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• Considering oxidation, open ocean iron
(II) concentrations are below 0.2 nmol
L−1.

• The highest measured iron (II) concentra-
tion was 69.6 nmol L−1 at the Rainbow
vent.

• In the open ocean iron (II) account for 20
% of the dissolved iron pool.

• Oxygen variations within OMZ account
for 60 % of iron(II) oxidation variability.
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Hydrothermal vent sites found along mid-ocean ridges are sources of numerous reduced chemical species and trace
elements. To establish dissolved iron (II) (dFe(II)) variability along the Mid Atlantic Ridge (between 39.5°N and
26°N), dFe(II) concentrations were measured above six hydrothermal vent sites, as well as at stations with no active
hydrothermal activity. The dFe(II) concentrations ranged from 0.00 to 0.12 nmol L−1 (detection limit = 0.02 ±
0.02 nmol L−1) in non-hydrothermally affected regions to values as high as 12.8 nmol L−1 within hydrothermal
plumes. Iron (II) in seawater is oxidised over a period of minutes to hours, which is on average two times faster
than the time required to collect the sample from the deep ocean and its analysis in the onboard laboratory. A
multiparametric equation was used to estimate the original dFe(II) concentration in the deep ocean. The in-situ tem-
perature, pH, salinity and delay between sample collection and its analysis were considered. The results showed
that dFe(II) plays a more significant role in the iron pool than previously accounted for, constituting a fraction >20
% of the dissolved iron pool, in contrast to <10 % of the iron pool formerly reported. This discrepancy is caused by
Fe(II) loss during sampling when between 35 and 90 % of the dFe(II) gets oxidised. In-situ dFe(II) concentrations
are therefore significantly higher than values reported in sedimentary and hydrothermal settings where Fe is added
to the ocean in its reduced form. Consequently, the high dynamism of dFe(II) in hydrothermal environments masks
the magnitude of dFe(II) sourced within the deep ocean.
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1. Introduction

Life developed before the Great Oxidation Event, approximately 2.4 bil-
lion years ago (Lyons et al., 2014), in an anoxic ocean, where anoxygenic
photosynthesis with ferrous iron (Fe(II)) as the electron donor is thought to
be the earliest type of photosynthetic process. The biological significance of
iron (Fe) is based upon its past availability and its redox capabilities, with
Fe(II) and ferric iron (Fe(III)) operating as electron acceptors or donors, re-
spectively, for different dissimilatory processes (e.g. Straub et al., 2001,
2004). Therefore, due to Fe availability and its redox state at the origin of
life, Fe(II) is still required in diversemetabolic pathways (Raven et al., 1999).

Today in oxic seawater the reduced Fe(II) is thermodynamically unsta-
ble and rapidly oxidises to its more stable redox state Fe(III) due to the pres-
ence of oxygen (O2), superoxide (O2•

-) and hydrogen peroxide (H2O2)
(Millero et al., 1987; Santana-Casiano et al., 2006). The chemical speciation
of dFe in the ocean is dominated by dFe(III) (Bennett et al., 2008; Hawkes
et al., 2013; Rue and Bruland, 1997). Iron (II) species have largely been con-
sidered to be “picomolar concentrations of perhaps ephemeral species” (Morel
and Hering, 1993). Iron (II) is thought to be mainly in the soluble phase
(Klar et al., 2017; Massoth et al., 1998; Millero et al., 1995; O'Sullivan
et al., 1991) which oxidises rapidly. Iron (II) oxidation rates depend on
the physical and chemical properties of seawater (primarily oxygen, pH
and temperature), taking periods of minutes to hours to form iron
oxyhydroxides with low solubility (Liu and Millero, 2002; Millero et al.,
1987; Santana-Casiano et al., 2005). Iron (II) oxidation by oxygen can
also be microbially mediated by lithotrophic bacteria such as
Zetaproteobacteria, which are widely distributed in deep-sea environments
forming biogenic Fe(III) minerals (Edwards et al., 2011; Emerson et al.,
2007; Singer et al., 2011) or by nitrate (NO3

−)-reducing Proteobacteria
(Klueglein et al., 2014). All these processes blend to quickly reduce Fe(II)
concentrations in the ocean.

Conversely, some processes increase the residence time of Fe(II). First,
in the photic zone, most of the Fe(II) is produced by abiotic photo-
reduction of Fe(III) (Roy et al., 2008). Iron (III) reduction is not however
limited to the photic zone, and can also occur via other abiotic processes.
Abiotic reduction of Fe(III) with humic substances as electron shuttles has
been previously shown (Voelker et al., 1997). This process occurs through-
out the whole water column potentially fomenting the widespread distribu-
tion of Fe(II) in the deep ocean. Similarly, hydrogen sulphide (H2S) can
reduce Fe(III) oxyhydroxides (Yao and Millero, 1996). This is important
in environments with high H2S concentrations such as sulphide-rich hydro-
thermal environments. Moreover, numerous organisms can reduce Fe(III)
using an array of electron donors (Maldonado and Price, 2001, 2000,
1999), including the microbial formation of superoxide which can reduce
Fe(III) (Rose, 2012). Remineralization via microbial activity and grazing
can reduce the Fe(III) bound to particulate organicmatter acting as a source
of Fe(II) (Boyd et al., 2010; Canfield et al., 2010; Moffett, 2021).

Hydrothermal vents are known to release significant quantities of Fe
and sulfur minerals into the deep ocean with current estimates for Fe-
release being on the order of 9 × 108 mol yr−1 (Tagliabue et al., 2010).
Furthermore, these Fe-rich plumes can be transported for thousands of
kilometres, having a broad basin-scale imprint on dFe distributions
(Fitzsimmons et al., 2017, 2015; Nishioka et al., 2013; Resing et al.,
2015; Sieber et al., 2021). Within hydrothermal plumes, the size fractiona-
tion of Fe species is modified and observations to date suggest Fe is found in
three forms, nanoparticles, Fe-oxyhydroxides, adsorbed onto larger parti-
cles or associated with organic ligands (Bennett et al., 2008; Klar et al.,
2017; Roy and Wells, 2011; Santana-González et al., 2019). The mecha-
nisms by which hydrothermal Fe reaches the surface ocean and its impact
on primary productivity are still an ongoing subject of debate within chem-
ical oceanography research (Ardyna et al., 2019; Guieu et al., 2018; Roshan
et al., 2020; Schine et al., 2021; Tagliabue and Resing, 2016). Iron in hydro-
thermal vent sites is sourced as Fe(II), which quickly oxidises to Fe(III)
(González-Santana et al., 2021). Consequently, it is important to know
the magnitude of iron that is sourced from ridge systems into the deep
ocean.
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In this manuscript, we report and discuss dissolved Fe(II) (dFe(II)) con-
centrations that were measured on samples collected during the
2017–2018 GEOTRACES GA13 section cruise following the Northern
Mid-Atlantic Ridge, which intersects with the previous GA03w transect, a
longitudinal transect across the Atlantic Ocean. The oxidation of Fe(II) to
Fe(III) is the first reaction in a series of processes that dictate the transport
of hydrothermal Fe through the ocean. To fully understand the importance
of hydrothermal Fe in the ocean-climate system, we need an accurate pic-
ture of in-situ Fe(II) concentrations and how Fe(II) oxidation may differ be-
tween different vent sites. We focused on the distribution of Fe(II)
concentrations through the Mid Atlantic Ridge (MAR) valley in the vicinity
of six hydrothermal vents. We compared the dFe(II) concentrations to the
dissolved Fe pool. Moreover, considering the time between sampling and
analysis, we used a multiparametric equation to estimate the original Fe
(II) concentration at the in-situ time of sampling. This dataset represents a
substantial increase over the few studies which have reported Fe(II) distri-
butions and includes samples from hydrothermal systems.

2. Materials and methods

2.1. Sampling sites

Sampling was performed along the MAR, during the GA13 UK
GEOTRACES section that ran from Southampton (UK) to Guadeloupe
(France) between December 2017 and February 2018, including six hydro-
thermal vent sites: Menez Gwen, Lucky Strike, Rainbow, Lost City, Broken
Spur, and TAG. These six hydrothermal vent sites represent a wide range of
geological conditions,which affect their hydrothermal properties. The loca-
tion and main characteristics of these sites have been summarised in
Table 1. A review of the geological characteristics of these sites was per-
formed by Fouquet et al. (2013). Recently, the Fe(II) oxidation rate con-
stants from these hydrothermal vent sites from samples collected during
the same cruise were published by González-Santana et al. (2021).

The GA13 cruise can be divided into 4 components (Fig. 1). (1) A latitu-
dinal transect, transect A, spanning 1900 km starting at the Menez Gwen
hydrothermal site (37.842°N 31.521°W) and ending south of TAG
(25.930°N 45.019°W). This transect crossed the six hydrothermal sites vis-
ited during the GA13 cruise along the MAR axis. (2) The longitudinal tran-
sect B was a 550 km section that covered the area north of the Azores.
(3) Transect C was a 250 km transect intercepting the Rainbow vent site
zonally. (4) Transect D was a 500 km long longitudinal transect crossing
the TAG vent site zonally.

2.2. Sample collection

Thirty-two stations were sampled for dFe(II), dFe and pH. Seawater
samples were collected according to the GEOTRACES guidelines (http://
www.geotraces.org/images/Cookbook.pdf). Briefly, a titanium rosette
fitted with 24 × 10 L trace metal-clean Teflon-coated OTE (Ocean Test
Equipment) bottles, a CTD profiler (Sea-bird Scientific), and a redox poten-
tial sensor (PMEL MAPR), were deployed on a conducting Kevlar wire to
collect samples from the water column. Sampling depths were chosen
from the continuous temperature, salinity, and redox potential data.

To determine dFe(II) concentrations, a strict protocol was followed
where samples were quickly collected and analysed once the rosette
reaches the surface. Upon recovery, the OTE bottles were transported into
an ISO Class 6 clean air van. Gases and short half-life species were subsam-
pled first from the rosette. Dissolved Fe(II) samples were collected unfil-
tered into trace metal-clean 60 mL low-density polyethylene (LDPE)
bottles without producing bubbles and without leaving any gas inside the
bottles. González-Santana et al. (2021) shows that sample filtration in this
step does not influence Fe(II) oxidation rates, so samples were not directly
filtered and therefore, were collected at a faster rate. Samples were quickly
inserted into an ice-filled cool box and samples were kept in the dark. Once
these samples were collected, they were quickly transported to the trace
metal clean analysis laboratory. The pH samples were collected in 125

http://www.geotraces.org/images/Cookbook.pdf
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Table 1
Location and main characteristics of the six studied hydrothermal vent sites. Table modified from Fouquet et al. (2013).

Name Latitude Longitude Depth (m) Basement Rocks Geological Control Distance from axis (km) [Fe]end member (μM)

Menez Gwen 37°50′N 31°31′W 820 E-MORB Top central volcano, axial graben, volcaniclastic 0 <2
Lucky Strike 37°17′N 32°16′W 1650 E-MORB Top central volcano, lava lake (300 m), caldera 0 70–920
Rainbow 36°14′N 33°54′W 2400 Harzburgite Center of nontransform offset, ultramafic dome 6 24,000
Lost City 30°10′N 42°10′W 700 Harzburgite Top of an intersection massif, detachment fault 15 –
Broken Spur 29°10′N 43°10′W 3050 MORB Top of neovolcanic ridge, axial summit fissure 0 1970
TAG 26°08′N 44°49′W 3670 MORB Rift wall, central part of segment, volcanic centres 7 3830–5170
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mL borosilicate bottles and kept in the dark until analysis. Samples for dFe
werefiltered through 0.45/0.2 μmtwo-step acetatemembrane cartridgefil-
ters (Sartobran-300, Sartorius) into trace metal-clean 125 mL LDPE bottles
and acidified to pH 1.7 (0.024 mol L−1) by the addition of 12 mol L−1 ul-
trapure hydrochloric acid (HCl, Romil, UpA) under an ISO Class 6 laminar
flow hood (Lohan et al., 2006). Samples for soluble Fe (sFe) went through
an additional in-line filtration step inside a second laminar flow hood
through 0.02 μm syringe filters (Anotop, Whatman) before acidification
(Ussher et al., 2010).

2.3. Analytical methods

2.3.1. Dissolved iron (II) analysis
Dissolved Fe(II) was determined by flow injection analysis (FIA-CL)

with in-line filtration through 0.2 μm syringe filters (Anotop, Whatman),
preconcentration on resin-immobilised 8-hydroxyquinoline and chemilu-
minescence detection, modified after the method of Bowie et al. (2002).
Sample flow rate was limited to below 1.5 mL min−1 to reduce possible
cell lysis through the in-line filtration and to reduce the chance of filter
breaking through the analysis. The in-line filter was exchanged between
highly concentrated samples to reduce possible cross-contamination of
samples. Due to low sampling volumes, changes in filters did not produce
observable Fe(II) concentration changes. Luminol (Sigma-Aldrich) was
cleaned using a Chelex 100 (Sigma-Aldrich) filled column. Standards used
for shipboard analyses, including a primary stock solution of 0.02 mol
L−1 dFe(II), were prepared weekly by dissolving ferrous ammonium sul-
phate hexahydrate (Fisher) in ultrapure 0.1 N hydrochloric acid solution
Fig. 1.Map showing the sampling stations for the GEOTRACES transect cruise GA13. The
red), B (north of the Azores, orange), C (across Rainbow, green) and D (across TAG, bl
name.
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(ROMIL); this solution was stabilised by the addition of 100 mmol L−1 so-
dium sulphite (Sigma-Aldrich). Working standards with concentrations of
200 mmol L−1 and 200 nmol L−1 dFe(II) were prepared daily by serial di-
lution of the primary stock solution with ultrapure 0.01 N and 0.001 N hy-
drochloric acid solution, respectively. Aged, low-Fe(II) seawater (obtained
over 24 h before analysis from 2000m depth and kept in the dark) adjusted
to pH 5.5 with 2mol L−1 ammonium acetate buffer was spikedwith dFe(II)
standard to obtain calibration standards generally in the range of 0–1 nmol
L−1 dFe(II). For Fe-rich hydrothermal plume samples, preconcentration
time was decreased and luminol concentration was halved to not overload
the resin and keep the signal within the sensor detection range. For these
samples, a second calibration was performed after the sample analysis
with an increasing range until all the samples were encompassed. To elim-
inate Fe contamination after each hydrothermal station, the FIA-CL system
was acid-cleaned, all the tubing was replaced and the system re-cleaned
using 0.5, 0.1 nmol L−1 HCl and UHP water for 10, 30 and 60 min, respec-
tively. Samples were analysed from deepest to the surface. The only excep-
tion was the first deployment at the Rainbow station (St. 16 cast 36), where
due to the high turbidimeter signal, it was decided to start with the first
sample above the hydrothermally affected water column. The sample at
2200 m was introduced into the FIA system but no concentration could
be determined since the signal was above the detection window and the
sample contaminated the preconcentration columnand the analysis system.
No other samples could be analysed in that cast. The system required the
change of tubing and was acid cleaned during 48 h.

The analytical limit of detection was estimated daily as the dFe(II) con-
centration corresponding to a signal equal to three times the standard
cruise trackwas divided into four transects (A (along theMid Atlantic Ridge (MAR),
ack)). Station numbers are shown; hydrothermal stations also include the vent site

Image of Fig. 1


Fig. 2.Dissolved iron (II) concentrations in all non-hydrothermally affected stations
(all stations except for 6, 8, 16, 23, 24, 35, 36) analysed during GEOTRACES cruise
GA13.
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deviation of quadruplicate analyses of the blank (Bowie et al., 2004;
Sarthou et al., 2011). For the blank solution, we used filtered, aged, low-
Fe(II) seawater that was stored in the dark for over 24 h. The average
limit of detection was 0.02±0.02 nmol L−1 (n=42) for all the daily ship-
board analyses. Currently, there are no Fe(II) intercalibration standards or
reference materials that can be used to ascertain the accuracy of Fe(II) con-
centrations. We tried to mitigate this by preparing the primary Fe(II) stock
weekly instead of monthly. This allowed for the intercomparison of two
0.2 nmol L−1 dFe(II) standards prepared from different primary stocks,
with relative standard deviations of <10 %.

2.3.2. Dissolved and soluble iron analysis
Dissolved Fe was measured by flow injection chemiluminescence

(Obata et al., 1993) at sea and soluble Fe (sFe) samples were analysed on-
shore. Measured values of 0.94 ± 0.04 for D2 reference material (n =
6) and 0.64 ± 0.03 for D1 (n = 6) were obtained by FIA-CL. High concen-
tration dFe samples (>0.7 nmol L-1) were re-measured after 6 months of
acidification by ICP-MS (Thermo Scientific, Element XR) using a standard
addition method (Lough et al., 2019, 2017). GEOTRACES reference mate-
rial D2 with 0.96 nmol L-1 Fe compared well with our measured values
of 0.95±0.06 nmol L-1 Fe (n=6). In house standards with higher concen-
trations of Fe in the range of hydrothermal samples were measured repeat-
edly with relative standard deviations of 7 %. The complete dFe and sFe
datasets will be reported in the next GEOTRACES data product.

2.3.3. pH analysis
The pH was potentiometrically measured on-board on the free scale

using a Tris buffer solution (Millero, 1986). On-board pH samples were
kept in the dark, inserted into a 25 °Cwater bath, andmeasured at this tem-
perature, within less than 1 h after collection. The pH at in situ conditions
were computed considering the total alkalinity for the average profile of
the area (all available data between 15 and 50°N and 15–60°W; https://
www.nodc.noaa.gov/ocads/oceans/GLODAPv2/, May 18th 2020) and
the set of constants from Lueker et al. (2000). All the pH data are expressed
in the free scale (data available in the supplementary material).

3. Results

3.1. Measured dissolved iron (II) concentrations

Measured dFe(II) concentrations throughout the water-column profile
were low, with 90 % of the analysed samples (n=362/403) having values
below 0.2 nmol L−1. Dissolved Fe(II) concentrations in non-
hydrothermally affected stations remained relatively low through all the
transects (Fig. 2). The maximum concentration was 0.12 nmol L−1 (n =
293). At shallow depths (< 500 m), dFe(II) concentrations were below
0.08 nmol L−1, averaging 0.02 ± 0.02 nmol L-1 (n = 80). Higher dFe(II)
concentrations were observed at deeper waters and within the top half of
the bathypelagic zone (500 to 2000 m) averaging 0.07 ± 0.03 nmol L−1

(n=108). Waters deeper than 2000 m presented lower concentrations av-
eraging 0.05 ± 0.02 nmol L−1 (n = 105). Statistically significant (P
≤0.001) differences were observed between the three depth sections
when performing Wilcoxon Rank Sum Tests.

The FRidge cruise visited six hydrothermal vent sites. At these stations,
due to the short distance from the hydrothermal vent, turbidity can be used
as a good proxy of hydrothermal influence within the water column
(González-Santana et al., 2020; Klinkhammer et al., 2001). Fig. 3 presents
measured dFe(II) concentrations in the deep ocean close to the hydrother-
mal vent sites. Considering that dFe(II) oxidation rates can generally be the-
oretically determined as a function of temperature, pH, salinity and oxygen
concentration (Santana-Casiano et al., 2005), Fig. 3 presents these vari-
ables.

At Menez Gwen (St. 6) the CTD data did not present any hydrothermal
signal, presenting a nearly constant turbidity signal and a decrease in tem-
perature (Fig. 3). The dFe(II) concentrations were similar to background
values. Higher concentrations were observed in the bottom three samples
4

(829–839 m). These samples were analysed consecutively and presented
similar concentrations (0.24 ± 0.01 nmol L−1). The pH values show simi-
lar behaviour, with the bottom three samples presenting a pH of 7.91.

At Lucky Strike (St. 8), cooler temperatures and higher oxygen concen-
trations were observed at depths deeper than 1600 m. These changes were
opposite of what a hydrothermal signal should look like and are probably
caused by a change in water mass. The four samples collected at depths
deeper than 1670 m showed a strong dFe(II) source. The samples ranged
from 0.47 to 0.77 nmol L−1 and were over 4 times background dFe(II) con-
centrations. This confirmed that the rosette was deployed close to an active
vent site.

Dissolved Fe(II) was determined in two casts above the Rainbow vent
site (St. 16 casts 36 and 43). During cast 36 a strong turbidity signal was ob-
served between 1950 and 2170 m depth. This turbidity signal was 5 times
higher than in Lucky Strike or Menez Gwen. The first analysed sample
(2001 m) presented a dFe(II) concentration of 1.98 nmol L−1. Concentra-
tions increased within the hydrothermal plume. The sample located at
2108 m had a dFe(II) concentration above the calibration curve, reaching
12.8 nmol L−1. No other samples could be analysed from this cast. The low-
est pH was measured in the 2108 m sample reaching 7.87. The samples
below this depth were slightly higher at pH 7.90. Cast 43 was deployed in
the same location as cast 36. During this deployment, the turbidity signal
was completely different. The plume observed during cast 36 had reduced
to two smaller plumes centred at 1990 and 2025 m depth. On the other
hand, a strong turbidity signal was observed at 2260m. This maximum tur-
bidity signal was higher than in the previous cast (0.60 and 0.48, respec-
tively). This anomaly coincided with a temperature increase of 0.2 °C and
an oxygen decrease of 1 μmol kg−1. During this cast, dFe(II) measurements
were focused on the maximum anomaly depths, where the highest dFe(II)
was measured reaching 69.6 nmol L−1.

Lost City (St. 23) is a low-temperature high pH sourced hydrothermal
vent site. From previous research at this site, no high Fe source was ex-
pected. The dFe(II) concentrations were above the limit of detection and
presented concentrations within the background level range, reaching a
maximum of 0.11 nmol L−1.

Brocken Spur (St. 24) presented a slight increase in turbidity at depths
ranging from 2790 to 2900 m. The upper limit coincided with a rapid de-
crease in oxygen concentration of nearly 2 μmol kg−1 and a decrease in sea-
water temperature. The pH samples did not present much variabilitywithin
these samples. However, dFe(II) concentrations increased significantly in
samples from depths with higher turbidity, e.g. at the samples collected at
2829 and 2834 m depths with dFe(II) concentrations of 0.90 and
0.98 nmol L−1, respectively.

https://www.nodc.noaa.gov/ocads/oceans/GLODAPv2/
https://www.nodc.noaa.gov/ocads/oceans/GLODAPv2/
Image of Fig. 2


Fig. 3. Profiles at the six hydrothermal vent sites (two profiles at the Rainbow vent site). The map shows the location of each site along the MAR with a short summary of its
characteristics: end member temperature, pH and depth. Each profile presents oxygen (blue), turbidity (black) and temperature (red) from the CTD and discrete
measurements of dFe(II) concentrations (green) and pHF (grey).
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Above the TAG hydrothermal vent site, the hydrothermal activity could
be identified using the turbidity signal. The rosette downcast and upcast
presented a high turbidity signal between 3180 and 3360 m depth, with a
decrease in turbidity at 3258 m. At the high turbidity depths, the tempera-
ture sensor presented a higher variability in the order of 0.02 °C. This hy-
drothermal signal occurred while changes in deep water masses caused
oxygen concentrations to increase from 249 μmol kg−1 to 251 μmol kg−1

at depths >3000 m. The sample analysis showed that samples collected
from the hydrothermally affected water column presented a decrease in
pH. The pH varied from >7.93 above the high turbidity depth, to 7.92 in
the top turbidity maximum and further decreased to 7.89 at depths
>3258 m. Meanwhile, dFe(II) concentrations varied from background
level (< 0.1 nmol L−1) at depths shallower than 3200 m to concentrations
as high as 9.8 nmol L−1. Within the shallower turbidity maximum, dFe(II)
concentrations remained high at 0.38 and 0.53 nmol L−1. The higher dFe
(II) concentrations were measured in the deeper plume section, where pH
was lowest and averaged 7.89. The dFe(II) concentrations remained high
even at the deepest sample (3500 m, 3.4 nmol L−1) which was situated
150 m below the bottom of the deep turbidity maximum.

3.2. dFe(II) concentrations from a basin scale point of view

Hydrothermal sites act as strong focal sources of dFe(II) into the deep
ocean. The dFe(II) profiles at all stations have been combined into vertical
distribution diagrams of dFe(II) along the four FRidge transects (Fig. 4).
Fig. 4. Vertical sections of dFe(II) concentrations along the four transects of GEOTRACE
0.5 nmol L−1. Top x-axes present the station numbers. In A, stations 35 and 36 were
right. In D, stations between 29 and 33 were close to each other so the labels have been
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Along transect A, at Menez Gwen (St. 6), dFe(II) concentrations reached
0.25± 0.01 nmol L−1 at 829m depth (15m above the seafloor). Similarly,
at Lucky Strike (St. 7), dFe(II) concentrations were high in the bottom 60m
(1674-1723 m), averaging 0.61 ± 0.14 nmol L−1 (n=4). Station 9, a sta-
tion not situated above a hydrothermal vent site, did not present any dFe(II)
increases with concentrations in agreement with a non-hydrothermally af-
fected station. At stations 20–23, including the alkaline vent Lost City, no
dFe(II) anomalies were observed, with an average dFe(II) concentration
of 0.05± 0.03 nmol L−1 (n=78). At Broken Spur (St. 24), dFe(II) concen-
trations were >0.25 nmol L−1 below 2800 m (n = 8), reaching 0.95 ±
0.07 nmol L−1 (n= 2) at 2829 and 2834 m (~200 m above the seafloor).

Section B, a non-hydrothermal section above the Azores Plateau had
dFe(II) concentrations with very low variability averaging 0.07 ±
0.03 nmol L−1 (n = 36). Transect C showed a very localised source, with
a dFe(II) concentration averaging 6 ± 5 nmol L−1 (n = 4; between 1.98
and 12.8 nmol L−1) at depths between 2000 and 2108 m (~160–270 m
above the seafloor) at the Rainbow site (St. 16). At the four other stations
of this transect, away from the Rainbow site, dFe(II) concentrations were
similar to deep ocean background values (below 0.1 nmol L−1) averaging
0.04 ± 0.03 nmol L−1 (n = 52).

From the seven stations (n = 137) of transect D across the TAG site,
only the TAG system itself (St. 35) presented higher dFe(II) concentrations
compared to background concentrations, averaging 8 ± 1 nmol L−1 (n =
6) in the neutrally buoyant plume depth (3263–3453 m). High concentra-
tions below the plume 4.1 ± 0.9 nmol L−1 (n = 2) were also measured.
S cruise GA13 (refer to Fig. 1). Note that the maximum value of the colour scale is
located close to each other, so the label for station 26 has been displaced to the
positioned relative to their spatial distribution of this data subset.
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Moreover, at station 39 the ship was positioned at the same latitude and
longitude as station 35, yet no hydrothermal dFe(II) signal could be ob-
served in the deep samples, highlighting the variability in venting. Above
TAG (St. 35, Fig. 4D), a regional maximum (0.22 ± 0.01 nmol L−1, n =
4) was observed between 1000 and 1500 m depth, coinciding with the ox-
ygen minimum zone.

To consider the effect of sampling and analyses time during this cruise
on the measurements of dFe(II), an experiment was carried out with sam-
ples from the same depth collected into four 60 mL LDPE bottles. In this ex-
periment, the first and second bottles were analysed consecutively (8 min
between samples), while the third and fourth ones were analysed 24 and
48min after the sampleswere collected. All these samples weremaintained
in the same conditions as all the other cruise samples (i.e., inside a dark ice-
filled cool box). Results showed that the samples oxidised at a relatively
consistent rate, which can be theoretically computed using the equation de-
rived by González-Santana et al. (2021) (Supplementary Fig. 1). This short
experiment demonstrated that dFe(II) oxidation was occurring within the
LDPE bottles and was potentially also ongoing within the OTE bottles
after sampleswere collected from thewater column. This hypothesis agrees
with the methodology used in Fe(II) oxidation kinetic experiments in hy-
drothermal vent sites during the ‘90s (Rudnicki and Elderfield, 1993),
where the seawater was kept inside Niskin bottles and subsampleswere col-
lected at multiple time points.

3.3. Determining dissolved iron (II) concentrations post-sampling using oxidation
rates

In oxygen saturated samples and a fixed pH, a pseudo-first-order rate
dependence can be obtained to determine the rate at which Fe(II) oxidises
(Eq. (1)). The k’ is the pseudo-first-order rate constant which is strongly de-
pendent on pH (Eq. (2)).

� d Fe IIð Þ½ �=dt ¼ k′ Fe IIð Þ½ � (1)

k′ ¼ k OH �½ �2 O2½ � (2)

The original dFe(II) concentration in the ocean (dFe(II)0) can be related to
the measured dFe(II) in the sample considering the elapsed time since sam-
pling and the oxidation rate constant (k’) (Eqs. (3)–(4)). The elapsed time
since the bottles were closed was divided into four periods: a) from the
timestamp on the CTDwhen the bottlefired to the transport of the OTE bot-
tles inside the sampling van, b) sampling inside the clean lab van to the in-
sertion of the subsample into the cool box, c) time required to collect other
Fe(II) samples d) time spent in the laboratory inside the cool box before
analysis. Time steps a-d were different for each sample and were all taken
into account. We assume that the oxidation rate constants of steps a and b
occurred at in situ temperature in a time t1 = ta + tb, while steps c and d
occurred at 2 °C (inside the cool box) in a time t2 = tc + td.

ln dFe IIð Þmeasured

� � ¼ ln dFe IIð Þ0
� � � k′∙t (3)

ln dFe IIð Þ0
� � ¼ ln dFe IIð Þmeasured

� �þ k′∗sal, pH,T,O2ð Þin situ
∙t1

þ k′∗sal,O2,in situ , pH,Tð Þ2�C ∙t2 (4)

The Fe(II) oxidation was considered to be well represented by a pseudo-
first-order rate constant, k’ (Eqs. (1) and (2)) computed using the updated
multiparametric equation from the same samples in this work (Eq. (5);
González-Santana et al., 2021).

log k′ s � 1� � ¼ 35:627 � 6:7109∗pH þ 0:5342∗pH2 � 5434:02=T

� 0:04406∗S1=2 � 0:002847∗S

(5)

The computed k’ values in Eq. (5) were determined at saturated oxygen
concentrations. To consider the effect of the oxygen concentration variabil-
ity in the Fe(II) oxidation, the oxidation rate constant k (non‑oxygen depen-
dent) was calculated from Eq. (2). A new k’ (k’⁎) for the in-situ oxygen
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concentration was then calculated reapplying Eq. (2) using the obtained k
and the in situ O2 concentration. For non-hydrothermally affected samples,
the experimental data and the theoretically derived data presented a stan-
dard error of estimate in log k’ of ±0.2287 (k’ in min−1), which corre-
sponds to a half-life error of less than 1 min. The multiparametric
equation is temperature, pH, salinity and oxygen-dependent (Supplemen-
tary Fig. 2). We assumed constant oxygen concentration in the transport
of the samples, as we minimised air exchange during sampling and salinity.
Eq. (3) was modified to compute the original in situ concentrations (dFe(II)
0) considering the two oxidation rate constants (Eq. (4)). These equations
do not include biological interactions, such as organic matter, which de-
pending on its composition can accelerate or retard the oxidation rate con-
stant (Santana-Casiano et al., 2000; Theis and Singer, 1974). Generally, the
organic matter effect in samples within the first 500–800 m can produce
slower oxidation rates than theoretically determined using Eq. (5), so this
section of the profile has not been included. Similar to previous dFe(II)
work, hereafter, measured dFe(II) concentrations will be reported as dFe
(II), while calculated dFe(II) concentrations will be defined as dFe(II)0.

3.3.1. Impact of oxidation on dissolved iron (II) concentrations
The dFe(II)0 concentrations were computed for oceanic profiles be-

tween 500 and 4500m depth (Fig. 5). Above 500m, where Fe(II) oxidation
t1/2 are only a few minutes, the extrapolation of the dFe(II)0 could not be
determined with the existing equation. Similarly, Fe(II) oxidation rate con-
stants determined with the theoretical equation are severely
underestimated within hydrothermal plumes. This phenomenon was ex-
plained in González-Santana et al. (2021). As such, measured Fe(II) t1/2 in
Rainbow were as low as 17.3 min when the calculated Fe(II) t1/2 was 39
± 3 min. This variation in t1/2 would produce an underestimation of dFe
(II)0 within the hydrothermal plumes.

The average dFe(II) concentration in non-hydrothermally affected sea-
water below 500 m depth was 0.06 ± 0.03 nmol L−1 (Fig. 4). The calcu-
lated dFe(II)0 in those same samples increased to 0.25 ± 0.14 nmol L−1

(Fig. 5). The resulting measured dFe(II) concentrations averaged 28 ± 9
% of dFe(II)0. The smallest differences between dFe(II) and dFe(II)0
corresponded to deep ocean samples with seawater temperatures below 4
°C (e.g. St. 20, T = 3.5 °C) or samples collected at shallow casts within
the maximum remineralization depth (e.g. St. 4, at 700–1000 m depth
the O2 was <210 μmol kg−1).

3.3.2. Relationship between dFe(II) with dFe and sFe
The dFe(II)0 concentrations were compared to the dFe concentrations

(dFe = dFe(II) + dFe(III)). On average 23 ± 16 % of the dFe pool was
dFe(II)0 in non-hydrothermally affected seawater below 500 m depth
(Fig. 6). This percentage was influenced by the samples collected at the
500–800 m depth. Samples deeper than 800 m presented dFe(II)0/dFe ra-
tios of 17 ± 10 %. In deep samples close to hydrothermal vent sites, mea-
sured dFe(II) concentrations increased. The measured dFe(II)
concentration at Rainbow (St. 16, 2108 m) was 12.8 nmol L−1, and
corresponded to 54 % of the dFe pool. These high percentages were also
measured at Broken Spur (St. 24, 2930 m, dFe(II) = 0.29 nmol L−1, dFe
(II)/dFe = 31 %) and TAG (St. 35, 3334–3454 m, dFe(II) =
8.2–9.8 nmol L−1, dFe(II)/dFe = 27–43 %).

In hydrothermal environments, sFe decreaseswithin the buoyant plume
while colloidal iron increases (Lough et al., 2019). The size fractionation is
affected by the oxidation of Fe(II). The Fe(II) which initially should be
mainly in the soluble phase, would oxidize forming iron-bearing silicates,
iron-oxyhydroxides and iron‑manganese oxides (Humphris et al., 2015) in-
creasing the Fe found in larger size fractions (colloidal and particulate). The
dFe samples are collected after the unfiltered samples and after mixing and
pressurizing all the OTE bottles. During this sampling time, Fe(II) within
the OTE bottles should have oxidised (Supplementary Fig. 1) decreasing
the available sFe(II); which would increase cFe and pFe concentrations.
Similarly, sFe samples are collected from dFe samples which are filtered
offline. This filtration time would cause sFe(II) to oxidize potentially
forming cFe. Consequently, oxidation in environments with high Fe(II)



Fig. 5. Vertical sections of dFe(II)0 concentrations along the four transects of GEOTRACES cruise GA13 (refer to Fig. 1). Note that the top 500 m of the profile have not been
included (see text for detail). The maximum value of the colour scale is 0.5 nmol L−1. Top x-axes present the station numbers. In A, stations 35 and 36 were located close to
each other, so the label for station 26 has been displaced to the right. In D, stations between 29 and 33 were close to each other so the labels have been positioned relative to
their spatial distribution of this data subset.
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could affect the dFe(II)/dFe and dFe(II)/sFe ratios (and similarly with dFe
(II)0). This phenomenonwas observedwhen calculating dFe(II)0/dFe ratios
close to three hydrothermal vent sites, Rainbow (St. 16, 2108 m), Broken
Spur (St. 24, 2930 m) and TAG (St. 35, 3334–3454 m). In these three sta-
tions dFe(II)/dFe ratios were 54, 31, 27–43 % respectively and ascended
to 116, 108 and 112–140 % when we calculated the dFe(II)0/dFe.

The dFe(II)0 concentrations were also compared to the sFe concentra-
tion (Fig. 7). The dFe(II)0 concentrations were generally below sFe concen-
trations. Samples in non-hydrothermally affected seawater below 500 m
depth presented dFe(II)0 concentrations averaging 24 ± 16 % sFe concen-
trations (Fig. 7). The exceptions were observed within hydrothermal
plumes, where dFe(II) was above the sFe concentrations. When the dFe
(II)0/sFe percentages were calculated at stations 21 and 23, many samples
collected between 500 and 2000 m (e.g. Fig. 7B and C) presented percent-
ages close to averaging 100 or below. However, close to the vent sites, per-
centages above 200 % were obtained at Menez Gwen (210 %, St. 6), Lucky
Strike (210 %, St. 8), Rainbow (>700 %, St. 16), Broken Spur (210 %, St.
24) and TAG (>1000 %, St. 35).

4. Discussion

Figs. 2 and 4 show the spatial and depth ubiquity of dFe(II) throughout
the transects, with above limit of detection concentrations in all the sam-
ples. Previous work performed at depths deeper than 1000 m were
characterised by low dFe(II) concentrations with many samples presenting
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concentrations close to the analytical limit of detection. As such, work per-
formed in the Eastern North Atlantic presented dFe(II) concentrations
below or close to 0.1 nmol L−1 (Boye et al., 2006). These concentrations
agree with our dFe(II) measurements averaging 0.06 ± 0.03 nmol L−1 in
the non-hydrothermally affected waters. Boye et al. (2006) measured dFe
(II) concentrations of up to 0.55 nmol L−1 towards the East of the Azores.
In Section B, across the North of the Azores, we did not find concentrations
above 0.14 nmol L−1. In the Atlantic sector of the Southern Ocean, labile Fe
(II) concentrations reached up to 0.05 nmol L−1 at depths below 2100 m
(Sarthou et al., 2011), being within our measured dFe(II) range in the
North Atlantic. More recently, samples collected in the North Atlantic
Ocean during the GA03 showed dFe(II) concentration below 0.2 nmol
L−1 except for the station above the TAG hydrothermal vent site
(Sedwick et al., 2015).

The tendency of Fe(II) is to oxidize rapidly in seawater, with a t1/2 that
can vary from minutes to hours in a medium rich in oxygen depending on
the conditions of pH and T (Santana-Casiano et al., 2005). The uncertainty
that arises in oceanographic studies is whether the measured dFe(II) repre-
sents all the dFe(II) initially present in the water column or if there are
losses during sampling due to oxidation. Limited basin-scale dFe(II) tran-
sect data have been reported to date, largely due to the difficulties involved
inmeasuring dFe(II). Hansard et al. (2009) revealed thefirst values through
twoCLIVAR transects across the Pacific Ocean (PO2 and P16N). The second
basin-scale report was performed by Sedwick et al. (2015) across the U.S.
GEOTRACES GA03 transect. Similarly, a study for labile Fe(II) (Fe(II) in

Image of Fig. 5


Fig. 6.Vertical sections of the measured dFe(II) as a percentage of dFe(II)0 (dFe(II)/dFe(II)0 [%]) concentration along the four transects of GEOTRACES cruise GA13 (refer to
Fig. 1). Note that the top 500mof the profile have not been included. Themaximumvalue of the colour scale is 50%. Top x-axes present the station numbers. InA, stations 35
and 36were located close to each other, so the label for station 26 has been displaced to the right. In D, stations between 29 and 33were close to each other so the labels have
been positioned relative to their spatial distribution of this data subset.
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unfiltered samples) and Fe(II) oxidation, was reported by Sarthou et al.
(2011). Iron(II) has also received interest in shallow process studies and
oceanic regions (eg. Schallenberg et al., 2015; Vedamati et al., 2014).

In this work, we have considered that the Fe(II) oxidation process is dy-
namic and that it is conditioned, at all times, by the environmental condi-
tions, as temperature changes. This has led us to analyse the possible
changes experienced by the oxidation rate constant of Fe(II) from the
time the sample is collected until it is analysed. This will allow for future
comparisons of dFe(II) concentrations betweendifferent ocean basins/envi-
ronments.

4.1. Iron (II) in the water column

Figs. 2–4 present measured dFe(II) concentrations within the North At-
lantic Ocean. However, dFe(II) is lost to oxidation during the ascent of the
rosette, during the subsampling interval, and during the analysis interval
(Supplementary Fig. 1). To mitigate this effect, the dFe(II)0 was calculated
(Fig. 5). The average t1/2 time for all samples was 27± 17 min (maximum
of 58min) for in situ oxygen, temperature and pH conditions and increased
to 40 ± 15 min (maximum of 67 min) for the samples within the cool box
(2 °C).When considering that the rosette ascends at a rate of 1m s−1 (1–3m
min−1 when triggering the bottles), a rosette that ascends 3600mwill take
at least 1 h to reach the surface without considering sampling and analysis
time. As a result, the idea of a sample that has suffered 1 to 2 Fe(II) oxida-
tion t1/2 should be considered when reporting Fe(II) concentrations.
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The dFe(II)0 values indicate that even though deep samples were the
first to be collected, the cold temperatures counterbalanced the oxidation
of the Fe(II). As a result, samples collected from depths deeper than 1000
m may have maintained 20 to 45 % of their initial Fe(II) concentrations
even for deepest samples collected at depths beyond 4000 m. Similarly,
shallower stations such as 4, 5, 10, 12 and 13 were the least affected due
to the limited ocean depth and hence the sampling time was the shortest.

In seawater Fe(II) ismainly found in the soluble phase as Fe2+ (75.8%),
FeOH+ (1.0%) and FeHCO3+ (0.5%) (Millero et al., 1995). Iron (II) is also
found in the colloidal size fraction as FeCO3

0 (22.6 %). In hydrothermal en-
vironments, the presence of dissolved sulphide allows for the formation of
nano pyrite (FeS), with sizes in the colloidal size fraction range (Findlay
et al., 2019). Consequently, the presence of cFe(II) will affect the dFe(II)/
sFe and dFe(II)0/sFe ratios in hydrothermal environments, as observed in
the high percentages of dFe(II)0/sFe in Fig. 7. This is an effect of the forma-
tion of cFe(II) nanoparticles (e.g. nano-pyrite). However, the high dFe(II)0/
dFe percentages at Rainbow (St. 16, 2108 m, 116 %), Broken Spur (St. 24,
2930 m, 108 %) and TAG (St. 35, 3334–3454 m, 112–140 %) describe a
sampling bias related to the oxidation of Fe(II), where it is aggregating
forming larger size particles.

The dFe(II)0 concentrations were generally below dFe concentrations,
representing 17 ± 10 % of the deep ocean (>800 m) dFe pool. The rele-
vance of dFe(II)0 increased to 23 ± 16 % of the dFe pool when the
500–800 m depth samples were also included. This increase in the relative
fraction of dFe(II) in the dFe pool was previously observed by Sarthou et al.

Image of Fig. 6


Fig. 7. Vertical sections representing the dFe(II)0 as a fraction of the sFe pool (dFe(II)0/sFe [%]) along the three transects of GEOTRACES cruise GA13 (refer to Fig. 1). Note
that the maximum value of the colour scale is 200%. Top x-axes present the station numbers. In A, stations 35 and 36were located close to each other, so the label for station
26 has been displaced to the right. In D, stations between 29 and 33were close to each other so the labels have been positioned relative to their spatial distribution of this data
subset.
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(2011) who reported percentages of labile Fe(II) as high as 70 % of the dFe
pool in waters shallower than 1500 m south of 47°S.

To have a more detailed view of the process, this analysis has been car-
ried out by dividing the water column into its most characteristic layers.

4.1.1. Iron (II) in central waters
One of the main factors affecting Fe(II) oxidation is the O2 concentra-

tion. The OM remineralization process occurs to a greater extent in interme-
diate waters than in the rest of the water column affecting the dissolved
oxygen profile (Supplementary Fig. 2). In this study, the apparent oxygen
utilization (AOU) for central waters increased from north to south. The re-
duction in available oxygen influences Fe(II) oxidation kinetics by decreas-
ing the apparent oxidation rate constant. A significant positive correlation
(r2 = 0.328, n = 306; p-value <2 × 10−7) was obtained between AOU
and dFe(II). Differences in oxygen concentrations between ocean basins
can also be attributed to ocean circulation. As such, the more aerated
North Atlantic is considered to have a faster Fe(II) oxidation rate than the
North Pacific basin (Field and Sherrell, 2000; Statham et al., 2005). This
agrees with the results showing that the more O2 concentrated central wa-
ters found north of the transect A presented lower dFe(II)0 concentrations
than the southern transects A and D.

The Fe(II) half-life time of a sample with the same temperature, salinity
and pH and with dissolved oxygen corresponding to the maximum (250
μmol kg−1) and the minimum (156 μmol kg−1) concentrations in the stud-
ied region is 60 % higher under low oxygen conditions (according to
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Eq. (2)). However, samples with the lowest oxygen concentrations were
found at 800-1000 m depth, which presented warmer (7–9.5 °C), higher
pH (7.9–8.1) and saltier (35.0–35.5) conditions than deep ocean waters
(<5 °C, <7.9, <34, respectively). These variations resulted in a faster Fe
(II) oxidation rate within the 800-1000 m deep waters even though the ox-
ygen conditions favoured slower oxidation rates.

Through transects A, B and C, one regional dFe(II)0 maximum is ob-
served at a depth between 1000 and 1500 m. This regional maximum is
found above the TAG vent site (St. 35) and presents dFe(II) concentrations
averaging 0.22± 0.01 nmol L−1 (dFe(II)0 = 0.76± 0.12 nmol L−1). This
regionalmaximum coincideswith themaximumobserved by Sedwick et al.
(2015) at this specific location. These authors proposed two hypotheses to
explain this anomaly. The first hypothesis considered secondary shallow
hydrothermal sources located close to TAG. Our oxidation kinetics calcula-
tions could not account for the transport of a dFe(II) hydrothermal plume
from known shallow sites close to TAG, suggesting that this hypothesis is
not probable. The second hypothesis suggested upwelling from the TAG hy-
drothermal vent site. This work cannot explain how the hydrothermal up-
welling could reach 2000 m above the vent site using the Fe(II) results.

4.1.2. Iron (II) in deep waters
In deepwaters, the temperature is the factor that plays the largest role in

Fe (II) oxidation. At depths >1500 m, in situ temperatures are lower than 5
°C, driving slow oxidation rates of the samples (theoretical t1/2 of 53 ± 7
min, n = 377). Measured dFe(II) concentrations were always below
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0.1 nmol L−1. However, dFe(II)0 ranged between 0.1 and 0.2 nmol L−1.
Consequently, measured dFe(II) concentrations correspond to 28 ± 9 %
of what is theoretically calculated considering Fe(II) oxidation rates.
These results indicate a possible underestimation of the presence and role
of Fe(II) in the deep ocean dFe pool. This underestimation is caused by sam-
pling times, where deep ocean samples are analysed on average two Fe(II)
t1/2 after being collected.

4.1.3. Iron (II) in hydrothermal areas
The presence of colloidal particles and complexation of the oxidised Fe

(II), dominant in the buoyant plume, would affect the rate of Fe(II) oxida-
tion enabling the dissolved Fe(II) to be exported to the non-buoyant
plume. The hydrothermal samples were characterised by cFe dominating
the dFe pool (90 %). Although Fe-ligand complexes have been studied for
the colloidal and soluble pool (Cullen et al., 2006), currently no method ex-
ists for the measurement of dissolved Fe(II)-ligand complexes and, simi-
larly, there are no Fe(II) oxidation rate equations considering the organic
matter content, type of organic matter, and colloidal particle effects.

The highest measured dFe(II) concentration at the Rainbow site (St. 16;
2108m depth) was 12.8 nmol L−1 (dFe(II)0= 27.6 nmol L−1) correspond-
ing to 54% of the dFe (dFe(II)0/dFe=116%). When compared to sFe, dFe
(II) was 16 times higher (dFe(II)/sFe = 1615 %; dFe(II)0/sFe = 3500 %).
This discrepancy could be caused by the oxidation of Fe(II) to Fe(III)
which forms Fe-oxyhydroxides. Furthermore, colloid aggregation in filters
could then influence the dFe partitioning between sFe and cFe during filtra-
tion (Massoth et al., 1998). This would explain why <5 % of the dFe was in
the soluble size fraction. The dFe(II) and dFe(II)0 profiles (Figs. 4 and 5) dis-
play an important behaviour in Fe transport. At stations surrounding the hy-
drothermal vent sites (30 km from the vents), dFe(II) concentrations had
decreased to background levels. Therefore, most of the oxidation of dFe
(II) occurred within the first kilometres from the vent sites. This is in agree-
ment with the fast oxidation rate constants reported in these hydrothermal
vent sites (González-Santana et al., 2021). High dFe(II) concentrationswere
also observed at Menez Gwen (0.245 ± 0.012 nmol L−1), Lucky Strike
(0.607 ± 0.139 nmol L−1), Broken Spur (0.103 ± 0.010 nmol L−1) and
TAG (8.29 ± 1.50 nmol L−1).

4.2. Fe(II) conundrum

In this work, dFe(II) concentrations were above the detection limit
throughout the water column far from strong localised sources (e.g. photo-
reduction, hydrothermal, sediment resuspension, …). Measured dFe(II)
concentrations were in agreement with previous work performed in the At-
lantic Ocean (Sedwick et al., 2015). Concurrently, due to the seawater phys-
icochemical characteristics, Fe(II) is thermodynamically unstable and
oxidises to Fe(III). However, dFe(II) can reach concentrations of up to
0.2 nmol L−1 (about 10 times higher than the FIA-CL limit of detection)
throughout the water column.

These dFe(II) concentrations could be promoted by the presence of nat-
ural organic matter which preserves the Fe(II) by acting as both a redox
buffer and a complexant (Daugherty et al., 2017). Reduced natural organic
matter could produce a redox buffering mechanism to maintain Fe(II) con-
centrations which would combine with the reduction of the newly oxidised
Fe(III) (Bauer and Kappler, 2009; Daugherty et al., 2017). This process has
been observed in laboratory experiments where a low molecular weight
quinone (2-methoxyhydroquinone) reduced Fe(III) to Fe(II) faster than
the oxidation of Fe(II) due to the presence of oxygen and ROS (Yuan
et al., 2016).

These results also led to a scientific conundrum. If dFe(II) concentra-
tions in the deep Atlantic Ocean can be measured in multiple stations and
cruises, the Fe(II) sinks and sources in the deep ocean should be approxi-
mately equal (we can assume Fe(II) concentrations to be an approximately
steady-state). The steady state is maintained by the interaction of biotic
loss/sinks and production/sources, abiotic sinks (e.g. oxidation due to the
presence of O2, ROS and H2O2) and abiotic sources (e.g. Fe(III)-ligand com-
plexes producing Fe(II) and the oxidised ligand). However, while the
11
samples are in the LDPE bottles, the dFe(II) in the samples is not constant
since dFe(II) concentrations decreased (Supplementary Fig. 1). Considering
the previous sources and sinks, we can consider the biotic processes to re-
main within the sample (the sample remains unfiltered). However, within
the abiotic processes, the arrival of fresh ligands capable of complexing
Fe(III) and Fe(II) is blocked, limiting an abiotic source and stabilisation of
dFe(II). These processes should occur within the OTE bottles which col-
lected the sample from the deep ocean. Oxidation kinetics experiments
have been performed maintaining the sample within Niskin bottles
(Stathamet al., 2005). Unfortunately, we currently do not have the technol-
ogy for the in-situ detection of Fe(II) concentrations with picomolar detec-
tion limits nor the knowledge of how to quickly stabilize the dFe(II) in the
water without affecting the redox speciation of Fe. Future studies should
emulate our approach, carefully monitoring times between sampling and
analysis and checking Fe(II) loss within the LDPE bottle and OTE bottles
to thoroughly verify if dFe(II) is lost within the sampling bottles or if Fe
(II) concentrations aremaintained due to processes and reactions occurring
within them. This would allow for more robust comparisons between stud-
ies, which is key to understanding the role of redox processes governing the
Fe cycle.

5. Conclusions

The GA13 cruise has provided new data on the North MAR. Measured
dFe(II) concentrations throughout the water column were low, with con-
centrations below 0.2 nmol L−1, decreasing in the deep ocean to
<0.1 nmol L−1. In our study, we have identified some sources and physico-
chemical conditions which modulate the dFe(II) profile. Over the whole
water column, the oxidation of Fe(II) is a limiting factor, with measured
dFe(II) concentrations only accounting for 10 to 65%of the computed orig-
inal Fe(II) concentrations. The factors involved in the oxidation vary by
ocean depths.

In the surface waters, the photoreduction of Fe(III) forms Fe(II). Never-
theless, physicochemical parameters as high seawater temperature above
15 °C, high pH and highly oxic waters influence the Fe(II) half-life in the
surface layer, shortening the t1/2 to 3 to 100 times shorter than the time re-
quired to analyse the samples. Concurrently, biological activities excrete or-
ganicmatter affecting the Fe(II) concentrations and its residence time. Even
so, computed original Fe(II) concentrations are difficult to determine if the
t1/2 are too short.

In the central waters, where the minimum oxygen zone is produced as a
result of organic matter remineralisation, the conditions allow for a slower
oxidation rate, where measured dFe(II) concentrations increase. Oxygen
variations within this section accounted for a Fe(II) half-life variation of
up to 60 %. Finally, in the deep ocean, hydrothermal activity acts as a
source of Fe(II), whose concentrations will depend on the vent site, the dis-
tance from the vent to the sampling point and the oxidation rate. Further-
more, in all cases, the Fe(II) oxidation rate constant is also dependent on
the presence of organic matter and colloidal size particles, but these two
variables have not been considered here, since the oxidation rate equation
only accounts for some inorganic processes. Organic matter is a pool of
thousands of individual compounds each of them with varying impacts
on oxidation rates. We consider that these two factors should not be
major sources of uncertainty in the determination of dFe(II)0 within this
study. The OM and colloidal effect should be implicitly accounted for in
the oxidation rate constant equation since it was developed with samples
collected in the same cruise at the same depths. Moreover, the OM effect
was more significant in shallow (<500 m) samples (González-Santana
et al., 2021), which have not been included in this manuscript.

This work has shown that dFe(II)0 could account for >20 % of the dFe
pool and not only <10 % as previously reported (Boye et al., 2006;
Sarthou et al., 2011; Sedwick et al., 2015) when the oxidation during sam-
pling and analysis time is taken into account. The importance of Fe(II) oxi-
dation is not only related to Fe(II) concentrations and their proportions to
the Fe pool but the effect on the quantification of other Fe cycle parameters.
The fast oxidation rate of Fe(II) makes Fe speciation difficult to establish,
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and its oxidation can influence its size fractionation. As such, a portion of
the mainly soluble sized Fe(II) will oxidize to the colloidal size fraction or
get adsorbed onto larger particles. Oxidation of Fe(II) will affect more com-
mon measurements such as sFe, cFe and dFe. Therefore, future studies ob-
serving Fe concentrations should check for Fe losses during the sampling
processes by taking additional Fe samples at themiddle and end of the sam-
pling process and recording sampling and analysis times. This is of particu-
lar importance in environments likely to have elevated Fe(II)
concentrations such as hydrothermal plumes, oxygen minimum zones,
meltwater from sub-glacial streams and release of Fe from sub/anoxic sed-
iments.
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