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the Intermediate Water in the North Pacific Including the
Marginal Seas

and Jun Nishioka?

Youhei Yamashita!

'Faculty of Environmental and Earth Science, Hokkaido University, Sapporo, Japan, ?Pan-Okhotsk Research Center, Institute
of Low Temperature Science, Hokkaido University, Sapporo, Japan

Abstract The marginal seas have been found to be important external sources of dissolved iron (Fe) in the
North Pacific through circulation of intermediate water. Here, we show comprehensive spatial distributions

of dissolved Fe concentrations and Fe(III) solubilities inferred from humic-like fluorescent dissolved organic
matter (FDOM,,) over the North Pacific, including the marginal seas, the Sea of Okhotsk, and the Bering

Sea. FDOM,, was used as a proxy of chemical speciation of dissolved Fe in the intermediate and deep waters
where liner relationships were previously observed between FDOM,, and Fe(III) solubility. When dissolved

Fe concentration exceeds Fe(III) solubility, Fe(III) solubility is assumed to be equivalent to concentration of
FDOM,-Fe complexes, and excess dissolved Fe concentration above the Fe(III) solubility is assumed to be
colloidal Fe which is not complexed with FDOM,,. In the intermediate water, the dissolved Fe concentration
exceeded the Fe(IIl) solubility in the marginal seas, while excess Fe(III) solubility was evident downstream of
the intermediate water circulation, suggesting that the major dissolved Fe chemical form derived from shelf and
slope sediments in the marginal seas changed from colloidal Fe to FDOM,;-Fe complexes. With the previous
findings, namely the dominance of labile particulate Fe in total Fe in the intermediate water of the Sea of
Okhotsk and the Bering Sea, we hypothesized that the average size of sediment-derived Fe decreases during
transportation by intermediate water, most likely due to reversible scavenging with the highest removal rate for
labile particulate Fe and the lowest removal rate for FDOM,,-Fe complexes.

Plain Language Summary Iron (Fe) supply from the exterior of the ocean is important in
sustaining global primary productivity. However, the distribution/strength of external sources and the
mechanism for long-distance transport of dissolved Fe have not been well documented. We suggest that the
major chemical form of marginal sea sediment-derived dissolved Fe changed from Fe colloids to soluble
Fe during long-distance transport by the intermediate water of the North Pacific. The soluble Fe is likely
dissolvable in seawater through forming complex with humic substances which are microbiologically and/
or abiotically altered biogenic organic matter. This finding may help marine biogeochemical models better
reproduce the Fe cycle.

1. Introduction

Iron (Fe) is a well-known micronutrient that controls the magnitude and dynamics of ocean primary productivity,
particularly in high nutrient-low chlorophyll regions (Martin & Fitzwater, 1988). Since Fe is less soluble in oxic
seawater (Kuma et al., 1996; Wu et al., 2001) and is scavenged from the water column, the flux and residence time
of external Fe regulate ocean primary productivity (Boyd & Ellwood, 2010; Tagliabue et al., 2017). Although
aeolian dust has been considered the major source of Fe in ocean primary productivity (Duce & Tindale, 1991;
Johnson et al., 1997), hydrothermal vents and shelf sediments have also been thought important for global ocean
primary productivity (Elrod et al., 2004; Johnson et al., 1999; Resing et al., 2015; Tagliabue et al., 2014). Since
hydrothermal vents and shelf sediments are sporadically distributed in the global ocean, long-distance transport
of Fe is vital for connecting external sources with primary productivity in remote ocean areas.

The chemical forms of measurable Fe in seawater are, in general, operationally defined as dissolved Fe (<0.2 pm)
and labile particulate Fe (>0.2 pm) with filtration (e.g., Bruland & Rue, 2001). Furthermore, some studies sepa-
rate dissolved Fe into soluble Fe and colloidal Fe by additional filtration with smaller pore sizes (i.e., 0.02,
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0.03 pm, 200, and 1,000 kDa) (e.g., Nishioka et al., 2021b). Substantial fractions of dissolved Fe were found to
be present in the colloid size fraction (Fitzsimmons & Boyle, 2014; Nishioka et al., 2003; Wu et al., 2001), and
the contribution of colloidal Fe to the dissolved Fe content was thought to be highly variable across geographic
locations and depths (von der Heyden & Roychoudhury, 2015). From the distributional pattern in a North Atlantic
transect, Fitzsimmons et al. (2015) proposed a model for dissolved Fe size partitioning in which a “steady state”
of dissolved Fe exchange reactions occurred during and following remineralization, including ligand exchange,
sorption/desorption, and aggregation/disaggregation in the intermediate and deep waters, while soluble Fe and
colloidal Fe appeared to cycle more independently in waters affected by external Fe sources. Additional knowl-
edge regarding changes in the physicochemical speciation of dissolved Fe from external sources to remote oceans
is needed to constrain the role of colloidal Fe in the ocean Fe cycle.

The major factor controlling dissolved Fe concentration above the thermodynamic solubility of Fe(IlI) in inor-
ganic seawater is complexation with organic ligands (Kuma et al., 1996; Wu et al., 2001). The major organic
ligands for Fe(III) have been considered to be siderophores which are products of a wide variety of bacteria,
polysaccharides, and humic substances (Gledhill & Buck, 2012; Hassler et al., 2017). Humic substances have
been defined as a general category of naturally occurring, biogenic, heterogeneous organic substances that can
generally be characterized as being yellow to brown in color, of high molecular weight, and refractory (Aiken
et al., 1985), even though recent studies pointed out that the high molecular weight is likely the result of supra-
molecular associations of relatively low molecular weight compounds (Romera-Castillo et al., 2014; Sutton &
Sposito, 2005). Some chromophores which contribute to yellow to brown color are known to fluoresce, defined as
humic-like or visible fluorescence (Coble, 1996, 2007; Stedmon & Nelson, 2015). On the other hand, in natural
aquatic environments, the term of humic substances is often used for fractions, namely fulvic acids and humic
acids, which is extracted from dissolved organic matter (DOM) with resins (e.g., XAD-8 resin) and separated
with pH (Aiken, 1985). In marine environments, the term “humic ligands” is used to ligands determined by elec-
troanalytical methods referred with humic fractions (e.g., Suwanee River Fulvic Acid and Suwanee River Humic
Acid; Laglera et al., 2007; Laglera & van den Berg, 2009; Whitby & van den Berg, 2015), polydisperse ligands
occurred throughout the water column (Boiteau et al., 2019), and humic-like fluorescent DOM (FDOM,,) which
is linearly related to Fe(III) solubility in the dark ocean (Kitayama et al., 2009; Tani et al., 2003). The linkages
among the three types of humic ligands have not been well documented. Although a strong correlation between
humic ligands determined by an electroanalytical method and FDOM, was observed in the surface Arctic Ocean
which is strongly influenced by riverine inputs (Laglera et al., 2019), no correlation between the two parame-
ters was reported in the North Atlantic Ocean (Whitby et al., 2020b). It should be noted that both FDOM,; and
humic ligands determined by electroanalytical methods have been considered to be a mixture of allochthonous
origin (e.g., riverine and sedimentary origins) and autochthonous origin which is produced with remineralization
process (Whitby et al., 2020a, 2020b; Yamashita et al., 2020; Yamashita & Tanoue, 2008).

The western subarctic Pacific is connected with relatively large and deep marginal seas, namely, the Sea of Japan,
the Sea of Okhotsk, and the Bering Sea. Recent studies showed that high levels of dissolved Fe and organic
ligands, are transported from the Sea of Okhotsk and the Bering Sea to the western subarctic Pacific through
circulation of intermediate water (Kondo et al., 2021; Nishioka et al., 2021a; Nishioka et al., 2013; Nishioka &
Obata, 2017; Nishioka et al., 2020, 2007; Yamashita et al., 2020, 2021). The transportation of dissolved organic
carbon and dissolved lignin, a biomarker of vascular plants, from the Sea of Okhotsk to the North Pacific by the
intermediate water were observed (Hansell et al., 2002; Hernes & Benner, 2002). The long-distance transport was
also suggested for dissolved trace elements, such as Zn, Mn, Hg, and Co (Hammerschmidt & Bowman, 2012;
Kim et al., 2017; Laurier et al., 2004; Morton et al., 2019; Wong et al., 2022). Along 160°E line in the western
North Pacific, Yamashita et al. (2020) directly compared the dissolved Fe concentration and Fe(IIl) solubility
inferred from the abundance of FDOM,, and suggested that dissolved Fe complexed with FDOM, is transported
from the shelf sediments of the Sea of Okhotsk to the subtropical North Pacific, while colloidal Fe is probably
scavenged during transportation. Although dissolved Fe was also reported to be transported from the Bering Sea
to the western subarctic Pacific through circulation of the lower layer of intermediate water (Kondo et al., 2021;
Nishioka & Obata, 2017), chemical speciation of dissolved Fe has not been clarified. Therefore, knowledge of the
chemical forms of dissolved Fe throughout the North Pacific, including the subpolar marginal seas, is necessary
to constrain the role of chemical forms in the long-distance transport of Fe in the North Pacific.

In this study, to understand the long-distance Fe transport mechanisms from the marginal seas to the whole
North Pacific, we analyzed the dissolved Fe concentrations and FDOM,; abundance that we have collected and
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70°N —— reported so far (Nishioka et al., 2020; Yamashita et al., 2021). The Fe(II)
solubility was estimated from FDOM,, following the method proposed by
; Yamashita et al. (2020) and directly compared to the dissolved Fe concentra-
e “B"f"“g s“ o tion in the same sample. We expanded the survey region from a longitudinal
50°N OinoEKI IR s transect reported by Yamashita et al. (2020) to a larger area over the North

: Pacific, including the marginal seas, that is, the Sea of Okhotsk and Bering
Western Subarctic Alaskan Gyre K R X R
Sea (Figure 1). We focused especially on changes in the chemical forms of

30°N

Subtropical Gyre
(STG)

1ON

dissolved Fe, namely, soluble Fe complexed with FDOM,, colloidal Fe,
labile particulate Fe (from the literature), and excess solubility by FDOM
from marginal seas to the remote North Pacific with circulation of intermedi-
ate water of the North Pacific.

Ocean Data View

120° 150°E

180°E 150°W 120°W > Materials and Methods

Figure 1. Map of the sampling sites in the basin regions. The data and seawater samples used in this study were obtained during five

field campaigns in July 2012 and June—-August 2017 conducted by R/V

Hakuho Maru (KH-12-3 and KH-17-3), in June—August 2014 and July-
September 2017 conducted by R/V Professor Multanovskiy (Mul4 and Mul8), and in August—September 2006
conducted by R/V Professor Khromov (Kh06; Figure 1). The basic oceanographic data, that is, temperature,
salinity, density (c,), dissolved oxygen concentration, and macronutrient concentrations, can be found elsewhere
(Nishioka et al., 2020). N*, a tracer of the influence of benthic denitrification, was calculated according to
Yoshikawa et al. (2006);

N* = ([NOs;™] + [NO,™] — 16 x [PO4>"| +2.9) x 0.87 (1

The analytical procedure and data for dissolved Fe concentration are published and available in Nishioka
et al. (2020). Briefly, the dissolved Fe concentration was analyzed for seawater filtered with an acid-cleaned
0.22 pm Millipak filter (Millipore) or 0.2 pm Acropak filter (Pall Company) using an FIA chemiluminescence
detection system (Obata et al., 1993). All Fe data were obtained under GEOTRACES criteria.

The analytical procedure for FDOM,, is described elsewhere (Yamashita et al., 2021). The samples collected
during KH-12-3, Mul4, and Mul8 cruises were not filtered and measured onboard just after sampling. Other
samples were filtered with acid-washed 0.22 (or 0.2) pm filters (Millipak or Acropak) and stored in freezer
under dark condition until analysis in the laboratory on land. The fluorescence intensity for emission at 420 nm
with 320 nm excitation was determined with a spectrofluorometer (RF-1500, Shimadzu or Fluoromax-4,
Horiba) and calibrated to Raman units (RU,,,, nm~!) with the area under the water Raman peak of Milli-Q
water (excitation = 320 nm). The filtration and freezing for preservation did not affect the fluorescence inten-
sity of FDOM,, (Yamashita et al., 2021). Some FDOM, data were reported in previous studies (Yamashita
et al., 2020, 2021).

Fe(III) solubility was inferred from levels of FDOM,; with the linear relationship between the two parameters in
the deep waters (>1,000 m) of the Sea of Okhotsk and the western subarctic gyre (WSAG; Yamashita et al., 2020)
as follows:

[Fe(III) solubility] = 96.2 x [FDOMjy] 2)

where the units of Fe(IIl) solubility and FDOM, are nM and RU,, respectively. The error in the estimated
Fe(IIT) solubility associated with conversion was approximately 10% (Yamashita et al., 2020). It was reported
that relationships between Fe(IlI) solubility and FDOM,, beneath the surface waters in the WSAG, the
Sea of Japan, the Sea of Okhotsk, and the Bering Sea can be expressed by single linear regression (Takata
et al., 2005), indicating that Fe(III) solubility in the intermediate and deep waters in the whole North Pacific
including the marginal seas can be inferred from a linear regression between Fe(III) solubility and FDOM,,
(Equation 2).

In this study, the Fe(III) solubility inferred from FDOM,, was used to define the abundance of organic-complexed
Fe, which is in the soluble Fe concentration, and when the dissolved Fe concentration exceeds the solubility
(excess Fe), the excess is defined as Fe in colloidal form (see Section 4, Discussion).
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Figure 2. Vertical profiles for dissolved Fe concentration (red circles) and Fe(III) solubility (blue circles) in (a) the basin
region of the Sea of Okhotsk, (b) the basin region of the Bering Sea, (c) the western subarctic gyre (WSAG), (d) the Alaskan
gyre (AG), and (e) the subtropical gyre (STG). The light and dark gray areas correspond to the upper (26.6-27.06,) and lower
intermediate waters (27.0-27.50,), respectively.
3. Results
3.1. Vertical Distributions of Dissolved Fe Concentration and Fe(III) Solubility
The dissolved Fe concentration was generally lowest in the surface water (Figure 2). However, the vertical
patterns for dissolved Fe concentrations in the intermediate and deep waters largely differed among oceanic
YAMASHITA AND NISHIOKA 4 of 13
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Figure 3. Relationships between sigma-theta and dissolved Fe concentration (red circles) as well as Fe(III) solubility (blue
circles) at the shelf and slope regions in (a, c¢) the Sea of Okhotsk and (b, d) the Bering Sea. The water masses, whose
densities were larger than 26.0c,, are plotted in panels (a and b). The light and dark gray areas correspond to the upper
(26.6-27.00,) and lower intermediate waters (27.0-27.5¢,), respectively.

regions (Figure 2). The levels of dissolved Fe in the upper and lower intermediate water (26.6-27.00, and 27.0—
27.50, respectively; Yasuda et al., 2001) in the basin region of the Sea of Okhotsk (Figure 2a), the basin region
of the Bering Sea (Figure 2b), and the WSAG (Figure 2c) were higher than those in the Alaskan gyre (AG)
(Figure 2d) and subtropical gyre (STG; Figure 2e). The levels of dissolved Fe in deep water (>27.50,) generally
decreased with increasing water depth, except in the Bering Sea. In the Bering Sea, the levels of dissolved Fe in
deep waters increased with increasing water depth.

The vertical patterns for Fe(III) solubility by FDOM,; were similar among oceanic regions (Figure 2). The levels
were lowest in the surface waters, increased with increasing water depths below the surface water, reached a
maximum in the intermediate waters, and decreased slightly with increasing depths below the maximum. The
dissolved Fe concentrations exceeded the Fe(IIl) solubility in numerous samples from the intermediate and deep
waters in the Sea of Okhotsk, the Bering Sea, and the WSAG, while they were similar to or slightly lower than the
Fe(III) solubility in samples from intermediate and deep waters in the AG and STG (Figure 2).

3.2. Dissolved Fe Concentration and Fe(III) Solubility in the Shelf and Slope Regions of Marginal Seas

Since dissolved Fe is laterally transported from the Sea of Okhotsk and the Bering Sea to the WSAG through
intermediate water circulation (Kondo et al., 2021; Nishioka et al., 2021a; Nishioka et al., 2013, 2020; Yamashita
et al., 2020), chemical speciation of the dissolved Fe in the shelf and slope of the marginal seas was determined
for water masses >26.0c, (Figure 3). The water mass corresponding to the lower intermediate water (27.0-27.50,)
was not observed in the shelf and slope due to the relatively shallow bottom depth (~450 m).

The dissolved Fe concentration and Fe(Ill) solubility in the dense shelf water (DSW) and Okhotsk Sea Inter-
mediate Water (OSIW; 26.6-27.00,) at the shelf and slope in the Sea of Okhotsk (~9 and 0.9 nM, respectively;
Figure 3) were higher than those in the basin (Figure 2). The dissolved Fe concentration and Fe(III) solubility in
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the upper intermediate water (26.6-27.0c,) at the slope in the Bering Sea (~3 and 0.7 nM, respectively; Figure 3)
were higher than and similar to those in the basin, respectively (Figure 2). The excess Fe concentrations compared
with Fe(III) solubility in the upper intermediate water at the shelf and slope were higher than those at the basins
in the Sea of Okhotsk and the Bering Sea.

4. Discussion

4.1. Possible Chemical Speciation of Dissolved Fe in the Intermediate and Deep Waters

It has been well documented that dissolved Fe concentration in marine environments exceeds thermody-
namic solubility of Fe(IIl) in inorganic seawater due to existence of organic ligands (Kuma et al., 1996; Liu &
Millero, 1999; Wu et al., 2001). Although the composition of organic ligands has not been well documented,
siderophores (Boiteau et al., 2016, 2019), polysaccharides (Hassler et al., 2011), and humic substances (Boiteau
etal., 2019; Laglera & van den Berg, 2009; Whitby et al., 2020b) are probable organic ligands in marine environ-
ments. The concentration of organic ligands determined by electroanalytical methods, for example, competitive
ligand exchange-adsorptive cathodic stripping voltammetry (CLE-CSV), usually exceeds dissolved Fe concentra-
tion (Kondo et al., 2007). Recently, Whitby et al. (2020b) found that dissolved Fe concentrations did not signifi-
cantly exceed the maximum potential Fe binding capacity of humic ligands determined by CSV from surface to
deep waters, suggesting that upper limit of dissolved Fe concentration is controlled by complexation with humic
ligands.

Kuma et al. (1996) determined Fe(III) solubility in seawater by adding radioactive ferric °Fe to the seawater,
aging until saturated solution equilibrium, filtering with 0.025 pm filter, and measuring y activity of 3°Fe in
the filtrate. Strong linear relationships between Fe(III) solubility and FDOM, fluorescence intensity have been
observed in wide areas of the North Pacific, including the marginal seas, except for surface waters (Kitayama
et al., 2009; Takata et al., 2005; Tani et al., 2003; Yamashita et al., 2010). No correlation between Fe(III) solu-
bility and FDOMy, in surface waters is likely due to relatively large contribution of other organic ligands freshly
produced by phytoplankton or bacteria, such as siderophores and polysaccharides (Heller et al., 2013; Takata
et al., 2004). Since the siderophores and polysaccharides are generally microbiologically labile (Benner, 2011;
Boiteau et al., 2016; Hassler et al., 2011, 2017), FDOM,,;, which is photochemically labile but microbiologically
recalcitrant (Yamashita & Tanoue, 2008), is likely the major factor controlling Fe(IlI) solubility in intermediate
and deep waters. It should be noted that no correlation was observed between humic ligands concentration deter-
mined by CSV and FDOM,, (Whitby et al., 2020b), suggesting that non-fluorescent humic ligands do not always
correspond to the Fe(III) solubility but may complexed with Fe(IIl) in colloidal fraction as discussed below.

The probable molecular weight of FDOMy, in the open ocean is less than 1.8 kDa (Omori et al., 2011), and size
of FDOMy, in 1 kDa—0.45 pm fraction at the Gulf of Mexico was estimated to be 0.5-4 nm (Stolpe et al., 2010).
Fe(III) solubility corresponds to the upper limit of Fe concentration in the soluble fraction (<0.025 pm; Kuma
etal., 1996). Such size characteristics of FDOM,, and Fe(III) solubility suggests that the excess dissolved Fe concen-
tration above the Fe(IIl) solubility in intermediate and deep waters likely occurs as colloidal Fe (0.025-0.2 pm)
which is not complexed with FDOM,, (Kitayama et al., 2009; Uchida et al., 2013; Yamashita et al., 2020). Our
suggestion is probably reasonable, because the colloidal Fe has been observed ubiquitously from the surface to
deep waters in the open ocean (Fitzsimmons et al., 2015; von der Heyden & Roychoudhury, 2015), including the
WSAG and AG (Kondo et al., 2021; Nishioka et al., 2003).

Hereafter, we used FDOM,, as a proxy of chemical speciation of dissolved Fe. FDOM,-Fe complex concentra-
tion is equivalent with Fe(III) solubility assuming that all FDOM,, complexes with Fe(IIT) when the dissolved
Fe concentration exceeds the Fe(IIl) solubility. When the dissolved Fe concentration exceeds the Fe(IIl) solu-
bility, the concentration of colloidal Fe, which is not complexed with FDOM,,, was estimated as the difference
between the dissolved Fe concentration and Fe(III) solubility (Yamashita et al., 2020). On the other hand, when
the Fe(III) solubility exceeds the dissolved Fe concentration, excess solubility inferred by FDOM,, was calcu-
lated as the difference between Fe(IIl) solubility and the dissolved Fe concentration. The limitation of the proxy
is that non-fluorescent DOM that exhibits the same behavior as FDOMy, in the <0.025 pm fraction is counted
as FDOM,;-Fe complex. The production of strong as well as weak Fe-binding ligands, including humic ligands
determined by CSV and siderophores, were observed during remineralization experiments of particulate organic
matter (Boyd et al., 2010; Bundy et al., 2016; Velasquez et al., 2016; Whitby et al., 2020a). Since FDOM, is also
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produced during remineralization of particles (Yamashita & Tanoue, 2004, 2008), these Fe-binding ligands can
contribute Fe(III) solubility if these ligands are microbiologically recalcitrant, thus, FDOM,, proxy as a Fe(III)
solubility may account for mixture of Fe-binding ligands produced during remineralization of particles. Alter-
natively, remineralization derived Fe-binding ligands excepting the FDOMy, may be complexed with colloidal
Fe. The latter mechanism is feasible, because organic ligands were observed not only soluble fraction but also
colloidal fraction in the intermediate waters in the WSAG and AG (Kondo et al., 2021).

4.2. Changes in Possible Chemical Forms of Dissolved Fe During the Transportation Through
Intermediate Water Circulation

The levels of FDOM,-Fe complexes were generally lowest in the surface water, increased with depth beneath
the surface water, showed maximum in the intermediate water, and does not change largely or slightly decrease
with deep in the deep waters, irrespective of differences in oceanic regions (Figure 4). Similar vertical and spatial
patterns with FDOM,,-Fe complexes (namely, Fe(III) solubility) were observed for Fe(III) solubility in the North
Pacific (Kitayama et al., 2009). On the one hand, the level of FDOM,, is mainly controlled by photobleaching
by sunlight (Helms et al., 2013; Mopper et al., 1991; Omori et al., 2011; Timko et al., 2015). On the other
hand, FDOM, is usually linearly related to apparent oxygen utilization (AOU) in intermediate and deep waters,
indicating that biologically recalcitrant FDOM,, is produced in situ as organic matter is biologically oxidized
(Catala et al., 2015; Jgrgensen et al., 2011; Yamashita & Tanoue, 2008). Thus, in general, the level of FDOM,;-Fe
complexes in the intermediate water and deep waters is likely controlled by microbial production of FDOMy
during the remineralization. The microbial production of Fe-binding (humic) ligands in the dark ocean has also
been pointed out by the electroanalytical methods and liquid chromatography-inductively coupled mass spec-
trometry (Boiteau et al., 2019; Boyd & Ellwood, 2010; Boyd et al., 2010; Whitby et al., 2020b).

The deviations from the linear relationship between FDOM,; and AOU were observed in the North Pacific Inter-
mediate Water (NPIW; Yamashita et al., 2020; Yamashita & Tanoue, 2008) and the North Atlantic Deep Water
(Catalé et al., 2015; Jgrgensen et al., 2011). In the case of the North Pacific, the deviations were attributed to
allochthonous FDOM, derived from shelf sediments of the Sea of Okhotsk (Yamashita et al., 2020), and the
allochthonous FDOMy, was found to be transported conservatively over the North Pacific through the circulation
of intermediate water (Yamashita et al., 2021). Thus, FDOM,;-Fe(III) complexes can be separated into autochtho-
nous complexes and allochthonous complexes (Yamashita et al., 2020).

The allochthonous FDOM, supplied by formation of the DSW (Yamashita et al., 2020) likely contributes slightly
higher levels of Fe(IIl) solubility in the upper intermediate water on the shelf and slope compared with the
basin of the Sea of Okhotsk (Figures 2 and 3). However, colloids are the major chemical form of dissolved
Fe in the water mass (0.2-8.4 nM; Figure 3). The dominance of colloidal Fe in dissolved Fe has also been
observed in water masses affected by sedimentary resuspension along the western Atlantic margin (Fitzsimmons
et al., 2015). High levels of colloidal Fe and labile particulate Fe are distributed in the DSW, OSIW, and upper
intermediate water in the WSAG (Lam & Bishop et al., 2008; Nishioka et al., 2014, 2007). The labile particulate
Fe was suggested to be sourced from redox-driven remobilization and subsequent formation of micron-sized
Fe (oxyhydr)oxides and Fe bearing volcanic minerals such as olivines and pyroxenes at shelf and upper slope
sediments (Lam & Bishop et al., 2008). On the other hand, the dissolved Fe flux from sediments to the water
column was found to be correlated with oxidation of organic matter, and thus, high fluxes were observed for
the high-productivity continental shelf (Elrod et al., 2004). When oxygen is consumed during the oxidation of
organic matter within surface sediments, microbial Fe reduction becomes a favorable metabolic pathway. The
Fe(II) formed under anoxic conditions diffuses into oxic areas, is oxidized to Fe(IlI), and reprecipitates (Lohan &
Bruland, 2008). Conversely, Fe(III), which complexes with organic ligands, can be dissolved and transported to
the water column (Lohan & Bruland, 2008). N* for the DSW and OSIW observed in this study ranged from —6 to
—14, which indicated the influence of denitrification in anoxic shelf sediments (Nishioka et al., 2007; Yoshikawa
et al., 2006), suggesting that the allochthonous FDOM,-Fe complexes likely formed through oxidation of anoxic
sediments during a resuspension event accompanying the formation of the DSW (Nakatsuka et al., 2002, 2004).
Thus, colloidal Fe complexed with and/or incorporated into organic (macro)molecules excepting FDOM,; may
also be formed during the oxidation process and transported to the water column.

The major fraction of FDOMy, in the intermediate water of the Bering Sea was found to be autochthonous
FDOMy, (Yamashita et al., 2021). The higher levels of dissolved Fe in the upper intermediate water in the slope
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Figure 4. Vertical profiles for colloidal Fe concentration (orange circles) and FDOM-Fe complexes (blue circles) in (a) the
basin region of the Sea of Okhotsk, (b) the basin region of the Bering Sea, (c) the western subarctic gyre (WSAG), (d) the
Alaskan gyre (AG), and (e) the subtropical gyre (STG). The light and dark gray areas correspond to the upper (26.6-27.00,)
and lower intermediate waters (27.0-27.56,), respectively.
compared with the basin of the Bering Sea (Figures 2 and 3) indicate that dissolved Fe dominated by colloidal
Fe is supplied from slope sediments. The N* values of the water masses were —2 and were similar to that of the
upper intermediate water in the basin of the Bering Sea (Nishioka et al., 2021a), implying that the dissolved Fe in
the upper intermediate water was possibly derived from oxic environments in the slope sediments in the Bering
Sea. Since autochthonous FDOM, is most likely produced during oxidation of sedimentary organic matter in
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Figure 5. Spatial distributions of the FDOMy,-Fe complex (blue), colloidal Fe (orange), and excess FDOM, solubility (dark
blue) in the upper intermediate waters (upper IW, left) and lower intermediate waters (lower IW, right) in basin regions in the
North Pacific (western subarctic gyre, WSAG; Alaskan Gyre, AG; subtropical gyre, STG) and marginal seas and in the shelf
and slope regions in the Sea of Okhotsk (SO) and the Bering Sea (BS). The color and error bars represent the average and
standard deviation. The gray arrows show a schematic pathway for intermediate water circulation.

oxic sediments, oxic environments in slope sediments possibly supply autochthonous FDOM,,-Fe complexes as
well as colloidal Fe.

The upper and lower NPIW was determined to be mainly derived from the Sea of Okhotsk and the Bering Sea,
respectively (Yasuda et al., 2001). The high levels of dissolved Fe in the intermediate water of the WSAG were
pointed out to be the result of lateral inputs from the Sea of Okhotsk and the Bering Sea (Kondo et al., 2021;
Nishioka et al., 2021a; Nishioka et al., 2013; Nishioka & Obata, 2017; Nishioka et al., 2020; Yamashita
et al., 2020). To better illustrate the changes in the major chemical form of dissolved Fe from marginal seas to the
North Pacific along with the circulation of intermediate water, the FDOM,,-Fe complex concentration, colloidal
Fe concentration, and excess FDOM,, solubility were averaged in the upper and lower intermediate waters for each
oceanic region (Figure 5). Furthermore, the relative abundances (%) of colloidal Fe and FDOM,-Fe complexes
in total dissolved Fe (namely colloidal Fe + FDOM,-Fe complexes) were calculated for each sample, and then,
were averaged for each water mass in each oceanic region. Colloidal Fe contributed 74% + 20% (n = 12) and
73%—-80% (n = 2) of the dissolved Fe in the upper intermediate water at the shelf and slope in the Sea of Okhotsk
and the Bering Sea, respectively (Figure 5). The major form of dissolved Fe in the upper intermediate water at the
basin regions is, however, FDOMy-Fe complexes. The FDOM-Fe complexes contributed 76% + 18% (n = 5)
and 74% + 16% (n = 14) of the dissolved Fe in the upper intermediate water in the basin region in the Sea of
Okhotsk and the Bering Sea respectively, while it contributed 92% + 17% (n = 47) in the WSAG and 100% + 0%
(n=3) and 100% + 0% (n = 3) in the AG and STG respectively. The excess FDOMy; solubility is evident in the
intermediate water in the STG and AG, far from the marginal seas.
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Yamashita et al. (2020) pointed out that the major chemical form of dissolved Fe in the upper intermediate
water changed from colloidal Fe to allochthonous FDOM,-Fe complexes during long-distance transport of
sediment-derived dissolved Fe from the Sea of Okhotsk to the STG. The present study showed that the dissolved
Fe in the upper intermediate water in the AG is FDOM,,-Fe complexes but not the colloidal Fe (Figures 4 and 5).
The allochthonous FDOM,; was also observed in the upper intermediate water in the AG (Yamashita et al., 2021).
These results suggest that change in the major chemical form of shelf sediment-derived dissolved Fe from colloi-
dal Fe to FDOM,,-Fe complex probably occurred along the pathway of intermediate water circulation, not only
to the south, the STG, but also to the east, the AG. However, it should be noted that colloidal Fe and ligands were
observed after sequential filtration in the intermediate water not only in the WSAG but also in the AG (Kondo
etal., 2021), implying that non-fluorescent colloidal ligands may also be a factor influencing chemical speciation
of dissolved Fe.

The concentrations of colloidal Fe and FDOM,,-Fe complexes in the upper and lower intermediate waters in the
Bering Sea were higher than and similar to those in the WSAG, respectively (Figures 4 and 5). The major origins
of upper intermediate water (i.e., the Sea of Okhotsk) and lower intermediate water (i.e., the Bering Sea; Yasuda
et al., 2001) suggest that both forms of dissolved Fe from the Bering Sea may not be contributed to those in the
upper intermediate water but may be contributed to those in the lower intermediate water in the WSAG. A vertical
descent of the dissolved Fe concentration peak in the hydrothermal plume during long-distance transport from the
hydrothermal vent was interpreted as reversible exchange with a gravitationally sinking particulate phase through
rapid adsorption/desorption, aggregation/disaggregation, and ligand exchange (Fitzsimmons et al., 2017). Thus,
colloidal Fe in the lower intermediate water in the WSAG may also be the result of the vertical Fe descent with
reversible scavenging of sediment-derived Fe.

The levels of labile particulate Fe were two orders of magnitude higher than those of dissolved Fe in the DSW in
the Sea of Okhotsk (Nishioka et al., 2014). The levels of labile particulate Fe were also several times higher than
those of dissolved Fe in the upper intermediate water in the Bering Sea (Nishioka et al., 2021a). Such high levels
of labile particulate Fe in the upper intermediate water in the marginal seas were probably derived from shelf/
slope sediments, as discussed above. The ratio of labile particulate Fe to dissolved Fe in the intermediate water
in the subarctic Pacific was smaller than that in the Bering Sea (Uchida et al., 2013). In addition, the ratio in the
upper intermediate water decreased from west to the east in the North Pacific (Kitayama et al., 2009; Uchida
et al., 2013). In summary, the ratio of labile particulate Fe to dissolved Fe in the intermediate water decreases in
the order marginal seas (the Sea of Okhotsk and the Bering Sea) > WSAG > AG and STG, that is, decreases with
the pathway of intermediate water circulation. Similarly, the colloidal Fe concentration in the upper intermediate
water was highest in the marginal seas and lowest in the AG and STG, while the FDOM;-Fe complexes in the
upper intermediate water were relatively uniformly distributed (Figures 4 and 5). Based on the distributional
patterns of labile particulate Fe (summarized above), colloidal Fe and FDOM,,-Fe complexes (Figures 4 and 5),
we can hypothesize that the average size of sediment-derived Fe decreases during transportation by intermediate
water, most likely due to scavenging with the highest removal rate for labile particulate Fe and the lowest removal
rate for FDOM,,-Fe complexes.

5. Concluding Remarks

The chemical speciation of dissolved Fe, namely colloidal Fe versus FDOM,;-Fe complexes, in the intermedi-
ate water in the North Pacific and the marginal seas is discussed with dissolved Fe concentration and Fe(III)
solubility inferred from FDOM,,. With the previously reported distributional patterns of labile particulate Fe,
the changes in the major chemical form of shelf sediment-derived Fe during intermediate water circulation was
hypothesized to be changed from predominance of labile particulate Fe to FDOM,;-Fe complexes via colloidal
Fe. To confirm the hypothesis, the simultaneous observation of size fractionated Fe and FDOM, (particulate,
colloidal, and soluble fractions) from the marginal seas to the North Pacific is necessary. Addition of size frac-
tionated humic ligands determined by an electroanalytical method to the simultaneous observation is effective to
constrain the linkage between the humic ligands and FDOMj,.

Misumi et al. (2021) successfully reproduced the distributions of dissolved Fe in the North Pacific with a marine
biogeochemical model implemented with dissolved Fe inputs from shelf sediments of the Sea of Okhotsk and
the Bering Sea and reversible exchange of Fe between dissolved and slowly sinking particulate phases with
constant concentrations of organic ligands. Recent studies (e.g., Fitzsimmons et al., 2015; Tagliabue et al., 2019),
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including this study (Figure 5), suggest that Fe-binding ligands such as FDOM,, are an important factor shaping
the distribution of dissolved Fe but that other factors involved in the production of particulate and colloidal forms
with reversible scavenging are also coregulated. This study suggests that the addition of reversible exchange
among labile particulate Fe, colloidal Fe possibly complexed with organic ligands, and soluble Fe complexed
with FDOMy, to a marine biogeochemical model may lead to better reproduction of dissolved Fe concentrations
in the ocean.
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