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ABSTRACT

Hydrothermal vents have been shown to be important vectors for various chemical elements into the ocean. However, both the intensity of the chemical fluxes
associated with these systems and the fate of the chemical elements along the plume are still largely overlooked. At two stations located above the South West Indian
Ridge (SWIR), we investigate the distributions of the Ra quartet (**>Ra, 2>*Ra, 2?°Ra and ??°Ra) and ?*’Ac that have been used as tracers of hydrothermal activity.
While the vertical distributions of 22°Ra, 228Ra and 2%’Ac do not show a clear enrichment at depth, unusual signatures of excess 22>Ra and 22“Ra near the seafloor are
attributed to the presence of a hydrothermal activity. The discrepancy observed between the different isotopes is attributed to different chemical reactivity when
seawater circulates within the crust and/or to different regeneration rates within the fluid. A 1D diffusion model applied to the vertical profiles of short-lived Ra
isotopes provided an estimation of the vertical eddy diffusivity coefficients (Kz) between 38 cm? s™! and 149 cm? s™1. These high values suggest strong mixing likely

favored by the complex bathymetry in the region. By combining these Kz with the vertical gradient of dissolved Fe (dFe), we estimate a vertical flux of dFe that ranges

from 139 to 1173 nmol m~2 d'!. These results confirm that low-expansion-rate ridges could be significant sources of dFe to the deep ocean.

1. Introduction

Since their discovery in the late 1970’s (Corliss et al., 1979), hy-
drothermal vents have been studied worldwide from biological, chem-
ical and geological perspectives (Wolery and Sleep, 1976; Humphris
et al., 1995; German and Von Damm, 2003; Baker et al., 2013). We
distinguish two main types of hydrothermal systems. At spreading
ridges, magma chambers that contain molten rock (basaltic and/or
gabbroic) discharge lavas onto the ocean floor during volcanic eruption
events, producing black smokers and associated diffuse flows systems.
Other hydrothermal vents, known as mafic or ultramafic systems, are
supplied by fault activities and observed tens of kilometers off-axis
(Martin et al., 2008).

When seawater percolates through the fractured oceanic crust, it
interacts with the surrounding rocks, which modifies significantly the
seawater chemical composition (Krishnaswami et al., 1982). For
example, temperature, salinity, pH as well as the composition of the
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solid phase control the partitioning of radionuclides from the U-Th series
between the aqueous and solid phases. While in marine systems radium
(Ra) is easily released from surfaces or particles due to the high ionic
strength and is then found mostly in the dissolved phase, thorium (Th)
and protactinium (Pa) are strongly reactive to particles and preferen-
tially adsorb onto mineral surfaces (Cochran, 1982). 227Ac is also
believed to have a significant affinity for particles and may be partially
adsorbed onto mineral surfaces (Moore et al., 2008; Kipp et al., 2015),
but due to its higher solubility relative to Th and Pa, 22 Ac is partially
released into the dissolved phase once it is produced by the radioactive
decay of 2'Pa (Anderson et al., 1983; Nozaki, 1984, 1993). Near mid
ocean ridges, radium activities increase in the dissolved phase in rela-
tionship with temperature and the acidic nature of seawater (Edmond
et al., 1979, 1982; Campbell et al., 1988; Kadko and Moore, 1988; Kipp
et al., 2015). Radium isotopes that display different half-lives (®**Ra,
3.66 days; 223Ra, 11. 4 days; 228Ra, 5.75 years; 226Ra, 1600 years) have
thus been widely used to trace hydrothermal plumes (Kadko and Moore,
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1988; Kadko, 1996; Kadko and Butterfield, 1998; Kadko et al., 2007;
Moore et al., 2008; Kipp et al., 2018; Neuholz et al., 2020a; Moore et al.,
2021). 228Ra, produced by the radioactive decay of 22Th (t; 5 = 1.405 x
100 years) is a preferred tracer to study the crustal residence time of
fluids (Kadko and Moore, 1988; Kadko, 1996; Kadko and Butterfield,
1998; Kadko et al., 2007). More recent studies used the short-lived
isotopes, 22°Ra and 2?*Ra - produced by radioactive decay of 22”Ac (t;,
o = 21.8 years) and 228Th (t; o = 1.9 years), respectively - in order to
constrain seawater residence time and trace element fluxes around hy-
drothermal vents at shorter time scales (Kadko et al., 2007; Moore et al.,
2008; Kipp et al., 2018; Neuholz et al., 2020a; Moore et al., 2021). More
specifically, Moore et al. (2008) were the first to observe high activities
of 223Ra in excess of its parent 22’Ac in the low temperature hydro-
thermal vent system of Puna Ridge (Hawaii, USA), thus demonstrating
that 223Ra was a powerful tracer of low-temperature vents. Because of
the particle affinity of 23!'Pa and to a lesser extent of 22”Ac, the 27Ac
activities observed in the vicinity of low temperature ridges are expected
to be similar or even lower than those in the ambient waters (Moore
et al., 2008; Geibert et al., 2008). However, Kipp et al. (2015) have
shown that hydrothermal vents could be a source of this element to the
deep ocean and thus suggested that *’Ac could be used as a tracer of
these systems.

It is now well established that hydrothermal vents constitute signif-
icant vectors for various gases and trace elements into the sea (Von
Damm, 1990; Elderfield and Schultz, 1996; German and Seyfried, 2014).
In the vicinity of these systems, waters may be enriched in various
chemical elements and unique ecosystems develop (Ramirez-Llodra
et al., 2010; Lemaitre et al., 2020). Fast spreading ridges are thought to
be important contributors to the oceanic iron inventory (e.g., Tagliabue
et al., 2010) while slow spreading ridges have long been considered as
less significant and thus have been less explored, although they repre-
sent about half of the global mid ocean ridge axis (Tagliabue et al.,
2010). Interestingly, Saito et al. (2013) reported an upward revision of
estimated vent contribution of dissolved Fe (dFe) in the slow spreading
rate Mid-Atlantic Ridge and suggest that the ridge spreading rate is not
the first order control of Fe flux from hydrothermal vents. The impact of
hydrothermal systems on the oceanic biogeochemical cycles depends
not only on the magnitude of the system, but also on the processes that
control the persistence and the transport of the chemical elements,
which can extend thousands of km from the source, as was shown for Fe
(Resing et al., 2015; Neuholz et al., 2020a,b; Tagliabue et al., 2022). In
the Southern Ocean, inputs from the various hydrothermal vents to the
surface may be favored by topography upwelling features (Walter et al.,
2010). However, the remoteness and extreme conditions of this region
complicate the investigation of hydrothermal vent localization and the
fate of their plumes (Ardyna et al., 2019). Because the Southern Ocean is
the largest iron-limited region of the global ocean, making phyto-
plankton highly sensitive to Fe inputs (Boyd and Ellwood, 2010), it was
proposed that upwelled hydrothermally influenced deep waters could
promote phytoplankton blooms in this region (Tagliabue et al., 2010;
Ardyna et al., 2019; Schine et al., 2021). However, Lough et al. (2023)
highlight the complexity of tracing hydrothermal Fe supply due to un-
certainties associated with the at-sea sampling strategy and the temporal
nature of plume dynamics. Hence it is important to constrain the
localization, the transport rate, as well as the fluxes of trace elements
and isotopes emanating from slow spreading ridge, especially in this
region of the world’s ocean.

The South West Indian Ridge (SWIR) is among the world’s slowest
spreading ridges with a full spreading rate of ~ 14-16 mm y ! (Patriat
et al., 1997). To the present day, tens of active hydrothermal vents have
been identified along the SWIR, from the Westernmost part, off the coast
of South Africa (Baker et al., 2004), to the Easternmost part, off the coast
of Madagascar (German et al., 1998; Tao et al., 2009, 2014; Han et al.,
2010; Liao et al., 2018). The presence of a hydrothermal activity was
suspected from a previous cruise conducted in the region between Prince
Edward (35°E) and Eric Simpson (40°E) fracture zones (SWIFT cruise,
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Jan-March 2001; Humler, 2001). During this latter cruise, various
geophysical data (bathymetry, magnetism and gravity) were acquired
along the ridge (Humler, 2001). Further, Sato et al. (2013) highlighted
magmatic activity in this region by conducting a geophysical survey
between the Prince Edward and Eric Simpson fracture zones (latitude 35
—40° E). Following these previous studies, a detailed bathymetric survey
was conducted in this region of the SWIR during the SWINGS cruise and
two stations where hydrothermal activity was suspected were studied. In
the present study, we investigated the distribution of the four radium
isotopes and 22’ Ac at these two stations. Ra isotopes and 22 Ac were used
as tracers i) to investigate on the presence of a hydrothermal activity, ii)
to quantify the vertical eddy diffusivity coefficient Kz and iii) to estimate
the vertical flux of dFe associated with these systems.

2. Materials and methods
2.1. Study area and geological settings

The SWINGS cruise took place on the R/V Marion Dufresne from
January to March 2021 (http://dx.https://doi.org/10.17600/
18001925) as part of the GEOTRACES program (GAOlsection). This
cruise was designed to study the distribution of trace elements and
isotopes in the Indian sector of the Southern Ocean along a section be-
tween South Africa and Heard Island. Part of the investigated transect
was explored for bathymetry (see section 2.2.) and two stations (Station
14,1388 m, 44°51.690 S, 36°10.460 E; Station 15, 1770 m, 44°51.178 S,
36°13.841 E) were studied over the SWIR to investigate the presence of
hydrothermal activity, following a previous cruise that was conducted in
this specific region (Humler, 2001).

The SWIR is a major plate boundary separating Africa and Antarctica
for more than 100 Ma. The ridge extends 7700 km from the Bouvet triple
junction at 55° S, 1° W to the Rodrigues triple junction at 26° S, 70° E
and due to its ultra-slow spreading rate, the SWIR is one of the most
rugged topographies of all the world’s ridges (DeMets et al., 1990).
Based on magma supply, the SWIR can be divided into three sections
were several hydrothermal fields have already been discovered: (i) the
western region, located west of the Andrew Bain transform fault, which
has a moderate averaged magma supply, (ii) the middle region, located
between Andrew Bain (~31°E) and Gallieni (~52°E) transform fault,
which has a strong averaged magma supply and (iii) the eastern region,
located east of the Gallieni transform fault, which has a weak averaged
magma supply (Sauter and Cannat, 2010; Tao et al., 2023). The middle
region is overall hotter, has a thicker oceanic crust and displays locally
strong magma supply areas, discretely distributed along the section (Tao
et al., 2023). It has been shown that local enhanced magmatism pro-
motes hydrothermal circulation (Tao et al., 2014; Chen et al., 2018). The
Dunquiao hydrothermal field located in the middle region - where sta-
tions 14 and 15 were investigated - is described as a typical local strong
magma supply hydrothermal field with intense magmatic activity (Tao
et al., 2012).

A first cruise (SWIFT project, for South West Indian French Transect),
initiated research in 2001 in the shallowest part of the SWIR between the
Andrew Bain fracture zone and the Gallieni fracture zone (middle sec-
tion), using a multibeam sonar bathymetry gridded at 100 m (Humler,
2001; https://doi.org/10.17882/59494). Through dredging of the sea-
floor - in the same area as station 14 investigated during the SWINGS
project - pillow basalts, few pieces of ropey lava flows and traces of
biological activity were observed (e.g. at the SWIFT station DRO5
located 44°51 S, 36°10 E, 1320 m). The section investigated here during
the SWINGS project for bathymetry (see section 2.2) is part of a larger
segment (PE-1) studied by Sato et al. (2013) who conducted geophysical
surveys including bathymetry, gravity and magnetism on the SWIR in
the vicinity of the Marion hotspot along several segments between
Prince Edward and Eric Simpson fracture zones. Segment PE-1 was
shown to be dominated by local magma supply, similarly to the Dun-
quiao hydrothermal field (50.5°E; Tao et al., 2012). Note that in the



M. Léon et al.

eastern part of the SWIR, other hydrothermal fields such as Tiancheng
(active, low temperature hydrothermal field) and Tianzuo (inactive
hydrothermal field) were also observed in magmatic zones (Chen et al.,
2018; Tao et al., 2023). In the PE-1 segment, the crust was estimated to
be 7-8 km thick in the region investigated here (that is, around the
center of segment PE-1), the area of thick crust generally overlapping
the area of shallow topography. Sato et al. (2013) reported a mean
spreading rate of segment PE-1 of 16.5 mm a™', which allows to classify
the investigated region as an ultra-slow spreading ridge. Sato et al.
(2013) concluded that it may not be excluded that the magmatic activity
of segments PE could be influenced by the Marion hotspot. No specific
geological observations were conducted during the SWINGS cruise.

2.2. Bathymetric exploration

During the SWINGS cruise, a high-resolution (15 m) multibeam
sonar bathymetric exploration was performed during 25 h above the
SWIR on an area of approximately 200 km? (Fig. 1; https://doi.org/
10.17882/89462) between the prince Edward fracture zone and the Eric
Simpson fracture zone (36°05E to 36°21E). Data were acquired with a
hull-mounted multibeam echosounder Kongsberg EM122 12 kHz using
an optimized configuration for bathymetry data collection. Acoustic
data were processed with the GLOBE software (https://doi.org/
10.17882/70460) to provide a 15 m resolution bathymetry map. The
presence of a consistent geomorphological feature (volcano shape)
detected by the sonar survey has led to further investigate both stations
14 and 15. The location of the two stations is reported on the high-
resolution bathymetric map (Fig. 1). The two stations are located on
the flank of the ridge, about 5 km away from each other.

2.3. Sampling method

Acrylic cartridges impregnated with MnO, (so called, Mn-cartridges)
were prepared according to the protocol established by Henderson et al.
(2013). These Mn-cartridges were mounted on McLane in-situ pumps
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(ISP) to preconcentrate dissolved Ra isotopes and 2%’Ac from large
volumes of seawater at various depths in the water column. Seawater
first passed through Supor (0.8 um pore size) or QMA (Whatman®© 1 pm
pore size) filters before passing through the Mn-cartridges. Eight ISP
were deployed at station 14 and six ISP were deployed at station 15 for 3
h of pumping, thus filtrating through the Mn-cartridges between 427
and 677 L of seawater. Note that the sampling resolution was increased
near the seafloor due to the expected presence of a hydrothermal ac-
tivity. Except for the three shallowest pumps at station 14 (50 m, 200 m,
900 m), two Mn-cartridges were mounted in series in order to provide
information on the yield of 2*’Ac fixation, following Henderson et al.
(2013) and Le Roy et al. (2019).

Water samples were also collected from Niskin bottles (ca. 12 L)
mounted on a rosette and deployed at the same depths as the ISPs. These
samples were designed to collect dissolved >2°Ra. Because 22°Ra displays
higher activities in seawater than 2>>Ra, 2**Ra and 2**Ra, the analysis of
226Ra can be conducted in relatively small volumes (~10-12 L). These
samples were then passed by gravity through 10 g of acrylic fibers
impregnated with MnO; (so called, Mn-fibers) at a flow rate < 0.5 L.
min~! to quantitatively adsorb 2?°Ra isotopes. By doing so, we assume
that the Mn-fibers scavenge 100 % of Ra (Moore and Reid, 1973).

To sample dissolved iron (dFe), GO-FLO bottles were mounted on a
trace metal clean rosette. All manipulations of the GO-FLO bottles
occurred into a clean container dedicated for sampling trace elements.
Seawater was filtered on-line through a 0.45 pm polyethersulfone filter
(Supor) and collected in acid-cleaned 60 mL LDPE bottles. The samples
were then acidified within 24 h after collection with HCl (ultrapure
grade, Merck, final pH 1.8) (Baudet et al., submitted).

2.4. Analytical method

Both Mn-cartridges and Mn-fibers were analyzed using four Radium
Delayed Coincidence Counter (RaDeCC) systems (Moore, 2008). All
samples were analyzed for 6 to 24 h by flushing the RaDeCC system
every 3 h during 5 to 10 min with air, before reintroducing helium into

Fig. 1. High resolution (15 m) bathymetry map of the SWIR segment investigated during SWINGS cruise. The locations of stations 14 and 15 are shown as black
triangles on the map. The location of the segment is shown on the bottom left panel (black square). The color bar shows the bathymetry that ranges from 862.8 to

2835.7 m.
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the system. Because of their short half-life, 2?*Ra and 22°Ra were
measured on board, within a few hours of sample collection. This first
measurement provides the total 22%Ra (***Rayy) and 2?°Ra (***Ragep)
activities. A second measurement was conducted 21 days after sampling,
to quantify the 22*Ra supported by 2?Th in the samples. These sup-
ported activities were then subtracted from the 224Ramt activities to
determine excess 22*Ra (denoted ??**Raey). A third counting was per-
formed about 90 days after sample collection to quantify the 22°Ra
supported by 227p¢. In the same way, these supported activities were
then subtracted from the ?*Ray activities to determine excess 2°Ra
(denoted 223Raex). In the following, the activities reported for short-lived
Ra isotopes are thus 2°Ra., and 22*Ra.,. Error propagation calculations
followed Garcia-Solsona et al. (2008). RaDeCCs were calibrated with
Mn-cartridges and Mn-fibers impregnated with 2*2Th standards. The
detection efficiencies of the RaDeCCs for 22°Ra and 2?”Ac were deter-
mined following Moore and Cai, (2013). In order to quantify 227Ac,
between 3 and 5 analyses were performed for each sample using
RaDeCC and the ??’Ac activities reported here correspond to the mean of
these different analyses (Léon et al., 2024). The yield of 227 A¢ fixation
onto the Mn-cartridges was determined from the two Mn-cartridges
placed in series, as was done in the past for various radionuclides
(Mann and Casso, 1984; Livingston and Cochran, 1987; Baskaran et al.,
1993; van der Loeff and Moore, 1999; Le Roy et al., 2019). Errors re-
ported for the 2%’Ac activities correspond to the standard deviation of
the mean (1SD).

The analyses of the 22°Ra activities on Mn-fibers were performed
using a 22?Rn extraction line (daughter of 22°Ra, half-life: 3.8 days)
followed by alpha scintillation counting system. Briefly, the Mn-fibers
are first placed in PVC cartridges (Peterson et al., 2009) and then
flushed with helium for five minutes at a flow rate of 250 min/L. These
cartridges are then sealed and held about one week (minimum of 5 days)
before being analyzed to await radioactive regrowth of 222Rn. The 222Rn
is then flushed out of the cartridge and cryo-trapped in a copper tube
cooled with liquid nitrogen. After about 15 min of 22Rn accumulation in
the copper tube, the copper tube was heated and the 2*Rn was guided
by helium into a Lucas cell, an airtight chamber covered with silver
activated zinc sulfide on its inner walls which emit a photon when struck
by an alpha particle (Key et al., 1979; Lucas, 1957; Peterson et al.,
2009). The analysis of these cells takes place 3 h after sealing in order to
reach the secular equilibrium of the 2?2Rn daughters. Cells are counted
for several hours (from 3 to 6 h) in a Rn counting system (model
AC/DC-DRC-MK 10-2). Uncertainties reported for 226Ra include
counting statistics and uncertainty on the detection efficiencies (1SD).

The analyses of the 226Ra activities on Mn-cartridges were performed
using a large, low background, high efficiency, well-type germanium
gamma spectrometer (SAGe-Well, MIRION-CANBERRA) placed under-
ground at the LAFARA laboratory in the French Pyrénées. The volume of
the germanium crystal is 450 cm® and the diameter of the well is 32 mm.
The facility is located under 85 m of rock that protect the detectors from
cosmic radiations, thus providing a very low background (van Beek
et al., 2013). Prior to analysis, Mn-cartridges were ashed (to reduce the
volume) before being placed in plastic tubes. The tubes were then sealed
to prevent any loss of 222Rn from the samples and were analyzed 3 weeks
after the sample preparation to make sure that radioactive equilibrium is
reached between 2?°Ra, 22?Rn and the following daughters. 22°Ra ac-
tivities were determined using the 214pp (295 keV and 352 keV) and
214Bj (609 keV) peaks after 5 days of counting. We used the APEX
software (MIRION-CANBERRA) to quantify these activities. Un-
certainties reported for 22°Ra include counting statistics and uncertainty
on the detection efficiencies (1SD).

Here, we report 223Raex/226Ra, 224Raex/Z%Ra, 228Ra/?*%Ra and
224Raex/zzsRa ratios determined in Mn-cartridges (Table 1). By
combining these ratios with the ?°Ra activities determined using Mn-
fibers (that quantitatively remove Ra from seawater), we could deter-
mine 22%Rag,, 2>Raex and 2?®Ra activities in the water columns at sta-
tions 14 and 15. The vertical profiles of 22’Ac activities were built by
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activities in seawater determined by combining the 2?°Ra activities determined using Mn-fibers and the activity ratios determined using Mn-cartridges.

Table 1
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analyzing 22’ Ac in Mn-cartridges placed in series, following the protocol
described in Le Roy et al. (2019) (see Léon et al., 2024).

In order to analyze the total dFe concentrations, samples were stored
at room temperature and measured at LEMAR in Brest, 12 months after
sampling. dFe concentrations were analyzed using a preconcentration
system seaFAST-picoTM coupled to a high-resolution magnetic sector
field inductively-coupled plasma mass spectrometer (SF-ICP-MS,
Element XR - Pole Spectrométrie Océan, Brest) following Tonnard et al.,
(2020). An air blank (no sample uptaken but with contribution of all
reagents) of 0.14 + 0.05 nmol/L was used. The vertical profiles of dFe
can be found in Baudet et al. (submitted).

2.5. Ancillary data

Hydrographic profiles were collected with a Seabird SBE911plus
conductivity-temperature-depth (CTD) probe with an accuracy of +
0.001° C for temperature and + 0.003 mS/cm for conductivity. Dis-
solved oxygen concentration was measured with a Seabird SBE43 sensor
attached to the rosette. Oxygen data were further calibrated with ex-situ
titrations (Winkler method) from water samples taken at stations regu-
larly spaced during the cruise. Beam transmittance was measured with a
WET Labs C-Star transmissometer. Velocity profiles were collected at
each station from a pair of lowered-acoustic Doppler current profilers
(LADCP) mounted on the rosette, composed of an up-looking and a
down-looking Workhorse Sentinel ADCP from Teledyne RD Instruments
operating at 300 kHz and 150 kHz, respectively. LADCP data were
processed based on the velocity inversion method (Visbeck,2002) using
the IFM-GEOMAR/LDEO software (Visbeck and Krahmann, version
11.0). Other ancillary data include daily altimeter satellite gridded sea-
surface height and derived surface geostrophic currents at 0.25° spatial
resolution from the Copernicus Marine Environment Monitoring Service
(CMEMS), and daily horizontal current fields at 46 vertical levels from
the state of the art GLORYS12 global eddy-resolving ocean and sea ice
reanalysis at 1/12° horizontal resolution implemented in the framework
of the CMEMS (Lellouche et al., 2021). GLORYS12 assimilates a variety
of observations including satellite sea level anomaly, surface tempera-
ture and sea ice concentration, as well as available hydrographic in situ
data. Barotropic tidal currents were estimated separately with the Tide
Model Driver (TMD v2.5) package developed by Earth and Space
Research, using the TPXO9v5 global tide model with 14 harmonic
constituents, assimilating satellite altimeter data (Egbert and Erofeeva,
2002).

3. Results
3.1. Hydrography and circulation above the SWIR

The vertical profiles of temperature, salinity, beam transmission and
oxygen are reported in Fig. 2. For both stations, the temperature
decreased rapidly over the first 200 m and then more slowly from about
5 °C to 2-3 °C near the bottom. Salinity increases almost constantly with
depth, with notably a high increase from around 300 m. Beam trans-
mission, which can reflect the presence of particulate matter, increases
away from the surface and then stabilizes at a value close to 85.5 %
along the vertical profiles. The Oy concentration remains almost stable
from the surface to 200 m (~270 pm.kg 1), then decreases regularly up
to 1000 m where it reaches approximately 170 um.kg ™! near the bottom.
Except for a slight increase (0.02) of salinity at station 14 in 70 m thick
bottom boundary layer, no clear pattern was observed in salinity, tem-
perature, O, or beam transmission that could indicate the presence of a
hydrothermal activity at these two stations (Fig. 2). Temperature and
salinity observed here suggest a surface mixed layer of about 100 m at
Station 14 and about 70 m at station 15. The different water masses
encountered were identified. The Antarctic Intermediate Water (AAIW),
characterized by temperature between 0 and 5 °C and salinity about
33.5—34.5, was found down to 800 m. The Circumpolar Deep Water
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Fig. 2. Temperature (grey full line), salinity (black full line), beam trans-
mission (black dotted line) and oxygen (grey dashed line) profiles at stations 14
(left panel) and 15 (right panel). The horizontal black lines represent the bot-
tom depth for each Station.

(CDW), with a neutral density larger than 27.5 kg m~3, lies just below
the AAIW layer and can be decomposed into (i) Upper Circumpolar Deep
Water (UCDW) and (ii) Lower Circumpolar Deep Water (LCDW), which
was found at depths greater than 1350 m (station 15). The stations were
too shallow to observe Antarctic Bottom Water (AABW), usually present
below 3000 m (Park and Gamberoni, 1997).

The concurrent surface geostrophic velocity field derived from sat-
ellite altimetry averaged between 25 and 29 January (Fig. 3a) indicates
that the study area was away from the fronts and deep-reaching jets
associated with the Antarctic Circumpolar Current: stations 14 and 15
were located at the center of a weak anticyclonic circulation pattern
straddling the ridge, a location associated with a low velocity (<5 cm/s).
The horizontal velocity field at successive depths is provided by the
GLORYS12 reanalysis (Fig. 3b—d). The latter was assessed by comparing
the velocity field at 190 m depth, i.e., below the Ekman layer, with the
surface geostrophic velocity field from altimetry, demonstrating a
reasonable agreement in the region of interest with, however, a slight
westward shift of the anticyclonic circulation pattern mentioned above
(Fig. 3b). Below 1000 m depth, horizontal currents at stations 14 and 15
are smaller than at the near surface, but remain consistently north-
eastwards (Fig. 3c-d).

Focusing on a domain of a few kilometers around the stations, the
GLORYS12 currents below 1000 m depth for 28 January 2021 are re-
ported in Fig. 4, together with those measured on station. Two LADCP
casts were performed at station 14 (28 January, 17 h UTC and 21 h UTC)
whereas only one was performed for station 15 on 29 January 17 h UTC.
The two casts at station 14 provide an appreciation of the importance of
tidal currents, with nearly opposing directions at a 4 h interval. This
reversal of currents at station 14 is roughly consistent with the modeled
barotropic tidal currents according to TPXO9v5 (green arrows). The
principal lunar semidiurnal M2 constituent overwhelmingly dominates,
accounting for 99 % of the tidal current variance for the period ranging
from 27 January to 2 February. The corresponding M2 tidal ellipses are
slightly stretched along a southeast-northwest axis (Fig. 4), and identical
between station 14 and 15, although the influence of local topography
seems to be important as evidenced by the preferential direction of
LADCP currents across the saddle point of the ridge, west of station 14.
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Fig. 3. Map of horizontal currents averaged between January 25 and January 29, 2021, from satellite altimetry (a) and from the GLORYS12 reanalysis at 190 m (b),

1250 m (c) and 1450 m (d). The black line denotes the 2000 m isobath. The location of Stations 14 and 15 is indicated by magenta triangles. Units in m s~ .

The effective resolution of the TPXO09 atlas of tidal constituents is 1/6°
(>18 km) away from coastal regions while the provided map resolution
is 1/30°; therefore, the fine scales of the flow associated with the local
bathymetry cannot be resolved. At station 15, the LADCP current below
1000 m depth is northeastward, consistent, albeit larger, with the ve-
locity field from the GLORYS12 simulation, which does not include
tides. Note that GLORYS12 currents were nearly constant over the few
days preceding in-situ measurements. We conclude from this analysis
that horizontal currents below 1000 m depth include a substantial
contribution from the semidiurnal tide, on the order of 5 cm s~! or more
at station 14 where it appears to be the dominant signal. Superimposed
on tidal currents, the GLORYS12 simulation features a smaller constant
northeastward flow, that seems topographically guided along the ridge.
This current is increasingly larger to the east according to GLORYS12
reaching ~ 5 cm s~ at station 15, where its direction is consistent with
LADCP data, but also with the slope of isopycnals between stations 14
and 15 (not shown). The differences between LADCP data and model can
be explained by many factors, which include, besides tides, the high-
frequency/small-scale dynamics that are not resolved.

3.2. Ra isotopes and ?¥’Ac activities above the SWIR

The activities of radium isotopes (223Raex, 224Raex, 226Ra, 2?8Ra) are
reported in Table 1 and the vertical profiles of 223Raex and 2?*Ragy ac-
tivities are shown in Fig. 5. For both isotopes, we observe very low ac-
tivities in surface waters at station 14 (<0.03 disintegration per minute

1

per 100L; dpm 100L ™) and activities below the detection limit at 900 m.
Activities then increase with increasing depth and reach values up to
0.69 dpm 100L"! and 3.16 dpm 100L™! at 1353 m for **Raey and 2?°Raey,
respectively. Note that both activities slightly decrease after these
maxima near bottom depths. A similar vertical distribution is observed
at station 15, where higher activities are found below 1200 m. 223Raex
activities reach values of 7.05 dpm 100L" and are higher than the
224Raqx activities (maximum activity of 0.98 dpm 100L ™) around 1700
m. Short-lived isotopes were even measurable on small volume samples
(10.9—21.2 L filtered through Mn-fibers), which is uncommon for
open ocean waters (Fig. 5 and Table 1). Note that the activities of short-
lived Ra isotopes determined on Mn-fibers (small volumes) are similar to
the activities determined on Mn-cartridges (large volumes), but the
uncertainties are much higher on Mn-fibers (Table 1). The Ra activities
variability between the two sampling methods may be due to cast-to-
cast variability in the plume height, as it was shown in the Mid
Atlantic Ridge (Rudnicki et al., 1994) or to the lower sampling resolu-
tion of the pump casts. The 2%’ Ac activities determined at stations 14 and
15 are reported in Table 2. The 227 Ac activities at station 14 appear to be
variable (Fig. 6), with lower activities (~0.020 dpm 100LY) at the
surface, 900 m and 1160 m and relative higher activities (~0.035 dpm
100L ™) at 1000 m, 1200 m and 1260 m. For station 15, **’Ac activities
are in the range of 0.018-0.054 dpm 100L", slightly increasing with
depth.

The vertical profiles of 22°Ra and 2?®Ra are shown in Fig. 7. 2°Ra
activities are up to 0.31 dpm 100L™! in surface waters at station 14 but
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Fig. 4. Horizontal currents at depths below 1000 m measured by the LADCP at
station 14 on 28 January 2021 and at station 15 on 29 January. A second
LADCP cast was performed at Station 14 on 28 January, denoted by thin ar-
rows. Green arrows denote the barotropic tidal current at the time of the cast
according to the TPXO9v5 model. Corresponding variance ellipses for the
dominant M2 constituent computed between 27 January and 2 February are
also shown. Current velocity on 28 January from the GLORYS12 reanalysis are
shown at a depth of 1250 m and 1450 m (where applicable): red dots denote
model grid points. Bathymetry is from the multibeam echo sounder (contour
interval 50 m), with the 1250 m isobath highlighted. Unit for the velocity is cm
s™1 (velocity scale in the top right corner).
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Fig. 5. 223Ra., and 2**Rae, activities are shown as black circles and black tri-
angles, respectively. Filled symbols represent activities determined by
combining the activities determined using Mn-fibers and Mn-cartridges, while
open symbols represent activities determined in the Mn-fibers. The graph in the
right panel in grey shows, as a comparison, the vertical profiles observed off
Kerguelen islands with grey triangle as 22*Ra,, and grey dots as 22°Ra., (Sanial
et al., 2015). Errors bars are reported but are often within the symbol. The
horizontal lines represent the depth of the seafloor.

are below the detection limit at intermediate depths (700 m and 900 m
at stations 14 and 15, respectively). Deeper, 22°Ra activities become
detectable again, increasing with depth compared to intermediate wa-
ters and reach values of 0.25 dpm 100L™ near the seafloor at both sta-
tions. 22°Ra activities range from 11.1 dpm 100L" in surface waters at
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Table 2
227 Ac activities, in dpm 100L, at stations 14 and 15.
Station Depth 2277¢
(m) dpm 100 L
14 50 0.023 + 0.008
210 0.016 + 0.006
900 0.018 + 0.007
1000 0.035 + 0.011
1100 0.026 + 0.013
1160 0.020 + 0.008
1200 0.035 + 0.010
1260 0.034 + 0.012
15 700 0.018 + 0.012
1160 0.028 + 0.003
1200 0.033 + 0.011
1260 0.038 + 0.004
1370 0.034 + 0.004
1690 0.054 + 0.007
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Fig. 6. 22Ac activities are shown as black circles. The horizontal lines repre-
sent the depth of the seafloor.
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Fig. 7. ?°Ra and ??®Ra activities are shown as white diamonds and black tri-
angles, respectively. The horizontal lines represent the depth of the seafloor.
Errors bars for 2°Ra are reported but are often within the symbol.
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station 14 to activities superior to 17 dpm 100L" in the deep waters of
station 15. Note that the 22°Ra activities in deep waters (below 1200 m)
appear to be more variable at station 14.

4. Discussion
4.1. Ra isotopes and ?¥’Ac activities above the SWIR

Far from any continental source, the activities of the short-lived
radium isotopes rapidly decrease due to radioactive decay and mixing.
The ??°Ra and 2?Ra activities in the open ocean are therefore often
negligible, with the exception of waters located near the seafloor that
are slightly enriched in 2?>Ra and 2?*Ra, as a consequence of Ra diffusion
from deep-sea sediments (GEOTRACES Intermediate Data Product
Group, 2021). The 223Raex and 224RaEX activities reported near the sea-
floor at stations 14 and 15 display maximum values of 7.05 dpm 100L™!
and 0.98 dpm 100L™}, respectively. These activities clearly exceed the
activities usually found in open ocean waters (GEOTRACES Intermedi-
ate Data Product Group, 2021). As a comparison, we report in Fig. 5 all
the vertical profiles of 223RaeX and 224Raex determined off Kerguelen
Islands in the Southern Ocean (Sanial et al., 2015). Although the waters
offshore Kerguelen are slightly impacted by the islands and at depth by
the input from the sediments, the 223RaeX and 224Raex never exceed 0.3
dpm 100L™! for both isotopes. At both stations 14 and 15, the 22°Ra, and
224Raex activities are very low above 900 m in agreement with the
general pattern described above. At station 14, the highest 22°Rae, and
224Raex activities are observed at 1350 m depth, about 35 m above the
seafloor while at station 15, the maximum 2*°Raey activity is observed at
1700 m depth, about 60 m above the seafloor. As a comparison, Charette
etal. (2015) reported maximum activities of 0.97 dpm 100L™! for 223Raex
while never exceeding 0.16 dpm 100L? for 22*Ra,, in the deepest
samples located ~ 80 m above the ridge crest in the TAG neutrally
buoyant plume in the Mid-Atlantic Ridge. Note that all these latter ac-
tivities are considerably lower than those reported here. As another
comparison, Neuholz et al. (2020a) reported 223Raex activitiesup to 0.11
dpm 100L" and up to 1.4 dpm 100L" for 2/Ray in the Kermadec arc.
The especially high 223Raex and 224Raex activities reported near the
seafloor at these two stations cannot be explained by diffusion from
bottom sediments. Considering the rocks observed in the area (e.g., lava
pillows) by Humler et al. (2001) and the geomorphological features
(volcano shape) detected during the bathymetry survey (Fig. 1), volca-
nism could be invoked as a source term. However, the different surveys
conducted in the area (Humler et al., 2001; Sato et al., 2013; this study)
did not find any evidence for active volcanism in the area. Hydrothermal
activity (circulation of fluid into the basalts) is the most likely candidate
to explain the Ra signature reported here.

In contrast, the 2?”Ac activities, up to 0.055 dpm 100L™}, are close to
the 227 Ac usually observed in open ocean waters outside the influence of
hydrothermal vents. A similar pattern was observed in other studies
conducted in the vicinity of low temperature ridges, where large in-
creases in 22°Ra., and 2**Raey activities were not accompanied by an
increase in 2%’ Ac activities (Moore et al., 2008; Geibert et al., 2008). As a
comparison, Moore et al. (2008) reported in the Puna ridge activities up
to 1.9 dpm 100L! for 223Raex, and up to 0.4 dpm 100L for 224Raex while
the 2%’ Ac activities never exceeded 0.02 dpm 100L ! (Geibert et al.,
2008). This is in contrast with Kipp et al. (2015) who reported signifi-
cant enrichment of 22’Ac within the neutrally buoyant hydrothermal
plume overlying the TAG vent field.

The 2?°Ra activities reported here are in the typical range of activities
usually observed in Southern Ocean waters (i.e. 15 to 17.7 dpm 100L™)
(Charette et al., 2007; Chung, 1987; Ku and Lin, 1976; van Beek et al.,
2008). However, while typical open ocean profiles display a smooth
increase in the 2?%Ra activities with increasing depth (Charette et al.,
2007; Chung, 1987; Ku and Lin, 1976; van Beek et al., 2008), we observe
a significant variability in the 22°Ra activities (Fig. 7). This is especially
true at station 14 between 910 m and the bottom and to a lesser extent at
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station 15 where a small peak is found at 1275 m. These patterns may be
related to the presence of a nearby hydrothermal activity, although
226Ra may not be as strongly conclusive as the short-lived Ra isotopes. It
cannot be excluded that the high ambient ??°Ra activities of the
Southern Ocean waters would prevent any excess 22°Ra supplied from
the ridge to be discerned.

In contrast to 22°Ra, the ?®Ra activities in the Southern Ocean are
extremely low (<0.15 dpm 100L}; van Beek et al., 2008; Sanial et al.,
2015; Inoue et al., 2022) and are therefore more sensitive to an input
from any source term. This is often the case in surface waters in the
vicinity of continents/islands and near the seafloor where slight in-
creases are detected (Charette et al., 2007; van Beek et al., 2008; Sanial
etal., 2014). The mid water column is often depleted in 228Ra relative to
surface and deep waters due to slow downward and upward vertical
mixing for these two sources (Charette et al., 2007). At both stations 14
and 15, the 2*®Ra activities clearly increase with depth from below the
detection limit (700-900 m) to ca. 0.2-0.3 dpm 100 L near bottom
sediments. Such activities, however, are still in the range of activities
reported in the Southern Ocean near bottom sediments (see e.g., van
Beek et al., 2008; Sanial et al., 2015).

In summary, there is a clear unusually high signature of short-lived
Ra isotopes near the seafloor, with the 222Raey activities (up to 7.05
dpm 100 L) being higher than the 2*/Ra,, activities (up to 0.98 dpm
100 LY. The patterns of 226Ra, 228Ra and 2*’Ac activities are less
conclusive. We will thus investigate in the following sections the
different processes that could lead to the patterns observed among the
different isotopes determined in the vicinity of a hydrothermal source.

4.2. Processes at play in the vicinity of the hydrothermal vents as
indicated by 22"Rat,ﬂx/zzgRa, 223Ra,,nx/226Ra and 224Ra&x/223Ra ratios

Owing to the different half-lives of the Ra isotopes, the fluid circu-
lating in the crust may not be similarly enriched in all Ra isotopes. Due
to their shorter half-lives, 22>Ra and ?2*Ra are regenerated faster than
226Ra and *?°Ra (Charette et al., 2007; Garcia-Orellana et al., 2021;
Fig. 8). Because circulation of seawater through the crust occurs
generally over relatively short time scales, from days to a few years
(Kadko and Moore, 1988; Kadko et al., 2007), Ra may be frequently
flushed from the system. As the production of Ra isotopes is notably
governed by their half-lives, the residence time of seawater within the
crust may not allow a significant ingrowth of the long-lived Ra isotopes
by radioactive decay of their parents. Thus, unless the main input pro-
cess is due to weathering and dissolution of radium rich phases (Ham-
mond et al, 1988), the circulated fluid is expected to display
223Ra./??°Ra and 2**Rac/?*®Ra activity ratios higher than the rock
ratio. The activity ratios can also be affected by the residence time of
seawater into the crust depending on the type of the hydrothermal vent.
Neuholz et al. (2020a) suggest that the fluid migration is relatively slow
for diffuse fluids (as in ultramafic systems) and likely faster for focused
venting fluids (as in volcanic systems). Similarly, Kipp et al. (2018) have
observed that the 2>*Ra.,/??®Ra activity ratio is generally close to 1 in
high temperature fluids, suggesting that the residence time of fluids in
the crust is long enough (on the order of years) to allow these isotopes to
reach secular equilibrium. In contrast, they observe 224Raex/zzsRa ac-
tivity ratio often higher (up to 5.5) in low temperature hydrothermal
fluids. Several processes discussed by Kipp et al. (2018) may explain the
22%Racx/*?®Ra activity ratios > 1. One of them is the faster regeneration
of short-lived Ra isotopes compared to long-lived Ra isotopes, as
explained above. The 22*Rac,/??®Ra activity ratios can also be affected
by the residence time of seawater into the crust depending on the type of
the hydrothermal vent. Neuholz et al., (2020a) suggest that the fluid
migration is relatively slow for diffuse fluids (as in ultramafic systems)
and likely a faster for on focused venting fluids (as in volcanic systems).
Alternatively, there may be a greater sorption of 2?2Th at the end of the
flow path, with the result that the circulating fluid would become
enriched in ?2*Ra. This hypothesis seems unlikely due to the high
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Fig. 8. Conceptual figure illustrating the circulation of the fluid within a hydrothermal system and the associated partitioning of radionuclides from the U-Th
decay chain.
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particle affinity of 228Th. Finally, significant sorption or precipitation of
long-lived Ra isotopes - including via BaSO4 co-precipitation - and
efficient 22*Ra recoil would also increase the 2?*Raey/?*®Ra ratio in the
fluid. Because the sorption process is slow compared to the decay of
223Ra and 22*Ra, it is unlikely that short-lived Ra isotopes would be
removed by sorption before decay. The 224Raex/zzgRa and 223Rae,{/Z%Ra
ratios will also decrease when the plume is transported away from the
source, because radioactive decay of 22*Ra and 22°Ra is faster than >?®Ra
and *°Ra. Therefore, the 224Raex/zzsRa ratio in the plume may be
indicative of the residence time of the fluid in the crust, which may be
related to the fluid temperature and/or the age of the plume.

Assuming that stations 14 and 15 are located in the near vicinity of
the vents, the 22*Ra.,/?*®Ra and 2*>Ra.y/**°Ra ratios may be compared
to the ratios reported in hydrothermal fluids (Kipp et al., 2018), keeping
in mind that these ratios decrease with increasing distance from the
source. In samples displaying the highest 22°Ra., and ?*Ra, activities,
we observe 224Raex/zzsRa activity ratios of 3.46 at 1690 m (station 15),
1.32 at 1250 m (station 14) and 1.10 at 1200 m (station 14). An
explanation that would reconcile these different ratios would be that i)
the high ratio observed at station 15 may be indicative of a plume
resulting from a low temperature fluid (such type of fluid exhibiting
ratios up to 5.5; Kipp et al., 2018) and ii) the slightly lower ratios re-
ported at station 14 may thus result from the decrease of the
22Rax/*?®Ra ratio when being transported away from the source. This
does not mean that both stations are under the influence of the same
source. There could be multiple sites of hydrothermal discharge in the
region.

The distinction between low and high temperature fluids is not as
clear when looking at the 2**Rac,/??°Ra activity ratios. In the data re-
ported here, a 22Racy/??°Ra activity ratio up to 0.16 is observed in the
deep water at station 14 and up to 0.3 in the deep water at station 15.
This latter value is comparable to data observed at Baby Bare Seamount
and is significantly higher (about one order of magnitude) than values
usually observed in other vent fluids (i.e., 0.044-0.073; Kipp et al.,
2018). The ?**Ra enrichment of the circulating fluid may be explained
by the particle reactive behavior of Ac - compared with Ra - that will
adsorb onto mineral surfaces (Moore et al., 2008; Kipp et al., 2015).
With time, 22®Ra will be produced by the decay of 2*’Ac and will
partition into the aqueous phase. The seawater entering into the ridge
also contains 232Th, the parent of 22Ra, that is deposited onto the sur-
faces, but in much lower concentrations than 23! Pa, the parent nuclide of
2277c and 2%Ra (Fig. 8). The expected activity ratio of dissolved
22Th/231pa in Southern Ocean waters is on the order of 0.2-0.3
(calculated from Chase et al., 2003; Thomas et al., 2006). The produc-
tion of 22*Ra is thus relatively low compared to 2?>Ra production. This
may also explain the low 22%Raey/**Raey ratios observed above the
SWIR. Similar phenomena have been observed in low temperature hy-
drothermal vents (Moore et al., 2008; Kipp et al., 2015).

4.3. Determination of vertical mixing using Ra isotopes

The vertical profiles of Ra isotopes can be used to estimate a vertical
eddy diffusivity coefficient (Kz) (Li et al., 1980; Moore, 1972; Sarmiento
et al., 1982; Ku and Luo, 1994; Charette et al., 2007; van Beek et al.,
2008). The short half-lives of ?2>Ra and ?*Ra probably make them less
sensitive to lateral advection than other radionuclides (e.g., 227 Ac, 228Ra
and 22°Ra) which display longer half-lives. Moreover, the vertical pro-
files of 22’ Ac, 2®Ra and 2?Ra may be more inclined to be impacted by
other sources due to their longer half-life. Assuming (1) steady state on
the time scale of 2°Ra and 22*Ra half-lives (i.e., the supply of 2*°Ra and
224pa balances Ra loss by radioactive decay and mixing), (2) no addition
or loss of Ra except for radioactive decay and (3) that the vertical
dispersion of radium can be approximated to a diffusive process (rather
than advective), then a 1D model can be written as follows:

10
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where Ky is the vertical eddy diffusivity coefficient, A is the Ra activity, z
is the depth above the bottom and A is the Ra decay constant. The use of
a 1D model can be further justified by the structure of horizontal cur-
rents below 1000 m (Section 3.1), which are not only small, but more
importantly fairly constant with depth (i.e., barotropic).

The solution of the equation (1) is given by:

[ A
A, =A — —
i 0><exp< X Kz)

where A = Ap at z = 0 (bottom depth) and A = 0 at z—co. We applied the
equation (2) to the vertical profiles of 223Ra. and 2**Raey obtained on
Mn-cartridges at station 14 between 1000 m and 1250 m. Kz can be
calculated from the best exponential fit coefficient of a plot of 223Rqey OF
224Ra,, vs distance from bottom, by determining the coefficient m = \/ .
We have chosen here not to include the activities of short-lived Ra iso-
topes determined on Mn-fibers in the Ky calculation due to their large
associated error bars.

Fig. 9 shows the fit of the model to the 223RaeX and 224Raex vertical
profiles. We obtain Kz of 38 + 2 cm? s™! (m = -0.01365 + 0.00045; r =
0.999; n = 5) derived from ***Ra, and 149 + 43 cm?s~! (m = -0.01213
4 0.00249; r = 0.962; n = 4) derived from 224Raex. These Ky values are
higher than those previously reported on the Crozet or Kerguelen
shelves by Charette et al. (2007) and van Beek et al. (2008), respectively
(Kz=1.5 c¢m? s ! in both shelves at similar depths), and two or three
orders of magnitude higher than the Kz estimated by Law et al. (2003) in
the open Southern Ocean (Kz = 0.11 + 0.2 cm?s ). However, in gen-
eral, rough topography at oceanic ridges leads to strong mixing
compared to the ocean interior (Walter et al., 2010). For example, over
the SWIR, MacKinnon et al. (2008) reported Kz higher than 100 cm?s7!
near the seafloor in Atlantis II Fracture zone. High diffusivity

(2)
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Fig. 9. Vertical eddy diffusivity coefficient (Kz) estimation at station 14 using a
simple one-dimensional diffusion model applied to the vertical profiles of
223Raex (left panel) and 224Raex (right panel). The best exponential fits
considering Ra data in the 1000-1250 m depth interval together with the R
value are reported. The horizontal lines represent the depth of the seafloor. The
uncertainties on the Ky are derived from the uncertainty on the best exponential
fit coefficient of Ra activities as function of distance from bottom (Equa-
tion (2)).
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coefficients are also observed in the vicinity of hydrothermal systems.
Neuholz et al., (2020a) thus estimated Kz of 2000 em? s7! in the rise
height of a plume in the Kermadec arc, while diffusivity coefficients of
130 and 300 ecm? s~! were observed at Rainbow and Lucky Strike sites
(Thurnherr et al., 2002; St Laurent and Thurnherr, 2007). As another
comparison, vertical diffusivity coefficients between 40 and 800 cm? s
were estimated in the Mid-Atlantic Ridge region (Keir et al., 2008;
Walter et al., 2010). The relatively high Kz values reported here high-
light the strong vertical mixing on the ridge flank region. Interestingly,
Walter et al. (2010) suggest that slow spreading ridges, because they are
characterized by a steeper, more rugged bathymetry, favor an enhanced
level of internal wave generation from currents interacting with the
topography influencing the strength of the mixing of the plume.

Nevertheless, here we observe a significant difference between the
Kz values determined using the two different Ra isotopes, with Kz
(224Ra) > Ky (223Ra). This trend has been invariably observed in studies
reporting estimates of horizontal or vertical diffusivity coefficients
(Moore, 2000a,b; Hancock et al., 2006; Charette et al., 2007; Colbert
and Hammond, 2007; Lamontagne et al., 2008; Moore and de Oliveira,
2008; Koch-Larrouy et al., 2015) and several hypotheses have been
proposed to explain this difference. First, the Kz calculation is based on
the assumption that it is constant over the distance studied, although it
may vary within the water column. Second, the Kz values are derived
from two isotopes displaying different half-lives. The Ky thus obtained
reflects an integrated pattern related to the residence time of the
radionuclide in the water column. The lower Kz estimates derived from
223Ra., may thus be explained by a longer-term integration of the signal
(space, time) compared to the Kz estimated from 2>*Ray, vertical pro-
files. In addition, short fluctuations in end-member concentrations or
water column residence time over short periods of time may impact
these calculations, especially for 229Raey. Finally, Stachelhaus and
Moran (2012) suggest that this difference could be attributed to differ-
ential or scale-dependent diffusion. In the present study, we thus have
no reason to choose one Kz value over the other (i.e., derived from
223Raex or from 224Raex).

4.4. Vertical flux of dissolved Fe in the water column

Very few studies reported quantification of chemical fluxes -
including dissolved Fe - associated with hydrothermal vents. Recently,
Neuholz et al. (2020b) quantified the Fe and Mn fluxes associated with
submarine hydrothermal discharge (so called, SHD) at Brothers volcano
in the southern Kermadec arc (Pacific Ocean) based on the approach
developed to quantify chemical fluxes associated with submarine
groundwater discharge (SGD). This method is based on building the Ra
inventory in the plume and requires knowledge of the volume and
residence time of the plume, as well as the chemical concentrations in
the fluid (endmember), including Ra and chemical concentrations. This
latter information can only be obtained when a full study is conducted,
presumably at a site where the presence and location of hydrothermal
vents have been already identified by previous studies. Since the present
study was an exploratory study, we do not have the detailed view on the
volume of the plume and on the endmember concentrations, as is
required by the method of Neuholz et al. (2020b). Here, we attempt to
provide an estimate of the dFe flux by using a method that was applied to
quantify the vertical chemical fluxes in open ocean waters that are not
impacted by hydrothermal vents. The method combines the vertical
eddy diffusivity coefficients Kz estimated from the vertical profiles of Ra
isotopes with the vertical gradient of dFe. Charette et al., (2007) and van
Beek et al. (2008) thus quantified the vertical fluxes of dFe associated
with the Crozet and Kerguelen deep-sea sediments. We used the same
method using the Kz values determined from the 223Raex and 224Raex
vertical profiles and the vertical gradient of dFe (data from Baudet et al.,
submitted). As no dFe was sampled at station 15, the flux of dFe was only
determined at station 14. The vertical gradient of dFe was found to be
4.2810* +2.36 10* nmol L m™! (r = 0.44; n = 16). The sharp peak of
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dFe at 1300 m was not considered in the calculation (flagged as an
outlier by Baudet et al., submitted). By multiplying the Kz values by the
dFe gradient between 975 m and 1364 m depth, the vertical fluxes of dFe
thus obtained are 139 + 77 nmol m 2 d"! and 552 + 344 nmol m 2 d'l,
considering the Ky values determined from 223Ra., and ?**Ragy,
respectively. Errors on the dFe fluxes results from the propagation of the
uncertainties associated with the Kz and the vertical gradient of dFe.
This flux is even higher if we consider a larger depth interval (between
700 m and the bottom) to calculate the dFe vertical gradient. A value of
9.11 10 £ 0.1.07 10 nmol L™ m™ (r = 0.90; n = 19) is then obtained
for the dFe gradient, which is slightly higher than the value calculated
above. The resulting vertical flux of dFe is thus 297 + 38 nmol m 2 d’!
considering the Kz derived from 223Raeg and 1173 + 367 nmol m~2 d*,
considering the K derived from 22%Ray. Overall, the dFe vertical fluxes
calculated here range from 139 to 297 nmol m~2 d™! as derived from
223Raex and from 552 to 1173 nmol m~2 d™! as derived from 224Raex.

Schine et al. (2021) estimated dFe fluxes of possible hydrothermal
origin ranging from 440 up to 530 nmol m 2 d"! in the Pacific Southern
Ocean, which is consistent with our estimates. Other studies reported
dFe fluxes associated with similar systems, with, however, different
units which complicates the comparison with our estimates. Neuholz
et al. (2020) thus estimated dFe fluxes in the Brothers volcano ranging
from 0.15 mol s! to 71.2 mol s~ ! while other studies in Juan de Fuca,
Rainbow vent field or again Northern Mariana Islands, reported dFe
fluxes of 0.61 mol s}, 9.6 mol s™! and 0.14 mol s}, respectively
(German et al., 2010; Massoth et al., 1994; Buck et al., 2018). Using a
geochemical model, Resing et al. (2015), estimated a global hydro-
thermal Fe flux of 4 &+ 1 Gmol yr’1 while Roshan et al. (2020) estimated
amuch lower Fe flux of about 0.12 + 0.07 Gmol yr ! taking into account
particulate-dissolved Fe exchange. The dFe fluxes estimated in this study
are much higher than those previously observed on the Kerguelen
Plateau outside any influence of a hydrothermal activity by van Beek
et al. (2008) using 228Ra data (1.0-14.3 nmol m 2 d'l), by Blain et al.
(2007) (31 nmol m 2 d’l), or again by Tagliabue et al. (2014) where the
authors estimate a vertical diffusive dFe flux range of 0.0016-0.0157
umol m 2 d'! for the Southern Ocean. On the Crozet Plateau, also outside
any influence of a hydrothermal activity, Charette et al. (2007) esti-
mated a vertical dFe flux up to 61 nmol m~2 d?, which is considerably
lower than the one determined here. Finally, we note that the vertical
dFe flux reported in this study is in the same order of magnitude as the
horizontal (390 nmol m~2d™") or atmospheric (100 nmol m~2d) fluxes
estimated by Planquette et al. (2007) in the Crozet region. The results
presented here confirm that hydrothermal systems are a significant
source for dFe into the deep ocean. When combined to a strong vertical
mixing, significant fluxes of dFe may be transported towards shallower
waters. If this dFe reaches surface waters, it could stimulate phyto-
plankton blooms as suggested by Tagliabue et al. (2010), Ardyna et al.
(2019) or Schine et al. (2021). If this study clearly highlights a high
vertical flux of dFe at depth (below 700 m), it cannot be concluded here
that dFe reaches the upper water column and contributes to fuel
phytoplankton bloom.

4.5. Uncertainties around the Ra-based dFe flux estimation

Radium isotopes (with the exception of 22°Ra) are generally present
in very low concentrations in the open ocean, necessitating the sampling
of large volumes of seawater (several hundred liters) in order to measure
these activities. The errors associated with 2?°Rae, and 2**Rae, mea-
surements are commonly estimated by an error propagation method
(Garcia-Solsona et al., 2008), leading to errors of the order of 30 to 40 %
(up to 53 % for the measurement of 224Raex in this study). Note that the
relative low errors associated with the 22°Ra activities compared to
others studies (up to 14.5 % in this study) are due to i) the relatively high
223Ra activities, ii) the large volumes that we collected and iii) the
repeated measurements (3 to 5 times) that allowed us to reduce the
uncertainty on the 227 ¢ activity and thus on the 223Raex activities
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determined using RaDeCC (Le Roy et al., 2019; Léon et al., 2024). The
uncertainty associated with the Kz value derives from the uncertainty on
the m coefficient determined from the best exponential fit of the 223Ra
and 2?*Ra vertical profiles. The relative standard errors (RSD) associated
with the Kz values are thus between 5 and 30 %, when using the vertical
profiles of 22°Ra and 2?*Ra, respectively. Finally, the uncertainty on the
dFe flux is determined by propagating the uncertainty on the Kz (Fig. 9)
and the uncertainty on the vertical dFe gradient. As the dFe gradient has
RSD of 12-55 % depending on the depth interval that is considered, the
dFe fluxes display RSD of 13 to 62 %. Here, we prefer to report a range of
dFe fluxes, the high and low values of the range being determined using
the Kz values determined using either 223Raex or 224Raex. The range of
fluxes are far greater than represented by the measurement inaccuracy
described above.

In addition to the mathematical error associated with the estimate of
the different parameters that are described above, sources of uncertainty
may also come from the assumptions around these estimates (steady
state assumption on the time scale of 2*Ra and 22*Ra half-lives, no
addition or loss of Ra except for radioactive decay and vertical disper-
sion of radium can be approximated to a diffusive process, rather than
advective). We cannot state with certainty that the system is at steady
state on the time scale of 2Ra and 22Ra half-lives. Despite their short
half-lives, it is possible that the source releases these isotopes variably
over time. Moreover, the tidal influence of the currents can also cause Ra
concentrations to vary along the water column. The vertical profiles of
223Ra and ??*Ra activities may be affected by additional inputs - other
than from the hydrothermal activity - following the radioactive decay of
dissolved or particulate 22’ Ac or 228Th. This includes Ra that diffuses out
of the sediment or Ra that may be released from bottom nepheloid layers
that would constitute an additional benthic Ra source, especially for
223Ra which has a longer half-life (Kipp et al., 2015, Neuholz et al.,
2020a). However, no increase in turbidity near the bottom was noticed,
suggesting the absence of suspended particles in bottom layers. In
addition, the minor enrichments from the bottom of **’Ac and 2?%Th
(not shown here) probably do not release a significant amount of ?>°Ra
or 22*Ra and are considered to add minor uncertainties on the 2*>Raey or
224Raey estimates. The high 223Raey and 2?*Ragy activities observed at
depth are thus likely not significantly impacted by any other source that
is presumably minor as a comparison to the hydrothermal input.
Alternatively, in hydrothermal plumes, Ra can potentially adsorb onto
the surfaces of manganese oxides or be incorporated into barite (BaSO4)
and then be partially removed near the source (Moore and Reid, 1973;
Reid et al., 1979), a process that may impact the Ra vertical profiles.
Finally, significant variability of the plume dispersion even at small
space and time scales (Ardyna et al., 2019) may be expected. This sug-
gests that the values of Kz and dFe fluxes estimated here are likely to be
valid only for that position at the time when the samples were taken.

In summary, taking into account all the uncertainties mentioned
above and considering the large uncertainties associated with Kz and
dFe fluxes, these vertical fluxes must be considered as an approximate
order of magnitude, limited in space and time. Still, this information is
valuable, since information on the chemical fluxes associated with these
systems are scarce. The difficulties to generate accurate fluxes of trace
elements based on the Ra approach in hydrothermal deep-sea environ-
ment has already been demonstrated by Neuholz et al., (2020a,b). For
further investigations in this region, a more detailed study is needed,
including the study of the plume at a higher spatial resolution (addi-
tional stations), which should allow us to better locate both the source
and the plume pathways and to better constrain the geochemical pro-
cesses involved in these systems.

4.6. Speculation on the location of the source
Both the short half-lives and the high activities of 224Raex and 223Raex

determined at stations 14 and 15 suggest that these stations are located
in the near vicinity of the source term. The vertical profiles reported
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here, however, only provide a 1D view of the water column. By using
physical data, we attempt to have a more complete view of the dynamics
in the region, which is important to consider since the currents transport
the plume away from the source. We aim to use these physical data to
estimate how far a signal released at the bottom may be transported
away from the source and potentially also to help locating the source
term. The analysis of the horizontal circulation below 1000 m presented
in Section 3.1 indicates a substantial contribution from tidal currents, a
dominant signal at station 14, with a constant northeastward flow
guided by the ridge superimposed, larger at station 15 where it reaches
~5cms ! according to the model (Fig. 4). The periodic nature of tidal
currents will tend to disperse the different radionuclides more efficiently
if these currents are spatially variable. Here the fairly isotropic and
homogeneous nature of modeled tidal ellipses (Fig. 4) suggests that
barotropic tidal currents will predominantly displace the different
chemical elements around in a periodic movement, although we
recognize that the tidal model is too coarse to accurately account for the
variability of the flow at the short spatial scales of the local bathymetry.
The background mean flow, on the other hand, consistently advects the
different radionuclides with a mean flow of 5 cm s~*. A mean flow of 5
cm s~! translates to 4.3 km day !, that is a distance of ~ 30 km over one
week, assuming that such high Ra signature can persist over such time
scale, which is already a high estimate. The source term(s) is(are) thus
expected to be within 30 km distance from these stations.

Note that we observe a decrease in the ?*Ra../>*®Ra activity ratios
between the two stations at a potential density of about 27.4 (corre-
sponding to 1200 and 1250 m depth for station 14 and at 1160 and 1200
m depth for station 15) with activity ratio decreasing from 1.21 at sta-
tion 14 to 0.19 at 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; see section
3.1 and Figs. 3 and 4), we thus estimate a transit time of about 10 days,
yielding to a transport rate of 0.5 cm s~'. A mean flow of 0.5 cm s~}
translates to 0.4 km day ™}, that is a distance of ~ 3 km over one week.
The latter estimate determined using a reduced transport rate (0.5 cm
s~1) suggests that the source term may be located even closer (within 3
km) to the investigated stations than when using the transport rate re-
ported above (5 cm s’l).

A more precise determination of the source position, however, would
require to know the Ra activities (and activity ratios) at the source term
and to have a more detailed view of the Ra distribution in the region, in
case the plume cannot be traced with temperature and suspended
particles.

5. Conclusion

These new investigations in the SWIR region have led to the estab-
lishment of a very high-resolution bathymetric map of this area. While
there was no clear signature on the vertical profiles of temperature,
dissolved oxygen, beam transmission or salinity, 2*>Ra and 2**Ra ac-
tivities reported in this area highlight the presence of a hydrothermal
system, likely located in the near vicinity of the investigated stations due
to the short half-lives of these radionuclides. The high activities of
223Raex and 224Raex compared to long-lived Ra isotopes could be
explained by a faster regeneration rate of these isotopes during seawater
circulation within the crust. Moreover, we reported here among the
highest 22°Ra activities observed in the vicinity of hydrothermal sys-
tems, unaccompanied by its parent, 22’ Ac. This result suggests that 22’ Ac
is adsorbed onto mineral surfaces during seawater circulation within the
crust whereas 223Ragy is likely released into the dissolved phase. The
high 22*Ra.,/??®Ra ratios reported here are in favor of a low temperature
fluid. We estimated vertical diffusivity coefficients Kz of 38 — 149 cm?
s7! using the vertical profiles of 223Raqy and 22*Ragy activities, respec-
tively. By combining these coefficients to the vertical gradient of dFe, we
estimated dFe vertical fluxes of 139 — 297 nmol.m 2.d™, as derived from
223Raex activities and of 552 — 1173 nmol.m’z.d’l, as derived from
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224Ra,, activities. These estimates highlight a strong vertical mixing on
the flanks of the ridge that could promote a large flux of dFe toward
upper waters. This study confirms that short-lived radium isotopes are
powerful tracers of hydrothermal plumes associated with slow-rate
spreading ridges and supports the importance of low-expansion-rate
ridges as significant sources of dFe to the deep ocean. However, a
more detailed study should be organized in order to better constrain the
exact location of the hydrothermal activity and the fate of the associate
plume, to confirm the first results obtained here.
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