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SHELF-BASIN CONNECTIVITY DRIVES 
DISSOLVED Fe AND Mn DISTRIBUTIONS IN 

THE WESTERN ARCTIC OCEAN
A SYNOPTIC VIEW INTO POLAR TRACE METAL CYCLING

SPECIAL ISSUE ON TWENTY YEARS OF GEOTRACES

ABSTRACT. �ere have been many changes over the past few decades in the physical environment 

and ecosystem health of the Arctic Ocean, which is a sentinel of global warming. Bioactive trace metal 

data of important micronutrients for algae across the global ocean, such as iron (Fe) and manganese 

(Mn), are key indicators of biogeochemical change. However, trace metal data in the Arctic have been 

historically sparse and generally con�ned to ice-free regions. In 2015, three major GEOTRACES expe-

ditions sought to resolve trace metal distributions across the Arctic, covering the western, eastern, and 

Canadian Arctic sectors. �e diverse Arctic shelves displayed unique controls on Fe and Mn cycling 

due to di�ering chemical, biological, and physical properties. Here, we contrast the shallow, reducing 

Chukchi Shelf in the western Arctic with the tidally forced, advective Canadian Arctic and the deeper, 

less productive Barents Shelf in the eastern Arctic. Reductive dissolution and physical resuspension 

both proved to be large sources of Fe and Mn to the Arctic and the North Atlantic out�ow. In the iso-

lated intermediate and deep waters, one-dimensional scavenging in the western and eastern Arctic 

contrasts with vertical biological signals in Ba�n Bay and the Labrador Sea. 
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INTRODUCTION

In 1979, the interdisciplinary Lomonosov 

Ridge Experiment (LOREX79) set up 

camp on ice �oes near the North Pole, 

allowing them to dri� with the ice across 

the central Arctic. By drilling holes in 

the ice, clean Go-Flo bottles (coated in 

Te�on, with no inner spring mecha-

nism) could be lowered via stainless steel 

cables to collect water at various points 

in the water column. While painstaking, 

this methodology yielded a singular pro-

�le that included zinc (Zn), cadmium 

(Cd), copper (Cu), and aluminum (Al), 

among other chemical parameters such 

as radionuclides, oxygen isotopes, and 

macronutrients ( Moore, 1981; Moore 

et al., 1983). Other such ice station stud-

ies quickly followed, including the 1980 

Ymer 80 expedition that collected pro�les 

above 84°N for Cd, Cu, nickel (Ni), iron 

(Fe), and Zn (Danielsson and Westerlund, 

1983). By the late 1980s, multiple under- 

ice trace metal pro�les across the four 

major Arctic basins had been collected 

(Yeats, 1988). �ese early studies revealed, 

for the �rst time, the impact that fresh, 

river- derived surface waters, and mixing 

between nutrient- rich Paci�c waters and 

nutrient- poor Atlantic waters, have on 

trace metal distribution.

Over the following decades, ships 

returned to the Arctic to sample water 

and obtained long-term records for 

radiocarbon, atmospheric tracers, oxygen 

isotopes, and macronutrients. However, 

it was not until the early 2000s that high 

resolution (vertically and spatially) trace 

metals were sampled in the central Arctic 

as part of the International Polar Year 

(2007–2008). Trace metal sampling tech-

niques and analytical methods had been 

vastly improved in the interim, lead-

ing to a global boom in trace metal stud-

ies, greatly boosted by the international 

GEOTRACES program. Capitalizing on 

renewed interest in the biogeochemistry 

of the Arctic, GEOTRACES organized 

three cruises in 2015 covering the west-

ern, eastern, and Canadian sectors of the 

Arctic (Figure 1). 

�e Arctic Ocean is particularly vul-

nerable to the e�ects of global warm-

ing; rapidly increasing air and surface 

water temperatures result in melting sea 

ice, increased river discharge, and thaw-

ing permafrost, among other disruptions 

(Frey and McClelland, 2009; Perovich 

and Richter-Menge, 2015; Holmes et al., 

2021). In turn, physical changes to water 

mass movement and structure are occur-

ring, including an increase in surface 

strati�cation and longer periods of ice- 

free “open” waters (Barnhart et al., 2016; 

Nummelin et al., 2016). Changes to nutri-

ent supply, phytoplankton community 

composition, and primary production 

are already underway (Huntington et al., 

2020; Lewis et al., 2020). While ongoing 

monitoring of sea ice extent, thickness, 

water circulation, and variability can be 

done over vast regions and year- round, 

biogeochemical data have been histor-

ically sparse in the Arctic Ocean due to 

environmental and sampling constraints. 

As many physical changes to Arctic cir-

culation are expected to have cascading 

e�ects on biogeochemical �uxes in and 

out of the Arctic (Macdonald et al., 2015; 

Huntington et al., 2020), it is essential to 

gain a comprehensive understanding of 

how Arctic geochemistry is changing.

Understanding the sources and fate 

of trace metals in oceanic ecosystems is 

vitally important, as they are indicators 

of signi�cant biogeochemical processes 

(i.e.,  scavenging, dust deposition, circu-

lation, sediment resuspension) that occur 

throughout the water column (Moore 

and Braucher, 2008; Klunder et al., 2012a; 

John and Conway, 2014; Whitmore et al., 

2020). Bioactive trace metals that are 

essential micronutrients for phytoplank-

ton in the global ocean (e.g.,  Fe, Mn, 

Zn) may limit primary production in 

surface waters or in�uence community 

composition (Morel, 2008; Twining and 

Baines, 2013). Typical sources of trace 

metals to the ocean include rivers, atmo-

spheric deposition, continental margins, 

hydrothermal venting, and recycling 

of organic matter in the water column 

(Bruland et al., 2014). Eleven percent of 

global river discharge takes place in the 

Arctic, and 54% of its surface is underlain 

by extensive continental shelves (Opsahl 

et al., 1999; Jakobsson et al., 2004), mak-

ing it a particularly interesting and 

dynamic area for the study of trace metal 

biogeochemistry. 

�e connection between river water 

input and the large, shallow continen-

tal shelves in the enclosed Arctic has 

already been well documented as a 

bridge between high-latitude terrestrial 

and marine ecosystems (Carmack et  al., 

2015). However, each Arctic shelf pro-

�led by the GEOTRACES program in 

2015 is unique in its physical and bio-

geochemical characteristics. In the west-

ern Arctic, the Chukchi Shelf is heav-

ily in�uenced by Paci�c water �owing 

through the Bering Strait and by sea 

ice formation; the Canadian Arctic 

Archipelago (CAA) is a�ected by fresh-

water input and strong tidal currents; and 

the Barents Shelf in the Eurasian Arctic 

modi�es in�owing North Atlantic waters. 

Although we discuss major �ndings from 

the GEOTRACES program concern-

ing the di�erent physical and chemi-

cal characteristics that in�uence trace 

metal sources and fates in the Arctic, our 

focus here is on dissolved Fe and Mn in 

the western and Canadian Arctic (GN01, 

GN02, GN03 cruises; Figure 1a). 

HYDROGRAPHY

�e Arctic Ocean is an enclosed basin 

with limited points of exchange between 

the Atlantic and Paci�c Oceans. As a 

polar ocean, density and strati�cation are 

determined primarily by salinity, lead-

ing to fresh and cold waters overlying 

warmer and saltier waters (Rudels, 2015). 

Submarine ridges separate the Arctic into 

four major sub-basins: the Canada Basin, 

the Makarov Basin, the Amundsen Basin, 

FACING PAGE. The northern lights (aurora borealis) dance above US Coast Guard Cutter Healy. The 
ship was in the Beaufort Sea, returning from the North Pole, in October 2015 as part of the US Arctic 
GEOTRACES program. Photo credit: Coast Guard Petty O�cer 2nd Class Corey J. Mendenhall
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and the Nansen Basin. �e �rst two are 

part of the “western” Arctic, while the lat-

ter two are in the “eastern” Arctic. Warm, 

saltier (~34.9) Atlantic waters enter the 

eastern Arctic through the Fram Strait 

(sill depth ~2,600 m) and Barents Sea 

Opening (~230 m; Figure 1), connecting 

the Arctic to the North Atlantic via the 

Nordic Seas and the Greenland-Scotland 

Ridge. Arctic waters exit to the North 

Atlantic through the Fram Strait and the 

Davis Strait (~630 m) a�er transiting the 

CAA and Ba�n Bay (Figure 1). Cold, 

fresher (~32.5), nutrient- rich Paci�c 

water enters the Arctic through the 

shallow (~50 m) and narrow (~85 km) 

Bering Strait. �e Arctic also receives 

a large amount of river water discharge 

(~4,300 km3 yr–1; Shiklomanov et al., 

2021) in addition to the fresher Paci�c 

water and freshwater stored in sea ice.

Incoming surface and intermedi-

ate Atlantic waters in the eastern Arctic 

are generally divided into the Polar 

Mixed Layer (PML, depth ~0–80 m, 

S < 31, –1.8 < θ < 1.8°C), the Fram Strait 

Branch (FSB, depth in Eurasian Basin 

~100–700 m, 34.5 < S < 34.85, θ > 0°C), 

and the Barents Sea Branch (BSB, depth 

in Eurasian Basin ~1,000–1,200 m, 

34.85 < S < 34.9, –0.15 < θ < 0°C) 

(Figure 1). �ese surface and interme-

diate waters �ow cyclonically following 

bathymetry and can cross the Lomonosov 

Ridge (~1,870 m), which divides the 

western and eastern Arctic basins (Rudels 

et al., 1994; Woodgate et al., 2001; Schauer 

et al., 2002). In the western Arctic, the FSB 

and BSB are readily traceable by a maxi-

mum in temperature (>0°C) and a min-

imum in dissolved oxygen, respectively 

(Schauer et al., 2002). While the PML is 

formed and maintained by freshwater 

inputs and seasonal sea ice melt, the sub-

surface cold halocline layer present across 

the Arctic is formed by mixing between 

surface and intermediate waters and the 

injection of saline waters modi�ed on the 

shelves (Anderson et al., 2013).

Northward-�owing Paci�c water is 

modi�ed by brine rejection during sea ice 

formation on the shallow Chukchi shelves 

(Aagaard et  al., 1981). Cold, salty water 

is injected into the western Arctic cold 

halocline via eddies and shelf break cur-

rents. �e upper halocline layer (UHL, 

~50–150 m, 31 < S < 33.1, –1.5 < θ < 0.4°C) 

is found primarily in the Canada Basin 

and overlies the eastern Arctic-origin 

lower halocline layer (LHL, ~100–300 m, 

33.1 < S < 34.7, –1.5 < θ < 0.3°C) and the 

FSB (~300–500 m in western Arctic) and 

BSB (~500–1,500 m) below (McLaughlin 

et al., 2004) (Figure 1). �e UHL circula-

tion is primarily cyclonic and is advected 

into the CAA through the M’Clure Strait, 

where it becomes “Arctic Water” (AW, 

−1.6 < θ < 0.8°C and 25.1 < S < 34.8). �ese 

waters mix with Atlantic-origin water in 

Ba�n Bay—West Greenland Intermediate 

Water (WGIW; ~300–800 m; S > 34.2, 

θ > 1.3°C)—that crosses the Davis Strait 

sill from the Labrador Sea (Tang et  al., 

2004; Colombo et  al., 2019). However, 

Ba�n Bay Deep Water (BBDW; S ~ 34.5, 

–1 < θ < 1°C) origins are still under debate 

(Tang et  al., 2004), but they are isolated 

from Atlantic waters.

a b

FIGURE 1. Geographic and hydrographic 
features across the (a) GN01/02/03 and 
(b) GN01/04 sections in the Arctic Ocean 
shown in (c) map (red and green, respec-
tively). Field campaigns took place 
between July and October 2015. Major 
basins, shelves, seas, and hydrographic 
features of interest are labeled by num-
ber on the sections and shown in the 
accompanying numbered legend.

c
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Arctic deep water (generally >1,200 m) 

movement is greatly restricted by ridge 

systems that form each sub-basin: the 

Alpha-Mendeleev Ridge (sill depth 

~2,200 m) in the western Arctic, the 

Lomonosov Ridge, and the Gakkel Ridge 

(~2,500 m) in the eastern Arctic. �e 

Fram Strait (~2,600 m) is the only point 

of deep water exchange in the Arctic; 

thus, the deep water masses are largely 

Atlantic in origin (Rudels, 2015). 

TOWARD A PROCESS‑ORIENTED 

FRAMEWORK EXPLAINING Fe 

AND Mn DISTRIBUTIONS

Shelf-Influenced Trace Metal 

Signature in Western and Canadian 

Arctic Ocean

�e Chukchi Sea is a benthic-dominated 

shelf system: relatively fresh, summer 

sea ice melt and river-in�uenced surface 

waters create a strati�ed water column that 

keeps the post-bloom, late summer/early 

fall reservoir of nutrients and trace metals 

con�ned to the bottom waters (Granger 

et al., 2018). As the water column homog-

enizes in the winter, nutrients are mixed 

throughout the water column and help to 

stimulate production again in the spring 

(Pacini et  al., 2019; Mordy et  al., 2020). 

Pulses of organic carbon-rich export pro-

duction to the sediments create a reduc-

ing environment within surface sediment 

that can stimulate the reductive disso-

lution of important trace metals such as 

Fe, Mn, Zn, Ni, Cu, and Cd, all of which 

are markedly elevated in Chukchi sedi-

ments (Cai et al., 2011; Vieira et al., 2019) 

and overlying bottom waters (Aguilar-

Islas et al., 2013; Jensen et al., 2019, 2020; 

Zhang et  al., 2019; Jensen et  al., 2022). 

As a result, concentrations of dissolved 

trace metals in shelf bottom waters rival 

or exceed Paci�c intermediate water con-

centrations, particularly for dFe and dMn 

(1,200% and 5,800% increase, respec-

tively; Figure 2). �is high dFe and dMn 

signature is then exported to the Canada 

Basin UHL through the Barrow Canyon 

(Aguilar-Islas et  al., 2013). Other met-

als, such as Ni, Zn, and Cd, are indirectly 

solubilized during sediment diagenesis 

(described below) or during remineral-

ization of trace metal-rich cells (Jensen 

et  al., 2019). Freshwater contributes to 

the enhanced concentration of Cu and 

Ga over the Chukchi shelf, (Whitmore 

et  al., 2020; Jensen et  al., 2022) and of 

Fe, Cu, and Ni in the central Arctic, due 

to the river-in�uenced transpolar dri� 

surface current (Charette et  al., 2020), 

while V (Whitmore et al., 2019) and Pb 

(Colombo et al., 2019) are scavenged by 

the large particulate load present over 

this shallow shelf.

During the down-slope journey from 

the Canada Basin to the Labrador Sea 

and the North subarctic Atlantic, the trace 

element signature of the UHL under-

goes further geochemical modi�cations 

while transiting the shallow Canadian 

Arctic Archipelago. �e CAA is a highly 

dynamic environment, consisting of an 

intricate network of islands and channels 

that link the deep Canada Basin to Ba�n 

Bay through the Parry Channel, Nares 

Strait, and Jones Sound (sill depths: ~120, 

220, and 125 m, respectively; Figure 1). 

Large contributions of freshwater inputs 

from small permafrost- underlined rivers 

and sea ice meltwater (Rogalla et  al., 

2022), enhanced sediment resuspen-

sion (Colombo et al., 2021; Rogalla et al., 

2022), and the recirculation and mix-

ing of Paci�c- and Atlantic- derived 

waters (Colombo et  al., 2019) mod-

ulate the distribution of trace metals, 

as well as macronutrients, in the CAA 

(Michel et al., 2015; Colombo et al., 2020; 

Grenier et  al., 2022). However, the rela-

tive in�uence of these processes results 

in marked spatial di�erences between 

the deeper (~500–600 m) and less ener-

getic western CAA and the shallower 

FIGURE 2. Dissolved (a) Fe and (b) Mn concentrations along the combined GN01 and GN02/03 sec-
tions sampled between July and October 2015. Concentrations are represented as both a back-
ground gridded product (weighted-average gridding) and actual measured sample concentrations 
(colored dots) following the same color scale. It is worth noting that the gridding at station BB2 
(labeled) display artificially higher values (e.g., plume at ~1,000 m) than measured samples as this 
is the only deep station (>1,000 m) sampled in Ba�n Bay, which is not part of the same circulation 
pathway as the rest of the gridded transect. The transect (shown in the inset map) begins at station 
61 (GN01) on the Chukchi Shelf and ends at station K1 (GN02) in the Labrador Sea. Stations GN03 
and GN02 in the Canadian Arctic Archipelago (CAA) were chosen to represent the outflow from the 
Arctic into Ba�n Bay (Colombo et al., 2019). Please refer to Figure 1 for more geographic details. 
Note that the y-axis (depth) is stretched to emphasize the surface and subsurface distributions.

a

b
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(~200–400 m) and more energetic east-

ern CAA. For instance, the concentra-

tions of key bioactive trace metals such as 

Mn and Fe were up to 900% lower in the 

western CAA (e.g.,  dFe Min-Max range: 

0.447–1.15 nmol kg–1) than in the east-

ern CAA (e.g., dFe: 2.01–5.13 nmol kg–1; 

Figure 2), where sediment resuspen-

sion is highest; this phenomenon is also 

described for other trace elements as well 

(e.g., V, Al; Colombo et al., 2021). �e spa-

tial distribution of other trace metals, such 

as Ga and Pb, is governed by the advec-

tion of Paci�c-derived halocline water 

imprinting a low dGa and dPb signa-

ture (<10 pmol kg–1) in western CAA and 

along the southern side of Parry Channel, 

whereas Ba�n Bay waters of Atlantic ori-

gin with higher dGa and dPb concentra-

tions recirculates along the northern side 

of Parry Channel (Colombo et al., 2019). 

Similar near-bottom enrichment of 

Fe and Mn has been described for the 

Chukchi Shelf and the CAA, the two main 

gateways of Paci�c-derived waters into 

the Arctic and North Atlantic Oceans, 

respectively. However, the processes, and 

thus the extent of the enrichment and 

advective transport, behind the benthic 

increase in trace metal concentrations 

di�er greatly between these extensive and 

shallow shelf domains. �e primary pro-

duction levels, bathymetry, circulation, 

tidal forcing, and mixing strength in the 

Chukchi Sea and the CAA are anticipated 

to di�erentially in�uence Fe and Mn bio-

geochemistry in these regions. 

In the Chukchi Sea, the rapid vertical 

export of organic material to the benthos 

(Lalande et al., 2021), and the consequen-

tial remineralization, trigger strong sed-

imentary reducing conditions, as evi-

denced by nitrogen isotope ratios and 

N* (([NO3
–] – 16 × [PO4

3–]) × 0.87)— 

a quasi- conservative tracer of denitri�ca-

tion/ nitri�cation dynamics (Brown et al., 

2015; Granger et al., 2018). Under these 

conditions, redox-sensitive elements such 

as Fe and Mn oxides undergo reductive 

dissolution. Consequently, these trace 

metals exhibit a strong negative correla-

tion with N*, where near-bottom waters 

yield the highest dFe and dMn concen-

trations (up to ~20 and 200 nmol kg–1, 

respectively; Figure 2) along with the 

most negative N* values, indicative of 

denitri�cation and reducing conditions 

within sediments (Figure 3). �e rapid 

oxidation kinetics of Fe(II) (Millero et al., 

1987) leads to oxidation and precipita-

tion of the upward-di�using Fe(II) into 

the overlying oxygenated water within 

the shelf domain, yielding a signi�cant 

enrichment of particulate Fe (i.e.,  auth-

igenic oxides, up to ~2,200 nmol kg–1) 

over its crustal abundance, when nor-

malized by particulate Al (Figure 3). �e 

large Fe oxide contributions (up to ~50% 

of total particulate Fe) persist across the 

Chukchi shelf (Figure 3; Jensen et  al., 

2020; Xiang and Lam, 2020). 

�e distributions of Fe and Mn are 

decoupled in the Chukchi Sea (Jensen 

et  al., 2020). Abiotic Mn oxidation is 

kinetically slower and has a higher pH 

range than Fe (Morgan, 2005; Luther, 

2010), and thus, microbes drive Mn oxi-

dation in the ocean (Cowen and Silver, 

FIGURE 3. (a) dFe vs. N* in the Canadian Arctic Archipelago (CAA; black-edged circles and linear regression fit) and the Chukchi 
Shelf (red-edged circles and linear regression fit); dFe and N* data are from Colombo et al. (2020) and Jensen et al. (2020). 
(b) Relationship between pFe versus pAl in the CAA and Chukchi Shelf; note the logarithmic scale of the plot. The black-dashed 
line indicates the average upper continental crustal Fe:Al ratio from Rudnick and Gao (2003). Samples plotting above the crustal 
ratio are assumed to have variable non-lithogenic Fe oxide contributions (i.e., an excess of pFe over its lithogenic contribution). 
Non-lithogenic Fe oxide contributions are indicated by the symbol size; for details about the estimation of the non-lithogenic 
contribution, please refer to Xiang and Lam (2020). Particulate Fe, Al, and non-lithogenic Fe oxide data were retrieved from 
Jensen et al. (2020), Xiang and Lam (2020), and Colombo et al. (2021). All depths (color scale) from stations 3–6, 8, 9, 61, and 66 
in the Chukchi Shelf and CAA1-CAA9 and CB1 in the CAA are included in these plots. 
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1984; Dick et  al., 2006; Hansel, 2017). 

Both the slow abiotic kinetics of Mn(II) 

oxidation and potential photo- reductive 

dissolution of Mn oxides and photo- 

inhibition of Mn-oxidizing microbes 

(Sunda and Huntsman, 1988; Francis 

et al., 2001; Colombo et al., 2023) in the 

shallow Chukchi Shelf hinder oxidative 

processes. Consequently, Chukchi Shelf 

bottom waters are greatly enriched in 

dMn (up to ~200 nmol kg−1), while pMn 

oxides are virtually absent. 

Unlike the Chukchi shelf, the increase 

of Fe and Mn with depth and their near- 

bottom maxima in the shallow CAA shelf 

domain are not likely to be driven by 

strong reductive benthic supply but rather 

by enhanced sediment-water interaction 

and resuspension events (Colombo et al., 

2021). In the CAA, primary production 

levels are high, albeit lower than in the 

Chukchi Sea (Hill et al., 2013); more over, 

the relatively deeper CAA (~200 to 600 m 

vs. Chukchi Shelves ≤50 m) would allow 

for increased water column remineraliza-

tion. �erefore, reduced vertical pulses of 

organic matter in the CAA together with 

strong mixing regimes (Hughes et  al., 

2017) and sediment resuspension events 

(Colombo et al., 2021), which result in the 

oxygenation of the sea�oor, are expected 

to dampen sedimentary redox cycling 

(Lehmann et al., 2022). In fact, more pos-

itive N* values in the CAA are measured 

in near-bottom waters (Figure 3), while 

overlying Paci�c-derived waters carry 

the reducing signature from Chukchi 

sediments. Other lines of evidence that 

point toward a non-reductive dissolu-

tion source of Fe and Mn in the CAA con-

cern the lack of relationship between dFe 

and N* that was observed in the Chukchi 

Shelf. Lastly, the pFe/pAl relationship for 

all the samples in the CAA, unlike the 

Chukchi Shelf, displays near-crustal val-

ues (i.e., dominance of lithogenic contri-

butions and virtual absence of Fe oxides; 

Figure 3). Enhanced shelf-ocean inter-

actions in the CAA are sustained by 

strong tidal �ow, shear instabilities, and 

internal waves breaking over the rough 

topography (Hughes et  al., 2017). �ese 

phenomena lead to an increase of sedi-

ment resuspension events in the central 

sills area and eastern CAA region, favor-

ing the desorption/dissolution of Fe and 

Mn as well as other trace metals, and thus 

explaining the Fe and Mn increase toward 

the bottom (Colombo et al., 2021). 

Paci�c-derived waters transiting the 

shallow shelf domains ventilate the sub-

surface halocline structure and retain 

their geochemical properties (e.g., macro-

nutrients and trace metals) far from the 

shelves into the Arctic Ocean interior 

(Mathis et al., 2007). In the Canada Basin 

and Ba�n Bay, the Fe and Mn signature 

of the subsurface UHL is modi�ed along 

the �ow path, depending on environmen-

tal conditions, oxidation kinetics, ligand 

stabilization, and microbial composition. 

In the Chukchi Sea, large benthic inputs 

of dFe are rapidly removed from the water 

column by authigenic Fe oxide forma-

tion as result of its fast oxidation kinet-

ics under most oceanic water conditions 

(e.g.,  pH and redox potential; Luther, 

2010). Although diminished, authigenic 

precipitation further reduces the dFe sig-

nature in halocline waters in the Canada 

Basin shelf break and slope regions, lead-

ing to a rapid o�shore loss of dFe from 

the shelf domain (~10–20 nmol kg–1; 

Jensen et al., 2020) and shelf break/slope 

areas (~0.8–4.5 nM; Hioki et  al., 2014; 

Kondo et al., 2016; Jensen et al., 2020), to 

~0.7 nmol kg–1 measured in the Canada 

Basin interior (Colombo et  al., 2020; 

Jensen et al., 2020). 

Although the high benthic dMn con-

centration is attenuated across the shelf 

transport into the ocean interior, the rate 

and spatial extent of scavenging removal 

and Mn oxide formation di�er from 

that of Fe. Unlike Fe, most of the dMn 

exported from the Chukchi Shelf domain 

is removed from the water column o�-

shore, with concentrations rapidly drop-

ping to less than ~2 nmol kg−1 in the 

slope and across the entire Canada Basin 

(Kondo et al., 2016; Colombo et al., 2020; 

Jensen et al., 2020). Subsurface halocline 

waters (i.e.,  UHL: ~50–150 m) advected 

from the Chukchi Shelf have favorable 

environmental conditions, such as low 

light intensity, which alleviates bacte-

rial photoinhibition and Mn oxide pho-

toreduction, and high dissolved Mn con-

centrations, which boost Mn-oxidizing 

microbial dynamics and Mn oxidation 

(Colombo et  al., 2023). �e Mn oxide 

peak in halocline waters is a ubiquitous 

feature owing to its slow sinking rate and 

the relatively short time scale circulation 

of this water mass in the Canada Basin 

(<3 years from the slope to the basin inte-

rior; Colombo et  al., 2023). �e rapid 

loss of dMn and the bacterially medi-

ated Mn oxide precipitation over the 

slope and in the ocean interior are indeed 

recorded in the benthos, where sediments 

within the Chukchi shelves are charac-

terized by low and lithogenic-derived 

pMn, transitioning to sediments greatly 

enriched in non-lithogenic Mn (i.e.,  Mn 

oxides) in the slope region (Macdonald 

and Gobeil, 2012). 

Similar processes as those described for 

the Chukchi Shelf and the Canada Basin 

operate in the CAA and Ba�n Bay, where 

the high Fe and Mn out�ow from the 

CAA is advected to the Ba�n Bay interior 

(Colombo et  al., 2023; Colombo et  al., 

2021; Figure 2). However, di�erences in 

the trace metal supply between the CAA 

and the Chukchi Shelf (non- reductive 

vs. reductive dissolution) in�uence the 

degree of Fe and Mn enrichment and 

oxide precipitation in the former region 

(Colombo et al., 2021). Another distinc-

tion between these two shelf-ocean sys-

tems is the extent of o�shore dFe trans-

ported by subsurface halocline waters to 

the ocean interior (a distance over which 

concentrations drop to 1/e of the ini-

tial values; Johnson et al., 1997); it is 5 to 

20 times greater in Ba�n Bay (~1,450 km; 

Colombo et al., 2020) than in the Canada 

and Nansen basins (74–380 km and 

260 km, respectively (Aguilar-Islas et al., 

2013; Jensen et  al., 2020; Klunder et  al., 

2012b). �is discrepancy in dFe o�-

shore transport from the CAA to Ba�n 

Bay may re�ect the increased strength 

of the horizontal advection (i.e.,  current 

direction predominantly parallel to the 



Oceanography | Vol. 37, No. 266

continental slope relative to sampled sta-

tions) and lateral inputs from the Ba�n 

Bay slope, which contrast with the nearly 

perpendicular position of sampled sta-

tion in the Canada and Nansen basins 

with regards to UHL circulation.

�e decoupling of the Fe and Mn 

cycles and the spatially di�erent domi-

nance of oxidative processes (e.g.,  over 

the shelf vs ocean interior) also shape the 

distribution of other trace elements in the 

Arctic Ocean because of the high sorp-

tive nature of oxide phases (Koschinsky 

and Hein, 2003; Tebo et  al., 2004; Hein 

et  al., 2017). For instance, the distribu-

tions of Pb and V (particle reactive ele-

ments) are largely in�uenced by authi-

genic oxide formation; over the Chukchi 

Shelf, dissolved Pb and V concentra-

tions are reduced by their adsorption 

onto Fe oxides, while their particulate 

phases are enriched over their lithogenic 

contributions (Colombo et  al., 2019; 

Whitmore et  al., 2019). Once advected 

to the Canada Basin, the abundant 

authigenic Mn oxides present in sub-

surface halocline waters act as the pri-

mary sorption agents. 

As described for the Chukchi Shelf, the 

Barents shelf is productive, resulting in 

elevated nutrients and trace metals in the 

shelf bottom waters (Middag et al., 2011; 

Gerringa et al., 2021). Data from the 2015 

GEOTRACES GN04 cruise demonstrate 

an enrichment of dZn, dFe, and dMn in 

Barents shelf bottom waters that may be 

incorporated into the FSB, the warm core 

of Atlantic-origin waters, although con-

centrations are lower compared to the 

western Arctic (Gerringa et  al., 2021). 

Unlike the Chukchi, however, the Barents 

shelf is relatively deep (~200–400 m), pre-

venting the full water column convection 

stimulated by sea ice formation and brine 

rejection that exports dense, nutrient-rich 

waters o�-shelf in the Canada Basin. 

Although some cold and salty nutrient- 

rich water may be exported through the 

St. Anna trough in the Barents Sea, it is 

not enough to generate the same nutri-

ent-rich cold halocline seen in the Canada 

Basin basins (Anderson et  al., 2013). 

As a result, the Nansen and Amundsen 

trace metal distributions appear mark-

edly di�erent compared to the Chukchi-

derived Canada and Makarov basin 

distributions (Figure 4).

Fe and Mn in Intermediate Waters 

(~300–1,000 m): Advective 

Transport as a Significant Source of 

Lithogenic-Derived Trace Metals

Below subsurface waters (>200–300 m), 

complex processes (e.g., advective trans-

port, organic matter remineralization, 

scavenging) and ocean ridge systems 

modulate the geochemistry of trace met-

als including Fe and Mn, leading to dis-

tinct distributions across the Eurasian 

Arctic Basin, the Canada Basin, Ba�n 

Bay, and the Labrador Sea (Figure 5). 

Advective transport of dissolved and par-

ticulate trace metals not only is a preem-

inent mechanism shaping their distribu-

tions in surface and subsurface Arctic 

waters (previous section) but also plays a 

signi�cant role below the UHL, given the 

strong topographically stirred boundary 

currents of Atlantic-derived water masses 

entering the Arctic Ocean (Rudels et al., 

1999; Tang et  al., 2004; Aksenov et  al., 

2011). �ese boundary currents entrain 

lithogenic-derived trace elements, due to 

their close interaction with continental 

slope sediments while traveling around 

the rim of the Arctic Ocean, resulting in 

an elevated geochemical signature in the 

ocean interior. However, this source term 

is attenuated and/or increased by co- 

occurring processes, such as scavenging 

and remineralization of organic matter. 

For instance, scavenging removal reduces 

the comparatively high dFe concentra-

tions (~0.5–0.6 nmol kg–1) of the Atlantic 

Layer in Figure 1, FSB and BSB com-

bined) in the eastern Arctic basin, along 

their cyclonic circulation from eastern 

Nansen Basin, to Amundsen Basin, to 

the isolated Makarov Basin, as they move 

away from slope sedimentary sources 

FIGURE 4. Dissolved (a) Fe and (b) Mn concentrations along the combined GN01 and GN04 sec-
tions. Concentrations are represented as both a background gridded product and sample dots fol-
lowing the same color scale. The transect (shown in the inset map) begins at station 61 (GN01) on 
the Chukchi Shelf and ends at station 169 (GN04) in the Barents Sea Opening (Gerringa et al., 2021; 
Jensen et al., 2022). Please refer to Figure 1 for more geographic details. Note that the y-axis (depth) 
is stretched to emphasize the distribution in the surface and subsurface. 

a

b
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(Figure 4; Gerringa et al., 2021; Klunder 

et al., 2012b; Middag et al., 2011). 

Similarly, in the Canada Basin, the spa-

tial and vertical distribution of dFe in the 

Atlantic Layer is largely shaped by the 

competing advective transport of this bio-

active element from shelf-slope sediments 

and scavenging, while the contributions 

of organic matter remineralization and 

release of Fe to the water column are neg-

ligible (Figure 5; Colombo et  al., 2020; 

Jensen et al., 2020). �is is not surprising, 

as primary production and export produc-

tion levels are low compared to those in 

other shelf systems and deep basins (Hill 

et al., 2013; Varela et al., 2013; Colombo 

et al., 2022;). Spatially, dFe concentrations 

in the Canada Basin Atlantic Layer reveal 

clear di�erences between those stations 

directly impacted by the Atlantic Layer 

(0.4–0.5 nmol kg–1) close to the slope 

and those in the Canada Basin interior 

(0.25–0.30 nmol kg–1; Figures 2 and 4). 

�e variable in�uence of entrained sed-

imentary Fe by the Atlantic Layer below 

halocline waters is also seen in pFe, with 

spatial distributions mimicking dFe, and 

by pV and pAl (Colombo et al., 2022). 

Advective transport also controls the 

distributions of Fe in the WGIW in Ba�n 

Bay and in LSW; however, organic mat-

ter remineralization also contributes to 

the dFe pool in these water masses. A 

small, but still signi�cant, di�erence in 

WGIW dFe concentrations is observed 

between the continental slope and sills 

areas (0.9–1.0 nmol kg–1) and the inte-

rior of Ba�n Bay (0.75–0.90 nmol kg–1; 

Figure 2) due to the in�uence of intense 

cyclonic boundary currents closely inter-

acting with the continental margin in the 

former regions (Colombo et  al., 2022; 

Tang et  al., 2004). A similar pattern is 

described for particulate Fe, Al, and V, 

emphasizing the importance of bound-

ary processes that in�uence the distribu-

tions of lithogenic-derived trace metals in 

intermediate-depth waters. 

Ba�n Bay and Labrador Sea waters, 

unlike the Canada Basin, are highly pro-

ductive, sustaining large phytoplankton 

blooms (Lehmann et al., 2019; Varela et al., 

2013), and therefore, the remineralization 

(i.e., microbial degradation) of particulate 

organic matter below the euphotic zone 

represents an additional source term of 

Fe to the dissolved phase. Strong positive 

correlations between dFe concentrations 

and apparent oxygen utilization (a proxy 

of organic matter remineralization extent) 

across the entire WGIW highlights the 

prevalence of this additional source of 

dFe (Colombo et al., 2020). In Ba�n Bay’s 

interior, the in�uence of advective trans-

port and organic matter remineralization 

as source terms of dFe, and other metals, 

is somewhat muted due to increased scav-

enging (Colombo et al., 2020). 

In the Labrador Sea, a key region 

of deep-water formation, the dFe 

and dMn signature of intermedi-

ate waters (i.e.,  Labrador Sea Water, 

~140–2,600 m) is largely shaped by sedi-

ment- water interactions/ boundary trans-

port, and microbial degradation of sink-

ing organic matter (Yashayaev et al., 2007; 

Colombo et  al., 2022), albeit the mag-

nitude of such processes is lesser than 

in Ba�n Bay (Figure 2). Indeed, sed-

imentary inputs appear to be a prev-

alent source term of dFe during the 

Labrador Sea Water southward �ow, 

as the concentrations measured across 

the ~1,500 km transect from the North 

FIGURE 5. Conceptual summary of the key processes shaping dissolved Fe and Mn (dFe and dMn) from the Chukchi Shelf to the Labrador Sea. The 
sizes of label fonts and symbols represent the relative importance of described processes. CS = Chukchi Shelf. CB = Canada Basin. CAA = Canadian 
Arctic Archipelago. BB = Ba�n Bay. LS = Labrador Sea. UHL = Upper Halocline Layer. AL = Atlantic Layer. WGIW = West Greenland Intermediate Water. 
LSDW = Labrador Sea Deep Water. 
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American Continental slope to the 

Bermuda Atlantic Time-series Study 

(BATS) station are higher than those of 

Labrador Sea Water (Fitzsimmons et al., 

2015; Hatta et  al., 2015; Colombo et  al., 

2020). Furthermore, the distinctively 

lighter dFe isotopic signature of this water 

mass along the North American margin 

supports the sediment-water interactions 

thesis, pointing toward non- reductive 

dissolution processes as the plausible 

source of Fe (Conway and John, 2014). 

The Puzzling Behavior of Mn 

An intriguing aspect of Mn biogeo-

chemical cycling emerges in the western 

Arctic Ocean and Ba�n Bay: the advec-

tive contributions of shelf and slope- 

derived lithogenic material and the 

biogenic component— assimilation and 

remineralization of dMn by aquatic pri-

mary producers and microbes—seem to 

be masked by strong oxidative precipi-

tation and dissolution processes. Below 

halocline waters, the prevalent one- 

dimensional vertical dynamic of dMn 

sharply contrasts with that of dFe. Unlike 

dFe, the proportional in�uence of bound-

ary currents does not provide a clear 

explanation for dMn across Atlantic-

derived waters in the Canada Basin 

(~350–1,200 m) and, to a lesser extent, 

in Ba�n Bay (~300–800 m). Distribution 

with depth is consistent between the con-

tinent shelf and slope regions and the 

basin interior (Figures 4 and 5). A similar 

pattern has been described for pMn, with 

nearly uniform concentration across the 

Canada Basin re�ecting little in�uence of 

circumpolar boundary transport beyond 

the shelf domain (Colombo et al., 2022). 

�is singular behavior of Mn in Canada 

Basin and Ba�n Bay intermediate- depth 

waters is hypothesized to be driven by 

the overwhelming dominance of Mn 

oxides and the predominance of sub-

sequent adsorption/ desorption redox 

cycling in these basins, which contrast 

with the much lower contribution of Mn 

oxides and prevalent advective nature 

of dMn (i.e.,  more lithogenic- derived) 

in the LSW (Figure 5).

Fe and Mn in the Deep Waters 

(>>1,200 m): Extended Scavenging 

Removal vs. Advective and 

Hydrothermal Sources

�e geochemistry of dFe and dMn in the 

deep Canada Basin and Ba�n Bay waters 

is largely shaped by their unique topo-

graphical settings, as both are isolated 

from lateral advective processes by com-

plex ridge systems (Figure 5). �e hori-

zontal exchange of water masses at depths 

greater than 1,000–1,500 m is greatly 

restricted by the Alpha-Mendeleev 

Ridge (sill depth along the crest: 

~1,000–2,400 m) and Davis Strait in the 

Canada Basin and Ba�n Bay, respectively, 

which isolate the Canada Basin Deep 

Waters (CBDW) and Ba�n Bay Deep 

Waters (BBDW) from boundary cur-

rents. Consequently, both the CBDW and 

BBDW have long residence times (500 and 

360–690 years, respectively; Tanhua et al., 

2009; Zeidan et  al., 2022). Under these 

conditions, scavenging removal of dFe 

and dMn surpasses potential reminer-

alization sources, resulting in a progres-

sive reduction of their concentrations 

with depth (Figure 2). Low background 

levels are reached in the CBDW (dFe: 

~0.24 nmol kg–1 and dMn: ~0.15 nmol kg–1) 

and BBDW (dFe: ~0.65 nmol kg–1 and 

dMn: ~0.24 nmol kg–1)—not accounting 

for local benthic inputs (Colombo et al., 

2020; Jensen et al., 2020). 

Likewise, scavenging removal also 

controls the distributions of numer-

ous dissolved trace metals (e.g.,  Zn, Cu, 

Ga) in the CBDW, Makarov Basin Deep 

Water (MBDW), and BBDW (McAlister 

and Orians, 2015; Jensen et al., 2022). �is 

general decreasing trend in concentrations 

with depth is attenuated in the Labrador 

Sea deep waters (depth >2,000 m), where 

dFe and dMn (dFe: 0.65–0.81 nmol kg–1 

and dMn: 0.31–0.38 nmol kg–1) never 

reached the low levels of CBDW and 

BBDW (Figure 2). �is behavior is likely 

explained by the much shorter ventila-

tion age (<15 years; Azetsu-Scott et  al., 

2005) of Labrador Sea deep waters, which 

reduces the scavenging removal e�ect, 

and by the potential competing source 

of dFe and dMn along the �ow path of 

this energetic deep water boundary cur-

rent, which interacts with the bathym-

etry (Figure 5; Yashayaev et  al., 2007; 

Colombo et al., 2022).

�e Makarov Basin shares similar 

topographical features to those described 

for the Canada Basin and Ba�n Bay, such 

as being separated from the Canada Basin 

by the Alpha-Mendeleev Ridge and from 

the Amundsen Basin by the Lomonosov 

Ridge, and thus, deep waters in the 

Makarov Basin are old (>400 years old) 

and largely isolated from advective trans-

port (Tanhua et  al., 2009). Considering 

the isolation and old age of MBDW, it 

is not surprising that scavenging has 

been suggested as the main mechanism 

behind the consistently low concentra-

tions of dFe and dMn (Figure 4), as well 

as other trace metals, in these deep waters 

(Middag et  al., 2011; Klunder et  al., 

2012b; Gerringa et al., 2021; Jensen et al., 

2022). In the Nansen and Amundsen 

Basins, di�use inputs of trace metals via 

shelf-slope convection (Roeske et  al., 

2012) and ongoing water exchange with 

the Greenland Sea, along with the hydro-

thermal point source of dFe and dMn at 

the Gakkel Ridge, seem to outcompete 

scavenging in the deep waters, which dis-

play higher concentrations of these ele-

ments compared to other Arctic basins 

(Figures 2 and 4; Middag et  al. 2011; 

Klunder et al. 2012; Gerringa et al. 2021).

CONCLUDING REMARKS 

AND FUTURE WORK:  

Fe AND Mn BIOGEOCHEMISTRY 

IN THE ARCTIC OCEAN AND 

CLIMATE CHANGE 

�e GEOTRACES Arctic Program illu-

minated the complex, and o�en disparate, 

processes that shape the biogeochemistry 

of important micronutrients such as dFe 

and dMn, as well as other trace metals, 

in this unique environment (Figure 5). 

Given the disproportionate in�uence of 

freshwater sources, land-ocean inter-

action, advective transport, and sea ice 

dynamics controlling dFe and dMn distri-

bution in the Arctic Ocean, it is expected 
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that climate change will have profound 

impacts on their cycling. Indeed, the bio-

geochemical response to a rapidly chang-

ing climate is well under way across the 

Arctic. In the western Arctic, changes 

range from the physical to biological, 

with an emphasis on increased primary 

production and shi�ing phytoplankton 

community composition (Li et al., 2009; 

Macdonald et al., 2015; Huntington et al., 

2020; Lewis et  al., 2020; Lalande et  al., 

2021). Sea ice retreat may lead to earlier 

and more intense spring blooms depen-

dent on light availability. As a result, the 

�ux of organic carbon to the sea�oor 

may be more intense but less sustained 

over time (Lalande et al., 2021). �us, the 

accumulation of Fe and Mn among other 

trace metals may be reduced over time 

in the Chukchi and Bering sediments. 

Reductive dissolution of Fe and Mn from 

these sediments is likely to be sustained 

under increasing nitrate de�cit suggested 

by complementary tracers such as N* 

(Zhuang et al., 2022). 

Moreover, warming and freshening of 

the Paci�c in�ow (Woodgate and Peralta-

Ferriz, 2021) has increased over the past 

decade, leading to potential shoaling of 

the Chukchi shelf out�ow that ventilates 

and sustains the Canada Basin UHL. As 

the UHL is a major reservoir for Fe, Mn, 

and macronutrients alike, a change in 

depth could bring important nutrients to 

the surface and sustain new productivity. 

Freshwater input is also likely to increase 

and enhance strati�cation across the 

Arctic (Nummelin et al., 2016). Increased 

freshwater can potentially bring more 

metals, such as Fe and Mn, which are 

rich in Arctic rivers (Charette et al., 2020; 

Kipp et al., 2020), into the central Arctic 

and the Fram Strait out�ow. However, 

increased strati�cation may prohibit mix-

ing and result in less upwelling of subsur-

face nutrients, which is not counteracted 

by wind-driven mixing (Peralta-Ferriz 

and Woodgate, 2015).

Freshwater accumulation in Ba�n Bay 

may weaken the pressure gradient driving 

Arctic waters through the CAA and thus 

weaken Arctic-CAA-Atlantic exchange 

(Nummelin et al., 2016). Land-sea inter-

actions such as submarine groundwater 

discharge are expected to increase due 

to melting permafrost, potentially remo-

bilizing trace metals in a�ected areas 

such as the CAA (Guimond et al., 2022). 

Increased meltwater inputs from gla-

ciers are likely to enhance nutrients and 

trace metals via direct supply or by pro-

moting upwelling, leading to ephemeral 

blooms (Bhatia et  al., 2021). As sea ice 

retreats, strati�cation will increase due to 

freshening and tidal stress in CAA bot-

tom waters, which may be enhanced in 

the absence of dampening, resulting in 

increased physical resuspension of sedi-

ments (Rotermund et al., 2021). �us, we 

may see large inputs of Fe and Mn from 

glaciers and sediments in the CAA and 

Ba�n Bay that remain isolated from the 

surface and join the out�ow to intermedi-

ate and deep waters in the Labrador Sea.
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