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Abstract Glaciers are a source of fine‐ground rock flour to proglacial and coastal marine environments. In
these environments, suspended rock flour may affect light and (micro)nutrient availability to primary producers.
Due to high loads of glacier rock flour, the particulate metal load of glacier runoff typically exceeds the
dissolved metal load. As glacier rock flour is deposited in downstream environments, short‐term exchange
between particulate and dissolved metal phases may have a moderating influence on dissolved metal
concentrations. Here we compare the behavior of iron (Fe), manganese (Mn), cobalt (Co) and silica (Si)
following the addition of different glacier‐derived sediments into seawater under conditions of varying sediment
load (20–500 mg L− 1), time (0.5 hr–21 days), temperature (4–11°C) and light exposure (dark/2,500 Lux).
Despite a moderately high labile Fe content across all particle types (0.28–3.50 mg Fe g− 1 of dry sediment), only
0.27–7.13 μg Fe g− 1 was released into seawater, with less efficient release as sediment load increased.
Conversely, Si, Mn, and Co exhibited a more constant rate of release, which was less sensitive to sediment load.
Dissolved Si release was equivalent to 17% ± 22% of particulate amorphous Si after 1–2 weeks. Dissolved Mn
concentrations in most incubations exceeded dissolved Fe concentrations within 1 hr despite labile Mn content
being 12‐fold lower than labile Fe content. Our results show the potential for glacier‐derived particles to be a
large source of Mn and Co to marine waters and add to the growing evidence that Mn may be the bio‐essential
metal most affected by glacier‐associated sources.

Plain Language Summary Glacier runoff is associated with high sediment loads derived from
glacier weathering. Particle surfaces can, depending on ambient conditions, act as a source or sink for dissolved
metals in solution. With increasing glacier discharge and ongoing glacier retreat around the Arctic, shifts in the
seasonal timing and magnitude of sediment delivery to the coastline are expected. However, the net effect of
glacier‐derived particles on marine metal and nutrient availability is not clear, especially for elements other than
Fe, which are less well studied. Here we used sediment‐seawater incubations with different glacier and iceberg
sediment samples from Greenland and Svalbard to quantify the change in Fe, Mn, Co, and Si concentrations
when particles were suspended in Atlantic seawater. Our results and a comparison with in situ concentrations
reveal the significance of particle dissolution on elemental cycles, particularly for Mn.

1. Introduction
A typical feature of glaciated coastlines is the presence of turbid runoff plumes where sediment‐laden freshwater
enters the ocean (Chu et al., 2012; Hop et al., 2002; Hudson et al., 2014). Runoff and subglacial discharge from
tidewater glaciers around Greenland and Svalbard are associated with high sediment loads of fine rock flour,
which can exceed 1 g L− 1 (Andresen et al., 2024; Overeem et al., 2017). Outflows of this glacier discharge are
consequently often associated with shallow photic zones (Holinde & Zielinski, 2016; Murray et al., 2015) and
rapid sediment accumulation (Mugford & Dowdeswell, 2010; Powell, 1981). In addition to moderating light
availability (Lund‐Hansen et al., 2018; Murray et al., 2015) and negatively affecting some filter feeding or-
ganisms (Arendt et al., 2011; Fuentes et al., 2016), suspended particles act as a dynamic pool of trace metals (TM)
which could act as a source or sink of dissolved trace metals (dTM) to the water column, depending on ambient
conditions (Annett et al., 2015; Brown et al., 2010; Zhang et al., 2015). Particularly in Greenland, fine suspended
glacier rock flour particles and soil also contain high concentrations of amorphous silica (Alfredsson et al., 2016;
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Stimmler et al., 2023), which could act as a source of dissolved silica (dSi) while particles remain in suspension
(Hatton et al., 2023; Hawkings et al., 2017).

Primary production in high latitude marine environments, mainly in the Southern Ocean, but also in parts of the
North Atlantic, is often limited by the availability of the trace metal iron (Fe) (Martin, 1990; Moore et al., 2013;
Ryan‐Keogh et al., 2013) and thus changing fluxes of Fe can affect primary production. Other bio‐essential trace
metals such as manganese (Mn) and cobalt (Co) also limit, or co‐limit, marine primary production under some
conditions (Browning et al., 2017, 2021; Panzeca et al., 2008). Trace metal concentrations in Arctic shelf waters
are generally high (Charette et al., 2020; Krisch et al., 2022), especially compared to Antarctic coastal waters, and
unlikely to limit local primary production (Gerringa et al., 2021). Nevertheless, changing sources and sinks of
trace metals may still have downstream effects on micronutrient stoichiometry, which may exert subtle influences
on many broad‐scale biological processes. For example, particulate carbon accumulation in the North Atlantic
was found to increase when trace metals were replete, even though no trace metals were found to proximally limit
primary production (Browning et al., 2020). Furthermore, glacier outflow may also increase dSi availability
(Hawkings et al., 2017; Meire et al., 2016). Whilst pelagic primary production in the Arctic and coastal North
Atlantic is thought to be generally nitrate‐limited, diatoms typically deplete dSi in the Arctic prior to nitrate
leading to dSi limitation of diatom growth (Krause et al., 2018, 2019). The ratio of diatoms, which can account for
a large fraction of primary production in Arctic glacier fjords (Krawczyk et al., 2015; Luostarinen et al., 2020), to
non‐siliceous microalgae might therefore also be affected by changing glacier‐associated dSi sources.

Particle‐rich plumes are clearly evident in turbidity data obtained close to both land‐ and marine‐terminating
glacier outflows in the Arctic and Antarctic (Kanna et al., 2020; Murray et al., 2015; van Genuchten
et al., 2021). The transient and dynamic nature of these plumes creates strong and variable gradients in total trace
metal loads in downstream waters (Forsch et al., 2021; Krause et al., 2021; Lippiatt et al., 2010). Upon arriving in
the ocean, suspended particles can continue to exchange elements with the dissolved pool via processes including
desorption, dissolution, scavenging and precipitation (Jeandel & Oelkers, 2015; Jones et al., 2012, 2014; Michael
et al., 2023; Pearce et al., 2013; Raiswell et al., 2006; Turner & Hunter, 2001). These processes are sensitive to
ambient physical/chemical conditions in the water column, including temperature, pH, organic ligands, sediment
load; and also to particle characteristics in terms of mineralogy, surface area and cation exchange capacity (Boyd
& Ellwood, 2010; Martin, 2005; Payne et al., 2013; Raiswell & Canfield, 2012; Schott et al., 2009; Sulzberger
et al., 1989; Takeno, 2005; Turner & Millward, 2002; Wu et al., 2001). It is thus challenging to quantify in a
generic sense how increasing or decreasing the delivery of glacier‐derived particles to the ocean may affect
dissolved metal and dSi availability because of strong gradients in ambient conditions over the spatial scale where
particles are delivered (Kanna et al., 2020; Markussen et al., 2016; van Genuchten et al., 2021). In addition, whilst
it is acknowledged that the dissolution of labile particulate fractions can be considered a source of many trace
metals to the dissolved pool (Jeandel & Oelkers, 2015), it is further challenging to quantify the fraction of the
dissolved and labile particulate pools that is truly bioavailable (Lis et al., 2015) or at least bioaccessible. This
depends on a complex nexus of particle dynamics, chemical speciation and cellular metal acquisition processes.

In the context of increasing glacier discharge around Greenland and Svalbard in the coming decades (Pörtner
et al., 2019), an increasing delivery of the associated particulate metals might be expected. However, at a
catchment scale, the relationship between sediment load and freshwater discharge is not straightforward and
clearly moderated by local geographic factors, in addition to the seasonal progression of melting and associated
changes in supra‐, pro‐ and subglacial environments (Chu et al., 2012; Hudson et al., 2014). Glacier retreat on
land, for example, results in a higher fraction of discharge occurring as liquid runoff in turbid proglacial streams
rather than directly as ice melt in the ocean, but also facilitates the development of proglacial lakes which
efficiently attenuate the sediment load delivered to the coastline (Bullard, 2013). In any case, the high sediment
load of glacier runoff means that the particulate loads of most elements in meltwater are almost invariably ex-
pected to be higher than the corresponding dissolved loads (Hawkings et al., 2020). Thus, depending on how
labile/reactive these particle phases are, and what factors moderate the desorption/dissolution dynamics of
specific elements, there is clear potential for glacier‐derived particles to affect trace metal biogeochemistry in
coastal waters.

In previous studies, chemical extraction procedures (Berger et al., 2008; Poulton & Canfield, 2005; Raiswell &
Canfield, 1998; Raiswell et al., 1994) have been adopted to solubilize poorly ordered metals, for example, iron
(oxyhydr)oxides, and amorphous silica (ASi) phases, which are considered as the most labile elemental fractions
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(Hawkings et al., 2017; Raiswell, 2011). However, the strength of these chemical extractants is usually stronger
than oxic and slightly alkaline seawater. Furthermore, the net release of dissolved trace metal ions under ambient
conditions may be limited by factors other than the supply of labile metal phases, especially for scavenged‐type
elements such as Fe (Lippiatt et al., 2010). For example, the net release of Fe into the dissolved phase in seawater
(defined arbitrarily via filtration at 0.2 μm, and thus inclusive of colloids) is generally limited by the availability of
organic material to stabilize dissolved Fe (dFe) (Ardiningsih et al., 2020; Gledhill & Buck, 2012; Lippiatt
et al., 2010). Therefore, no clear relationship generally exists between dFe and total particulate Fe in the context of
glacier outflows where dFe can be present at low nanomolar concentrations despite high micromolar concen-
trations of labile or total particulate Fe (Krisch et al., 2021; Lippiatt et al., 2010; Shen et al., 2024).

Here, we use incubation experiments to investigate the key factors expected to moderate the exchange of the trace
metals Fe, Mn and Co, and Si between dissolved and particle phases in seawater in the context of glacier outflows
into the Arctic and high latitude North Atlantic Oceans. We incubate a selection of sediment types in Atlantic
seawater under varying temperatures, sediment loads, and light/dark conditions to evaluate the potential for
glacier derived particles to release dissolved Fe, Mn, Co, and Si into solution. As we cannot precisely distinguish
between desorption and dissolution (both leading to an increase in dissolved concentrations, collectively termed
dissolution for simplicity herein) and the reverse processes, adsorption and precipitation (leading to a decrease in
dissolved concentrations, collectively termed precipitation for simplicity herein) in our experiments, we refer to
the net effect of these processes on dissolved concentrations.

2. Materials and Methods
Five types of sediment samples originating from Kongsfjorden in Svalbard (glacier surface sediment, iceberg
surface sediment, iceberg embedded sediment, proglacial stream sediment, core‐top sediment from the fjord;
Figure 1 and Table 1) and two types from Southwest Greenland (from a sediment laden iceberg in Nuup Kan-
gerlua‐ otherwise known as Godthåbsfjord‐ and suspended particles from Ameralik, Figure 1 and Table 1) were
collected in recent campaigns and stored frozen without drying. These particles were selected as representative of
a broad range of micro‐environments in well‐studied regions close to glacier outflows into the ocean where Fe,
Mn and Si dynamics have been subject to at least some characterization (e.g., Bazzano et al., 2017; Hatton
et al., 2023; Krause et al., 2021; Laufer‐Meiser et al., 2021; Meire et al., 2016).

Alkaline extraction and acid leaching were conducted to quantify the contents of ASi and labile particulate metals
(LPMe), respectively (Table 1). Representative sub‐samples of each sediment type were selected to conduct a
series of sediment‐seawater incubation experiments (SSIE) to study the effect of glacier‐derived particle disso-
lution on metals and dSi in seawater (Table 1). All work related to trace metals, including labware cleaning,
sediment‐seawater incubations, filtration and analysis, was conducted in the clean laboratory at GEOMAR. All
plasticware for incubation and trace metal sampling was pre‐cleaned in a 3‐stage protocol (2% detergent for 1 day,
1.2 M analytical grade HCl for 1 week, 1.2 M analytical grade HNO3 for 1 week, with 5 deionized water rinses
after each stage). Filters were treated in sequence in 1 M trace metal grade HCl (Fisher) and 0.1 M ultrapure grade
HCl (ROMIL) and rinsed with deionized water before use.

2.1. Grain Size Analysis

Sub‐samples of the above sediments were filtered through a 2 mm grid sieve to remove anomalous large rock
particles. The <2 mm fractions were then analyzed using a Laser Particle Sizer (ANALYSETTE 22, FRITSCH)
to measure their particle size spectrum. Median size (D50) was used to evaluate and compare particle grain size
between samples. Core‐top sediments from Svalbard and fjord suspended particles from Ameralik (Greenland)
were not measured due to limited available quantities.

2.2. Amorphous Silica (ASi) Analysis

Amorphous silica was determined following the alkaline extraction method of DeMaster (1981). 10–30 mg of air‐
dried sediment was accurately weighed into 60 ml HDPE bottles (Nalgene). Each bottle was then filled with 50 ml
of 0.095 M Na2CO3 solution and placed in an 85°C water bath for digestion. At 2, 3, and 5 hr, 1.5 ml sample
aliquots were pipetted into 2 ml HDPE vials (Nalgene) and stored at 4°C. 1 ml of the supernatant was neutralized
with 8.4 ml of 0.024 M HCl in a 13 ml plastic vial and analyzed for dSi concentration on a Quaatro System (Seal
Analytical, Germany). A linear regression of dSi concentration versus collection time was then obtained with the
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intercept treated as ASi. This assumes that ASi phases are dissolved completely within the first hour of extraction
and more crystalline Si is released at a constant rate.

2.3. Labile Particulate Metals (LPMe) Analysis

Sediment samples were leached in 25% acetic acid (Optima grade, Fisher) and 0.02 M hydroxylamine hydro-
chloride (99.999% trace metal basis, Aldrich) at 95°C for 10 min and then allowed to stand at room temperature
for a total duration of 120 min (Berger et al., 2008). Core‐top sediment samples (F and G) were not acid leached
due to low available quantities. For the Greenland sediment samples, 5 samples collected consecutively
(collectively named as H in Table 1) from the same sediment‐laden iceberg and 3 filters of suspended particles

Figure 1. Sample collection sites. (i) Overview map of Svalbard, Greenland and surrounding seas, with warm and cold surface currents shown as red and blue arrows,
respectively, and sampling stations shown as red dots. (ii) In Kongsfjorden, Svalbard, glacier surface sediment (sample A), iceberg surface sediment (sample B), iceberg
embedded sediment (sample C), and proglacial stream sediment (samples D and E) were collected at the annotated locations. Core‐top sediments (F and G) were
collected from the inner and outer parts of the fjord, respectively. (iii) In west Greenland, iceberg surface sediment (H) from Nuup Kangerlua and water column
suspended particles from Ameralik (I–O) were obtained. Sampling maps plotted with Ocean Data View (Schlitzer, 2023). Ocean currents in (i) were drawn according to
Dylmer et al. (2013) and Gillard et al. (2016).
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collected from two adjacent fjord stations a few kilometers apart (named as K and L in Table 1) were used for the
acid leaching (Berger et al., 2008).

The leachate was diluted with 1 M HNO3 (Suprapure, sub‐boiled once in a Savillex DST‐1000 system). Iron, Mn
and Co concentrations were determined via Inductively Coupled Plasma Mass Spectrometry (ICP‐MS, Element
XR, Thermo Fischer) with quantification via standard additions. Certified Reference Materials (CRMs) BCR‐414
and PACS‐3 were analyzed together with the sediment samples (Table S1 in Supporting Information S1).

2.4. Seawater Soluble Metals (SSMe) Analysis

One or two samples of each sediment type were selected to conduct sediment‐seawater incubation experiments
(Table 1 and Figure S1 in Supporting Information S1). To represent the dynamic nature of particle plumes in
glacier fjords, incubation scenarios were set up with varying sediment loads (experiment SSIE1, varying from 0 to
500 mg L− 1 dry weight), incubation times (experiment SSIE2, varying from 0.5 hr to 21 days at sediment loads of
∼50 and ∼200 mg L− 1 dry weight), temperature (experiment SSIE3, a “normal” temperature of 4°C and a “high”
temperature of 11°C), and contrasting dark or light conditions (2,500 Lux, equivalent to 34 μmol photons/m2/s,
illuminated with a three‐wavelength emission fluorescent lamp: blue 450 nm, green 540 nm and red 610 nm)
(Table 1). These scenarios were designed to mimic the key potential drivers of particle‐dissolved phase dynamics
in the context of iceberg or glacier‐derived particles being transferred into the marine environment and ultimately
marine sediments. It should be noted that the sediments used for incubation work were not sterilized to mimic the
field environment. The head space of air in the polycarbonate (PC) bottles used in the experiments mitigated
possible changes in oxygen and carbon dioxide during incubations.

All incubation experiments used aged seawater (collected from the Atlantic Gyre and stored in a 1,000 L tank in
the dark >1 year, pH 8.09, salinity 37.0). The seawater was filtered through a capsule filter (AcroPak, poly-
thersulfone, 0.8/0.2 μm) prior to filling the pre‐cleaned PC incubation bottles (Nalgene, 500 ml for SSIE1 and
SSIE2; Nalgene, 1,000 ml for SSIE3). For experiments SSIE1 and SSIE2, sediments were used after preparing a
∼50 g L− 1 sediment slurry from frozen wet samples in order to avoid the undesired effects of drying on mineral
structures (e.g., Raiswell et al., 2010) and to homogenize the particles added to experiments, except for proglacial
stream flour (sample E), which was directly weighed into the PC bottles. Dry weight was determined on a second
subsample of each sediment after drying at 60°C to constant mass to calculate the water content. After adding
sediment slurry, the PC bottles were transferred to a temperature and light controlled incubation chamber
(MLR352, Panasonic). Duplicate PC bottles were made for each treatment such that each incubation time point
represents the results obtained from one PC bottle which was harvested and removed from the experiment at that
time point. Dark treatments were run in parallel with light treatments by wrapping PC bottles with black plastic.
Control treatments received no sediment and were incubated in parallel with treated bottles. The PC bottles were
shaken thoroughly every several hours and positions were changed randomly to avoid possible differences in light
intensities in the incubator. At designed sampling times, one bottle from each treatment set was transferred to a
class 100 laminar flow bench (SPETEC) for filtration with pre‐cleaned syringe filters (0.2 μm, polythersulfone,
Sartorius) mounted in pre‐cleaned filter holders (Swinnex, Merck). The leachate was collected in pre‐cleaned
bottles (low density polyethylene, LDPE, Nalgene) and vials (high density polyethylene, HDPE, Roth) for Fe,
Mn, Co and macronutrients analyses, respectively. For SSIE3, to best use the remaining sample mass, PC bottles
of 1,000 ml size were used and sub‐sampled from during the experiment that is, the volume of each incubation
unit declined with time and the headspace increased. Whilst this is not as statistically robust as setting up multiple
incubation bottles in groups, it does not detract from the purpose of the experiment when it is to compare two
groups run in parallel (high/low temperature or light/dark conditions). On sample collection days (days 1, 2, 4,
and 8), 150 ml seawater was extracted (600 ml in total) such that 400 ml remained for the final timepoint. This
possibly induced a concentration effect through the experiment, the potential effects of which are discussed
(Section 3.4.3). Data for SSIE3 are presented throughout as measured concentrations and should not be directly
compared to SSIE1 and SSIE2 to establish the released flux of elements.

All samples for Fe, Mn, and Co analysis were acidified to pH 1.9 with HCl (ultrapure grade, ROMIL). After
standing for >6 months, samples were preconcentrated using a SeaFAST system (SC‐4 DX, ESI) with calibration
via standard addition (Mn and Co) and isotope dilution (Fe), exactly as per Rapp et al. (2017). Preconcentrated
samples were measured via ICP‐MS (Element XR, Thermo Fischer) for Fe, Mn, and Co. The detection limits,
defined as three standard deviations of procedural blank values, were 0.12 nM for dFe, 0.016 nM for dMn and
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0.004 nM for dCo. Certified Reference/Consensus Materials GSC112, NASS‐7, CASS‐6, and SLEW‐3 were
analyzed together with samples in each SeaFAST run (Table S1 in Supporting Information S1) with measured
values in good agreement with consensus values for all metals.

Samples for macronutrients were acidified to pH 1.9 with HCl (analytical grade, Fisher) and preserved at 4°C in
the dark for <1 month before analysis on a Quaatro System (Seal Analytical, Germany). The limit of detection,
defined as three standard deviations of deionized water measurements, was <0.07 μM for dissolved silicic acid
(dSi). Seawater pH was measured at every data point during the incubation work with a pH sensor (Mettler
Toledo).

2.5. Calculation and Statistical Analysis

The average concentrations of Fe, Mn, Co and macronutrients measured in batches of Atlantic Gyre water were
treated as baseline concentrations. The net release of metals and nutrients was therefore calculated from
Equation 1

Δ[c]ti = [c]ti − [c]t0 (1)

where ti is the time of the ith sampling timepoint, t0 the starting time of the incubation, [c]t0the baseline con-
centration of metals and nutrients at t0, and [c]ti and Δ[c]ti are the observed concentration and net change in the
concentration relative to the baseline, respectively. For experiments SSIE1 and SSIE2, the net‐released flux of
each component was calculated from Equation 2

Flux =
Δ[c]ti

[SSC] ×Δt
(2)

where [SSC] is the suspended sediment load in the incubation, and Δt the duration of incubation. Statistical
analysis was conducted using software SPSS 20. Pearson values of <0.05 and <0.01 were adopted as criteria for
significant differences.

3. Results
3.1. Grain Size of Particles

For Svalbard samples, the range (mean ± standard deviation) of the median particle size (D50) was 4.4–13.0 μm
(7.8 ± 4.0 μm, n = 7) for glacier surface sediment, 7.5–14.2 μm (11.2 ± 2.3 μm, n = 10) for iceberg surface
sediment, 3.4–14.9 μm (9.7 ± 4.7 μm, n = 9) for iceberg embedded sediment and 1.3–7.7 μm (3.2 ± 2.0 μm,
n = 10) for proglacial stream flour (Figure 2). ANOVA analysis demonstrated that the size differences between
sediment groups were significant (p < 0.05), with Greenland iceberg surface sediment grain size larger than all
Svalbard samples. Within the Svalbard samples, the proglacial stream flour sediment had smaller particle sizes
than the iceberg surface and embedded sediments likely reflecting enhanced weathering processes or the washout
of finer particle size fractions.

3.2. Amorphous Silica Contents of Particles

For Svalbard samples, the range (mean ± standard deviation) of ASi content was 0.19–0.69 mg/g
(0.46 ± 0.19 mg/g, n = 7) for glacier surface sediment, 0.15–0.79 mg/g (0.39 ± 0.23 mg/g, n = 10) for iceberg
surface sediment, 0.23–0.63 mg/g (0.49 ± 0.13 mg/g, n= 9) for iceberg embedded sediment and 0.09–0.38 mg/g
(0.19 ± 0.10 mg/g, n = 10) for proglacial stream flour (Figure 2). For Greenland samples, the range
(mean ± standard deviation) of ASi content was consistently higher; with 2.38–2.97 mg/g (2.63 ± 0.22 mg/g) for
iceberg surface sediment (5 sub‐samples from the same iceberg collected in sequence, termed sample H in
Table 1) and 4.38–7.95 mg/g (5.92 ± 1.50 mg/g, n = 6) for fjord suspended sediment (Figure 2). ANOVA
analysis suggested no significant difference (p > 0.05) between different Svalbard samples, whereas the
Greenland sediment samples had consistently higher ASi content.
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3.3. Labile Particulate Metals in Sediments

The labile particulate metal content of sediments followed mean crustal abundances and declined in the order
Fe > Mn > Co, with a 3 orders of magnitude decline from Fe to Co (Figure 2). Glacier surface sediment samples
had the highest content of all labile particulate metals, followed by iceberg surface sediments. The iceberg
embedded sediments and proglacial stream samples generally had the lowest labile particulate metal content. Due
to insufficient sample volume, core top sediment from Kongsfjorden (samples F and G) was not analyzed for
labile particulate metals. However, Laufer et al. (2020) reported the bicarbonate‐buffered ascorbate extractable
iron content of surface sediments as 18.5 and 176 μmol/g dry weight at station KF1 (core‐top sediment sample F
in this study) and KFa7 (core‐top sediment sample G in this study), respectively. For Greenland, 5 sub‐samples of
iceberg surface sediment (sample H) collected in series but not homogenized to assess small‐scale environmental
variability showed a relatively homogeneous composition of LPFe (RSD 12.2%), LPMn (RSD 7.37%) and LPCo
(RSD 8.15%). This suggests that differences between sediment samples are related to the character and envi-
ronmental processing of particles and not sampling artifacts. According to a t‐test result, for Svalbard and
Greenland sediments, there were significant differences in the LPMn (p < 0.01) content between samples, but no
significant differences for other metals (p > 0.05). For Svalbard samples, no significant correlation was found
between labile particulate metal content and median particle size (p > 0.05).

3.4. Seawater Soluble Metals From Sediments

Our experimental design included 3 anticipated key drivers: temperature, light and sediment load. Statistical tests
showed that, in all cases, contrasting light/dark conditions and low/high temperature had no significant effect on
the dynamics of Fe, Mn, Co, or Si. Throughout the data visualization and general discussion, we therefore treat
these treatments as replicates of the same sediment load and focus our analysis and discussion on the pronounced
effect sediment load had on some dissolved components.

3.4.1. Effect of Changing Sediment Loads (SSIE1)

The average concentrations of macronutrients and dissolved Fe, Mn, and Co in the filtered Atlantic Gyre water in
SSIE1 were 5.02 ± 0.15 μM (n = 14) dSi, 0.42 ± 0.12 nM (n = 14) dFe, 1.26 ± 0.06 nM (n = 14) dMn and

Figure 2. Sediment properties. Box plots showing median size (D50), amorphous silica content (ASi), and labile particulate
metal content (LPFe, LPMn, and LPCo) for each type of sediment. ASi and metal data are normalized to dry sediment mass.
The 5 sub‐figures share the same legend, acronyms and letters corresponding to Table 1. Note the differences in the Y axis
units. Boxes show the upper and lower quartiles of each group, the horizontal line denotes the median, and the mean is shown
by a square inside the box. Whiskers show the minimum and maximum values of each data set.
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18 ± 2 pM (n = 14) dCo, with only minor differences between experimental batches throughout the work herein.
These concentrations are treated as reference concentrations to deduce net changes (Equation 1).

For all incubation experiments, observed concentrations of dMn and dCo increased with an increase in sediment
load (Figure 3). For dFe, in most cases the concentration increased at low sediment load and reached a near
steady‐state condition at loads higher than 100 mg L− 1. Whilst Fe was invariably the element with the highest
labile particle content, Mn was the element with the highest concentrations in solution. Dissolved Mn concen-
trations were always higher than Fe, and nearly one order of magnitude higher than dCo concentration (Figure 3).
The release fluxes of Mn and Co were less variable within the sediment load range studied. Conversely, the
release flux of Fe was quite large at 25 mg L− 1 and sharply decreased as the sediment load increased to
100 mg L− 1 (Figure 4). The dSi concentration generally increased with an increase in sediment load, although a
decrease in dSi was occasionally observed at some time points. It should be noted that, compared to the trace
metals studied, the relative changes in dSi concentration compared to the baseline concentrations in Atlantic
seawater were more modest. On average, an increase in dSi concentration was observed with time in almost all
experiments, but the rates of change are subject to higher uncertainties as the absolute changes were often within
uncertainty of the baseline measurements.

There were marked differences in the net release of metals from different sediment samples (Figure S3 in
Supporting Information S1). Core‐top sediment (samples G and F) generally showed the largest net release of
metals, followed by iceberg surface sediment (sample B). Proglacial stream flour (samples D and E) showed the

Figure 3. Measured concentrations of dissolved Fe, Mn, Co, and Si in seawater over 24 hr of incubation at varying sediment
loads in SSIE1. Note the differences in the scale and unit of Y axis. Differences between light and dark treatments were not
significant (p > 0.05) for any element and so these treatments are combined plotted herein. Refer to Figure S2 in Supporting
Information S1 to see the light/dark data distinguished. Refer to Figure S3 in Supporting Information S1 to see the box plot of
the corresponding net released concentrations of Fe, Mn, Co, and Si.
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lowest net release of Mn and Co although sample D showed the largest net release of Fe. Iceberg embedded
sediment (sample C) showed intermediate net release of Mn and Co, but the lowest net release of Fe. The dif-
ference in the net release of silica from different sediments was much smaller compared with that of metals. As
already outlined, statistical analysis revealed that differences between light and dark treatments were not sig-
nificant (p > 0.05) for any element and so these treatments are combined herein and not distinguished (e.g., as per
Figure 3). Readers may refer to Figures S2 and S4 in Supporting Information S1 to see light/dark data
distinguished.

3.4.2. Temporal Changes in Metal Concentrations (SSIE2)

On average, the observed concentrations and calculated net release of dMn, dCo and dSi steadily increased with
time across all incubation experiments. In contrast, for dFe, the highest concentrations were observed shortly after
the start of the experiments. This was followed by a decline in dFe concentrations and more constant concen-
trations indicative of a near steady‐state condition after >200 hr (Figure 5 and Figure S6 in Supporting Infor-
mation S1). Similar to trends in Section 3.4.1, the increase in dMn concentrations was one to three orders of
magnitude higher than that for dFe and dCo. For all elements, the release flux was highest after 0.5–1 hr of
mixing, then decreased by ca. 2 orders of magnitude up to 24 hr and another ca. 1 order of magnitude afterward
(Figure 6).

Svalbard core‐top sediment sample F generally ranked high in terms of the net increase in Fe and Mn concen-
trations in the suspension. Proglacial stream flour sample E was less soluble in seawater over the whole incubation
period. Iceberg embedded sediment (sample C) ranked high for the dissolution of Mn and Co over the whole
incubation time range (Figure S6 in Supporting Information S1). The difference in the net release of silica from
different sediments was again much smaller compared with that of metals. The net release of metals and silica was
significantly higher (p < 0.05) at high sediment load (∼200 mg L− 1) than at low sediment load (∼50 mg L− 1) for
all elements (Figure S6 in Supporting Information S1). As per SSIE1, there was no significant difference between
light and dark treatments (p > 0.05) for all elements (Figure S6 in Supporting Information S1).

Figure 4. Release flux of Fe, Mn, Co, and Si in seawater over 24 hr at varying sediment loads (Experiment SSIE1, the same
data as Figure 3). Boxes show the upper and lower quartiles of each group; the horizontal line denotes the median and the
square inside the box denotes the mean. Whiskers and crosses at the ends of each box show the minimum, maximum, 1st and
99th percentiles of each data set. Note the differences in the scale and unit of Y‐axis. Refer to Figure S4 in Supporting
Information S1 to see the corresponding release flux of elements at varying sediment loads under both light and dark
conditions.
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3.4.3. The Effect of Different Incubation Temperatures (SSIE3)

Samples used for SSIE3 were of different origins to those for SSIE2, but similar qualitative trends were observed.
While SSIE2 tested the effects of varying sediment load at constant temperature (4°C), SSIE3 tested the effects of
increasing temperature from 4 to 11°C. No significant differences (p > 0.05) between incubations at 4 and 11°C
for the various components were observed for the measured concentrations (Figure 7). As per SSIE1 and SSIE2,
we therefore focus on the temporal trends and the differences between different sediment samples.

An obvious increase in the concentration of all dissolved metals was observed over the first 24 hr of incubation.
Over longer time periods, metal concentrations increased with varying rates (Figure 7). The Mn released
compared to other metals was not as high as that in SSIE1 and SSIE2, which may have resulted from the different
origins of particles in SSIE3. Greenland particles in SSIE3 had, on average, 7‐fold lower LPMn/LPFe ratios than
Svalbard particles used in SSIE1 and SSIE2. The observed concentrations of metals were generally higher for
iceberg surface sediment (samples H) and one fjord suspended sediment (sample K) than for another fjord
suspended sediment sample (I) (Figure 8). The difference in the net release of silica from different sediments was,
as per SSIE1 and SSIE2, much smaller compared with that of metals.

A critical difference between SSIE3 and the other two incubation experiments (SSIE1 and SSIE2) was that SSIE3
constructed time series measurements using subsamples from the same individual incubation bottles rather than
harvesting one bottle randomly from a set of replicate treatments at each time point. The design of SSIE1 and
SSIE2 was therefore more statistically robust as each time point was an independent measurement. The design of

Figure 5. Measured concentrations of dissolved Fe, Mn, Co, and Si in seawater over 21 days of incubation (Experiment
SSIE2). Note the differences in the scale and unit of Y‐axis. Refer to Figure S5 in Supporting Information S1 to see the
variation of Fe, Mn, Co, and Si in the control groups. Refer to Figure S6 in Supporting Information S1 to see the box plot of
the corresponding net released concentrations of Fe, Mn, Co, and Si.
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SSIE3 was necessary due to the difficulty in collecting sufficient suspended particles for this type of experiment;
however, this means that there was a concentration effect during the experiment. The precise effects of this are
difficult to assess because subsampling will have removed some suspended material and colloidal dynamics were
unconstrained. For clarity, concentrations are presented as per SSIE1 and SSIE2 (Figure 7) but without the
released flux of elements. Fluxes deduced from SSIE1 and SSIE2 should be considered more robust.

3.5. Quantification of Seawater Soluble Metals and Silica From Particles

Seawater soluble Fe content was invariably equal to or lower than that of SSMn. When comparing the ratio of
SSMe/LPMe, Fe was 1–3 orders of magnitude lower than other metals (Table 2). In other words, under the tested
conditions, only a small fraction of the labile particulate Fe was dissolved in seawater. Seawater soluble silica
ranged from 45.8 to 190 μg/g, excluding one incubation bottle with a negative value meaning a net removal of dSi
from seawater. Comparatively, Svalbard sediments generally had a SSSi/ASi value of >13%, while Greenland
sediments had a SSSi/ASi value of <3% (Table 2). Whilst samples from Greenland had higher ASi content, ASi
conversion to dSi was relatively more efficient for Svalbard samples with lower ASi content. This could simply
reflect the relatively slow kinetics of dSi release.

4. Discussion
4.1. What Are the Major Factors Influencing Trace Metal and dSi Release?

Considering all the experimental data, there were obvious differences in the released fluxes of metals for the
sediments studied in this work. In some aspects, all particle dissolution dynamics were similar. For all compo-
nents, a change in ambient temperature from 4 to 11°C and contrasting light/dark conditions had no measurable
effects on either metal or dSi dynamics. There were also consistent general trends for each element. While almost
all experiments evidenced a steady release of dMn and dCo, dFe was characterized by an initial fast release
followed by a return of dFe to the particulate phase, and changes in dSi were small relative to the background
concentration in seawater. Compared to dCo and dMn, the release of dFe was particularly sensitive to sediment
load. The scavenged‐type behavior of dFe in marine environments is well documented and this likely explains the

Figure 6. Release flux of Fe, Mn, Co, and Si in seawater within consecutive time intervals over 21 days of incubation
(Experiment SSIE2, same data as Figure 5). Boxes show the upper and lower quartiles of each group; the horizontal line
denotes the median and the square inside the box denotes the mean. Whiskers and crosses at the ends of each box show the
minimum, maximum, 1st and 99th percentiles of each data set. Note the differences in the scale and unit of Y‐axis.
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divergence between the partially reversible release of dFe observed over the first few hours of incubation ex-
periments with the steady release rate of dMn and dCo. Sediment‐load was more important than light or tem-
perature as a factor influencing dissolution behavior under the experimental conditions, but other generalizations
are more challenging to make.

A comparison of Svalbard sediment samples with different fluvial provenances from Kongsfjorden (glacier
surface sediment, iceberg surface sediment, iceberg embedded sediment, proglacial stream flour and core‐top
sediment i.e. samples A‐G) revealed varying tendencies to release different trace metals. The fraction of ASi,
LPFe, LPMn, and LPCo released as dissolved species was more variable than particles' labile particulate content
(Table 2). For example, LPMn varied by only a factor of 2 for the fully characterized Svalbard particle samples
(range 0.10–0.20 mg/g for samples A‐E), yet the release of dMn varied by a factor of 32 (range 0.35–11.2 μg/g).
Particle size is expected to be a key influence on dissolution rates, but several particle sources with similar average
particle sizes had markedly different dissolution behavior. For example, samples A‐C had similar median particle
sizes of 12–14 μm, and samples D and E had similar median particle sizes of 1.7 and 1.9 μm; yet Fe and Mn
release was quite variable between these particle sources (Table 2).

4.2. Contrasting Behavior of Fe and Mn

A key finding in all experiments was that dMn accumulated to nanomolar concentrations and within a few hours
reached concentrations higher than dFe. This was despite much lower abundances of labile Mn in all sediments
and thus clearly highlights the importance of different elements' dynamics in solution as a major influence on the
net‐release from suspended particles. Similar trends can be observed from in situ data in Arctic glacier plumes
where dMn concentrations are generally high and vary approximately conservatively with salinity (Kandel &
Aguilar‐Islas, 2021; van Genuchten et al., 2022), whereas dFe concentrations are often surprisingly constant. A
broad survey of dFe concentrations across glacier fjord environments around the Arctic revealed a relatively

Figure 7. Measured concentrations of dissolved Fe, Mn, Co, and Si in seawater over 8 days of incubation at 4 and 11°C
(Experiment SSIE3). Note the differences in the scale and unit of Y‐axis. Refer to Figure S7 in Supporting Information S1 to
see the variation of Fe, Mn, Co, and Si in the control groups.
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Table 2
Labile Particulate (LP) Metal Content in Sediments, and the Flux of Seawater Soluble (SS) Metals and Silica Released From Sediments After 24 hr in Suspension

Sample
D50
(μm)

ASi
(mg/g)

SSSi (μg/g)
(% of ASi)a

LPFe
(mg/g)

SSFe (μg/g)
(% of LPFe)a

LPMn
(mg/g)

SSMn (μg/g)
(% of LPMn)a

LPCo
(μg/g)

SSCo (μg/g)
(% of LPCo)a

SGSS‐A 13.0 0.49 64.3 (13.0) 2.19 1.71 (0.078) 0.20 1.85 (0.92) 2.03 0.15 (7.37)

SISS‐B 12.2 0.35 93.7 (26.9) 1.76 5.97 (0.34) 0.19 11.2 (5.80) 2.18 0.17 (7.59)

SIES‐C 13.6 0.46 76.8 (16.7) 0.55 0.97 (0.18) 0.10 8.73 (9.04) 1.53 0.14 (9.23)

SPSF‐D 1.94 0.24 − 6.74 (− 2.77) 0.73 3.34 (0.46) 0.11 1.53 (1.44) 1.32 0.084 (6.39)

SPSF‐E 1.66 0.17 64.3 (38.8) 0.69 0.27 (0.040) 0.12 0.35 (0.31) 1.34 0.025 (1.84)

SCTS‐F n/a n/a 83.8 (n/a) 1.03b 7.13 (0.69)c n/d 11.0 n/d 0.13

SCTS‐G n/a n/a 128 (n/a) 9.83b 4.98 (0.051)c n/d 13.5 n/d 0.25

GISS‐H 28.8 2.55 45.8 (1.80) 1.01 ± 0.12
(n = 5)

1.34d (0.13),
1.40e (0.11)

0.025 ± 0.002
(n = 5)

3.21d (13.7),
2.38e (10.2)

0.98 ± 0.08
(n = 5)

0.022d (2.27),
0.032e (3.36)

GFSS‐I, J, K n/a 6.38 ± 1.82
(n = 3)

152 (2.39)f,
190 (2.99)g

3.06 ± 0.42
(n = 3)

2.69 (0.088)f,
1.47 (0.048)g

0.088 ± 0.011
(n = 3)

2.43 (2.75)f,
4.08 (4.61)g

3.35 ± 0.39
(n = 3)

0.095 (2.83)f,
0.16 (4.81)g

Note. Refer to Table 1 for sample acronyms. The median size (D50) of particles and amorphous silica (ASi) content was also compiled. aAll incubations refer to 24 hr.
Sediment loads varied slightly due to the use of wet sediment slurry rather than freeze dried sediment, and the range for incubations (except where stated otherwise) was
15–24 mg/L. % of LPMe is the ratio of SSMe to LPMe. bThe bicarbonate‐buffered ascorbate extractable iron content reported in Laufer et al. (2020). cRatio of SSFe to
values noted with b. dSuspended sediment load of 220 mg L− 1 at 4°C. eSuspended sediment load of 176 mg L− 1 at 11°C. fIncubated at 4°C. gIncubated at 11°C. n/d no
data.

Figure 8. The change in observed concentrations of dissolved Fe, Mn, Co, and Si relative to control groups in seawater over
8 days of incubation (Experiment SSIE3). Boxes show the upper and lower quartiles of each group, and the horizontal line
denotes the median. Whiskers and crosses at the ends of each box show the minimum, maximum, 1st and 99th percentiles of
each data set. Dots overlapped with boxes show the data. Note the differences in the scale and unit of Y‐axis. Refer to Figure
S8 in Supporting Information S1 to see the corresponding change of Fe, Mn, Co, and Si concentrations at different
temperatures.
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constant low nanomolar concentration (mean 4.2–6.6 nM) of dFe in these environments (Shen et al., 2024). Such
a relatively constant dFe concentration suggests control of dFe concentrations via a buffering mechanism, but it is
not yet clear to what extent this is moderated by organic ligands, colloid dynamics, or other authigenic phases
(Ardiningsih et al., 2020; Zhang et al., 2015). Labile Fe phases in glacier‐derived particles are well studied and
thought to be an important source of dFe in high‐latitude marine environments (Raiswell & Canfield, 2012;
Raiswell et al., 2008). However, it is important to recognize that dFe release from these particle sources is
reversible and a return to particulate phases can, and does, occur on rapid timescales (Figure 4). In this respect,
dFe was clearly different from the other components (dMn, dCo, and dSi) studied herein.

Dissolved Mn is less susceptible to scavenging in marine environments. A steady accumulation of dMn in all
experiments is consistent with the contrasting nature of dMn and dFe in situ (van Genuchten et al., 2022). The
molar content of LPMn in glacial rock flour was on average 12‐fold lower than LPFe, but the molar ratios of Mn
to Fe for the net release from particles after incubation for 24 hr in SSIE1‐3 ranged from 3.4 to 49 with an average
of 8.0 ± 10.3 (n = 91) and a median of 3.3. In surface marine environments, photochemistry is usually a major
driver of dMn distribution often leading to a near‐surface peak in dMn concentrations (Colombo et al., 2020;
Middag et al., 2011). Whilst a higher dMn release might be expected in light rather than dark conditions it should
be noted that the wavelengths of the fluorescent lamps herein (450, 540, and 610 nm) were not conducive to
photochemical dissolution of Mn. The shorter wavelength range of 350–380 nm is associated with photo‐
dissolution (Sunda & Huntsman, 1994).

A high solubility of particulate Mn relative to particulate Fe is not unique to glacier rock flour and has been
observed with other particle types (e.g., aerosol samples, 13%–92% of Mn soluble with a median of 56% in Baker
et al. (2006); median of 45.1% in Buck et al. (2013)). The diverging nature of dFe and dMn in solution, however,
does have interesting implications in some environmental contexts. Manganese co‐limitation of phytoplankton
has been demonstrated in the Drake Passage (Browning et al., 2021) and inferred to exist elsewhere in the
Southern Ocean based on observed dFe and dMn concentrations (Hawco et al., 2022; Latour et al., 2021).
Changes in particle fluxes entering the high latitude ocean have to date largely been interpreted in terms of
affecting Fe availability and this was indeed the foundation of the original “Fe hypothesis” (Martin, 1990).
However, changing particle deposition may also profoundly affect the dFe:dMn ratio and thus affect the relative
importance of Fe and Mn limitation.

4.3. Comparison of Seawater Soluble Metal Flux From Greenland With Corresponding Dissolved Fluxes

Whilst trace metal fluxes around Svalbard are likely to be minor as regional features (Gerringa et al., 2021; Krisch
et al., 2022), and most of the Antarctic coastline is unsurveyed for trace metal distributions, there are now
extensive surveys around Greenland which reveal some distinct enrichment of trace elements attributable to
runoff and other glacier‐associated sources (Gourain et al., 2019; Kanna et al., 2020; Krisch et al., 2022). Based on
a recent pan‐Greenlandic study, the total sediment flux derived from runoff and calving ice from Greenland to
surrounding coastal waters was estimated to fall within the range 0.91–1.29 Gt/yr with average sediment loads in
runoff of approximately 1 g L− 1 (average of 2.4 g L− 1 in river meltwater and 24 mg L− 1 in calving ice) (Overeem
et al., 2017). Discharge from marine‐terminating glaciers may have a higher sediment load, which is more
challenging to quantify; therefore, these values may be under‐estimates in the context of glacier fjords (Andresen
et al., 2024). Assuming the sediments considered herein are broadly representative of glacially derived particles
around Greenland, a rough estimate of the associated fluxes from metal dissolution can be determined if the
average residence time of glacier‐sourced particles in the water column is known. Unfortunately, whilst general
trends in the deposition of glacial flour are well characterized, with accumulation of sediment known to decline
rapidly moving downstream of glacier fronts (Andresen et al., 2024; Elverhøi et al., 1983), there are few studies
which quantify the extent of suspended sediment plumes to allow the approximate residence time of particles in
the water column to be calculated. In Ameralik, the summertime distribution of turbidity has been characterized
and if it is approximated that runoff delivers 2–3 g L− 1 sediment into the fjord over a 4‐month season maintaining
a 20 m deep plume of 6–9 mg L− 1 with an area of 400 km2, then the residence time of particles in the water column
downstream of the main river outlet is on the order of 1–2 days (Stuart‐Lee et al., 2023). Hence, it makes sense to
use an incubation experiment of ∼1–2 days duration for a rough estimation of the extent to which glacier rock
flour affects biogeochemistry whilst in suspension. Using regression analyses between SSMe, SSSi and sediment
load (n = 14), average slopes of SSFe (0.26 ± 0.27 μg/g), SSMn (6.39 ± 4.81 μg/g), SSCo (0.13 ± 0.069 μg/g),
and SSSi (24.6 ± 11.9 μg/g) for SSIE1 were obtained. Multiplied by the estimated total annual Greenland
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sediment flux, we estimate that total fluxes of 0.28 ± 0.30 Gg SSFe, 7.03 ± 5.29 Gg SSMn, 0.14 ± 0.075 Gg
SSCo, and 27.0 ± 13.0 Gg SSSi per year are released into ambient seawater from suspended particles (Figure 9
and Figure S9 in Supporting Information S1). This assumes that on average, they are in suspension for
approximately 1 day under conditions representative of those used in this study. The large standard deviation in
these calculations results from the heterogeneity of particle types.

As a comparison, Hawkings et al. (2017, 2020) reported an annual mean flux of 72.7 Gg dFe, 2.25 Gg dMn,
0.051 Gg dCo, and 280 Gg dSi from Greenland Ice Sheet discharge (Figure S9 in Supporting Information S1),
without considering estuarine processes (i.e., fluxes at zero salinity). For comparison, our SSMe fluxes account
for 0.39% of the dFe flux, 312% of the dMn flux, 283% of the dCo flux, and 9.66% of the dSi flux reported by
Hawkings et al. (2017, 2020). These fluxes are not necessarily additive as particle‐dissolved processes are
continuous along the glacier‐to‐ocean continuum. Using near‐shore concentrations, thereby accounting for non‐
conservative processes observed in the fjords, Krause et al. (2021) estimated an annual flux of 1.62 Gg dFe and
0.19 Gg dCo from the total volume of freshwater discharged around Greenland. Our SSMe fluxes therefore
account for approximately 18% of the dFe and 76% of the dCo flux reported by Krause et al. (2021). These values
refer to different catchments, so some degree of variability is expected; however, broadly these numbers indicate
that net‐release of elements from suspended particles is likely most important for contributing to the observed
distribution of dMn and dCo in the marine environment, and less important for dFe and dSi (Figure S9 in
Supporting Information S1).

Geographically, Greenland and Svalbard bound the main Arctic‐Atlantic gateway of Fram Strait. Water, heat and
nutrient exchange through the Fram Strait is particularly important as it is the only deep entrance/exit to the Arctic
basin. Krisch et al. (2022) estimated a net southward flux of 2.7 ± 2.4 Gg dFe, 2.8 ± 4.7 Gg dMn, and
0.3 ± 0.3 Gg dCo per year (Figure S9 in Supporting Information S1) from the Arctic to the North Atlantic Ocean,
which largely occurs down the East Greenland coastline. Compared to these values, the total fluxes of metals
released from Greenland particles in suspension estimated herein account for 10.5% (dFe), 251% (dMn), and
47.9% (dCo) of their net Arctic‐Atlantic exchange fluxes. This result emphasizes the potentially significant in-
fluence of glacier‐derived material on Mn and Co. Prior work in similar geographic contexts in both NE
Greenland and Alaska also suggested that the elemental concentrations that are most perturbed in (sub)Arctic

Figure 9. Concept figure. Numerous overlapping sources including runoff, subglacial discharge, ice melt and groundwater
may deliver dissolved and particulate trace metals and silica to glacier fjords. Within the water column, exchange between
labile particulate and dissolved phases can modify budgets. A comparison of existing flux estimates for Greenland suggests
that these transformations have small net‐effects on the dFe and dSi budgets (Hawkings et al., 2017, 2020; Krause
et al., 2021). However, a relatively large influence is likely for dMn and dCo.
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coastal waters by glacial outflow processes are likely to be Mn and Co (Chen et al., 2022; Kandel & Aguilar‐
Islas, 2021; Michael et al., 2023).

It should be noted that our calculations were based on the released flux of metals from particles over an incubation
time of 24 hr. To our knowledge, there is little quantitative analysis of sediment residence time in glacier fjords
and thus an extrapolation from the only available data set in Ameralik may not be broadly applicable, but turbidity
and trace element trends downstream of Ameralik are attenuated with distance similar to other sites around
Greenland (Cape et al., 2019; Kanna et al., 2020). Sediment residence time in glacier fjords is expected to be
extremely short in an oceanographic context, but the fraction of particles that enter coastal waters will by defi-
nition have a longer residence time than the majority of material which is deposited within a few kilometers of
glacier outflows. For example, the residence time of particulate thoriumwas reported to range from 4 to 57 days in
the upper 50 m in the Northeast Water Polynya, Greenland continental shelf (Cochran et al., 1995).

4.4. Comparison of Metal Dissolution Behavior With Other Particle Types

Whilst Fe solubility from a broad range of sediment/particle sources has been widely reported in the literature,
fewer studies report the leaching of multiple elements into seawater simultaneously. The available literature
concerning the fractional solubility of multiple metals released from aerosol and volcanic ash sources are
compared in Table S2 of the Supporting Information S1 focusing on studies measuring similar elements.

The fractional solubility of Fe herein was about two orders of magnitude lower compared with data from aerosol
samples (Fishwick et al., 2018; Mackey et al., 2015), although the reported aerosol Fe solubility has a wide range
(0.001%–80%, global average ∼1%–2%, Jickells & Spokes, 2001; Mahowald et al., 2005). The particle reactive
properties of Fe mean higher particle loads would be expected to attenuate dFe release in most contexts. A prior
comparison of the fractional solubility of metals after leaching from aerosols in seawater for 10 min and 7 days
showed a decrease in Fe and increase in Mn concentrations (Mackey et al., 2015), which was similar to our
observations (Figure 5) suggesting mechanistically similar processes despite very different particle origins.

For aerosols, Mackey et al. (2015) suggested three modes of dissolution behavior for trace metals: particle
reactive (Fe), rapid (Co) and gradual (Mn) dissolution modes. For glacier‐derived particles, we observed a similar
categorization as Mackey et al. (2015) with respect to the particle reactive tendency of Fe, but less distinction
between the rapid and gradual modes, with Co and Mn behaving relatively similar. This may relate to the lack of
environmental processing of glacier‐derived particles compared to aerosols because aerosols have been subjected
to more acidic processing in the atmosphere, more intense photochemistry, and smaller grain sizes (mostly 0.2–
12 μm) (Baker & Croot, 2010; Ginoux et al., 2001). The median size of Svalbard glacier and iceberg sediments
ranged from 1.3 to 14.9 μm in this study (Figure 2). The grain size of fjord suspended particles from Ameralik
(Greenland) was not measured due to limited available quantities; however, a mean floc particle size of 22–
140 μm has been reported for suspended sediments in fjord surface water in Svalbard and Greenland (Lund‐
Hansen et al., 2010; Moskalik et al., 2018), which is consistent with the rapid attenuation of turbidity in Ameralik
with distance from the glacier outflow.

In the context of glacier fjords, inorganic processes are likely to dominate particle‐dissolved exchange over the
timescales of turbid plume development due to low marine primary production and the short residence time of
glacial rock four in the water column. Accordingly, experiments herein were designed to test the importance of
short‐term interactions between glacier‐derived particles and seawater, which are thought to be primarily inor-
ganic in nature. However, over longer timescales in natural waters, as lithogenic particles from glaciers are
dispersed and aggregate with organic carbon, bacterial activity may become increasingly important, particularly
for Mn. During a 14‐month incubation that incubated sediments of different mineralogy in natural seawater,
unique dFe and dMn fluxes with strong decoupling were observed due to the key role of bacteria in affecting the
formation of manganese oxides (Cheize et al., 2019).

4.5. Implications for Arctic and Antarctic Metal Fluxes in a Warming World

Fe is, to date, the most intensely studied trace element at the glacier‐to‐ocean interface (Raiswell & Can-
field, 2012) due to the potential influence of changing iron fluxes on primary production, particularly in the
Southern Ocean (Martin, 1990; Martin et al., 1990). However, our work suggests that Mn and Co are the bio-
essential elements most susceptible to changing fluxes in response to varying runoff and/or sediment load. As

Global Biogeochemical Cycles 10.1029/2024GB008144

ZHU ET AL. 17 of 22

 19449224, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

B
008144 by H

G
F G

E
O

M
A

R
 H

elm
holtz C

entre of O
cean, W

iley O
nline L

ibrary on [28/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024GB008144&mode=


these elements are present at low concentrations in the Southern Ocean (Browning et al., 2021; Chmiel
et al., 2023; Latour et al., 2021), closer attention may be warranted to assess how the Mn and Co budgets respond
to climate change along polar coastlines. Both Mn and Co showed a gradual dissolution mode in all experiments
herein; therefore, changes in sediment dynamics around glaciated coastlines may directly affect dMn and dCo
availability in shelf systems. Conversely, dFe exhibits a partially reversible release mechanism, which makes it
more challenging to predict how a change in particulate Fe supply might affect dFe fluxes.

5. Conclusions
Incubation experiments were conducted involving the addition of glacier and iceberg derived particles to seawater
under controlled conditions with varying sediment origin, load, time, temperature and light exposure. No sig-
nificant effect of temperature or light was evident for any element. Dissolved Mn, Co, and Si showed a net release
from particles with a steady increase in concentrations over time, suggesting a gradual dissolution mode com-
parable to that described for aerosol particles. Conversely, Fe conformed more to a particle‐reactive, scavenged
type element with marked attenuation of dFe release with increasing sediment load. Despite labile particulate Fe
content being far higher than Mn, dMn concentrations were invariably higher than dFe concentrations within a
few hours of seawater leaching. The released fluxes of Fe, Mn and Co were always highest during the initial 0.5–
1 hr of mixing sediment and seawater, and then sharply decreased over time. The release of Fe was most sensitive
to changes in sediment load.

Whilst the net release of Fe from glacier‐derived particles may be only a small fraction of the labile particulate
fraction (0.040%–0.69%), the release of dMn is potentially far more important for high latitude micronutrient
budgets. Although the molar content of LPMn was on average 12‐fold lower than that of LPFe, the net release of
Mn from particles into seawater was on average 8‐fold higher than that of Fe. The total flux of Mn and Co released
from glacier rock flour dissolution may be comparable to the direct input to the ocean from the dissolved load of
meltwater, whereas for Fe and Si the contribution is minor (Figure 9). In the context of future changes in polar
regions, changes in the sediment load in glacial runoff and affected marine waters are therefore expected to have a
direct influence on dMn and dCo availability. Whilst neither Mn nor Co is thought to limit marine primary
production in the Arctic, if similar processes were occurring in the Antarctic, a more direct effect on primary
producers might be evident due to the prevalence of low Mn and Co concentrations in the Southern Ocean.

Data Availability Statement
The data set corresponding to this manuscript can be found in Mendeley Data via Zhu et al. (2024).
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