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ARTICLE INFO ABSTRACT

Keywords: Iron (Fe) and manganese (Mn) are crucial micronutrients that limit oceanic primary productivity in the Southern

GEOTRACES Ocean. It has been recently suggested that hydrothermal activity may be an important source of oceanic dis-

Southwest Indian Ridge (SWIR) solved iron, yet, this contribution is still not fully understood and only one active hydrothermal site has been
Ezgr;);ge:n";;i‘;c:s reported on the Southwest Indian Ridge (SWIR), south of 40°S.

Using a multi-proxy approach, this study demonstrates the occurrence of hydrothermal venting on the SWIR in

the near vicinity of the location 44°51.690 S, 36°10.460 E, which is likely to be a low or moderately high

temperature fluid. Indeed, we report high values of dissolved methane to manganese ratios (up to 11.1 + 1.2

mol mol’l), low particulate iron (pFe) and manganese (pMn) concentrations (with maximum values of 0.7 nmol

L7! and 0.06 nmol L7}, respectively) associated with the presence of few oxyhydroxides, as well as high

223Radium (Ra) and 22*Ra activities near the seafloor. The Fe and Mn data revealed a significant enrichment at

depths influenced by hydrothermal circulation on the seafloor, within the Upper Circumpolar Deep Water.

Dissolved Fe (dFe) and dissolved Mn (dMn) concentrations were enriched by 3- and 7-fold, respectively, and pFe

and pMn by 2- and 1.5-fold, respectively, compared to a reference station located outside the SWIR. They were

however lower than concentrations reported so far near high temperature vents, suggesting a weaker influence of

this hydrothermal system on deep Fe and Mn reservoirs. We show that a large fraction of the dFe could be

stabilized by organic complexation with humic substances (eHS, estimated 27-60% of dFe). High prokaryotic

abundance related to the proximity of the hydrothermal vent suggests that other Fe-complexing ligands of

biological origin might also stabilize Fe in its dissolved form. Collectively, these measurements integrated within

the concept of a “multi-proxy approach”, helped painting a more detailed picture of the complex interactions and

processes in this region of the SWIR. Although the system is a source of both dFe and dMn to the deep ocean, the
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low current velocities and the bathymetry likely limit the fertilization of surface water by dFe and dMn along this

section of the SWIR.

1. Introduction

Iron (Fe) and manganese (Mn) are essential for cellular metabolisms
(Sunda, 2012), and their low concentrations limit oceanic primary
productivity and the structure of marine ecosystems in high nutrient low
chlorophyll areas (HNLC) like the Southern Ocean (Boyd and Ellwood,
2010; Browning et al., 2021; Latour et al., 2021; Tagliabue et al., 2017).
The study of the different sources of Fe and Mn to the ocean is therefore
warranted to understand the functioning of oceanic ecosystems and the
major biogeochemical cycles, including that of carbon. Among the
different sources, the hydrothermal contribution is still poorly
understood.

Since their discovery in the 1970s (Corliss et al., 1979), hydrother-
mal vents have been discovered in all oceanic basins and in different
geodynamical settings (e.g. mid-ocean ridge, back-arc basin, arc
setting), and have been surveyed for chemical, geological and biological
interests (Beaulieu et al., 2015). Relative to seawater, hydrothermal
fluids are enriched in metals, including Fe and Mn, whose concentra-
tions vary considerably, with average values of 1970 + 4510 pmol L™*
(n = 747) and 500 + 714 pmol Ll (= 756), respectively (data
compilation of hydrothermal vents sites on all major geologic structures
in the world ocean; Diehl and Bach, 2020). The fluid composition de-
pends on the water-rock interactions, the phase separation between the
brine and the vapor phase enriched in gasses and finally the degassing
processes (German and Seyfried, 2014; Shock, 1992; Von Damm, 1990).
Schematically, two systems of hydrothermal vents can be distinguished
according to the temperature of the fluid (i.e., high >300 °C and low
<226 °C) as well as according to geochemical interactions (German
et al., 2022). Magmatic systems are produced by eruptions of magma
chambers containing molten rocks (basaltic and/or gabbroic), whereas
ultramafic systems are produced by geochemical reactions that take
place off-axis of the ridge, where seawater invades the oceanic crust
through fissures (Martin et al., 2008).

Over the last decade, it has been demonstrated that dFe and dMn
were persistent enough in hydrothermal plumes to be transported over
thousands of kilometers in deep waters of the ocean (Fitzsimmons et al.,
2014, 2017; Resing et al., 2015; Tagliabue et al., 2022) due to their
physical (colloids) and chemical (ligand bound) speciation. Dissolved Fe
and Mn from hydrothermal vents were indeed found to be associated
with organic ligands, which maintain these elements in the dissolved
phase above their oceanic limit of solubility (Bennett et al., 2008;
Hawkes et al., 2013; Luther et al., 1992; Oldham et al., 2017; Sander and
Koschinsky, 2011; Thibault de Chanvalon et al., 2023).

The latest estimation of high temperature hydrothermal vent
contribution of Fe to the deep ocean is 4 + 1 Gmol Fe yr~! (Resing et al.,
2015) with only 0.12 + 0.07 Gmol Fe yr~! from these hydrothermal
sources possibly reaching the surface ocean (Roshan et al., 2020). This is
considered to be minor compared to atmospheric or resuspended sedi-
ment supply at the global scale (Aumont and Bopp, 2006; Moore and
Braucher, 2008; Roshan et al., 2020), but may be significant in the
Southern Ocean where advected hydrothermal dFe supply to surface
waters is almost equivalent to the supply of Fe from dust deposition
(Baker, 2017; Resing et al., 2015; Roshan et al., 2020). Recent studies
have indeed linked this hydrothermal Fe supply into surface waters to
large Southern Ocean phytoplankton blooms (Ardyna et al., 2019;
Moreau et al., 2023; Schine et al., 2021; Tagliabue and Resing, 2016).
For Mn, hydrothermal inputs to the deep ocean are estimated to be 102
Gmol yr_1 which is higher than other sources (van Hulten et al., 2017).
However, the potential impact of enrichment by hydrothermal Mn on
surface marine productivity has not been investigated so far, and over-
all, the influence of hydrothermal inputs on Fe and Mn distributions in

the Southern Ocean remain scarce.

Based on the assumption that the low magmatic budget of slow-
spreading ridges (20-55 mm yr~!) have a smaller impact on the ocean
Fe budget, slow spreading ridges have been less studied than the fast-
spreading ridges (80-140 mm yr ') (Beaulieu et al., 2015). Yet, recent
studies suggest that hydrothermal systems at slow and ultra-slow
spreading ridge settings are more abundant than previously known (e.
g. Baker, 2017). In slow and ultra-slow ridge settings, two types of hy-
drothermal systems can be distinguished: (1) mafic-hosted (Menez
Gwen, TAG, Longqi, Logatchev, Saldanha) and (2) ultramafic-hosted
(Lost City, Rainbow, Ashadze) hydrothermal systems (Fouquet et al.,
2010; Wang et al., 2019). Ultramafic-hosted hydrothermal systems
display a large diversity of type of venting (black smoker, medium to
low-temperature fluids, low temperature diffuse fluids and fluid chem-
istry). The Southwest Indian Ridge (SWIR) is among the world’s slowest
ultraslow-spreading ridges (~14-16 mm y !, German et al., 1998;
Sauter and Cannat, 2010). Along this ridge, the first active hydrothermal
vent field was revealed in 2012 (Tao et al., 2012), and, to date, about 30
active hydrothermal vents are now inventoried according to InterRidge
data (red stars on Fig. 1) (Bach et al., 2002; Baker et al., 2004; Cannat
et al., 2021; German et al., 1998; Han et al., 2010; Lecoeuvre et al.,
2021; Tao et al., 2009, 2014). However, few studies investigated their Fe
and Mn inputs to the deep water masses (Fang and Wang, 2021; Wang
et al., 2019). Between Prince Edward (35°E) and Eric Simpson (40°E)
fracture zones, the presence of hydrothermal vents was suspected from
bathymetry, magnetism and gravity data during the SWIFT cruise in
2001 (Humler, 2001; Sato et al., 2013 as delimited by the red line on
Fig. 1b). As part of the GEOTRACES international program, the SWINGS
cruise (GEOTRACES GS02 section) was designed to sample a variety of
provinces, from South Africa to Heard Island (Fig. 1a), and dedicated
some time to hydrothermal exploration along the SWIR to investigate if
this could be an important source of iron and manganese. Following a
bathymetric survey (doi: 10.17882/89462; Fig. 1c), station 14 located
between a magmatic and a low magmatic activity segment (PE-1 in Sato
et al.,, 2013; red line Fig. 1b) was investigated. In this study, we
demonstrate the presence of hydrothermal activity at station 14 using
methane (CH4) and dMn, then we further characterize the type of hy-
drothermal system before discussing its implications for Fe and Mn
distributions using an interdisciplinary approach (chemistry, geology
and biology).

2. Methods
2.1. Study area

The South West Indian GEOTRACES Section (SWINGS; section GS02,
PIs Hélene Planquette and Catherine Jeandel) took place on the N/O
Marion-Dufresne, from January 11th to March 8th, 2021.

After 25 h of bathymetric survey on the SWIR on an area of around
200 km? (Fig. 1), station 14 (36.174°E; 44.862°S, bottom depth = 1395
m) was sampled for CHy, trace metals, prokaryotic abundance, and Ra
isotopes to trace a potential hydrothermal vent. Station 14 is located
between a magmatic section to the west and a low magmatic section to
the east according to the geophysical survey from Sato et al. (2013) (red
box; Fig. 1). This station was compared with another station nearby,
station 16 (36.111°E; 46.507°S, bottom depth = 2633 m; Fig. 1), which
was not located on the SWIR and therefore considered as a reference
station. Samples for trace metals, humic ligands and bacterial abun-
dance were collected at stations 14 and 16.
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2.2. Hydrographic data

Conductivity-temperature-depth (CTD) data were collected from a
Seabird SBE911 plus probe, equipping both the clean and standard ro-
settes, with an accuracy of + 0.001 °C for temperature and + 0.003 mS
em™! for conductivity. Dissolved oxygen concentration (O;) was
retrieved from a Seabird SBE43 sensor attached to each rosette. Poten-
tial temperature (), salinity (S), and O data were used to characterize
the different water masses. Temperature and conductivity sensors were
calibrated postcruise by SeaBird and regular salinity calibrations were
done on board, leading to a correction of +0.005 for salinity. Likewise,
dissolved oxygen data were further calibrated with ex-situ titrations
(Winkler method) from water samples taken at most stations.

30°S

40°S

50°S

20°E 40°E 60°E
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2.3. CHy analyses

Samples for dissolved CH,4 analysis were collected in 20 mL head-
space glass vials directly from the Niskin bottles, poisoned with 20 pL of
saturated HgCl; solution to inhibit any microbial activity, and sealed
using gas-tight septa (20 mm, grey butyl-rubber) and aluminum crimp
caps. All samples were stored at 4 °C until analysis on shore. Dissolved
CH4 concentrations were determined by gas chromatography analysis
after headspace extraction (Kolb and Ettre, 1997), using a Shimadzu
Headspace Sampler (HS-20) connected to a Gas Chromatograph (Shi-
madzu GC-2030) fitted with a barrier discharge ionization detector
(BID) and a 30 m SH-Rt-Msieve 5 A column. With this set-up, headspace
extraction was entirely automated: pressurization of the sample up to 2
bars, heating at 90 °C and equilibration for 10 min. Then, an aliquot of
the gas sample was transferred to a 1 mL injection loop, maintained at
150 °C and injected into the column maintained at 40 °C. The detection

2500 m

3000 m

4000 m

5000 m

80°E 35.5°E  36°E  36.5°E 3T°E

Fig. 1. (a) Bathymetry map showing the location of the stations sampled for trace metals (black dots) during the SWINGS cruise (GEOTRACES GS02 section). The
green, orange and black lines represent the North Boundary of the Antarctic Circumpolar Current (NBACC), the Subantarctic Front (SAF) and the Polar Front (PF),
respectively, according to Park et al. (2019). The red stars represent the active hydrothermal vents reported so far on the SWIR (data from the InterRidge Vent
database: https://vents-data.interridge.org/ventfields-osm-map). (b) Close-up on stations 14 (SWIR) and 16 (Reference), the red line delimits the geophysical survey
PE-1 realized in 2008 by Sato et al. (2013) and Humler (2001) (see Introduction). (c) High-resolution bathymetric map around station 14. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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limit was 0.2 nmol L™! for dissolved CHy.
2.4. Radium analyses

Acrylic cartridges impregnated with MnO2 (Mn-cartridges) were
mounted on McLane in-situ pumps (ISP) to preconcentrate in-situ dis-
solved radium (Ra) isotopes from large volumes of seawater (Henderson
et al., 2013). Seawater first passed through Supor (0.8 pm pore size) or
QMA (Whatman®© 1 pm pore size) filters before passing through the Mn-
cartridges. ISP were deployed at station 14 for 3 h of pumping, thus
filtrating between 427 and 674 L of seawater. Both 223Ra (half-life of
11.4 d) and 224Ra (half-life of 3.66 d) activities were determined by
performing several counting of Mn-cartridges on Radium Delayed
Coincidence Counter (RaDeCC) systems (Moore, 2008). The Ra pre-
concentration efficiencies of the Mn-cartridges were determined for
each sample. Further details on radium analysis can be found in Léon
et al. (2024).

2.5. Trace metal sampling and analyses

GO-FLO bottles and all the sampling material were cleaned before
the cruise following the GEOTRACES cookbook (Cutter et al., 2017). The
trace metal clean rosette was deployed with a resolution of up to 24
depths per station. Immediately after recovery, the rosette was trans-
ferred into a clean container for sampling trace elements. Particle levels
in the clean container atmosphere were controlled with a particle
counter (Lighthouse HH3016) and when levels were adequate for ISO
class 6 levels, sampling could begin. Bottles were pressurized with 0.2
pm-filtered nitrogen (Air Liquide®).

2.5.1. Dissolved trace metals

Samples dedicated to dissolved trace metal (dMn and dFe) analyses
were filtered on-line through a 0.45 pm polyethersulfone filter (Supor®)
and collected in duplicates in acid-cleaned 60 mL LDPE bottles. All
samples were acidified within 24 h of collection with hydrochloric acid
(HCI, ultrapure grade, Merck, final pH 1.8), stored at room temperature,
and analyzed 12 months later by inductively-coupled plasma mass
spectrometry (ICP-MS).

The dFe and dMn concentrations were measured using the pre-
concentration system seaFAST-pico™ coupled to a high-resolution
magnetic sector field inductively-coupled plasma mass spectrometer
(SF-ICP-MS, Element XR — Pole Spectrométrie Ocean, Brest) following
Tonnard et al. (2020). Acidified MQ water with hydrochloric acid (HCI,
ultrapure grade, Merck, 0.2%o, final pH 1.8, n = 9) was analyzed regu-
larly but represents an upper end of the analytical blank. Therefore, the
air blank (i.e., no sample taken up but with the contribution of all re-
agents) was used (dMn = 0.08 + 0.04 nmol L’l; dFe = 0.14 + 0.05
nmol L™1). All dMn and dFe data were above the detection limit (LOD),
defined as three times the standard deviation (sd) of the air blank (LOD
dMn = 0.010 nmol L™}; LOD dFe = 0.041 nmol L™}, n = 23). The
reproducibility of our analyses has been verified with duplicates (n = 23;
Coefficient of variation (CV) for dMn = 5.4% and dFe = 8.0%) and the
standard deviation of our values were estimated from the CV of the
calibration coefficient. The standard deviation provided for dissolved Fe
and Mn concentrations includes the errors associated with filtered vol-
ume of seawater, the number of counts per second provided by ICP-MS
analysis, and the standard deviation of the calibration lines. Reference
seawater (NASS-7, Nadeau et al., 2016) and GEOTRACES consensus
(GSC and GSP) seawaters were used to certify the accuracy of our ana-
lyses (Table 1).

2.5.2. Particulate trace metals

Suspended particles were collected on 25 mm diameter 0.45 pm
polyethersulfone filters (Supor®). After collection, excess seawater was
removed using a syringe then filters were placed in clean petri-slides and
kept frozen at —20 °C until analysis back at the laboratory. Prior to acid
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Table 1
Measured dissolved (in nmol L™!) and particulate (in mg kg’l) Mn and Fe
compared to the consensus and certified reference material values.

dMn (nmol L™Y) dFe (nmol L)

Certified Measured Certified Measured
value value value value
NASS7 (n = 13.46 £ 0.11  13.03 £ 0.82 6.15 + 0.05 6.14 + 0.49
10)
GSC (n =15) 2.18 +£ 0.08 1.87 £ 0.26 1.54 + 0.12 1.87 £0.32
GSP (n = 2) 0.778 + 0.647 + 0.155 + 0.184 +
0.034 0.042 0.045 0.015
pMn (mg kg™1) pFe (mg kg™ ")
Certified Measured Certified Measured
value value value value
MESS 4 (n = 298 + 14 342 + 31 37,900 + 37,178 +
5) 1600 3300
PACS 3 (n = 432 + 16 491 + 97 41,060 + 640 39,053 +
3) 7632
BCR 414 (n 299 + 13 343 + 20 1850 + 190 2121 + 118
=3)
ATD (n = 3) 728 + nd 813 + 87 24,480 + 29,851 +
10,491 2548

digestion, 15 mL Teflon™ vials were cleaned with 6 mol L' Hcl (Fisher
Scientific—Merck Suprapur grade) and heated at 130 °C for 4 h, then
rinsed 3 times with Milli-Q water. Vials were then cleaned with 3 mL of a
solution of 1.45 mol L™! HF (Fisher Scientific— Merck Suprapur Grade)
and 8 mol L! HNOj (Fisher Scientific—Suprapur Grade) for 4 h at
130 °C, then rinsed 5 times with Milli-Q water and dried under a laminar
flow hood. All filters were digested with 2 mL of acid solution containing
8 mol L™! HNO3 and 2.9 mol L™! HF (Fisher Scientific—Optima grade
concentrated acids) for 4 h at 130 °C. Afterwards, the solution was
evaporated to near dryness (dry down step) at 110 °C under an ISO 5
HEPA fume hood. The residue was redissolved with 400 pL of concen-
trated HNO3 (Fisher Scientific—Optima grade) and evaporated again at
110 °C. Then, the new residue was dissolved in 3 mL of 3% (v/v) HNO3
(Fisher Scientific—Optima grade) before being archived into precleaned
15 mL polypropylene tubes (Corning®) or 5 mL cryotubes (Trucool®)
until analysis (Planquette and Sherrell, 2012). Before being analyzed,
the archive solutions containing our samples were diluted (factor 10) in
3% (v/v) HNOj3 (Fisher Scientific—Optima grade) spiked with Indium
(In) as an internal standard (~ 1 ppb, as run in final solution). Cali-
bration curves, prepared gravimetrically in a 3% (v/v) HNOs solution
(spiked at 1 ppb of In), were analyzed at the beginning, middle and end
of each analytical session. Based on the recommendations by Planquette
and Sherrell (2012), analyses were performed with a magnetic sector
inductively coupled plasma mass spectrometer (SF-ICP-MS, Element XR
— Pole Spectrométrie Ocean, Brest) at medium resolutions (>>Mn; 56Fe).
A total of 44 process blank filters, i.e., 1 L of filtered seawater passing
through a clean filter, were collected near the surface at nearly all sta-
tions sampled along the SWINGS transect (n = 44; pMn = 0.37 £ 0.23
ng/filter; pFe = 11 + 7 ng/filter). The particulate data obtained were
above the detection limit (defined as three times the standard deviation
of the blank: pMn = 0.69 ng/filter; pFe = 21 ng/filter). Every 10 sam-
ples, duplicate measurements of samples were made in order to verify
the precision of the method (n = 45; coefficient of variation pMn = 11%j;
CV pFe = 5%). The standard deviations provided for particulate metal
concentrations include the errors associated with the filtered seawater
volume, the scale deviation used to weigh the archive solutions, the
number of counts per second provided by ICP-MS analysis, and the
standard deviation of the calibration lines. Following the same acid
digestion protocol, certified and consensus materials were analyzed
(MESS-4 (Willie et al., 2014), PACS-3 (Willie et al., 2013), Bureau of
Reference plankton certified reference material (BCR-414) and Arizona
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Test Dust (Morton et al., 2013), Table 1).

2.6. Scanning electron microscopy

Particulate material has been characterized using FEI Quanta 200
scanning electron microscope (SEM) coupled with an OXFORD energy
dispersive spectroscopy (EDS) X-MAX detector (80 mm?). EDS imaging
on a ca. 1 mm? filter surface (carbon-coated) was first made to detect Fe-
and Mn- bearing minerals. Secondary electron images were acquired for
textural characterization and additional EDS spot analyses were
completed in order to identify the different mineral phases (e.g. oxy-
hydroxides, oxides, silicates...). EDS analyses were performed at 20 kV
and a 10 mm working distance. Secondary electron images were ac-
quired at 5 kV.

2.7. Electroactive humic ligands

Samples for electroactive humic substances (eHS) were collected as
for dFe in 60 mL acid-cleaned LDPE bottles then stored at —20 °C prior to
analysis. Molybdenum (Mo) standard solutions were prepared by dilu-
tionoflg L~! Mo standard (BDH Spectrosol) in Milli-Q. Suwannee River
Fulvic acid (SRFA) standards (2S101H, IHSS) were prepared by dis-
solving in Milli-Q. Samples and standards were acidified to pH 2 using
Trace Metal grade HCI (Fisher Scientific). Analyses were conducted
using cathodic stripping voltammetry as described in Pernet-Coudrier
et al. (2013) using a Metrohm pAutolab 3 potentiostat, Metrohm
IME663 and Metrohm V663 stand. The system consisted of a hanging
mercury drop working electrode, a glassy carbon auxiliary electrode,
and an Ag:AgCl (3 mol L ™! KCI) reference electrode. Analyses took place
inside an acid cleaned glass electrochemical cell. Modifications to the
method described by Pernet-Coudrier et al. (2013) include purging the
sample with nitrogen gas for 600 s, using a deposition time of 400 s, and
using the 1st derivative of the smoothed peak processed in ECD software
(Omanovic and Pizeta, 2016; ElectroChemical Data Software ECDSOFT)
to quantify eHS.

We estimated the minimum and maximum eHS Fe binding capacity
of our samples using the reported values of eHS standards in the liter-
ature as in Whitby et al. (2020). The minimum eHS Fe binding capacity
is calculated using the Suwannee River Fulvic Acid (SRFA) standard Fe
binding capacity (SRFA, 14.6 nM Fe mg ' SRFA; eq. 1) and the
maximum eHS binding capacity is calculated from the (Suwanee River
Humic Acid (SRHA) Fe binding capacity, (32 nM Fe mg~' SRHA; eq. 2)
reported values of Fe binding capacity of eHS standards (Laglera and van
den Berg, 2009; Sukekava et al., 2018), we estimated the minimum and
maximum Fe eHS binding capacity of our samples, as in Whitby et al.
(2020). Note, we elected to not include the standard deviations in the
calculations, which is a modification to the original calculation pro-
posed by Whitby et al. (2020). This was in order to minimise the size of
the eHS Fe binding envelope to the lower limit.

SRFA minimum eHS Fe binding capacity = [eHS] x 14.6 (1

SRFA maximum eHS Fe binding capacity = [eHS] x 32 )

2.8. Determination of prokaryotic abundance

For the enumeration of non-phototrophic prokaryotes by flow
cytometry, 1.44 mL of unfiltered seawater were fixed with glutaralde-
hyde grade I 25% (1% final concentration), and incubated for 30 min at
4 °C, then quick-frozen in liquid nitrogen and stored at —80 °C until
analysis. Counts were performed on a FACSCanto II flow cytometer
(Becton Dickinson) equipped with 3 air-cooled lasers: blue (argon 488
nm), red (633 nm) and violet (407 nm). Cells were stained with SYBR
Green I (Invitrogen — Molecular Probes) at 0.025% (vol/vol) final con-
centration for 15 min at room temperature in the dark. Stained pro-
karyotic cells were discriminated and enumerated according to their
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right-angle light scatter (SSC) and green fluorescence. Fluorescent
beads (1.002 pm; Polysciences Europe) were systematically added to
each analyzed sample as internal standard. The cell abundance was
determined from the flow rate, which was calculated with TruCount
beads (BD biosciences).

3. Results and discussion
3.1. Hydrographic settings

Similar water masses were observed at stations 14 and 16 (Fig. 2).
The Antarctic Intermediate Water (AAIW; 3.2 °C < 0 < 5°C; S < 34.3;
[O2] > 220 pmol kg_l, Piola and Georgi, 1982; Wong, 2005) was located
between 400 m and 800 m at station 14 and between 340 m and 790 m
at station 16. The Upper Circumpolar Deep Water (UCDW; 2.6 °C < 0 <
3.2°C; 34.3 < S < 34.6; 180 pumol kg~ ! < [05] < 220 pmol kg™1) was
located between 800 m and the bottom at station 14 and between 800 m
and 1270 m at station 16. Below UCDW, the Lower Circumpolar Deep
Water (LCDW; 6 < 2.6 °C; S > 34.6; [O2] > 180 pmol kg’l) was present
down to the bottom at station 16 (Gordon, 1975; Zu et al., 2022). The
boundary between the AAIW, UCDW and LCDW layers was determined
from a neutral density criterion of 27.5 kg m™> and 27.8 kg m~3,
respectively.

3.2. Hydrothermal vent detection

During this cruise, we measured CH,4 and dissolved Mn concentra-
tions (Fig. 3), both being tracers of hydrothermal vents (Charlou et al.,
1996; Love et al., 2008).

Within UCDW, at station 14, CHy4 concentrations ranged from 3.8 +
0.2 nmol L™ at 1101 m depth to 7.5 + 0.4 nmol L' at 1282 m depth,
which are significantly higher than the typical background concentra-
tion of below 1 nmol L7} (Reeburgh, 2007). Concentrations of dMn
ranged between 0.22 + 0.02 nmol L™! and 0.30 + 0.03 nmol L' in
AAIW, then increased in UCDW to a maximum of 1.17 4 0.11 nmol Lt
at 1300 m (Fig. 3). In contrast, dMn concentrations at station 16
remained fairly constant throughout the whole water column (0.15 £+
0.06 nmol L™%; Fig. 3 and Supplementary Table 1). The dMn and CHy4
concentrations were significantly correlated in UCDW at station 14
(Pearson’s correlation; R? = 0.81; p-value = 0.027; n = 7).

At station 14, more investigations were conducted to better identify
the origin of the CH4 and dMn enrichments. Scanning electron micro-
scopy (SEM) observations were performed in order to investigate the
nature of particles collected at 1040 m, where dMn concentration was
relatively low (0.48 + 0.05 nmol L_l) and at 1280 m, where dMn con-
centration was equal to 0.90 =+ 0.09 nmol L™}, close to its maximum. At
1040 m, we observed mixed particle aggregates of bio-detritus and
lithogenic particles. The latter were composed of titanomagnetite
(Fig. 4a), as indicated by a Ti enrichment associated with Fe-oxides, and
of pyroxene and olivine minerals (Fig. 4b) as reflected by the Mg content
in Fe-rich silicate particles which are the main Fe-bearing lithogenic
phases. These minerals are of basaltic origin, which is in line with basalt
dominated dredge contents reported by Zhou and Dick (2013) in the
same area. No authigenic Fe or Mn oxides were observed at 1040 m.

At 1280 m, similar lithogenic particles were observed but SEM ob-
servations clearly revealed the presence of rare Fe and Mn oxyhydroxide
particles suggesting authigenic precipitation of iron and manganese. As
an example, Fig. 4C shows a Mn oxyhydroxide of 2.5 pm size located on
a mixed particle aggregate, while Fig. 4D shows a quasi-spherical Fe
oxyhydroxide of 2.5 pm diameter. Both spectra show as well the pres-
ence of phosphorus (P), that could be explained by removal of dissolved
PO4 from the plume and the water column by coprecipitation onto Fe-
oxyhydroxides (Wheat et al., 1996).

At station 14 in UCDW, the correlation between CH4 and dMn and
the presence of Mn and Fe oxyhydroxides confirm that the station,
located on the east flank of the SWIR, was impacted by hydrothermal
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capture the variability of the nearby hydrothermal source. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

activity on the seafloor (Bolton et al., 1988; German et al., 2022; Moorby
et al., 1984; Murphy et al., 1991; Usui et al., 1986). The precise location
remains, to date, unknown. High 224pa (half-life of 3.66 days) and 223pa
(half-life of 11.3 days) activities were determined near the seafloor at
station 14 (Fig. 3) and were attributed to hydrothermal activity (Léon
etal., 2024). Both the short half-lives and the high activities of 22*Ra and
223Ra, determined at station 14 and at nearby station 15 (located east-
ward of station 14 and which was not sampled for trace metals), suggest
that these stations are located in the near vicinity of the source term.
Based on a circulation model, as well as on physical and geochemical
data, Léon et al. (2024) attempted to provide information on the loca-
tion of the hydrothermal activity. A decrease in the 22*Ra/??®Ra activity
ratios was thus observed between stations 14 and 15 (ratios of 1.21 and
0.19, respectively), at a potential density of about 27.4 (corresponding
to 1200 and 1250 m depth for station 14 and to 1160 and 1200 m depth
for station 15). Assuming that stations 14 and 15 are impacted by the
same source and considering an eastward-northeastward transport (i.e.,
from station 14 to station 15), Léon et al. (2024) estimated that the
hydrothermal system is likely located within a ~ 3 km radius from

station 14.
In the following section, we will investigate the distributions of
particulate and dissolved Fe and Mn in the plume.

3.3. Biogeochemical characteristics of the hydrothermal source

3.3.1. Distributions of particulate Fe and Mn

Between 1200 and 1340 m, i.e., within the suspected hydrothermal
plume (see previous paragraph 3.2), pFe and pMn concentrations ranged
from 0.32 =+ 0.03 to 0.69 = 0.03 nmol L™! and from 0.037 + 0.004 to
0.060 =+ 0.005 nmol L™}, respectively, which is similar to concentrations
determined at reference station 16 within the same water mass (0.36 +
0.05 nmol L™ and 0.040 + 0.002 nmol L™! for pFe and pMn respec-
tively) (Fig. 5).

3.3.2. Distribution of the dissolved Fe and Mn

At reference station 16, the average dFe and dMn concentrations
within UCDW were 0.46 + 0.01 nmol L~ (n = 2) and 0.17 + 0.04 nmol
L1 (n = 2), respectively (Supplementary Table S1). They are similar to
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Fig. 4. Scanning electron microscopy (SEM) observations performed on filters
collected at station 14. Electronic images were acquired at 5 kV with a scale of
5 pm and associated spectra were performed at 20 kV using the EDS X-MAX
detector. Panels A and B show the presence of lithogenic particles collected at
1040 m, outside the hydrothermal signal, with associated marked site spectra
(Sp.) 1 & 2 typical of lithogenic particles. Panels C and D show particles
collected at 1280 m, under the influence of the hydrothermal signal. These
particles are composed of Fe-oxyhydroxide particles as revealed by the asso-
ciated marked site Sp. 3 & 4.

dFe concentrations in the Indian Sub-Antarctic UCDW (0.22 to 0.42
nmol L’l, Tagliabue et al., 2012), and to dMn concentrations in the deep
ocean that are reported to be lower than 0.2 nmol L! (Browning et al.,
2021; van Hulten et al., 2017). These values are also consistent with dFe
and dMn concentrations measured in UCDW at 6 other SWINGS deep
stations located between Durban and Marion and Prince Edward Islands
(dFe =0.56 + 0.17 nmol L’l, n=7,and dMn = 0.20 + 0.06 nmol L’l, n
= 8, Baudet et al., in prep.).

At station 14, dissolved Fe concentrations ranged from 0.77 + 0.09
nmol L~ at 800 m to 1.42 + 0.16 nmol L. ! at 1364 m (mean value: 1.10
+0.16 nmol L™Y, n = 19, Fig. 5). Like dFe, dMn reached high concen-
trations at station 14 (0.66 + 0.29 nmol L’l, n = 20), with a maximum
0f1.17 £ 0.11 nmol L~ at 1300 m. These values are significantly higher
(t-test, p < 0.05) than those measured within UCDW at the other deep
stations mentioned above, including station 16 (dFe = 0.54 + 0.15
nmol L™, n =9, and dMn = 0.19 + 0.06 nmol L™}, n = 10, Baudet et al.,
in prep.).

We observed a different behavior between Fe and Mn in UCDW
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(Fig. 5). Dissolved Fe accounted for 70 + 4% of total Fe (tFe = pFe +
dFe), whereas dMn accounted for 92 + 4% of total Mn (tMn = pMn +
dMn). This difference could be explained by the proximity of the hy-
drothermal source. Due to the slower oxidation kinetics of Mn than of
Fe, Mn oxyhydroxides are formed when moving away from the hydro-
thermal vent field, contrary to Fe oxyhydroxides which are formed near
the source (Cave et al., 2002). Nevertheless, it is important to note that
in some systems, Mn and Fe removal rates have been shown to be similar
(e.g., Gartman and Findlay, 2020).

3.3.3. Hypothesis on the nature of the hydrothermal source

The correlation between CH4 and dMn, as well as the Ra activities
(Léon et al., 2024) confirmed that station 14 was impacted by a hy-
drothermal source, possibly located about 3 km away from the vent.
With different distance-to-vent scales and different host rock influence
between systems, it is difficult to make a direct comparison between this
study and other systems. Nevertheless, our pFe and pMn concentrations
were much lower than reported in the vicinity (maximum 100 m) of high
temperature hydrothermal vents where concentrations ranged from 7
nmol L™! to 450 nmol L™ for pFe and 0.1 nmol L™" to 10 nmol L~! for
pMn (Table 2). Between 7 and 10 km from Kemp Caldera and TAG, pFe
concentrations were around 10 times higher than in our study, and up to
100 times higher on the East Pacific Rise (EPR 15°S) at a distance of 100
km from the vent (Table 2). In addition, we can highlight that the
concentrations of dFe and dMn at proximity to the vents are higher near
high-temperature (>300 °C) hydrothermal vents (varying from 12 nmol
L7! to 223 nmol L™ for dFe and 15 nmol L™! to 122 nmol L™ for dMn,
Table 2) than what we measured at station 14. The fact that our par-
ticulate and dissolved trace metal concentrations are low, despite the
proximity to the potential source, suggests that the hydrothermal source
is unlikely a high-temperature hydrothermal vent (i.e., >300 °C). We
thus advocate that the hydrothermal plume is related to medium-
(100-300 °C) to low-temperature (<100 °C) hydrothermal fluids.

In addition, the near-conservativity of CH4 and dMn in the vicinity of
hydrothermal sources allows us to use the CH4:dMn ratios to better
characterize the type of hydrothermal environment impacting station 14
(German et al., 2010, 2022). Indeed, mafic-hosted high temperature
(>300 °C) hydrothermal fields generally exhibit low CH4:dMn ratios
(<0.3 mol mol™) (German et al., 2022). In contrast, ultramafic-hosted
hydrothermal fields on slow ridges are exceptionally enriched in dis-
solved CHy4 (Charlou et al., 2002), leading to high CH4:dMn ratios,
ranging from 0.5 mol mol~! to 7.1 mol mol~! for plumes associated to
ultramafic-hosted high temperature (>300 °C) vents and up to 30 mol
mol ! for plumes related to lower temperature (<226 °C) vents (German
et al., 2022). Within the hydrothermally-influenced UCDW waters, our
CH4:dMn ratios ranged from 6.4 + 0.7 mol mol™! to 11.1 + 1.2 mol
mol !, suggesting that the hydrothermal source could be under an ul-
tramafic influence (German et al., 2022). Another ultramafic system has
already been observed on the SWIR (“Old City” located at 64.356°E;
27.506°S, Cannat et al., 2021; Lecoeuvre et al., 2021). However, station
14 is located on a magmatic segment and if the source is in the center of
the segment, the geochemical interactions are controlled by mafic rocks.
There is indeed an example situated at 37.15°N on the Mid Atlantic
Ridge, such as “Lucky Strike” which is a mafic-hosted system showing a
CH4:dMn ratio of 3.8 £ 0.9 mol mol ! (German et al., 2022). Unfortu-
nately, we cannot precisely determine the location of the hydrothermal
source, so it is impossible to conclude on the exact nature of the source.
Further study is necessary to characterize the exact nature of this hy-
drothermal source. Our physical (size fractionation) and organic speci-
ation data, described below, will help to gain a better understanding of
the influence of these hydrothermal plumes on the deep ocean cycling of
Fe and Mn.

3.4. Dissolved Fe stabilization by organic speciation

The complexation of Fe to organic ligands is an important
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mal source.

mechanism stabilizing hydrothermal Fe (Sander and Koschinsky, 2011).
Iron-binding organic ligands have been observed in elevated concen-
trations in hydrothermal plumes compared to background seawater
(Bennett et al., 2008; Hawkes et al., 2013; Hoffman et al., 2023). Iron
binding organic ligands include siderophores, porphyrin, exopolymer
like substances (EPS), and humic substances (Hassler et al., 2017). In
this study, we measured electroactive humic substances (eHS), a
heterogenous pool of organic matter which have been shown to play an
important role in organic Fe complexation (Whitby et al., 2020; Yama-
shita et al., 2020).

We estimated the minimum and maximum Fe binding capacity of the
eHS present using reported values for terrestrial standards SRFA and
SRHA (Laglera and van den Berg, 2009; Sukekava et al., 2018). While
marine HS in the upper water column is likely most similar to SRFA and
thus would be expected to have the lower Fe-binding capacity, binding
capacities are expected to change over time with DOM processing with
little known effect of hydrothermal processes on humic metal
complexation, so we report the full range of binding capacities (Whitby

et al., 2020). At station 16 in UCDW, eHS had the capacity to bind on
average 65% and potentially up to 100% of the dFe pool (Supplementary
Table S1), consistent with previous observations in non-hydrothermally
influenced water in other ocean basins (Whitby et al., 2020). At the
hydrothermally influenced station, dFe concentrations were in excess of
the eHS Fe binding capacity. Here, eHS were capable of complexing
between 27 + 6% to 60 + 12% of dFe present (averaged in UCDW)
(Fig. 6), within the range of bulk iron binding ligands observed in hot
hydrothermal systems (30%, Hawkes et al., 2013).

However, there are several reasons why these values may be under-
or over-estimated. Firstly, marine eHS likely have a range of Fe binding
capacities that evolve with DOM processing, and therefore the binding
capacities of the eHS estimated in this study may be different to
terrestrial standards used for their quantification. This is particularly
true for hydrothermally-altered humic material, which has not been
studied in detail. Secondly, there could be competition for eHS Fe
binding sites by other metals (e.g., Mn or Cu), particularly in metal-rich
hydrothermal water (Abualhaija et al., 2015; Oldham et al., 2017;



Table 2

Comparative table of maximum concentrations (in nmol L) of dissolved and particulate Mn and Fe (dMn, pMn, dFe, pFe), measured in seawater sampled in the vicinity of different types of hydrothermal systems under

ultramafic or magmatic influences. SWIR = Southwest Indian Ridge; MAR = Mid Atlantic Ridge; CIR = Central Indian Ridge; ESR = East Scotia Ridge; EPR = East Pacific Rise.

Source Location Latitude Longitude Full Host rock Maximal Distance to the ~ dMn pMn (nmol  dFe pFe Filter used Reference
°N) (°E) Spreading temperature fluid source (km) (mmolL™Y) L™ (nmol (nmol
Rate L LY
(mm yr )
To be
determined ~ SWIR —44.862 36.174 <20 Ultramafic <0.1-3 1.2 0.06 1.4 0.7 0.45 pm polyethersulfone filters This study
Lough personnal
Lost City MAR 30.1250 —42.1183 23 Ultramafic Low (90) <0.1 0.2 nd 1.4 nd nd communication
Rainbow MAR 36.2300 —33.9020 21 Ultramafic High (362) <0.1-10 60 - nd nd 33-2.8 nd 0.2 pm Sartobran 300 filter capsule  Lough et al., 2023
Lough et al., 2023;
0.2 pm Sartobran 300 filter capsule; Gonzalez-Santana
TAG MAR 26.1367 —44.8267 24 Magmatic High (369) <0.1-10 71-1.5 0.12-0.06 90-2.1 150-5 0.45 pm polyethersulfone filters et al., 2020
0.2 pm polycarbonate membrane
Longqi SWIR —37.7838  49.6494 12 Magmatic High (379) <1 63 nd 223 nd filter Wang et al., 2019
0.4 pm filter for pTM and < 0.1 pm
Edmond field CIR —23.8780  69.5960 48 Magmatic High (382) <0.1 85 1 200 450 for dTM (Whatman Cyclopore) Sands et al., 2012
0.2 pm polycarbonate membrane
ESN ESR —60.0500 —29.9300 79 Magmatic High (380) nd nd nd 24-6.0 nd filter Hawkes et al., 2013
0.2 pm polycarbonate membrane
E2 ESR —56.0917 —30.3250 66 Magmatic High (352) nd nd nd 80-20 nd filter Hawkes et al., 2013
Kemp 0.2 pm polycarbonate membrane
Caldera ESR —59.7000 —28.3166 nd Magmatic High (nd) <0.1-7 122-20 3.6-0.6 23-12.0 7.0-6.0 filter Hawkes et al., 2014
Fitzsimmons et al.,
0.45 pm polyethersulfone filter; 2017;
EPR 15°S EPR —15.0000 —112.7700 145 Magmatic High (nd) <0.1-100 15-5.0 10-7.0 12-4.0 100-50 0.2 pm Acropak Supor capsule filters Resing et al., 2015
Carlsberg Ultramafic/
Ridge IR 3.7000 63.6666 30 Magmatic High (nd) nd 2.7 nd nd nd 0.45 pm filters Ray et al., 2012
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Fig. 6. Vertical profile of the prokaryotic abundance (cells mL ') at stations 14
(grey circles) and 16 (white circles) in the UCDW (800 m to 1400 m). Station 14
has been sampled at a higher resolution at depth than station 16, to better
capture the variability of the nearby hydrothermal source. Note that the two
bottles were triggered at 1266 m and 1267 m depth at Station 16.

Whitby and van den Berg, 2015). Thirdly it is unlikely that dFe is bound
to eHS alone, because a portion of the dFe present is likely bound to
other organic ligands such as porphyrin, exopolymer-like substances,
and siderophores (Hassler et al., 2017). Hoffman et al. (2023) showed
that siderophores can play an important role in stabilizing Fe along a
1700 km section of the Mid-Atlantic Ridge. Finally, some dFe may be
contained in inorganic structures such as sulfide nanoparticles (Yiicel
et al., 2011).

The source of these eHS and siderophores is likely prokaryotic ac-
tivity including vent associated thermogenic bacteria (Sarma et al.,
2018), bacteria remineralizing vent produced organic matter (Cathalot
et al., 2021), and/or abiotic formation of organic molecules (noted in
ultramafic systems, Konn et al. (2009). Within UCDW at station 14,
prokaryotic abundance (reaching 5.92 10° cells mL ™! at 1080 m) was six
times higher than at the reference station (1 10° cells mL~! at 1003 m;
Fig. 7). General agreement between eHS concentration and prokaryotic
abundance at station 14 support a possible role of prokaryotes in pro-
ducing eHS and likely other unidentified iron binding organic ligands in
this hydrothermal system.

We further determined the prokaryotic community composition
using 16S rRNA gene sequencing at ~1300 m (1339 m at station 14 and
1250 m at station 16) (see Supplementary method 1). The communities
were overall similar between sites, however we identified a few ampli-
con sequence variants (ASVs) with higher relative abundances at station
14 as compared to station 16 (Supplementary Fig. S1). Several of the
ASVs that had higher relative abundances at station 14 as compared to
station 16 in the particle-attached fraction belonged to Pseudomonadales
(Gammaproteobacteria) while in the free-living fraction many belonged
to Nitrosopumilaceae (Thaumarchaeota). Such a high abundance has
already been observed near the “Old City” system, also located on the

10
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Fig. 7. Dissolved iron distribution within UCDW (between 800 m and 1400 m)
at station 14 (dFe; orange circles) with an envelope (orange) for electroactive
humic substances (eHS), encompassing the maximum (Suwannee River Humic
Acid, SRHA) and minimum (Suwannee River Fulvic Acid, SRFA) iron-binding
capacities reported for terrestrial IHSS standards (Laglera and van den Berg,
2009; Sukekava et al., 2018; Whitby et al., 2020).

SWIR (Lecoeuvre et al., 2021). Many members belonging to Pseudomo-
nadales are known siderophore producers (Palleroni, 2015) and have
been shown to contain siderophore biosynthesis genes (Zhang et al., in
revision) and express the respective transporters in the Southern Ocean
(Debeljak et al., 2021). Metagenomic analysis (Supplementary methods
2; 3) revealed that at station 14 (Supplementary Fig. S2), the normalized
gene abundances (genes per kilobase million, GPM) are about 3-fold
(free-living) and 4-fold (particle-attached) higher as compared to the
respective size fractions in 2 samples from the same water mass (UCDW)
at different locations. This result indicates that there is a higher potential
for siderophore biosynthesis at the hydrothermal vent station and this is
particularly pronounced for prokaryotes attached to particles. The
siderophores resulting from prokaryotic production could represent an
additional mechanism for the stabilization of dFe at the hydrothermal
vent station.

3.4.1. Significance of the hydrothermal dFe source

We found evidence that a portion of the hydrothermally derived dFe
is likely stabilized by organic complexation. However, dFe concentra-
tions remained low. Diffusive processes through overlying water masses
could lead to small dFe enrichments (L.éon et al., 2024), nevertheless,
there is no topographic feature that could promote diapycnal transfer
onto lighter isopycnals (Rintoul, 2018). This likely prevents any of this
hydrothermally-sourced dFe from reaching the surface waters and
contributing to the phytoplankton blooms observed in other studies
above the SWIR (e.g., Ardyna et al., 2019; Moreau et al., 2023). This
conclusion is in line with the recent conclusion of Tagliabue et al. (2022)
stating that “while hydrothermal vents outside of surface ventilation and
mixing hotspots are important for the interior ocean Fe cycle, they are
unlikely to affect the upper ocean significantly, unless they are present
at shallow depths”.
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3.5. Potential dissolved Mn source for the deep ocean

Recently, in addition to Fe, Mn availability was shown to play a key
role in Southern Ocean productivity (Browning et al., 2021; Latour et al.,
2021). The estimated dMn vertical flux (using the vertical eddy diffusion
coefficients estimated from Ra and described in Léon et al. (2024)
ranged from 133 + 25 nmol m~2d ™! to 350 + 66 nmol m 2 d ! between
1364 m and 975 m. The dMn flux is similar to the dFe flux ranging from
193 + 70 nmol m~2d ! to 764 + 353 nmol m~2 d ! (Léon et al., 2024).
In the literature, it has been reported that the effective hydrothermal Mn
flux to the ocean interior was observed to be 25 times more important
than the Fe flux (102 Gmol yr’l for Mn (van Hulten et al., 2017), vs 4
Gmol yr’1 for Fe (Resing et al., 2015)). However, these estimates only
took into account hot hydrothermal vent systems, and to our knowledge,
no other dMn flux has been reported for low or moderately high tem-
perature fluids. Manganese in seawater can be found as soluble Mn(II) or
insoluble Mn(III) and Mn(IV), often as oxides and hydroxides (Sigel,
2000). Mn(II) has been shown to be rapidly oxidized and removed from
the hydrothermal plume (Fitzsimmons et al., 2017; Resing et al., 2015),
potentially by adsorption onto particles (Thibault de Chanvalon et al.,
2023). In parallel, Mn(III) can be stabilized by organic ligands (Sigel,
2000). Organic ligands, present in the vicinity of the hydrothermal
source, could further slow down manganese oxidation and precipitation
in hydrothermal plumes, as shown for Fe and Cu (Sander and Koschin-
sky, 2011). A recent study showed that humic substances also play a
major role in the stabilization of Mn(IIl), stabilizing 64% of the dMn
(Thibault de Chanvalon et al., 2023). It also has been observed in a
coastal area that 100% of the organic ligands complexing dMn were
humic substances, which correspond to 86% of dMn stabilized by HS
(Oldham et al., 2017). Although we do not have data for dMn eHS
binding capacities in our study, this result appears to be of the same
order of magnitude as dFe stabilization by eHS. This hypothesis, which
remains to be verified, suggests that dMn could be stabilized as much as
dFe close to hydrothermal sources. Where these hydrothermal inputs
can reach the surface, they could be important not only for Fe, but also
for Mn fertilization of Southern Ocean surface waters (Browning et al.,
2021; Latour et al., 2021) and in shelf areas that see intrusions of this Fe-
and Mn-enriched UCDW.

4. Conclusion

This new interdisciplinary study on the SWIR allowed us to highlight
the presence of a hydrothermal plume in the vicinity of (—44.862°S;
36.174°E), characterized by low particulate materials, low dissolved Fe
and Mn concentrations, high CH,4 concentrations and high 2?*Ra and
224Ra activities. The pFe and pMn concentrations were low, below 0.7
nmol L} and 1.2 nmol L™}, respectively, and very few oxyhydroxides
were found, pointing to a probable low or moderately high temperature
fluid hydrothermal source. Within the plume, dFe concentrations
reached values up to 1.4 nmol L™, Electroactive HS had the estimated
capacity to bind between 27 + 6% and 60 + 12% of dFe, if we assume
that the Fe-binding capacity of hydrothermally sourced eHS is not
different from the terrestrial standards used for their quantification.
Other ligands not measured in this study may complex the remaining
dFe; and/or a fraction of dFe could be under free cation form or inor-
ganically complexed. The vertical diffusive fluxes of both dFe and dMn
were estimated to be of equivalent magnitude (479 + 281 nmol m~2d !
for dFe and 242 + 64 nmol m 2 d~! for dMn). However, although the
system was shown to be a source of both dFe and dMn to the deep ocean,
the low currents and the bathymetry likely limit the transport of this
hydrothermal dFe and dMn input to the surface water to cause fertil-
ization along this section of the SWIR. Further investigation remains to
be done to precisely localize the hydrothermal source and to better
characterize the exact nature of this source. Finally, future studies on the
physical speciation and organic complexation of dMn emitted by hy-
drothermal vents will help to better constrain how hydrothermal sources
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may participate in fertilizing surface waters of HNLC areas.
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