver-
tical eddy diffusivity coefficients, benthic Fe fluxes of 1.3-16 pmol m 2
d ! have been estimated in the Weddell and Scotia seas (De Jong et al.,
2012), and 0.028-8.2 pmol m~2 d! in the Ross Sea (Marsay et al.,
2014). Fluxes estimated using pore water Fe concentrations and
assuming diffusive flux of reduced Fe?' are generally higher, for
example 2.4-43 pmol m~2 d~! on the SW Antarctic Peninsula shelf
(Burdige and Christensen, 2022), 52-171 pmol m2 d! on the NW
Antarctic Peninsula shelf to the South Orkney Islands (Baloza et al.,
2022), and 3.8-420 pmol m 2 d! in Potter Cove, King George Island
(Monien et al., 2014). A similar range of flux values has been determined
in a variety of glaciated Arctic regions as well (Herbert et al., 2022,
2021; Vieira et al., 2018; Wehrmann et al., 2014).

Depending on the form of Fe diffusing across the sediment-water
interface, the calculated flux could vary by three orders of magnitude
or more, with the highest fluxes for the soluble ionic forms and the
lowest fluxes for the large colloids (Table 3). It is therefore critical to
clarify the size and forms of Fe present in the pore water in future studies
of nonreductive benthic Fe flux. Net fluxes of Fe from the sediment to the
water column are almost certainly impacted by multiple transport
mechanisms in addition to molecular diffusion. Increases in bottom
current speed (leading to resuspension), gravitational downslope
transport processes, and bioturbation or bioirrigation by benthic or-
ganisms could inject particulate, colloidal, and truly dissolved (“solu-
ble”) forms of Fe into the bottom water at rates far above those driven by
diffusion alone (Aller, 2004). In reducing sediments, where the pre-
dominant flux of Fe is presumed to be in the Fe?" form, it is difficult to
determine the fraction of Fe trapped through oxidation and precipitation
at the oxic sediment surface, and estimates of flux based on diffusion
along concentration gradients are likely to be overestimates (e.g., John
et al.,, 2012). However, if Fe phases are introduced to the pore water
through nonreductive mechanisms, as we argue for these cores, limited
oxidative trapping at the surface will occur and the oxidized phases will
be relatively stable in oxic seawater. For this reason, we believe our flux
calculations presented here to be reasonable estimates of the true
diffusive Fe flux for the given Fe speciation assumptions, with the total
benthic Fe flux of all Fe phases possibly supplemented in situ by non-
diffusive transport mechanisms.

Our estimated fluxes are based on only two sediment cores, making
extrapolation to fluxes in the broader Amundsen Sea challenging. The
pore water peak driving the high flux at the PIG core site may be tran-
sient, as suggested by the two narrow peaks at 0.5 and 2.5 cmbsf (Fig. 2).
Without additional cores from the same area, it is difficult to estimate
how significant a relatively large volcanic glass-driven flux might be in
the regional sense. Furthermore, the large difference in sediment
biogeochemistry and calculated benthic Fe fluxes between the PIG and
TG core sites suggests that the rest of the seafloor in the Amundsen Sea is
similarly variable. Because the distribution of macroscopic layers of
volcanic ash in the Amundsen Sea embayment sediments seems to be
geographically restricted to the northern part of inner Pine Island Bay,
within ~75 km of the PIG sites studied here (C.-D. Hillenbrand, un-
published data), caution is warranted in upscaling our results from the
PIG site to a broader spatial scale. On the other hand, dispersed volcanic
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glass could be widely distributed throughout the Amundsen Sea
embayment, but may be present in highly diluted concentrations within
the seabed sediments, and therefore not noted during visual inspection
of the cores. The presence of even small quantities of glass in the sedi-
ments could still be biogeochemically important.

Regardless of broader flux values, however, the present study in-
dicates that sediments are likely to be a net source of Fe to the Amundsen
Sea bottom water. Given that both of our studied sites are in CDW inflow
regions and depths (Wahlin et al., 2021), these results broadly support
the hypothesis that CDW flowing along the shelf acquires additional Fe
from the seabed before entering the ice cavities in the eastern Amundsen
Sea. This Fe-rich bottom water is transported to shallower water depths
when it mixes with buoyant melt water in the ice cavity, providing a
direct route for benthic Fe to reach the upper water column in the
polynya (Sherrell et al., 2015; St-Laurent et al., 2019). Additionally,
organically complexed and colloidal forms of Fe are more stable in
seawater in ionic forms (Wells et al., 1991). Thus, the benthic Fe fluxes
estimated in this study may fully or partially supply the micronutrient Fe
required to sustain the phytoplankton bloom in the proximal Pine Island

polynya.
5. Conclusion

Benthic fluxes of Fe from the seafloor to the overlying water column
are likely driven by different processes at our two study sites near the
Pine Island Glacier (PIG) and Thwaites Glacier (TG). The TG site is
located further from the glacial sediment source in more frequently
open-water marine conditions than is the PIG site, consistent with a
greater accumulation of organic carbon in the sediments. This organic
content drives reductive cycling of Mn below 5 cmbsf. Above this depth,
the sediments show no evidence of metal reduction, and the low pore
water Fe concentrations driving a small benthic flux are therefore likely
to be nonreductive in source, despite the reducing conditions at greater
depth at this site. In contrast, the core site in front of PIG was covered
until a major calving event occurred in 2020, just before core collection.
Our results show that, at this core site, Fe release to the pore water and
flux across the sediment-water interface is driven by nonreductive
dissolution of pristine volcanic glass abundant within the sediment core.
This flux is roughly 100 times greater than at the TG site, suggesting that
nonreductive glass dissolution could be an important source of Fe to the
local bottom water. The volcanic source of this glass and its delivery
mechanism are not yet certain, but the abundance of glass-rich sand
appears to have increased at the PIG site during the last several decades,
possibly related to acceleration of ice flow and enhanced grounding line
retreat. If ongoing glacial retreat increases the delivery of volcanic glass
to the seafloor, the local benthic Fe flux may increase concomitantly.

We demonstrate a novel method of determining nonreductive Fe
fluxes using diffusion coefficients adjusted for the likely sizes of the pore
water Fe phases. We show that with this consideration, the flux of Fe
species other than soluble ions could be up to 1000x smaller than the
flux calculated assuming the Fe is in soluble ionic (Fe?* or Fe>") form.
However, colloidal Fe phases produced through nonreductive weath-
ering are stable in oxic seawater, and therefore more likely than aqueous
ionic forms of Fe to be transported in the water column. The results
presented here agree with previous findings that volcanogenic sedi-
ments are an important source of Fe to the global ocean, and further
demonstrate that volcanic glass in coastal sediments could influence
regional productivity patterns.

Further work is required to constrain flux values, identify mecha-
nisms of Fe flux, and determine pathways by which benthic Fe may be
transported to the euphotic zone in the Amundsen Sea. Future sediment
sampling efforts in the area would benefit from investigating a broader
spatial area and range of conditions in the Amundsen Sea, as well as
gathering more information about the redox state of the sediment
(including oxygen and nitrate data) and speciation of the pore water Fe
(including ultrafiltration and ligand analysis). Additionally, future
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studies should investigate the importance of other particulate and dis-
solved Fe sources including subglacial meltwater discharge, resus-
pension of sediments at the grounding line, and melt-out of debris from
the ice-shelf base. Nevertheless, while the full range of variability in
seafloor conditions is not yet known in the Amundsen Sea, our results
show that nonreductive benthic Fe fluxes could be an important source
of micronutrient Fe to the region. These results improve our under-
standing of how ongoing glacial retreat and climate change could alter
the benthic Fe supply and impact the vibrant Amundsen Sea ecosystem.
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