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Abstract

Glaciers can be a significant and locally dominant source of iron (Fe), a biologically
essential micronutrient, in high latitude coastal seas. The vast majority of this glacial Fe delivery
Is associated with particles, yet the speciation of the solid-phase Fe and specifically the
relationships that govern exchange between particulate and dissolved Fe phases in these
environments are poorly described. In this work, we performed measurements of in situ
dissolved Fe (dFe) along meltwater and particle plumes in three transects around Disko Bay and
Ameralik Fjord (West Greenland). Measurements of dFe were combined with Fe K-edge X-ray
absorption spectroscopy analysis of ~40 suspended sediment samples obtained from the same
transects and from select depth profiles down to 300 m. We observed relatively constant dFe
levels (4 to 10 nM for nearly all dFe measurements) across fjords with widely varying particulate
Fe(I1) contents (from 20 to 90% Fe(ll)), indicating that dFe concentrations had little dependence
on the oxidation state of Fe in the suspended sediment. Particulate Fe data were grouped by
underlying bedrock geology, with suspended sediment consisting of 80-90% biotite-like Fe(ll) in
fjords with Precambrian shield geology and poorly-ordered Fe(l11) particles (<20-30% Fe(ll)) in
one fjord with suspended sediments derived from tertiary basalts. Our characterization data
indicated no significant change in the average Fe oxidation state and bonding environment of
particles along the fjord transects, implying that Fe(l1) in biotite-like coordination is not a readily
labile Fe form on this spatial scale. Our results suggest that dFe in these glacially-modified
coastal waters is buffered at a relatively constant low nM concentration due to factors other than

particle Fe mineralogy and that glacier-derived Fe phases are relatively inert on this spatial scale.

Keywords: Fe speciation; suspended sediment; X-ray absorption spectroscopy; glacial meltwater
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1. Introduction

Iron (Fe) is an essential micronutrient for marine primary production. The poor solubility
of Fe in seawater results in sub- or low nM concentrations of dissolved Fe (dFe), the most
bioavailable Fe form, throughout most of the ocean (Kuma and Matsunaga, 1995; Schlitzer et al.,
2018). Because of this low solubility, Fe availability limits or co-limits phytoplankton growth
across large areas of the open ocean (Martin et al., 1991; Tagliabue et al., 2017), and thus plays a
regulatory role in the global biological carbon pump, affecting atmospheric CO2 concentrations
and thereby global climate. The role of Fe in limiting marine primary production is especially
pronounced in regions of the high latitude offshore ocean that receive minimal inputs of aeolian
dust, which is the primary source of ‘new’ Fe into the offshore ocean (Fan et al., 2006). An
additional Fe source to the high latitude ocean is glacial meltwater (Statham et al., 2008). This Fe
source is particularly relevant to fjords and coastal regions surrounding the Greenland Ice Sheet
(GrlS), which discharges ~1200 Gt of freshwater annually to surrounding waters (Bamber et al.,
2018). The meltwater discharged from the GrIS can contain substantial loads (>3000 mg/L) of
fine-grained glacially abraded particles that are rich in Fe and other biologically relevant
elements including silicon (Si) (Meire et al., 2016; Sukstorf et al., 2020). Due to unabated
warming Arctic air temperatures and intensified GrIS melting, fluxes of any glacially-derived
elements that scale with discharge volume are expected to increase in the future (Vizcaino et al.,
2014).

Meltwater discharge around Greenland is known to release large quantities of Fe into
adjacent coastal waters, with the vast majority of this Fe contained in suspended particles
(Hawkings et al., 2014; Kanna et al., 2020). However, the solid-phase Fe speciation in glacier

outflows and especially the relationships that govern exchange between particulate and dissolved
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Fe phases are poorly understood (Ardiningsih et al., 2020; Lippiatt et al., 2010). Knowledge of
particulate Fe speciation is thought to be critical because key properties of solid-phase Fe,
including solubility and bioavailability, can vary widely with oxidation state and bonding
environment (Matsunaga et al., 1995). For example, Fe(ll1)-bearing solids are less soluble and
more thermodynamically stable in the euphotic zone than their Fe(ll)-rich counterparts, which
may lead to lower dFe availability in areas where Fe(ll1)-bearing suspended sediment dominate
(Von Der Heyden et al., 2012). Of the possible Fe(l11)-bearing minerals, poorly-ordered Fe(l11)
(oxyhydr)oxide, herein referred to as hydrous ferric oxide (HFO), has been suggested as a key Fe
host phase in glacial meltwater due to its expected prevalence and potential bioavailability
(Bhatia et al., 2013; Raiswell, 2011; Raiswell et al., 2006). While many studies invoke nanoscale
Fe(I11) precipitates as critical Fe sources to biota in glaciated systems, the importance of Fe(ll)-
bearing minerals is also gaining attention. Recently, solids containing up to 40% particulate
Fe(I1) were reported in Leverett Glacier (West Greenland) sediments, prompting speculation that
the GrIS can be a source of bioaccessible particulate Fe(l1) to the ocean (Hawkings et al., 2018),
although whether this measurably increases Fe availability to biota, and via what mechanisms,
has not been extensively quantified (Shoenfelt et al., 2017). Large supplies of Fe(ll)-bearing
sediment in meltwater may have important implications because 1) Fe(ll)-rich aerosol particles
have been showed to enhance phytoplankton growth more than Fe(ll1)-bearing particles, 2)
particulate Fe(l1) is generally more soluble than Fe(l11), which may favour dFe release and 3)
there is some limited evidence of direct surface Fe acquisition from Fe(l1)-rich particles by
diatoms (Shoenfelt et al., 2017). Taken together, these previous studies provide a theoretical
basis for investigating the potentially diverse effects of ferrous and ferric particles on dFe

availability around Greenland.
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Only few studies have investigated particulate Fe and dFe behaviour concurrently in such
regions, and of these investigations, indirect measurements of Fe mineralogy (i.e., chemical
extractions) are most common (Raiswell et al., 2010). However, the use of chemical extractions,
which are based on the reaction of (in)organic acids with solids, to characterize particulate Fe has
several disadvantages. First, poorly-ordered HFO rarely occurs in the environment without
impurities, such as Si and Al, which can exceed 30 mol% (Adra et al., 2013; Carlson and
Schwertmann, 1981). Since the structure and reactivity (i.e., transformation rates, sorption
properties) of impurity-rich HFO differ from pure, lab-synthesized 2-line ferrinydrite (2LFh)
(Kraal et al., 2019), extractions calibrated to pure 2LFh can incorrectly estimate poorly-ordered
and potentially bioavailable Fe in sediments. Second, key extraction parameters, including time,
pH and extractant type and concentration, vary widely across studies (Conway et al., 2015;
Raiswell et al., 2016), which complicates the comparison of independent datasets. In contrast to
indirect methods of identifying Fe mineralogy, direct measurement of the Fe coordination
environment using X-ray absorption spectroscopy (XAS) is less prone to ambiguous
determination of particulate Fe speciation and XAS data can be compared easily with large
spectra databases to aid interpretation (Kelly et al., 2008). Combined with dFe measurements,
the information obtained from XAS data can provide new insights into the coupling of solid-
phase Fe and dFe.

The objective of this work was to determine particulate Fe speciation in parallel with in
situ dFe concentrations in areas receiving large volumes of GrIS meltwater in order to investigate
the coupling of particulate speciation and dFe availability in fjords with contrasting suspended
sediment Fe mineralogy. To this end, we measured dFe in fjord surface water samples collected

from three transects up to 100 km in length around Disko Bay and along Ameralik Fjord (West
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Greenland). In situ dFe concentrations were paired with a comprehensive set of ~40 suspended
sediment samples obtained from the same transects and from depth profiles down to 300 m. The
sediment samples were analysed by Fe K-edge XAS to identify the average oxidation state of
particulate Fe and resolve the host Fe phase. Our results highlight the ubiquity of Fe(ll)-bearing
minerals in GrlS meltwater and associated fjord suspended sediments and, critically, suggest the

decoupling of particulate Fe speciation and dissolved Fe on this spatial scale.
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2. Methods
2.1 Sampling regions

Three transects were performed in West Greenland (Figure 1). Two transects were
conducted in the Disko Bay area (llulissat, mid-West Greenland) using RV Sanna in July 2019.
The first transect was performed in Arfersiorfik Fjord, a large (>100 km) fjord located just south
of Kangaatsiaq in the southern part of Disko Bay and will be referred to as the Arfersiorfik (AF)
transect. A depth profile was also conducted in the Eqi Fjord, north of llulissat (Figure 1).
Geology of the coast of mainland Greenland along the Arfersiorfik transect and Eqi Fjord is
Precambrian basement dominated by amphibolite — granulite facies gneisses. Additionally, a
second transect herein referred to as Disko Island (DI) was conducted in the Disko Fjord, a fjord
of ~50 km length located in the southwest of Disko Island. Disko Island (Qeqgertarsuaq) geology
is composed of younger tertiary basalts resting on Precambrian felsic basement (Mascarenhas
and Zielinski, 2019).

Data were also collected in Ameralik (AM) Fjord and the neighbouring Godthabsfjord
(GHF) situated on the southwest coast of Greenland near the capital city of Nuuk. These fjords
are located in the Archaean Block of western Greenland, giving rise to a geology composed
primarily of Tonalite-Trondhjemite-Granodiorite gneisses (Naeraa et al., 2014). In Ameralik,
data were collected along a transect during two separate research cruises with RV Sanna in
August 2019 (fjord water) and a smaller vessel in July 2015 (suspended sediment). Although
data for the Ameralik transect were collected in different years, the time of the year was similar
and the particle geology is not likely to change substantially on this timescale. Depth-resolved
samples were collected from a single location in Godthébsfjord (64°38° N, 50°09° W) near the

terminus of the glacier Narsap Sermia (Figure 1) in June 2015. Finally, a glacially abraded rock
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Figure 1: Map of Greenland showing the majo
Fjord (C). The corresponding sampling locations and measurement types for the transects are
provided in the legend. The red square in the centre panel indicates Eqi Fjord where an
additional depth profile of solid-phase Fe speciation was measured. The green square indicates
where a rock flour sample was collected from a dry raised seabed. Maps were obtained from the
Geological Survey of Denmark and Greenland (GEUS) map database.

2.2 Sample collection and analysis

flour sample was also collected directly from a dry raised seabed deposit 15 km north of Nuuk

(64°17° N, 51°43” W; green square in Figure 1D).

O DissolvedFe_1m

@ CTD dataonly

. Dissolved Fe_1 m &
Solid Phase Fe_1m

Dissolved Fe_1 m &
Solid Phase Fe_Depth Profile

[ ]solid Phase Fe_1 m

odth&bsfjord and Ameralik [l solid Phase Fe_Depth Profile

. Glacial Rock Flour Sample

rtransets oo Bay (A, B) and Ameralik

Fjord water was collected for measurements of dFe at ~1 m depth using a custom made

towfish device mounted on a winch ~2 m away from the ship’s hull when underway (Disko Bay)
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or from high density polyethylene (HDPE) bottles fitted to a HydroBios sampler on a nylon line
(Ameralik). The towfish was operated by continuously pumping water through tubing pre-
cleaned with 0.1 M HCl using a Teflon diaphragm pump. An inline filtration system (AcroPak
0.8/0.2 um) was used to filter water samples. Water samples from Ameralik were filtered
through 0.2 um Millipore syringe filters, which were flushed with 0.1 M HCI, ultrapure water
(18.2 MQ cm MilliQ) and sample water before use. Filtered water was reserved in trace metal
clean 125 mL low density polyethylene (LDPE, Nalgene) bottles. The LDPE bottles were
prepared in advance using a three-stage washing procedure (1 day in detergent, 1 week in 2 M
HCI, 1 week in 2 M HNOs with three to five rinses of ultrapure water after each stage) and were
stored empty and double bagged until use. All filtered samples were acidified to pH <2.0 by the
addition of 180 uL. HCI (UpA grade, Romil) and stored upright for at least 6 months prior to
analysis. Sample processing on board the ship was performed under a laminar flow hood. Fjord
water samples were pre-concentrated offline using a SEAFAST pre-concentration system exactly
as per Rapp et al., (2017) and analysed via ICP-MS at GEOMAR. The certified reference
materials NASS and CASS analysed alongside samples were in close agreement with certified
values (measured 6.09 + 0.57 and 26.1+1.6; certified 6.29+0.47 and 27.93+2.1 nM, respectively).
Macronutrient samples were collected alongside dFe samples using the same sampling/filtration
equipment. Samples were then frozen and analysed after standing overnight at room temperature
in the dark for nitrate + nitrite, nitrite, phosphate and silicic acid concentrations using an auto-
analyser (Grasshoff et al., 1999). Detection limits were 0.09 uM NOs, 0.06 uM PO4 and 0.25 uM
silicic acid.

Where possible, fjord samples were collected in conjunction with measurements of

physical data, including salinity and temperature (i.e., CTD data), which was determined from ~1
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m depth and is reported alongside dFe data. When/where CTD data were not collected in close
coordination with dFe sampling, a handheld LF 325 conductivity meter (WTW) was used to
record in situ temperature and salinity. The turbidity of surface waters and depth profiles of
select fjords was measured using a Seapoint turbidity sensor. In addition, turbidity in depth
profiles across a roughly 30 km transect of Godthabsfjord (black symbols in Figure 1) was
collected with a laser in-situ scattering transmissometry (LISST) instrument (Sequoia Scientific).
Suspended sediment samples were obtained from select locations at discrete depths from
1 to 300 m using a 5 L Go-Flo bottle on a nylon line attached to a stainless-steel cable. A
vacuum pump with 0.2 um polyethersulfone disk filters (25 mm diameter; Sartorius) was used to
filter the fjord water suspension aboard the ship immediately after sample collection. For each
depth and location, ~1-2 L of the suspension was filtered (or less if the filter clogged). The disk
filters with retained solids were then sealed in air-tight petri dishes while still wet and kept cold
throughout the cruise (stored in -80° C freezer) and during shipment to the home institute

(packed with dry ice).

2.3 Fe K-edge X-ray absorption spectroscopy

2.3.1. Data collection and processing.

Samples were analysed by Fe K-edge XAS at beam lines 2-2 and 4-1 of the Stanford
Synchrotron Radiation Lightsource (SSRL; Menlo Park, USA) and at the Balder beam line of the
MAX IV synchrotron (Lund, SE). Transmission and fluorescence data were recorded for each
sample at room temperature out to k of 12 to 13 A™. The X-ray beam was calibrated to an Fe foil
(7112 eV) and second-order harmonics were avoided by detuning 20% (MAX V) or 40-50%

(SSRL). Spectra were collected in quick-XAS mode at MAX IV, whereas standard data
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acquisition parameters were used at SSRL. Individual scans for each sample were compared and
no beam damage was observed. Spectra were aligned, averaged and background-subtracted using
SixPack software (Webb, 2005) following standard methods described elsewhere (van
Genuchten et al., 2012). The extended X-ray absorption fine edge structure (EXAFS) spectra
were extracted using k3-weighting and were Fourier-transformed over the k-range of 2 to 11 A
using a Kaiser-Bessel window with dk of 3 A, Further details on sample preparation and data
collection are given in the Supporting Information (SI).

In addition to Fe K-edge XAS data of experimental samples, we measured a suite of Fe
mineral reference spectra as part of the current study and in our previous work (van Genuchten et
al., 2019, 2014). Our study also includes Fe mineral reference spectra obtained from an online
database provided by Shoenfelt et al., (2017) and (2018), which was also collected at beam line
4-1 at SSRL, and received directly from the corresponding author of Yu et al., (2020), which was
collected at MAX V.

2.3.2. Fe K-edge XAS analysis.

The Fe(ll)/Feot ratio of the solid samples was determined by X-ray absorption near edge
structure (XANES) analysis following the approach described in Shoenfelt et al., (2018). Briefly,
a calibration curve was generated using nine Fe-bearing reference minerals by plotting the edge
position, which is defined as the X-ray energy where the intensity of the normalized XANES
spectrum crosses 0.9 A, against the known Fe(l1)/Ferot ratios of the reference minerals (Figure
S1 in the SlI). The Fe(ll)/Ferot ratio of the sediment samples was then calculated with the
calibration curve using the experimental edge energy. Uncertainty in the calculated Fe(Il)/FeTot

ratio was determined by regression analysis. We report uncertainty in the Fe(ll)/FeTot ratios
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determined with this method as the 95% confidence interval (CI). Additional details of this
XANES analysis are given in the SI.

The reference spectra used in the XANES analysis were also used to aid interpretations of
the experimental EXAFS spectra. This analysis was based on qualitative visual comparison of

characteristic fingerprints in the EXAFS spectra and Fourier transforms.
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3. Results
3.1 Dissolved Fe

The dissolved Fe (dFe) concentration and salinity of fjord surface water (1 m depth) is
plotted from fjord head to mouth for each of the three transects in Figure 2. Measurements of dFe
from the Arfersiorfik transect, the longest transect performed in the Disko Bay region, varied
from 4.3 to 6.2 nM depending on sample location. This range of dFe values matches the range of
other dFe concentrations reported for glaciated fjords in Greenland (Hopwood et al., 2016;
Kanna et al., 2020). Compared to non-glaciated Arctic regions with similar salinities, these dFe
levels are similar to, or lower than riverine regions, which often exceed 10 nM (Dai and Martin,
1995; Guieu et al., 1996). The dFe in surface water of the Arfersiorfik transect was 5.7 nM in the
innermost sample location near the fjord head where the low salinity (13.6) indicated input of
fresh meltwater to the fjord. 10 km from the innermost sampling point of this transect, the dFe
reached a minimum of 4.3 nM (salinity of 14.5). The dFe increased to the greatest concentration
of 6.2 nM at the fjord mouth (salinity of 31.9), nearly 100 km from the initial sampling point.
When grouped by salinity, the dFe concentrations in Arfersiorfik surface waters were
significantly lower (4.7+0.6 nM) for sampling points with salinity <20 (i.e., those closer to the
fjord head) than for sampling points with salinity >20 (5.9£0.3 nM) (t-test, p < 0.05), though we
acknowledge the dFe levels in this fjord were relatively constant and all < 10 nM.

For the Disko Island transect, the dFe concentration in surface water ranged from 4.9 to
7.0 nM, slightly higher than the dFe measurements for the Arfersiorfik transect. In general, the
dFe measurements in the Disko Island transect were lower near the fjord head (4.9 to 5.6 nM)
where the salinity was lowest (2.8 to 19.9), and increased to the highest value of 7.0 nM near the

high-salinity (33.8 to 34.1) fjord mouth. Taking the average of all dFe measurements for Disko
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Island gives 6.1+£0.7 nM, indicating very similar dFe concentrations for the two transects around

Disko Bay.
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Figure 2: Dissolved Fe (dFe, filled squares) and salinity (open circles) along the three fjord
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The dFe measurements of Ameralik Fjord showed one key difference compared to those
of the two regions sampled in Disko Bay. In the area closest to the fjord head with the lowest
salinity (<7), the dFe of surface water reached up to 230 nM. The order of magnitude higher
surface water dFe near the innermost sampling location of the Ameralik transect compared to the
two Disko Bay transects is consistent with a continuous supply of dFe to the fjord head. It should
be noted however that this sampling location is considerably closer (~1 km away) to the main
glacier outflow than in any of the other systems sampled. As distance along the fjord increased, a
trend in decreasing dFe and increasing salinity was observed for Ameralik surface waters, but the
trend is much less evident when the samples <10 km from the fjord head are excluded. For
example, 11 km from the innermost sample location, a distance more comparable spatially to the
innermost samples from the Disko Bay region, the dFe concentration was 8.1 nM at a salinity of
13.7. At distances >35 km along the transect, the dFe and salinity were relatively stable, with the
lowest dFe concentration of 6.7 nM measured 51 km from the innermost sample location
(salinity of 25.8). The distinct decrease in dFe with increased salinity in the innermost area of
Ameralik Fjord agrees well with previous studies of glacially-modified fjords on similar spatial
scales (Hopwood et al., 2016; Schroth et al., 2014), which show sharp declines in dFe and
particulate Fe phases within a few km of the outflow into saline waters. In the fjords around
Disko Bay, such losses may have simply occurred closer to the glacier(s) than the first samples

were obtained.

3.2 Turbidity
Surface water turbidity varied significantly with salinity and distance along all fjords

(Figure 3). For the Arfersiorfik transect, the highest turbidity (>200 NTU) was measured in the
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inner-fjord at 0-30 m depth, indicating the presence of a dense particle plume where the input of
fresh meltwater was largest. The turbidity decreased orders of magnitude with distance along
Arfersiorfik transect, particularly at distances >20 km, leading to the lowest turbidity of <1 NTU
measured furthest from the inner-fjord at 50 m depth. Similarly, turbidity in the Disko Island
transect decreased from >50 NTU to <1 NTU as the distance from the inner-fjord increased from
0 to >20 km (Figure 3). For Ameralik transect, the lens of turbid surface waters extended further
from the inner-fjord than for Arfersiorfik and Disko Island transects, with turbidity levels >10
NTU measured 30 km from the inner-fjord. It should be noted that a thin (~ 10 cm) surface layer
of extremely high turbidity was visually observed in inner Ameralik, which is not likely captured
in profile data. Nevertheless, the same trends in turbidity across the salinity gradient and with
depth were observed. Turbidity measurements for the 400 m depth profile (Figure S3) of
Godthabsfjord (GHF 1 sample location) also indicated significant variation with depth as has
been noted at this site previously (Hopwood et al., 2018). Multiple spikes in turbidity were
observed, with the highest turbidity of 4.6 NTU measured near the surface (20-40 m), followed
by a less turbid spike near 240 m and another spike observed near the fjord bottom (400 m).
Turbidity measurements for surface waters along Godthabsfjord revealed the highest turbidity
near the outflow of a large turbid lake (Lake Tasersuaq) at 0-20 m depth. The turbidity then
decreased substantially (>90% reduction) with increasing salinity, distance along the fjord and

depth.
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307  Figure 3: Turbidity (NTU) along Arfersiorfik (A), Disko Island (B) and Ameralik (C) transects.
308  The x-axis is given as distance from the sample location of inner-most fjord.

309

310 3.3 Fe K-edge XANES spectra of suspended sediments

311 3.3.1 Arfersiorfik transect and Eqi Fjord.

312 The Fe K-edge XANES spectra of sediment from the Arfersiorfik transect are compared
313  tothe glacial rock flour sample and select Fe(I1)- and Fe(ll1)-bearing reference minerals in

314  Figure 4. The Fe(ll)/Ferot ratios of the samples calculated with the XANES edge energy are

315 listed in Table 1. Despite the nearly 100 km between suspended sediment collected near the

316  Arfersiorfik fjord head (AF 1) and mouth (AF 13; Figure 1) and the 100 m depth profile at the
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AF 4 |ocation, all samples displayed similar major XANES features. These prominent XANES
fingerprints include an absorption maximum near 7130.5 eV, two distinct shoulders before the
absorption maximum at 7122.6 and 7126.7 eV and a post-edge oscillation with a peak near
7143.3 eV. The shape of the XANES spectra of the Arfersiorfik suspended sediment also closely
reproduced the glacial rock flour sample (Figure 4B) and the reference spectrum of biotite, an
Fe(I)-bearing primary silicate. Although the sample spectra and biotite spectrum have some
small differences, particularly the slightly higher X-ray energy of the sample XANES edge
positions (Figure 4C), biotite matched the sample spectra far better than any other Fe(Il) or
Fe(111) reference spectrum. For example, the olivine reference spectrum has a maximum near
7127.5 eV and lacks prominent shoulders at lower X-ray energies, whereas the XANES spectra
of the Fe(ll1)-bearing reference minerals are situated at higher X-ray energies.

The analysis of the XANES edge energy revealed a relatively narrow range of
Fe(Il)/FeTot ratios of 0.79 to 0.86 for all Arfersiorfik samples (Table 1) regardless of depth and
fjord location, indicating the predominance of Fe(ll) in these suspended particles. This
Fe(Il)/FeTot range also matched the Fe(ll) content of the glacial rock flour sample (0.81+ 0.13).
Likewise, the depth profile of Eqi Fjord revealed suspended sediment containing high fractions
of Fe(Il) (Table 1), which is consistent with the similar shape of the Eqi Fjord and Arfersiorfik
XANES spectra (Figure S2 in the Sl). The calculated Fe(l1)/Fero ratios of all Eqi Fjord samples
ranged from 0.69 to 0.76 and were all within the fit-derived uncertainty (95% CI), indicating no
statistically significant difference in the average Fe(ll) content of this depth profile. Collectively,
all Arfersiorfik and Eqgi Fjord samples contained an Fe(ll)/Ferqt ratio of at least ~0.7, which is

significantly higher than the 30-40% Fe(Il) determined by XANES analysis of glacial meltwater
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339  sediments from Leverett Glacier and Kiattuut Sermiat (Greenland), but is comparable to the

340  range reported for Patagonian glacier outflows (Shoenfelt, 2019).
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343  Figure 4. Comparison of the Fe K-edge XANES spectra of Fe(ll)- and Fe(ll1)-bearing reference
344  minerals and glacially abraded rock flour (Rock Flour) with the XANES spectra of suspended
345  sediment from the Arfersiorfik (AF) transect. The sample spectra in panels A and B have been
346  offset by 0.5 A to facilitate comparison. The sample ID indicates the location and depth (e.g., AF
347 4 _100m refers to the fourth sampling location of the Arfersiorfik transect at 100 m depth).
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348 Table 1: Solid-phase Fe(l1) Content Derived by XANES Analysis

Sample F(%(SI(I)/)O/ IZ:EIT)M Sample F((;%(I)/)()/ 'z:elT)‘“
AF1_1m 0.85 + 0.09 3 DI 1_1m 0.22 +0.08
AF2 1m 0.81 +0.10 2 DI 1 5m 0.27 £ 0.09
AF 3 1m 0.79 £ 0.10 = DI 1_10m 0.29 + 0.09
AF 4 1m 0.81 0.0 2 DI 1_20m 0.29 +0.09
AF5_1m 0.81+0.10 K DI 1_50m 0.51 +0.09
- AF 6_1m 0.81+0.10 2 DI 1_90m 0.38 £ 0.12
3 AF7 1m 0.79+0.13 &) DI 7_1m 0.20 £ 0.10
g AF9 1m 0.81+0.10
2 AF 10_1m 0.85 + 0.09 AM 1_1m 0.84 +0.08
'“'CE) AF 13_1m 0.81+0.11 85 AM 2_1m 0.83 + 0.08
I4 £ AM3.m 0.83+0.08
£ Rock Flour 0.81+0.13 it AM5_1m 0.85 + 0.08
< AF 4 1m 0.81 +0.09 % ES AM 6_1m 0.85 + 0.08
AF 4 5m 0.81 +0.09 E @  GHF_30m 0.90 + 0.08
AF 4_10m 0.83 +0.09 <% GHF _200m 0.87 +0.08
AF 4_20m 0.86 + 0.13 GHF_300m 0.85 + 0.08
AF 4_50m 0.84 +0.10
AF 4_100m 0.86 + 0.10 Eqi_1m 0.73 £ 0.09
Eqi_7m 0.72 £0.10
g Eqi_10m 0.69 + 0.10
T Eqi_20m 0.72 £ 0.10
g Eqi_30m 0.76 +0.10
Eqi_40m 0.72+0.10
Egi_50m 0.70 £ 0.10

349

350  The samples are grouped by their transect and depth. Sample IDs list the abbreviated location
351 and depth, with AF, DI, AM and GHF representing Arfersiorfik, Disko Island, Ameralik and
352  Godthabsfjord, respectively. For example, AF 4_1m refers to the sample collected at the fourth
353  sampling location of the Arfersiorfik transect at 1 m depth (see Figure 1 for map), whereas
354  Eqi_10m refers to the Eqi Fjord depth profile at 10 m. The Rock Flour sample refers to the
355  glacially abraded rock flour collected from a raised seabed near Nuuk.

356
357 3.3.2 Disko Island transect.
358 Rather than displaying biotite-like absorption edge features, most of the Disko Island

359 transect samples had a relatively smooth XANES absorption edge with a maximum near 7133.3
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377

eV, which more closely resembles the Fe(l11)-rich reference minerals (Figure 5). Many samples
from Disko Island also exhibited a small shoulder near 7130 eV (indicated by * symbol in Figure
5) that is present in the reference spectrum of nontronite, an Fe(l11)-bearing aluminosilicate
mineral. The post-edge oscillation of the Disko Island samples (maximum near 7147 eV) was a
closer match to nontronite and two-line ferrihydrite (2LFh), further supporting the predominance
of Fe(ll1). While most samples from this transect had similar XANES spectra, some deviation
was observed with depth, particularly at the innermost sample location (DI 1; see Figure 1 for
map). The XANES spectra of samples collected at depths from 1 to 20 m at this location
resembled the Fe(l11) reference spectra, whereas the sediment at 50 m (and 90 m to a lesser
extent) displayed features consistent with at least a fraction of biotite, including the shift in the
absorption maximum to 7130.5 eV and the characteristic shoulder at 7126.7 eV (Figure 5). This
difference in Fe speciation with depth could indicate different water masses from coastal inflows
below 20 m depth in Disko Fjord. The XANES-derived Fe(ll)/Ferqt ratios confirmed the majority
of Fe(l11) in the Disko Fjord samples, most of which contained <0.30 Fe(ll)/FeTot, with the
lowest Fe(ll)/Ferot ratio of 0.20+0.13 obtained for sediments near the fjord mouth (D1 7) at 1 m
depth. However, the sediment collected from 50 m and 90 m depth at the fjord head contained

Fe(ll)/Feot ratios of 0.51+0.09 and 0.38+0.12, respectively.
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Figure 5. Comparison of the Fe K-edge XANES spectra of Fe(ll)- and Fe(lll)-bearing reference
minerals with the XANES spectra of suspended sediment from the Disko Island (DI) transect.
The sample spectra in panel A have been offset by 0.5 A to facilitate comparison. The sample ID
indicates the location and depth (e.g., DI 1_1m refers to the first point of the Disko Island
transect at 1 m).

3.3.3 Ameralik transect.

Very little variation in the XANES spectra of suspended sediment from the Ameralik
transect was observed (Figure 6). All samples displayed absorption maxima near 7130.5 eV, with
two distinct shoulders at 7122.6 and 7126.7 eV, consistent with biotite. In addition, the XANES
spectra of the suspended sediment depth profile taken from Godthabsfjord, an adjacent fjord

system, also displayed the characteristic line shape and edge positions of biotite. Despite the

large distance separating Ameralik and Godthabsfjord from the Arfersiorfik transect and Eqi
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Fjord, the XANES spectra of all suspended sediment samples from these locations were similar,
suggesting Fe with an average biotite-like Fe(Il) speciation is common in meltwater suspended
sediment in West Greenland. The Fe(ll)/Fero ratios for the Ameralik samples showed little
deviation with distance along the fjord, ranging from 0.83 to 0.85 (identical within fit-derived
uncertainty), which matches the Fe(ll)/Ferq ratios of the Arfersiorfik samples. The
Godthabsfjord depth profile produced the highest Fe(l1)/Ferot ratios for any sample in our study,
reaching 0.90+0.08, though this value was not statistically different than the Ameralik samples

given the fit-derived uncertainty (95% CI).
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Figure 6. Comparison of the Fe K-edge XANES spectra of Fe(ll)- and Fe(lll)-bearing reference
minerals with the XANES spectra of suspended sediment from the Ameralik (AM) transect and
Godthabsfjord (GHF). The sample spectra in panel A have been offset by 0.5 A to facilitate
comparison.
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3.4 Fe K-edge EXAFS spectra of end-member suspended sediment samples.

3.4.1 EXAFS spectra of Fe(ll)-rich samples.

Because all suspended sediment samples with high Fe(Il)/FeTot ratios had nearly identical
EXAFS spectra, we plot in Figure 7 only representative Fe(ll)-rich end-member samples
containing >0.80 Fe(Il)/FeTot collected from Disko Bay and Ameralik Fjord. The EXAFS
oscillations of the Fe(Il)-rich suspended sediment and glacial rock flour samples had similar line
shape and phase. Key features in the EXAFS spectra for these samples include the slight
asymmetry of the first oscillation centred at 4 A (first * symbol in Figure 7), the low amplitude
beat feature at 5.2 A (second * symbol in Figure 7) and a double-peak with maxima near 7.5
and 8.1 A in the third oscillation (arrows in Figure 7). These characteristic EXAFS features
were also apparent in the biotite spectrum, but the features were more pronounced in biotite
(Figure 7B), especially the beat node at 5.2 A and the peak at 7.5 A L. While biotite resembled
the samples better than many of the other Fe(l1)-bearing references (i.e., siderite, olivine,
bentonite, hornblende and GR-SOs), the spectrum of Fe(l1)-bearing chlorite was also a good
match. In particular, the chlorite EXAFS spectrum reproduced closely the amplitude of the
features at 5.2 and 7.5 A%, but did not match the peak near 8.1 A* better than biotite. The major
oscillation of the Fe(Il)-chlorite spectrum at 6.0 A™* was also more asymmetric than the samples.

Differences between the EXAFS spectra of the samples and the Fe(Il)-bearing reference
minerals are manifest in the Fourier transform (Figure 7C) primarily in the amplitude and
position of the second-shell peak. All Fe(Il)-rich sediment samples exhibited an intense first-
shell Fe-O peak centred at 1.6 A (R+AR) and a second-shell peak of moderate amplitude
positioned at 2.8 A (R+AR). The position of the second-shell peak of the samples matched that

of biotite, but the biotite peak was considerably more intense, consistent with the higher
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amplitude of the biotite EXAFS oscillations. The Fourier-transformed chlorite spectrum also
exhibited a second-shell peak that matched the position of the sediment samples, but the peak
intensity of chlorite was lower than the samples. The Fourier-transformed EXAFS spectra of
olivine and hornblende poorly reproduced the sample spectra, with the second-shell peak of
olivine located at a shorter interatomic distance than the samples and the second-shell peak of
hornblende having significantly lower amplitude. Therefore, in agreement with trends in key
features of the EXAFS spectra, the Fourier transforms suggest an average local Fe bonding
environment in the samples that lies intermediate between the Fe(l1)-bearing primary silicates,

biotite and chlorite.
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Figure 7: Fe K-edge EXAFS spectra (panels A and B) and corresponding Fourier transforms
(panel C) of Fe(lIl)-rich suspended sediment compared to spectra of Fe(ll)-bearing reference
minerals. Sample spectra in panel A have been offset vertically by 10 A to facilitate
comparison, whereas spectra are overlain in B and C to highlight key differences between the
samples and reference minerals. The * symbol and arrows in A and B highlight fingerprint
regions of the EXAFS spectra.
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3.4.2 EXAFS spectra of Fe(ll1)-rich sediment.

The EXAFS spectra of Fe(ll1)-rich end-member samples (i.e., those with Fe(ll)/Fetot
<0.30), which were only found in the Disko Island transect, are plotted alongside the EXAFS
spectra of a suite of Fe(l11) reference minerals in Figure 8. Comparing the line shape and phase
of the EXAFS spectra in Figure 8, the closest matches to the samples include 2LFh, a poorly-
crystalline Fe(l111) (oxyhydr)oxide, and the silicate minerals nontronite, glauconite and illite.
However, no single reference EXAFS spectrum reproduced perfectly all key features of the
samples. For example, the nontronite and glauconite EXAFS spectra overlapped with the first
oscillation of the samples at 4 A and matched the small beat at 5.2 A (* symbol in Figure 8),
but both reference minerals were not a good fit to the feature from 7.5 to 8 A-* and both had
more intense oscillations at k >8 A* than the samples. The spectrum of 2LFh reproduced most of
the features of the samples, including the first oscillation, the beat feature at 5.2 A and the
amplitude of the oscillations at k >8 A, but did not match the region from 7 to 8 A lllite was
one of the only reference spectra that was a decent fit to the sample spectra at 7 to 8 A (arrow in
Figure 8), but the illite spectrum did not reproduce the beat feature at 5.2 A2,

The Fourier-transformed spectra in Figure 8C show that the difference between the
Fe(l11)-bearing reference spectra and Fe(l11)-rich samples is most pronounced in the second-shell
peak, which arises primarily from Fe-Fe and/or Fe-Si/Al/Mg backscattering. The position and
amplitude of the second-shell peak was nearly the same for the Fe(l11)-rich end-member samples,
indicating similar average Fe bonding environments. However, the amplitude of the second-shell
peak for the samples was substantially lower than that of nontronite and glauconite and higher
than that of illite. While the second-shell peak exhibited a slight shoulder at higher R in the

samples, which is similar to the shoulder in the 2LFh peak arising from corner-sharing Fe-Fe
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bonds, the amplitude of the samples was lower than that of 2LFh. The lower second-shell
amplitude of the Fe(l11)-rich samples relative to 2LFh can be due to several reasons: 1) a lower
average crystallinity (i.e., less Fe-Fe bonding) of the host Fe phase compared to 2LFh, which has
a primary crystallite size of only 2.0 nm; 2) the presence of lighter atoms, such as Si, Mg and Al,
in the second coordination sphere, consistent with Fe(l11)-rich aluminosilicates; or 3) the mixture
of poorly-ordered Fe(l11) (oxyhydr)oxides and Fe(l11)-rich silicates. Although we are unable to
distinguish unambiguously the average bonding environment of the Fe(l11)-rich samples with our
data, key fingerprints in the XANES (* symbol in Figure 5) and EXAFS spectra are consistent

with a mixture of poorly-ordered Fe(lll) (oxyhydr)oxides and Fe(ll1)-bearing silicates.
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Figure 8: Fe K-edge EXAFS spectra (panels A and B) and corresponding Fourier transforms
(panel C) of Fe(l11)-rich suspended sediment compared to spectra of Fe(l1l)-bearing reference
minerals. Sample spectra in panel A have been offset vertically by 13 A to facilitate
comparison. Goe, Lp and 2LFh represent goethite, lepidocrocite and two-line ferrihydrite,
respectively. The vertical dotted lines in C highlight peaks consistent with edge- and corner-
sharing Fe(l11) polyhedra in 2LFh.
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4. Discussion
4.1 Decoupling of dissolved and particulate Fe

Combining the measurements of dFe and solid-phase Fe speciation allows us to examine
the relationship between aqueous and particulate Fe. Previous studies propose that Fe(ll)-rich
sediment is more bioaccessible than Fe(l11)-rich sediment (Hawkings et al., 2018; Raiswell et al.,
2016) likely due to the higher solubility of Fe(Il)-minerals and thus higher potential for dFe
release into solution. However, our dissolved and particulate Fe data do not support the
hypothesis that the predominance of Fe(ll)-rich particles in glaciated fjords correlates with a
higher dFe concentration (Figure 9). Conversely, dFe seems remarkably insensitive to particulate
Fe speciation and we found no evidence that changes in dFe were related to the oxidation state of
solid-phase Fe. The decoupling of dissolved and particulate Fe was most pronounced when
comparing separate fjords. In the ~100 km Arfersiorfik transect, which was dominated by Fe(ll)-
rich suspended sediment, the average dFe (5.1+0.8 nM) was similar to the average dFe (6.1+0.7
nM) in the Disko Fjord despite the suspended sediment consisting of Fe(ll1)-rich particles. This
inter-fjord comparison shows that the expected trend in dissolved and particulate Fe was actually
reversed (i.e., dFe was even slightly higher in meltwaters with Fe(ll1)-rich particles). Therefore,
our results suggest that the proposed higher bioavailability of Fe(ll)-rich particles is not related
to a difference in dFe on this spatial scale. While we found that dFe levels in fjords dominated by
Fe(l1)-rich sediment were not higher than those dominated by Fe(l11)-rich sediment, our data are
not informative concerning the rate of dFe turnover. The small size of the dFe pool at low
salinities relative to the particulate Fe pool (dFe is rough 0.2-2% of total dissolvable Fe at inner-
fjord stations (Hopwood et al., 2016; Kanna et al., 2020)) means that even the well documented

transfer of dFe onto particle surfaces across the salinity gradient would not produce a significant
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signal in the solid phase. In other words, while our fjord-scale dFe data are inconsistent with the
suspended particles serving as a net source of dFe within this environment, we cannot quantify
their role as a gross source. Soluble Fe(ll) can be released from the biotite-like particles (Bray et
al., 2014), increasing dFe, but Fe(ll) undergoes rapid oxidation and precipitation as Fe(l1)
(oxyhydr)oxides, decreasing dFe. Any rapid production of dFe and transformation to particulate
Fe would be difficult to detect with bulk Fe K-edge XAS data considering its detection limits and
the much larger amount of Fe(Il)-rich suspended particles in the fjords.

It should be noted that the investigated fjords are characterised as having a high
lithogenic influence (i.e., the particle loading is far higher than the offshore ocean). This means
Fe solubility may be saturated in solution such that the limits on dFe transfer between dissolved
and particulate phases are related to factors including the availability of dissolved organic
material to bind Fe and competition between these organics and particle surfaces as Fe binding
agents (Ardiningsih et al., 2020; Lippiatt et al., 2010). Conversely, in the surface offshore
environment, dFe is generally under-saturated and thus dFe concentrations could be more
sensitive to solid-phase Fe speciation. Furthermore, particles can affect Fe bioavailability to biota
via other mechanisms, with some evidence that direct contact with Fe(l1)-rich solids increased Fe
availability to a model diatom Phaeodactylum tricornutum, although this subtlety mainly affects
how Fe availability is moderated in offshore Fe-deficient environments following dust deposition
(Shoenfelt et al., 2017).

An important implication of the observed dFe trends is that dFe concentrations are
relatively constant across strong turbidity gradients corresponding to the scale over which
sedimentation of most glacier derived particles occurs. This is also reflected in the Fe speciation

of raised marine deposits being similar to that of the freshly delivered glaciogenic suspended
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sediments in the fjords, indicating no significant weathering of the particles during transport
from river outlet to settling at the fjord floor. Thus, the associated lateral fluxes of dFe are likely
independent of particulate Fe speciation and sediment load on this scale. If dFe concentration is
instead buffered at a relatively steady level in outflowing turbid near-surface waters, lateral
fluxes are expected to scale approximately with fjord turnover rates (Krisch et al., 2021), which
are poorly defined on a pan-Greenland scale. However, a non-linear response in dFe
concentrations to increasing meltwater input certainly remains possible because of the
confounding effect of increasing particle surface area on competition between particle surfaces

and dissolved organics for binding Fe (Ardiningsih et al., 2020).
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Figure 9: Dissolved Fe (dFe) plotted as a function of the XAS-derived solid-phase Fe(ll)/FeTot
ratio for suspended sediment samples collected from Arfersiorfik (open circles), Disko Island
(filled squares) and Ameralik (open triangles) transects. The data point from Ameralik transect
with >230 nm dFe (Fe(ll)/Ferot ratio = 0.85) is not included. Note the break in the y-axis.

4.2 Importance of host Fe phase to persistence of Fe(ll) in suspended fjord particles

While no clear relationship was evident between dFe concentrations and particulate Fe

speciation, solid-phase Fe speciation and the underlying bedrock geology do appear to be related.
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The Fe(I1)/FeTot ratio of suspended sediment groups by underlying Precambrian shield
(Arfersiorfik and Ameralik transects; open symbols in Figure 9) and tertiary basalts (Disko
Island transect; filled squares in Figure 9). This tight grouping of Fe(ll)-rich silicates in
meltwater sourced from Precambrian shield and Fe(l1)-rich particles from tertiary basalts might
be representative of many glacially-modified fjords around Greenland and can therefore be
helpful to predict the properties of particles transported into fjords. Furthermore, the data
indicate that the subglacial drainage basins for the studied meltwater systems along the coast of
mainland Greenland are dominated by similar felsic gneisses, and that tertiary basalt does not
constitute a significant proportion of the eroded basement.

In our study, all particulate Fe from meltwaters of Precambrian shield geology consisted
of 70-90% Fe(l1), despite the hundreds of km between fjords, depth profiles extending to 300 m
and the expected long fjord mean residence time of the particles (water is present in the main
basin for 1-2 years in Godthabsfjord (Mortensen et al., 2014)). Consistent with previous reports
of particles containing >70% Fe(1l) from Alaskan ((Schroth et al., 2009)) and Patagonian
glaciers (Shoenfelt, 2019), our data indicated that suspended sediment near the West Greenland
coastline largely consists of Fe(Il) fractions above 70%, which is substantially higher than the
~40% Fe(l1) detected previously in Greenlandic glacier sediments (Hawkings et al., 2018).
Furthermore, despite the fine grain size of these particles (Gunnarsen et al., 2019), which should
enhance particle reactivity, our data suggest that the majority of Fe in the suspended sediment
does not transform during fjord transport or particle settling. For example, the XAS data of
samples from the longest transects and deepest profiles in our study indicated similar Fe
speciation consistent with Fe(l1) in a biotite-like coordination environment. This specific Fe(ll)

bonding environment can help explain the persistence of solid-phase Fe(ll), despite the lower
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stability of Fe(ll) than Fe(ll1) in oxic conditions. Biotite exchanges some cations readily,
particularly interlayer K*, but the release of Fe(Il) from crystalline biotite is expected to be
kinetically limited in conditions present in the fjords (i.e., pH > 7, low organic carbon
concentrations) (Bray et al., 2015, 2014). These observations are supported by the detection of
particles with similar speciation in core-top samples from the Greenland shelf, suggesting that
the fraction of particles advected laterally along fjords to the shelf is deposited without
significant processing (Shoenfelt, 2019). Although dFe produced from biotite dissolution is
expected to be minor, it could contribute to maintenance of the low dFe levels (i.e., <10 nM)
measured in most of the fjords. However, since dFe concentrations in the fjords are regulated by
a series of complex, co-occurring processes, such as fjord water mixing, biological uptake,
complexation by organic ligands, secondary mineral precipitation and sedimentation
(Ardiningsih et al., 2020; Lippiatt et al., 2010), it is not possible to accurately constrain gross
sources and sinks of dFe with our data.

The preservation of Fe(l1) in glacial sediments has been attributed previously to
stabilization via an Fe(Il)-amorphous silica nanoparticle aggregate (Hawkings et al., 2018).
However, the intense second-shell peak of the Fourier-transformed EXAFS spectra of the Fe(ll)-
rich samples is inconsistent with the formation of an amorphous Fe(ll)-silica particle. If Fe(ll)
were hosted by a truly amorphous Si-rich material, the second-shell peak would have a
substantially lower amplitude or be absent altogether, as is common for Fe(ll) in silicate glass
(Farges et al., 2005). Instead, the Fourier-transformed EXAFS data suggest an Fe(l1) bonding
environment that is more ordered than Fe(Il) in chlorite and less ordered than Fe(ll) in biotite
(Figure 7). Therefore, the relatively rigid Fe(Il) bonding environment of these particles and the

lack of evidence for Fe alteration in the suspended sediments suggest that the detection of Fe(ll)
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in these samples may not reflect enhanced Fe bioavailability or bioaccessibility in the water
column. Rather, it is likely that these particles require greater biogeochemical processing before
Fe becomes bioavailable, which could occur for settled particles in benthic environments (Laufer
et al., 2020), but does not appear to occur to any measurable extent in suspension on seasonal to

inter-annual timescales.

4.3 Can meltwater particle weathering be related to primary production in the studied regions?
In addition to the potential role of particles as a source of Fe, it is important to recognize
that meltwater runoff can also impact primary production via other mechanisms. The large turbid
plumes of particles near meltwater outflows (Figure 3) can attenuate light availability to
phytoplankton and can impair filter feeding organisms via particle ingestion (Murray et al.,
2015). Furthermore, while the raw glacially abraded rock flour has a minor phosphorous (P)
component (1.1 mg/g; Table S1) that could be a PO4 source if released during weathering
(Gunnarsen et al., 2019), it is likely that the PO4 fraction is contained in a separate apatite phase
that is more resistant to dissolution than biotite (Hawkings et al., 2016). Rather than a PO4
source, biotite and other micas can be relatively effective at removing oxyanions from solution
via adsorption (Hartikainen and Hartikainen, 2008). The potential scavenging of PO4 by
meltwater particles may also be the case for dissolved organic carbon (DOC), which can bind
effectively to biotite (Bray et al., 2015). All of the plumes surveyed had generally low PO4 (and
low NO3z) concentrations (Table 2), but this likely reflects a combination of the low
macronutrient concentrations present in freshwater and nutrient uptake by primary producers
during spring and summer (Meire et al., 2017), rather than a singular effect of PO4 sorption to

particles.
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Table 2: Composition of Surface Water Samples

Sample Dist. Along Fjord NOs POs4  SiOq4

Location (km) Salinity vy (uM) (M)
AF 2 15.0 13.6 257 028 1368
= AF 3 19.7 17.3 244 025 12.82
2 AF5 25.2 14.5 2.10 0.18  13.30
s AF 6 30.7 15.0 204 018  13.10
'; AF 7 36.4 16.0 217 024 1289
= AF 8 42.1 16.4 210 017 1272
2 AF 9 48.7 16.8 209 018  11.89
3 AF 11 98.4 304 280 037 293
< AF 12 101.7 321 237 042 188
AF 14 105.9 31.9 269 040 234
DI 1 13.0 2.8 035 042 51.08
= DI 2 17.7 11.1 b/d 029  39.49
S DI 3 26.0 19.9 b/d 024 2398
Kz § DI 5 32.7 28.3 b/d 016  8.89
og DI 6 37.1 30.7 b/d 014 731
-g = DI 8 42.3 33.8 b/d 014 0.8
DI 9 46.7 33.8 b/d 0.12 b/d
= AM 1 15 4.0 147 015 846
o AM 2 3.6 6.0 0.80 b/d 7.43
§ AM 3 6.1 5.2 107 019 1021
[ AM 4 13.3 13.7 0.79 bid  12.10
= AM 5 22.8 9.8 070 011 1326
g AM 6 36.4 234 b/d bid 358
g AM 7 52.6 25.8 097 008 174
< AM 8 67.3 27.7 0.38 b/d 0.86

b/d indicates below the detection limit (0.09 uM for NOs, 0.06 uM for PO, and 0.25 uM for SiO4). A more detailed
version of this table is given in Table S2.

The XAS data suggested the widespread presence of Fe(ll) in primary silicates, such as
biotite, which weathers following Eqn. 1 (Cleaves et al., 1970). Accordingly, one of the main
potential positive effects of meltwater particle weathering on primary production would be the
release of silicic acid, an essential nutrient for diatom growth. While the limited fjord surface
data presented herein restricts our ability to comment in detail on macronutrient budgets, we note
that all three inner-fjord environments show a large excess of silicic acid relative to nitrate
concentrations, with Si(OH)4:NOs ratios consistently >5 across all regions with salinities <20

(Table 2). These ratios are in agreement with the excess of silicic acid relative to PO4 and NOs
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expected from concentrations in runoff around Greenland (Meire et al., 2016). The critical
difference between the release of dFe and silicic acid is that dFe is prone to scavenging, such that
a net release of silicic acid could be evident from weathering processes even if no net change in

dFe concentration was observed.

3[K(Mg, Fe)3AlSiz044(0H),] + 14.5H,0 + 4C0;(4 + SH* + 0.750, —
[Biotite]

2[(Mg, Fe)3Al, 5Si, s0,0(0H), - 4H,0] + 4Si(OH)$ + 3K* + 4HCO3 + 3(Mg, Fe)?* ...Eqn. 1

[Vermiculite]

In summary, the relationship between meltwater particle weathering, nutrient availability
and primary production in the investigated fjords is complicated and depends partly on key
unknown factors, including the mineral weathering rates. The annual cycle of nutrient draw-
down and differences in bloom spatio-temporal dynamics due to light availability may also
confound attempts to interpret changes in macronutrient concentrations on this scale without

more extensive datasets.
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5. Conclusions

We demonstrate that dFe was decoupled from solid-phase Fe speciation in suspended
sediment, with dFe showing little dependence on the particulate Fe oxidation state across three
glaciated fjords in West Greenland. Particulate Fe data were grouped by underlying bedrock
geology, with suspended sediment consisting of 70-90% biotite-like Fe(Il) dominant in fjords
with Precambrian shield geology and poorly-ordered Fe(l11) particles (<20-30% Fe(l1)) derived
from tertiary basalts. Despite previous conjectures of more bioaccessible Fe in Fe(ll)-rich
particles, our characterization data indicated no significant change in the average Fe oxidation
state and bonding environment of particles collected from individual fjord transects of up to 100
km, suggesting that Fe(Il) in biotite-like coordination is not a labile form of Fe on this spatial
scale. Our results provide important constraints to predict the impact of meltwater outflows
containing Fe-rich particles on the biogeochemistry of glacially-modified water masses and
suggest that dFe on this spatial scale is buffered at a relatively constant low nM concentration

due to factors other than particle Fe mineralogy.
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