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Abstract Dissolved iron (dFe) and manganese (dMn) are essential micronutrients required in marine
primary production; however, their low availability limits productivity and impacts the efficiency of the
biological carbon pump. Therefore, it is crucial to elucidate their sources, sinks, and internal cycling. We present
high-resolution dFe and dMn measurements from the Barents Sea during summer 2023, to provide new insights
into their spatial distribution and biogeochemical cycling. Localized surface enrichment of dFe and dMn
indicate inputs from sea ice (Fe: 0.23-1.31 and Mn: 3.55-7.33 nmol/kg) and glacial melt (Fe: 1.17-3.19 and
Mn: 22.44-102 nmol/kg). In the subsurface waters, dFe and dMn maxima (Fe: 4.95-10.70 and Mn:
9.05-33.61 nmol/kg) are a result of sediment resuspension, indicated by low beam transmission. Using the
spatial distribution of dFe and dMn and their correlation with salinity and seawater isotopic composition, these
inputs were found to be spatially constrained, with limited vertical and lateral transport from the source regions.
We observed high rates of primary productivity in the upper 51 m of the southwestern Barents Sea

(2,200 + 222 mg C m~2 d™"), corresponding to depleted dFe and dMn in the surface waters (Fe: 0.08-0.18 and
Mn: 0.18-3.15 nmol/kg). Using nutrient limitation ratios, we found potential Fe-limitation in the southern
Barents Sea, resulting from limited vertical resupply of Fe and high biological uptake. Our results suggest that
Atlantification is causing the southwestern Barents sea to transition to an Atlantic-like seasonally Fe-limited
system.

Plain Language Summary Marine phytoplankton growth influences climate and ecosystems but
depends on the availability of iron and manganese in the ocean. These nutrients are found at very low
concentrations and can limit phytoplankton growth. Understanding where iron and manganese come from
(sources), how they are removed (sinks), and how they are cycled while in the ocean is important. The Barents
Sea is one of the most productive regions in the Arctic, but it is rapidly warming. We measured iron and
manganese in the Barents Sea to better understand their cycling and impact on marine phytoplankton. We found
that sea ice and glacial melt provide iron and manganese to the surface of the Barents Sea and sediment
resuspended from the seafloor provides them close to the seabed. However, these inputs do not spread far from
their sources. In the southwestern Barents Sea, phytoplankton used much of the available iron and manganese,
and iron supply was very limited, resulting in very low surface concentrations. As the Barents Sea warms, rising
demand and falling supply of iron and manganese could spread iron limitation, affecting future phytoplankton
growth.

1. Introduction

Primary productivity by phytoplankton in the oceans is responsible for about half of all carbon fixation associated
with global primary production (Field et al., 1998). Iron (Fe) and manganese (Mn) are essential micronutrients for
marine primary productivity and are required for key phytoplankton metabolic functions (Morel & Price, 2003;
Twining & Baines, 2013). Their redox chemistry makes these elements well suited for electron transport reactions
in processes such as photosynthesis and respiration (Raven, 1988; Raven et al., 1999). However, dissolved Fe
(dFe; <0.2 pm) is present at nano- to sub-nanomolar concentrations over large regions of the ocean, limiting
primary production across approximately one-third of the global ocean (Martin, 1990; J. K. Moore et al., 2001).
This reduces the efficiency of the biological carbon pump, which drives the drawdown of atmospheric CO, and
plays a key role in regulating the global climate (Martin, 1990; C. M. Moore et al., 2013). Dissolved Mn (dMn;
<0.2 um) is also present at nanomolar concentrations in the ocean, yet dMn is often enriched in surface waters due
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to the photoreduction of Mn(III/IV) oxides (MnOx) and maintained by the photoinhibition of microbially
mediated Mn(II) oxidation to MnOx (Sunda & Huntsman, 1994). Consequently, Mn is not typically found at
limiting concentrations in the surface ocean (Hatta et al., 2015; Landing & Bruland, 1987), with the exception of
the Drake Passage and Southeast Pacific (Browning et al., 2021; Hawco et al., 2022; M. Wu et al., 2019).
However, Mn cycling influences other biogeochemical processes and can provide valuable insights into the
cycling of other trace elements, including Fe. Together, these key micronutrients play a fundamental role in global
ocean biogeochemical cycling (Boyd & Ellwood, 2010; Bruland et al., 1991; Morel & Price, 2003; Tagliabue
et al., 2017).

Both Fe and Mn share common sources, such as shelf sediments (Froelich et al., 1979; Johnson et al., 1999; J. K.
Moore & Braucher, 2008), sea ice (Grotti et al., 2005; Lannuzel et al., 2007; Tovar-Sanchez et al., 2010), glacial
meltwater (Hawkings et al., 2020; Raiswell et al., 2006; Wehrmann et al., 2014), aeolian dust deposition
(Jickells, 1995), riverine runoff (de Baar & de Jong, 2001; Guieu et al., 1996), and hydrothermal vents (Elderfield
& Schultz, 1996). Similar removal processes, include oxidative precipitation (Bruland & Lohan, 2003), scav-
enging (Bruland & Lohan, 2003; J. Wu et al., 2001), and biological uptake (Bruland et al., 1991; Sunda, 2012),
though the biological uptake stoichiometry varies significantly between Fe and Mn (Twining & Baines, 2013).
The similarities in the biogeochemical cycling of Fe and Mn enable comparisons of their fluxes and distributions,
particularly in shelf environments where their coupled enrichment can be used as indicators of a common source
flux (Colombo et al., 2020; Hatta et al., 2015; Jensen et al., 2020; Landing & Bruland, 1987; Sedwick et al., 2000).
Comparative analysis of Fe and Mn is a powerful approach for identifying dominant sources, constraining
removal processes, and understanding trace element behavior in dynamic shelf and slope environments. Despite
their similar external sources, the relative contributions and chemical speciation of these sources, coupled with the
differing reactivity of these elements, can result in changes in the Fe/Mn stoichiometry in the ocean, causing Fe
and Mn cycling to become uncoupled (Jensen et al., 2020).

The Arctic Ocean is a complex environment dominated by shallow continental shelves (>50% by area)
(Jakobsson, 2002). The interplay between sea ice dynamics, riverine and glacial discharge, and shelf-basin ex-
change creates marked spatial and temporal variability, resulting in generally high concentrations of dissolved Fe
and Mn in the Arctic Ocean and its surrounding shelf seas (Colombo et al., 2020, 2021; Jensen et al., 2020; Kanna
et al., 2025; Klunder, Bauch, et al., 2012; Klunder, Laan, et al., 2012; Rijkenberg et al., 2018). Studies have
previously focussed primarily on the Nansen and Amundsen Basins (Klunder, Bauch, et al., 2012; Klunder, Laan,
et al., 2012; Middag et al., 2011; Rijkenberg et al., 2018), the Canadian Basin and adjacent Chukchi Shelf
(Aguilar-Islas et al., 2013; Jensen et al., 2020; Kondo et al., 2016), and the Laptev and East Siberian Seas (Kanna
etal., 2025). Comparatively, Fe and Mn biogeochemistry in the Barents Sea has received little attention (Gerringa
et al.,, 2021). As one of the most biologically productive sectors of the Arctic Ocean (Carmack & Wass-
mann, 2006; Sakshaug, 1997; Sakshaug & Slagstad, 1991), the Barents Sea plays a disproportionate role in
regional carbon exports, making it a critical region for understanding Fe and Mn dynamics.

In recent decades, the Arctic has been warming up to four times faster than the global average (Rantanen
et al.,, 2022). Concurrently, the advection of warm sub-Arctic Atlantic-origin water into the Arctic Ocean,
Atlantification, has been warming and weakening the stratification of the Barents Sea and proceeding further into
the Eurasian Basin (Lind et al., 2018; Polyakov et al., 2017, 2025). This has been accompanied by a 9% decline in
sea ice concentration per decade (Comiso, 2012), substantial melt of glaciers on the Svalbard archipelago (mass
loss rate of 7 + 4 Gt yr~' during 2000-2019 van Pelt & Frank, 2025), and an 88% increase in primary production
in the Barents Sea, at a rate of 3.73 Tg C year™' (Arrigo & van Dijken, 2015; Arrigo et al., 2008; Lewis
et al., 2020). This transition from an Arctic to an Atlantic system is likely to alter the micronutrient biogeo-
chemistry of the Barents Sea, highlighting the need for improved understanding of Fe and Mn cycling in this
system.

Here, we present concentrations of dFe and dMn from a high-resolution surface transect and depth profiles,
alongside other biogeochemical components, to (a) investigate the distribution of Fe and Mn in the Barents Sea,
(b) elucidate the mechanisms controlling the spatial distributions of these trace elements, and (c) assess the
potential influence of Fe and Mn on phytoplankton productivity, in the Barents Sea. This study provides new
insights into trace element cycling in a rapidly changing Arctic shelf sea.
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Figure 1. Bathymetric map of the Barents Sea, with locations of stations sampled during DY 167 (black dots and numbers). The general circulation of water masses is
shown as solid arrows, with Atlantic Water in red, Arctic Water in blue, and the Norwegian Coastal Current in green. The dashed white line represents the approximate
location of the Polar Front. The seafloor depth is shown by the background color, with major bathymetric features labeled in gray.

2. Study Site

The Barents Sea is a shallow Arctic shelf sea (Figure 1), with an average depth of 230 m, occupying approxi-
mately 10% of the Arctic Ocean's surface area (Loeng, 1991). Despite its limited volume, the Barents Sea acts as a
transition zone between the temperate and sub-polar North Atlantic and the Arctic Ocean (Smedsrud et al., 2013).
The southwestern Barents Sea is a gateway for warm and saline Atlantic Water (AW) entering the Arctic Ocean
(Loeng, 1991), with a net inflow of ~2 Sv through the Barents Sea Opening (Barton et al., 2018; Skagseth, 2008).
Conversely, in the northern Barents Sea there is an influx of cold Arctic Water (ArW) from the central Arctic
Ocean through the opening between Svalbard and Frans Josef Land (Loeng, 1991), along with seasonal sea ice
import (Lind et al., 2016). The convergence of these water masses is marked by the Barents Sea Polar Front
(Figure 1) (Barton et al., 2020; Loeng, 1991; Oziel et al., 2016). The Polar Front is a key site for water mass
transformation with a significant influence on local biogeochemistry (Arthun et al., 2012). The Barents Sea has
complex topography, characterized by shallow banks (~50 m) and deep channels and troughs (up to 500 m),
driving intricate circulation patterns. There is also a large (~190 km long) and deep (~190 m) fjord, Storfjorden,
located along the southeastern coast of Svalbard, which is separated from the Barents Sea by a 120 m-deep sill at
77°N (Vivier et al., 2023) (Figure 1).
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3. Materials and Methods
3.1. Sample Collection

Seawater samples were collected from the Barents Sea in summer 2023 (9 July—12 August), onboard the RRS
Discovery (DY167) (Figure 1). Seawater samples were collected using a titanium rosette fitted with 24 X 10 L
trace metal-clean Teflon-coated Ocean Test Equipment (OTE) bottles and CTD profiler (Sea-Bird Scientific)
deployed on a conducting Kevlar wire. Upon recovery, the OTE bottles were transferred to the shipboard class-
1000 clean laboratory and pressurized (0.6 bar) with compressed air filtered in-line through a 0.2 pm PTFE filter
(Millex-FG 50, Millipore). Subsamples for dissolved trace metals (dTM) were filtered through a 0.2 pm mem-
brane filter (Sartobran 300, Sartious) into 125 mL trace metal-clean low density polyethene (LDPE) bottles and
acidified to pH 1.7 (0.024 M) by addition of 12 M HCI (Romil, UpA) (Lohan et al., 2006). The surface samples
were collected every two hours by a towed “fish” sampler and pumped into the clean laboratory using a Teflon
diaphragm pump (A-15, Almatec) connected by acid-washed PVC tubing. The dTM samples were filtered in-line
and acidified following the same procedure as above.

3.2. Trace Metal Analyses

Two analytical methods were conducted. Samples for dFe were analyzed using flow injection analysis with
chemiluminescence detection (Kunde et al., 2019) inside a class-1000 clean air laboratory onboard the RRS
Discovery. The limit of detection (3¢ of the analytical blank) was 0.03 = 0.01 nmol/kg (n = 21). Accuracy was
established by repeat quantification of dFe in an internal reference standard (ZIPLOC II; 0.29 + 0.05 nM),
yielding an average concentration of 0.24 = 0.03 nmol/kg (n = 15), which agrees with the consensus value.
Samples for dFe and dMn were analyzed using offline pre-concentration and extraction following the manifold
design by Milne et al. (2010) and the extraction chemistry by Rapp et al. (2017), followed by ICP-MS detection, at
the University of Southampton, UK. The limit of detection was 0.07 £ 0.03 nmol/kg for Fe and 0.09 £ 0.02 nmol/
kg for Mn (n = 45). Accuracy was established by repeat quantification of GEOTRACES reference standards
(Table S1 in Supporting Information S1). Methods for the measurement of the auxiliary parameters are described
in Text S1, Table S2 in Supporting Information S1.

4. Results and Discussion
4.1. Hydrography

Water masses were identified from samples collected during this study using optimum multiparameter analysis
(Ilyas et al., 2026). Five principal water masses were identified: Atlantic Water (AW), warm Atlantic Water
(WAW), Arctic Water (ArW), warm Arctic Water (WArW), and Glacial Water (GW) (Figure 2).

Strong north-south hydrographic gradients were observed in the Barents Sea, shaped by the inflow of AW from
the south and ArW from the north, with localized mixing over topographic features. The Polar Front marked the
sharp transition between these water masses, at ~76°N (Figure 2). South of the Polar Front, wAW dominated the
surface layer (<50 m), with AW comprising the underlying the water column (Figure 2a). North of the Polar
Front, the surface layer (<50 m) was characterized by wArW, underlain by ArW in the subsurface water column
(Figure 2a).

Within the Barents Sea, shallow banks and topographic features are sites of elevated tidal mixing and reduced
stratification. Over the Spitsbergen Bank (Station N12), the water column was well mixed, likely due to tidal and
wind-driven mixing (Fer & Drinkwater, 2014) and contained nearly equal mixtures of wAW, ArW, and GW
(Figure 2¢). North of the Spitsbergen Bank, the water within the Storfjordrenna Trough (Station N13) is pre-
dominantly AW, as a result of topographically steered inflow from the West Spitsbergen Current.

In the Storfjorden system along the eastern coast of Svalbard (Station N15 and N16), ArW was the dominant
water mass below ~50 m, consistent with Vivier et al. (2023) (Figure 2c). The upper 30 m of the water column
contained a high fraction of wAW, which was likely advected into the fjord by wind and currents, and mixed with
ArW. The surface water (<5 m) adjacent to the glacier terminus (Station N16) was dominated by a glacial surface
plume, varying between 50% and 100% GW over the sampling period. The GW content of the surface water
remained high 50 km south of the glacier terminus in Storfjorden but had declined substantially by Station N15
(<40% GW), with only a 0%—10% GW contribution in surface waters past the Storfjorden sill.
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Figure 2. Section plots of conservative temperature against latitude from south to north along (a) Transect 1 (upper 400 m), (b) Transect 1 (full depth), and (c) Transect 2
(full depth). Station numbers are labeled in black above the transects. See Figure 1 for the location of stations in each transect. White dots show the sampled depths. Solid
black lines represent temperature contours and dashed black lines represent salinity contours. Atlantic Water (AW), warm Atlantic Water (WAW), Arctic Water (ArW),
warm Arctic Water (WArW), and Glacial Water (GW) are labeled in white. The approximate location of the Polar Front is denoted by a gray bar.

4.2. Spatial Variability of Dissolved Fe and Mn in the Barents Sea

Concentrations of dFe and dMn varied by more than two orders of magnitude (Figures 3-5). This wide range in
concentrations demonstrates the strong spatial heterogeneity in the sources and cycling of these trace elements in
a dynamic shelf system and is consistent with the limited number of previously published trace element mea-
surements in the Barents Sea (Klunder, Bauch, et al., 2012; Klunder, Laan, et al., 2012; Rijkenberg et al., 2018).

Concentrations of dFe and dMn in the surface waters of the Barents Sea ranged from 0.04-25.69 to
0.18-102.24 nmol/kg, respectively (Figure 3). Dissolved Fe and Mn exhibit similar spatial distributions, with the
lowest concentrations observed south of the Polar Front in AW (0.04-0.89 and 0.18—4.12 nmol/kg, respectively),
and higher variability north of the Polar Front (0.12-25.69 and 1.13-102.24 nmol/kg, respectively) in wArW.
Three distinct surface hotspots of elevated dFe and dMn were identified. Intermediate concentrations of dFe and
dMn were observed at the sea ice edge (78°N to 79.41°N), ranging from 0.23-1.31 to 3.55-7.33 nmol/kg,
respectively. Elevated concentrations of dFe (3.26-25.69 nmol/kg) and dMn (8.36-15.51 nmol/kg) were
observed on the Spitsbergen Bank. The most pronounced surface enrichment was found within Storfjorden, where
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Figure 3. Surface plots of (a) dFe and (b) dMn in the Barents Sea, with a color bar to show concentration. The approximate
location of the Polar Front is denoted by a white dashed line.

dFe (1.17-3.19 nmol/kg) and dMn (22.44-102.25 nmol/kg) surface concentrations peaked adjacent to a marine-
terminating glacier.

The spatial patterns of dFe and dMn seen at the surface are also found through the water column, with lower
concentrations south of the Polar Front (dFe: 0.07-0.68 nmol/kg; dMn: 0.99-2.25 nmol/kg) and higher variability
values to the north (dFe: 0.32—4.08 nmol/kg; dMn: 1.55-4.09 nmol/kg) in the upper 100 m (Figures 4 and 5).
Although spatially variable, the vertical distributions of dFe and dMn in the Barents Sea displayed a similar shape,
with lower concentrations in the upper water column (dFe: 0.07-4.08 nmol/kg; dMn: 0.99-4.84 nmol/kg),
increasing with depth and peaking in the bottom waters (dFe: 0.89-10.71 nmol/kg; dMn: 0.29-33.61 nmol/kg)
(Figures 4 and 5). Notably, concentrations of dFe and dMn were higher in the bottom waters on the shallow shelf
(dFe: 1.05-10.71 nmol/kg; dMn: 1.00-33.61) compared to the deep Norwegian Basin (Station NOI1, dFe:
0.89 nmol/kg; dMn: 0.30 nmol/kg) and the shelf slope (Station NO2, dFe: 1.02 nmol/kg; dMn: 0.58 nmol/kg)
(Figure 4). On the Spitsbergen Bank (Station N12), dFe and dMn concentrations were elevated throughout the
entire water column, ranging from 6.65-13.27 to 13.25-16.22 nmol/kg, respectively (Figure 5). In Storfjorden,
vertical concentrations of dFe and dMn were consistently high at the station closest to the glacier terminus, Station
N16 (dFe: 1.87-2.84 nmol/kg; dMn: 29.28-189.20 nmol/kg) (Figure 5). Away from the glacier (Station N15),
dFe and dMn concentrations decreased but remained elevated (dFe: 1.32-2.60 nmol/kg; dMn: 1.75-15.70 nmol/
kg), relative to waters outside the fjord. The spatial distribution of dFe and dMn reflects the complex interplay of
inputs, transport and biological uptake in controlling the biogeochemical cycling of these trace elements in the
Barents Sea.

4.3. Sedimentary Inputs

The highest concentrations of dFe and dMn in the water column were typically found in the bottom waters of the
Barents Sea shelf (dFe: 0.89-10.71 nmol/kg; dMn: 0.29-33.61 nmol/kg) (Figures 4a, 4b, 5a, and 5b), suggesting
that shelf sediments are a significant source. Sedimentary inputs have been found to be a large source of trace
elements in other Arctic shelf seas, with evidence of their lateral transport into the central Arctic Basin (Colombo
et al., 2020, 2021; Klunder, Laan, et al., 2012).

These inputs can occur from the resuspension of sediments and/or from the reductive-dissolution of solid phases
during porewater diagenesis. To distinguish sediment resuspension from pore water diagenetic fluxes, we
employed the quasi-conservative tracer N* (N* = 0.87 x ([NO;™] — 16[PO,*7]) pmol/L; Gruber & Sar-
miento, 1997), where strongly negative values indicate denitrification and reducing conditions within sediments.
N* is an ideal tracer of porewater diagenesis in this region, as water column denitrification in the Barents Sea is
unlikely due to high water column oxygen concentrations. Thus, the low N* values are attributed to processes
occurring within porewaters. Dissolved Fe and Mn concentrations from the deepest samples exhibit a strong
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Figure 4. Section plots of (a, b) dFe, (c, d) dMn, and (e, f) beam transmission against latitude along Transect 1. Panels (a), (c), and (e¢) show full-depth profiles at Stations
NOL1 (oft-slope) and NO2 (slope). Panels (b), (d), and (f) show the upper 400 m along the full transect (Stations NO1-N09), to highlight the-to-basin gradient. Station
number is indicated at the top of the plot. Each pair of plots shares the same color bar. White dots show sample depths at each station. The approximate location of the
Polar Front is denoted by a gray bar. White contours indicate equidistant concentrations in plots (a)—(d). White contours indicate equidistant transmission intervals in

plots (e) and (f).

inverse relationship with N* (dFe: r = —0.70, r* = 0.49, p = 0.004; dMn: r = —0.86, > = 0.74,p = 4.0 x 107),
with negative values of N* (—0.74 to —2.97 pmol/L) found at all locations (Figure 6), indicating the presence of a
diagenetic porewater source. However, in stronger reducing conditions in the Arctic Ocean, N* was more
negative, such as through the Bering Strait and on the eastern Chukchi Shelf, where N* was as high as —15
(Colombo et al., 2020, 2022; Jensen et al., 2020; Kanna et al., 2025). Investigations of sediment mixing and
oxygen penetration depth of Barents Sea surface sediments show that at least the top 1 cm is homogenized through
biological and/or physical mixing, and the oxygen penetration depth is >1 cm in most locations (Faust
et al., 2020), making strongly reducing conditions in the upper sediment porewaters unlikely to occur. These
results suggest that while porewater diagenesis contributes to elevated Fe and Mn concentrations, it is not the
dominant source. Instead, desorption/dissolution during sediment resuspension appears to be the primary source
of dFe and dMn in the bottom waters of the Barents Sea. Our transects pass across Spitsbergen Bank (Station
N12), which has been found to have near-bottom mixing, driven mainly by strong near-bottom currents induced
by tidal stirring together with tidal straining interacting with the complex topography of the Barents Sea (Fer &
Drinkwater, 2014). The strong density gradients across the Spitsbergen Bank Polar Front have been found to
produce a south-westward along-front jet (0.1-0.2 m s~ ") between the 150 and 250 m isobaths that would tend to
advect resuspended sediments along the slope of the bank around N6 and N12 (Vége et al., 2014), acting as a
source of dFe and dMn.
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While both dFe and dMn were enriched in the bottom waters of the Barents Sea from porewater diagenesis and
sediment resuspension fluxes, dMn concentrations were significantly higher than dFe at almost all locations. This
is likely because dFe is rapidly oxidized and reprecipitated as insoluble Fe(III) in the presence of oxygen, with a
half-life on the order of minutes, even in cold seawater (Jensen et al., 2020; Millero et al., 1987; Sarthou
et al., 2011). Conversely, dMn oxidizes much more slowly in the presence of oxygen (von Langen et al., 1997;
Yeats & Strain, 1990), with oxidation occurring over days to weeks in seawater (Jensen et al., 2020).

Sediment enrichment of dFe and dMn decrease from the shelf to the deep basin along Transect 1 (Stations NOS5,
NO04, NO3 on the shelf; NO2 on the slope; NO1 off-slope). On the shelf, bottom water concentrations were higher
(dFe: 1.05-11.44 nmol/kg; dMn: 1.00-33.61 nmol/kg), with enrichment extending tens of meters into the water
column, whereas dFe and dMn on the shelf slope (dFe: 1.02 nmol/kg; dMn: 0.58 nmol/kg) and off-shelf (dFe:
0.89 nmol/kg; dMn: 0.30 nmol/kg) were lower, with enrichment observed near sediments only. This contrast
highlights the importance of sedimentary sources on the shallow shelf, where sediment resuspension and
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diagenetic-release contribute to the inventories of dFe and dMn. However, even on the shelf, enrichment of dFe
and dMn is restricted to deeper waters (>250 m) (Figures 4 and 5), indicating limited vertical transport. Only at a
shallow bank station (N12; depth ~50 m) do these sedimentary inputs of Fe and Mn extend to the surface. Tidal
and wind-driven mixing is able to overcome the stratification induced by fresh melt water and solar heating (Fer &
Drinkwater, 2014), resulting in sustained sediment resuspension and year-round vertical mixing.

4.4. Glacial Inputs

Glacial meltwaters are significant regional sources of dissolved trace elements to the polar oceans, with glacial Fe
concentrations typically much higher than those in ambient seawater (Aciego et al., 2015; Bhatia et al., 2013;
Jones et al., 2025). Although less is known about glacial Mn concentrations, elevated Mn concentrations in glacial
meltwaters have also been reported in the Gulf of Alaska, with concentrations of 33-61 nmol/kg (Michael
et al., 2023). In this study, the eastern coast of Svalbard is dominated by marine-terminating glaciers (Blaszczyk
et al., 2009), providing a direct pathway for glacial meltwater to enter coastal waters. Accordingly, the con-
centrations of dFe and dMn are highly enriched in the surface waters (dFe: 1.17-3.19 nmol/kg; dMn:
22.44-102.25 nmol/kg) and throughout the water column (dFe: 1.87-2.85 nmol/kg; dMn: 29.28-189.20 nmol/kg)
close to the glacier terminus in Storfjorden (Figure 3).

River runoff into the Barents Sea is very limited, with most rivers draining into isolated fjords instead (Faust
et al., 2020), and the large outflows from the major Siberian and North American rivers exiting the Arctic via the
west side of Fram Strait and the Canadian Arctic Archipelago. Consequently, the meteoric water fraction (f;,.,)
measured from the 8'80 is interpreted as primarily reflecting glacial freshwater inputs, especially close to
Svalbard. The surface samples, along the eastern coast of Svalbard (Figure S1 in Supporting Information S1),
show a strong positive relationship between dFe, dMn and f,., (dFe: r = 0.84, #* = 0.70, p = 3.1 x 107%; dMn:
r=0.86, » = 0.75, p = 3.0 x 10~°; Figures 7a and 7b), indicating that runoff is a significant source of dFe and
dMn to the surface of the Barents Sea in close proximity to glaciers.

The water column in close proximity (~0.5 km) to the glacier (Station N16) shows clear enrichment of dFe and
dMn (Figure 5). Marine terminating glaciers often discharge sediment-laden subglacial meltwater at depths of
several hundred meters, which upwells along the calving front, entraining ambient fjord water, to form a buoyant
plume, that may either reach the surface or achieve neutral buoyancy within the fjord subsurface before spreading
laterally (Kanna et al., 2018, 2020; Mankoff et al., 2016; Motyka et al., 2013). The suspended particles within
these plumes represent a dynamic, labile pool of trace elements which can act as either a source or sink of dis-
solved trace elements via reversible exchange, thereby buffering dissolved concentrations in the surrounding
water column, depending on the ambient conditions (Annett et al., 2015; Lippiatt et al., 2010; Zhang et al., 2015).
Concurrent with dFe and dMn enrichment, beam transmission was low (87%-95%) at Station N16. This negative
correlation (dFe: r = —0.84, p = 0.02, * = 0.70; dMn: r = —0.95, p = 0.001, * = 0.90) demonstrates that
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coefficient of determination (+%) displayed on the plot. For location of 8'%0 surface samples see Figure S1 in Supporting
Information S1.

subglacial discharge is a significant source of dissolved Fe and Mn in waters adjacent to marine-terminating
glaciers in the Barents Sea.

Despite co-enrichment of Fe and Mn, dMn concentrations (22.44-189.20 nmol/kg) were consistently much
higher than those of dFe (1.17-3.19 nmol/kg) at the surface and throughout the water column at the glacier
terminus. These differences arise from the differing redox behavior and reactivity of Fe and Mn during the
mixing of subglacial meltwater with oxygenated seawater (Zhu et al., 2024). Suspended particles within the
subglacial discharge plume can continue to interact with the dissolved trace element pool through processes such
as desorption, dissolution, scavenging, and precipitation (Jeandel & Oelkers, 2015; Jones et al., 2012, 2014;
Michael et al., 2023; Pearce et al., 2013; Raiswell et al., 2016). These interactions are strongly influenced by
water column conditions (e.g., salinity, temperature, pH, organic ligands) and by the mineralogy, surface area,
and reactivity of the suspended particles (Boyd & Ellwood, 2010). Using dFe and dMn, in conjunction with the
labile particulate (LpFe and LpMn) concentrations, we found that LpFe concentrations were substantially higher
(11.65-39.69 nmol/kg), than dFe at Station N16 (Table S3 in Supporting Information S1), indicating that Fe was
predominantly present as reactive Fe oxides, with dFe subject to rapid precipitation upon mixing with seawater
(Millero et al., 1987). In contrast, LpMn concentrations (9.49-24.16 nmol/kg) were less than the dMn pool
(Table S3 in Supporting Information S1), suggesting that Mn is predominantly present in the dissolved form as
dMn is oxidized more slowly upon mixing with oxygenated seawater, resulting in an accumulation of dMn.
Similar trends of excess dMn have been observed in situ in West Greenland (van Genuchten et al., 2022) and in
incubation experiments with Arctic fjord sediments, which found that dMn increased and exceeded dFe con-
centrations within a few hours, despite much lower abundances of LpMn (Zhu et al., 2024).

While glacial meltwater contributes only a small fraction of dissolved Fe and Mn globally, it can represent an
important source for regional Fe and Mn inventories (Hawkings et al., 2020; Kanna et al., 2020; Raiswell
et al., 2006; Wehrmann et al., 2014). To assess the significance of these glacial inputs of dFe and dMn to the
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Barents Sea inventory, we investigated the offshore transport of dFe and dMn away from their glacial inputs. Both
dFe and dMn in the surface waters of the fjord exhibited similar distribution patterns of decreasing concentrations
moving away from the glacier terminus (Figure 3). We observed a strong negative linear correlation between dFe
(r=-0.82,p =24 x10"%, /% = 0.68), dMn (r = —0.84, p = 4.5 x 10'°, /* = 0.72) and salinity (Figures 7c and
7d). Rapid coagulation and flocculation of dissolved Fe and Mn during estuarine mixing results in substantial
removal at low salinities, as widely observed in estuaries and glacier systems, resulting in non-conservative
macronutrient-salinity relationships (Hopwood et al., 2016, 2017; Kanna et al., 2020; Krause et al., 2021;
Schroth et al., 2014; van Genuchten et al., 2021). Our results suggest that the exponential removal processes that
occur at low salinity have already occurred upstream of the sampling site, closer to the glacier terminus, and the
linear relationship observed in this study indicates that the distribution of the remaining dFe and dMn is controlled
by the dilution of meteoric inputs of Fe and Mn. This process has not been observed in many other fjord systems
(Shen et al., 2024). However, variability in the strength of this correlation with salinity indicates that dFe is more
susceptible to non-conservative removal processes within the fjord, whereas dMn has greater retention within the
surface waters due to photoreduction (Sunda & Huntsman, 1988) and its lower susceptibility to scavenging
(Bruland & Lohan, 2003; Landing & Bruland, 1987).

At the fjord sill, surface water dFe (0.45 nmol/kg) declined back to ambient concentrations (defined here as the
average dFe and dMn concentrations in surface wArW away from inputs; 0.42 = 0.21 and 3.13 + 1.13 nmol/kg,
respectively). This suggests that glacially derived dFe was largely removed from surface waters before reaching
the sill, via scavenging and biological uptake. In contrast, surface dMn concentrations at the fjord sill remained
elevated (6.62 nmol/kg) relative to ambient values, consistent with the longer residence time of Mn in surface
waters (Bruland et al., 1994; Landing & Bruland, 1987). Further evidence of minimal net export of dFe and dMn
is observed deeper in the water column (Figure 5), where concentrations remain elevated away from the glacier
(Station N15) but decline to ambient levels south of the sill (~77°N). While biogeochemical processes are likely
the dominant mechanism for Fe and Mn removal within Storfjorden, the fjord sill may also act as a physical
barrier, due to limited deep water export (Vivier et al., 2023), thus retaining or recirculating any remaining
subsurface glacial inputs within the fjord. Meanwhile, surface waters enriched in Fe and Mn likely exit the fjord
via the coastal current that curves westward around Svalbard toward the Fram Strait. However, this potential
export in the surface current remains unclear, as no sampling was conducted along this potential export pathway.

4.5. Sea Ice Melt

The melting of seasonal sea ice results in the enrichment of dFe and dMn in high-latitude waters (Aguilar-Islas
et al., 2008; Kanna et al., 2025; Lannuzel et al., 2007; Tovar-Sanchez et al., 2010). Previous studies have reported
dFe of 2.92-376 nmol/kg (Aguilar-Islas et al., 2008) in Arctic sea ice, highlighting sea ice melt melting as a
potentially significant source of dFe (Kanna et al., 2014; Measures, 1999; Tovar-Sanchez et al., 2010). Little is
known about Mn in Arctic sea ice, though moderate concentrations of dMn have been observed therein
(5.3 + 3.3 nmol/kg; Kanna et al., 2025). During this study, dFe in the surface waters at the sea ice edge was highly
variable (0.23-1.32 nmol/kg; Figure 3a), with some enrichment observed. Surface water dMn was enriched
(3.43-7.33 nmol/kg; Figure 3b) at the ice edge, similar to the dMn sea ice endmember value reported by Kanna
et al. (2025) in the Laptev Sea. The concentrations of dFe and dMn observed at the sea ice edge indicate localized
inputs from melting sea ice during the sampling period, although this enrichment was not observed ubiquitously
along the ice edge.

At the sea ice influenced stations (NO8 and N09), we assessed the relationship between dFe and dMn concen-
trations, and the sea ice meltwater contribution (f;,,) (Figure 8), to determine the inputs from sea ice to the
Barents Sea. The small fraction of sea ice meltwater present (<4%) does not show a clear correlation with the
concentration of dFe (r = —0.40, p = 0.18, = 0.16) or dMn (r =0.30, p = 0.32, = 0.09) (Figure 8). The poor
correlations of dFe and dMn with f;;,,, through the water column, coupled with the patchy enrichment of dFe and
dMn at the surface ice edge, is likely due to an interplay of dynamic processes. Samples were collected in August,
after the onset of seasonal sea ice melt, and therefore did not capture the early stages of sea ice melt. Lannuzel
et al. (2008) reported that approximately 70% of dFe within sea ice was released to the underlying surface
seawater within the first 10 days of melt during a time-series experiment in the Weddell Sea pack ice. Addi-
tionally, in the northern Barents Sea, the spring blooms typically occur between April and July, coinciding with
the time when sea ice melts (Lee et al., 2015). Thus, it is likely that much of the dFe and dMn within the sea ice
was released to the surface seawater during the initial melt period, and these inputs were subsequently removed
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Figure 8. Scatter plots of (a) dFe and (b) dMn against the percentage of sea ice melt (f;,,) present at Stations NO8 and N09.
The solid line shows the linear regression fit, with the regression equation and coefficient of determination (+%) displayed on
the plot.

from the surface seawater through biological uptake and scavenging prior to sampling. Below the surface mixed
layer, the bank (reaching 150 m isobath at station N10) enhances tidal current induced sediment resuspension,
which provides an additional source of dFe and dMn to the water column below 50 m (Figure 4). Consequently,
the elevated concentrations of dFe and dMn in the meltwater-influenced water column cannot be attributed solely
to sea ice fluxes. Together, these observations suggest that sea ice meltwater was not a major contributor to the
distributions of dFe and dMn in this region at the time of sampling, relative to other sources identified in this
study, but may have been significant during the initial melt phase in spring.

The input of dFe and dMn from sea ice appears highly localized to the immediate ice edge (Figure 3). Elevated
concentrations were confined to the northernmost surface samples (above 78.4°N). Away from the ice edge
(77.2°N to 78.4°N), surface water concentrations of dFe and dMn are much lower (dFe: 0.26-0.63 nmol/kg; dMn:
3.43-4.41 nmol/kg), indicating that there is little lateral transport of dFe and dMn away from the ice edge.

4.6. The Role of Biological Uptake in the Spatial Distribution of Dissolved Fe and Mn

The Barents Sea is one of the most biologically productive shelf seas in the world's oceans, with an estimated
average annual primary productivity of ~100 g C m™2 year™' (Dalpadado et al., 2014; Reigstad et al., 2011).
Given that dFe and dMn are essential for primary production (Bruland & Lohan, 2003; Morel & Price, 2003),
biological uptake is likely a major control on the spatial distribution of these trace elements in the Barents Sea.

In the seasonally ice-covered northern Barents Sea, primary productivity was 1,227 + 112 mg C m~> d™' in-
tegrated over the top 57 m across the Polar stations (Figure 1, stations north of the Polar Front), indicating that
primary productivity is ongoing in the surface chlorophyll maximum, depleting residual sea ice melt-derived dFe
and dMn. Thus, sea ice melt acts as a seasonal source of dFe and dMn to surface waters, creating a dynamic
interplay between episodic trace element inputs and seasonal biological uptake.

In contrast, the AW-influenced southwestern Barents Sea had much higher rates of primary production
(2,200 = 222 mg C m2d! integrated over the top 51 m across stations south of the Polar Front), as primary
production in this region accounts for ~53% of total annual primary productivity in the Barents Sea (Arrigo & van
Dijken, 2015; Castro de la Guardia et al., 2023). Correspondingly, dFe and dMn were significantly depleted in the
surface ocean in this region (Figure 3). Dissolved Mn concentrations were not depleted to the same extent as dFe
(Figure 3), as surface dMn is replenished through the photoreduction of Mn(IlI/IV) oxides (MnOx) and main-
tained by the photoinhibition of microbially mediated Mn(II) oxidation to MnOx (Sunda & Huntsman, 1988).
Additionally, cellular demand for Mn in phytoplankton is lower (Raven et al., 1999). Thus, despite measurable
dMn depletion, Mn-limitation is unlikely in this region. In contrast, dFe was severely depleted (0.08—0.18 nmol/
kg). This indicates the potential for Fe-limitation on primary productivity occurring in the southwestern
Barents Sea.
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Figure 9. Section plot of Fe* under (a) scenario 1: high phytoplankton Fe requirements and (b) scenario 2: low phytoplankton Fe requirements, along Transect 1 in the
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gray bar. The solid black contour indicates where Fe* equals 0.

To assess whether Fe is limiting phytoplankton productivity in the southwestern Barents Sea, we employed the
tracer Fe* (Fe* = [dFe] — (Fe:GLnut) X [GLnut], where (Fe:GLnut) is the average biological uptake ratio of Fe
over the growth-limiting macronutrient, nitrate) (Text S2 in Supporting Information S1). Fe* <0 nmol/kg in-
dicates potential Fe-limitation as dFe will be depleted before nitrate. As there is no available information on the
nutrient uptake ratios of Arctic phytoplankton, we use the two Fe:N phytoplankton uptake scenarios defined by
Rijkenberg et al. (2018), where scenario 1 has high Fe requirements by phytoplankton, and scenario 2 has lower
Fe requirements, assuming Arctic phytoplankton have an Fe:N uptake ratio somewhere in between (Text S2 in
Supporting Information S1). We found potentially Fe-limiting waters between 20 and 100 m at Stations NO1 and
NO3 under scenario 1 (Figure 9a). This area of potential Fe-limitation coincides with the very low dFe con-
centrations (Figure 3). Elsewhere in the Atlantic sector, Fe* was close to zero (<0.3) in the upper 150 m under
scenario 1 (Stations N02, NO4, and NO5), and in the upper 100 m of Stations NO1-NO5 under scenario 2 (Figure
9b). These low Fe* values indicate that, while not at limiting levels, dFe was low at the time of sampling in these
areas, which suggests potential Fe-limitation may develop later in the summer bloom period, as dFe is further
depleted. Sampling later in the growing season (mid-August to mid-October), Rijkenberg et al. (2018) also found
potential Fe-limitation under Fe* scenario 1 along a north—south transect across the Bear Island Trough, inter-
secting Station NO4 from this study.

Nitrate is considered to be the primary limiting nutrient in much of the Arctic Ocean, including the Barents Sea,
declining to low concentrations following the spring bloom as strong stratification inhibits nutrient resupply from
deep water and lateral nitrate supply from central Arctic waters is low (Krisch et al., 2020; Mills et al., 2018;
Taylor et al., 2013; Tuerena et al., 2021). Consistent with this, we observed low concentrations of nitrate
(0.01-3.22 pmol/L) across the surface of the Barents Sea (Figure S3 in Supporting Information S1). Thus,
productivity in the southwestern Barents Sea is more likely governed by Fe-N co-limitation. A similar nutrient co-
limitation regime has been observed in the neighboring Fram Strait, where nitrate is the primary limiting nutrient,
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with conditions approaching secondary Fe-limitation (Krisch et al., 2020). This potential Fe-limitation is more
akin to the limitation patterns of the high latitude North Atlantic, where several studies have found seasonal Fe-
limitation (Achterberg et al., 2018; Birchill et al., 2019; Ryan-Keogh et al., 2013).

The potential for some form of seasonal Fe and N co-limiting regime in the southwestern Barents Sea is influ-
enced by the region's limited access to external Fe and N sources. Isolated from the highly localized external Fe
inputs elucidated in this study, the southwestern Barents Sea relies on entrainment during the wintertime deep-
ening of the mixed layer depth (MLD) to replenish dFe in the surface waters (Rigby et al., 2020; Tagliabue
et al., 2014). A key control on the vertical supply of dFe to the mixed layer is the strength and depth of the
ferricline (depth at which the change in dFe concentration with depth is greatest), relative to the winter MLD
(Tagliabue et al., 2014). When the ferricline lies below the winter MLD, Fe inputs are limited, whereas a shallow
ferricline enhances resupply. Based on our dFe observations, we calculated the depth of the ferricline relative to
the winter MLD along the Atlantic sector of Transect 1 (Stations NO1-N06) (Table S4 in Supporting Informa-
tion S1). In the Barents Sea, the average winter MLD is ~168 m (Peralta-Ferriz & Woodgate, 2015), while off-
shelf in the AW of the Norwegian Sea it typically deepens to 210-250 m (Baggien et al., 2012). Off the shelf
(Stations NO1 and NO2), the ferricline was considerably deeper than the winter MLD (826 and 350 m, respec-
tively), consistent with patterns typically observed in open-ocean environments (Tagliabue et al., 2014). On the
shelf, the ferricline (NO3: 125 m; N04 150 m; NO5 115 m) was positioned close to the winter MLD. Given the
uncertainties in both ferricline and MLD calculations, the ferricline at these stations may even extend below the
winter MLD. The depth of the ferricline relative to the winter MLD at these stations likely restricts vertical winter
resupply of dFe, driving the near-zero to negative Fe* values observed in this study (Figure 9). In the high latitude
North Atlantic Icelandic Basin, Birchill et al. (2019) identified seasonal Fe-limitation, driven by weak vertical
resupply and limited lateral transport of shelf-derived Fe to the surface waters. The emergence of similar con-
ditions in our study indicates a shift in the southwestern Barents Sea from a typical Arctic N-limited regime
toward an Atlantic-like seasonally Fe or Fe-N co-limited regime. This shift is likely driven by Atlantification of
the Barents Sea, where increased inflow of Fe-poor AW, increasing salinity, and surface temperatures result in
stronger summer surface stratification (Hordoir et al., 2022) and decreased vertical supply of nutrients (Mousing
et al., 2023; Vancoppenolle et al., 2013).

S. Future Implications

Continued Arctic warming is projected to enhance the northward ingress of AW into the Barents Sea (Arthun
etal., 2025; Polyakov et al., 2025), with coupled climate model simulations indicating that the region may become
ice-free for the entire year toward the end of the century (Arthun et al., 2021). Concurrent with this transition,
models predict the largest increases in primary productivity in the northern Barents Sea (Arthun et al., 2025; Bopp
et al., 2013; Kwiatkowski et al., 2020; Vancoppenolle et al., 2013), due to greater penetration of light into the
upper ocean following sea ice reduction, combined with weakened stratification and deepening of the mixed-
layer, that facilitates the upward advection of nutrient-rich AW (Fransner et al., 2023; Noh et al., 2024; Ran-
delhoff et al., 2018). Together, these changes are expected to alleviate limitations in temperature, light avail-
ability, and macronutrient supply, to sustain enhanced primary production in the northern Barents Sea (Noh
et al., 2024). However, substantial uncertainties remain regarding changes in the biogeochemical cycling of Fe
and Mn. An important uncertainty is the loss of dFe and dMn inputs from sea ice. Although our results show that
sea ice melt was a minor source of dFe and dMn to the surface waters of the northern Barents Sea at the time of
sampling, other studies suggest that sea ice melt can supply Fe and Mn at the initial melt period but subsequently
dilutes concentrations of Fe and Mn in the surface ocean (Marsay et al., 2017). However, the loss of sea ice in the
northern Barents Sea would remove any inputs of Fe and Mn associated with melt, which could potentially limit
future productivity. However, the reduction in Fe and Mn supplied by sea ice may be offset by increased inputs
from continental margin sediments, driven by enhanced shelf—water interactions as sea ice cover declines (Tessin
et al., 2020). In addition, accelerating glacial melt is expected to increase the supply of nutrients, including Fe and
Mn, to the surrounding waters (Meire et al., 2017). However, in Storfjorden, these inputs will be largely confined
to the fjord system, where limited exchange restricts transport of Fe and Mn to the wider Barents Sea. As a result,
the contribution of these increased inputs to basin-scale primary productivity may be limited. In the southern
Barents Sea, increasing surface temperatures will lead to more intense surface stratification, with the MLD
decreasing by 17 + 31 m year-round (Arthun et al., 2025). The shoaling of the MLD will further decrease the
vertical supply of nutrients (Mousing et al., 2023; Vancoppenolle et al., 2013), including Fe and Mn. Under these
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conditions, Fe or Fe-N co-limitation may become more spatially widespread in the Barents Sea and emerge
earlier in the phytoplankton bloom season. Future Atlantification of the Barents Sea may therefore be charac-
terized by a transition to an Atlantic-like nutrient limitation regime, with a widening imbalance between
increasing biological demand for Fe and Mn, and a reduction in their supply from both external inputs and vertical
fluxes.

6. Conclusions

Using high resolution measurements, this study identified the main external sources of dissolved Fe and Mn in the
Barents Sea. Surface enrichment of dFe and dMn adjacent to freshwater inputs indicate that glacial melt con-
stitutes the predominant source of surface water, with sea ice melt as a minor, seasonally influenced source. In the
subsurface waters, Fe and Mn maxima are strongly associated with a minima in beam transmission, consistent
with inputs from sediment resuspension events to bottom waters. Despite being pronounced, these inputs of dFe
and dMn appear spatially constrained, with little lateral or vertical transport away from the source region.
Moreover, we found high rates of primary productivity which depleted dFe and dMn in the surface waters of the
southwestern Barents Sea, with evidence for seasonal Fe-limitation due to limited vertical resupply of Fe to this
highly productive region. These findings do not align with the N-limited regime typical of the Arctic but are more
similar to the high latitude North Atlantic, where seasonal Fe-limitation has been observed. This suggests that the
southwestern Barents Sea is transitioning to a more Atlantic-like Fe-limited regime as a consequence of
Atlantification. Continued Atlantification will advect Fe-poor AW further north-eastward into the Barents Sea,
simultaneously reducing sea ice inputs of Fe and Mn and increasing biological demand. This may expand Fe-
limitation in the Barents Sea, impacting rates of primary productivity and carbon uptake at a basin-wide scale,
and hence the global climate.
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