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Abstract Deep-sea hydrothermal venting is now recognized as a major source of iron (Fe), an essential
trace element that controls marine productivity. However, the reactions occurring during dispersal from
buoyant plumes to neutrally buoyant hydrothermal plumes are still poorly constrained. Here we report
for the ﬁrst time on the dissolved-particulate partition of Fe after in situ ﬁltration at the early stage of
mixing at different hydrothermal discharges, i.e., Lucky Strike (37°N), TAG (26°N), and Snakepit (23°N) on
the Mid-Atlantic Ridge. We found that hydrothermal iron is almost completely preserved (>90%) in the
dissolved fraction, arguing for low iron-bearing sulﬁde precipitation of iron in basalt-hosted systems with
low Fe:H2S ratios. This result can only be explained by a kinetically limited formation of pyrite. The small part
of Fe being precipitated as sulﬁdes in the mixing gradient (<10%) is restricted to the inclusion of Fe in
minerals of high Cu and Zn content. We also show that secondary venting is a source of Fe-depleted
hydrothermal solutions. These results provide new constrains on Fe ﬂuxes from hydrothermal venting.

1. Introduction
Assessing the biogeochemical Fe cycle in the ocean and at its interfaces with solid earth is a challenging yet
critical task for Earth scientists [Jickells et al., 2005; Lam and Bishop, 2008]. A variety of observations point to a
strong role for hydrothermal activity in the marine Fe budget. Fe concentrations in deep waters can be reproduced by numerical modeling only if a hydrothermal source is included [Tagliabue et al., 2010]. Some Fe is
vented as stable pyrite nanoparticles [Yücel et al., 2011], while nonsulﬁde Fe(II) particles and strong organic
Fe chelates have been observed in neutrally buoyant plumes [Toner et al., 2009; Hawkes et al., 2013]. Such
reactions act to facilitate the dispersion of hydrothermal Fe from vent sources to the broader ocean.
Efforts by the oceanographic community to acquire reliable data on trace elements across the global ocean
(e.g., GEOTRACES) have ﬁrmly established the crucial role of hydrothermal activity on the marine Fe inventory
[Tagliabue, 2014]. Large basin-scale Fe plumes, hundreds to thousands of kilometers in length, have been
revealed at almost each section crossing oceanic ridges [Nishioka et al., 2013; Saito et al., 2013; Resing et al.,
2015], despite Fe(II) oxidation and Fe(III) particle coagulation kinetics that are thought to be relatively rapid
[Massoth et al., 1998; Field and Sherrell, 2000]. Efforts are now needed to better constrain the chemical reactions involving vented Fe much closer to hydrothermal discharges. Owing to the extreme gradients and
diversity of emitted ﬂuids in terms of chemical composition and physical structure [German and Von
Damm, 2006] (e.g., focused versus diffusive), investigating areas in close proximity to vents is a demanding
task. Different approaches have been undertaken to study this dynamic interface, and we recently showed
that in situ ﬁltration is required for limiting chemical changes before shipboard sample recovery [Cotte
et al., 2015]. By applying these sampling constraints, we examined for the ﬁrst time the effective dissolved
concentrations of Fe (dFe) during early stages of mixing with the aim to better constrain its early reactivity
at deep-sea vents.

2. Materials and Methods
©2017. American Geophysical Union.
All Rights Reserved.
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As part of three oceanographic cruises on the RV Pourquoi Pas? (Momarsat-2014, Momarsat-2015, and
Bicose-2015), we sampled 18 buoyant plumes of several blacks to clear smokers on the MAR (supporting
information Figure S1). Most of them (16) are located at different sites of the Lucky Strike hydrothermal
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ﬁeld (37°N), i.e., Aisics, Y3, Cypress, White Castle, Capelinhos, Sapin, and Montségur (Figure S1b), while the
two others are located at TAG (26°N) and Snakepit (23°N). All sampled vents are hosted on basaltic substratum. The Lucky Strike vent ﬁeld displays a wide variety of emissions [Barreyre et al., 2012] that produces a
very thick and large plume [Wilson et al., 1996] compared to a more focused activity at TAG and Snakepit
ﬁelds. At each of these sites, in situ ﬁltration was performed in the mixing zone using the Pepito sampler
[Cotte et al., 2015] deployed on the remotely operated vehicle (ROV) Victor 6000. Table S1 (see supporting
information) presents and summarizes position, depth, temperature range, and dilution factor of each
collected vent gradient.
In situ ﬁltered samples were obtained after pumping water into 2L-PVC blood bags (Baxter Fenwall,
sterile/NP-FP, R4R2041) and using online ﬁltration at 0.45 μm (HATF, Millipore). For each dive, sampling
was carried out toward increasing temperatures in order to cover the mixing gradient from the seawater
dominated to hydrothermal-dominated part of the buoyant plume. A temperature sensor is attached to
the sampler snorkel with real-time temperature reading in the ROV control room on board the research
vessel. The cannula of the sampler was ﬁrst placed at 1 to 2 m above the vent oriﬁce in order to begin the
sampling from the coldest part of the mixing gradient. It was then shifted downward within the central part
of the buoyant plume until reaching values in the range 100–150°C. Mean temperature measured during
each sampling is provided in the supporting information (Data Set S1). Additional details of the sampling
system, sampling procedure after sample recovery and washing of the sampling equipment is described
elsewhere [Cotte et al., 2015].
Coupled to the PEPITO sampling, in situ measurements of labile sulﬁdes (ΣS) [Le Bris et al., 2000] and iron
(Fe(II)) [Sarradin et al., 2005] were performed using chemical miniaturized (CHEMINI) analyzers [Vuillemin
et al., 2009]. Both ΣS and Fe(II) measurements are based on colorimetric detection (methylene blue method
and ferrozine method, respectively) and ﬂow injection analysis. Both chemical analyzers were calibrated in
situ at the beginning and at the end of each dive using Fe(II) and S(-II) stock solutions. The chemical forms
being measured in unﬁltered water include dissolved species but also some particulate species that are labile
enough to react with methylene blue or ferrozine at pH 4.7 (acetate buffer). The intake for the CHEMINI analyzer was also associated with the PEPITO intake and the temperature probe. Hydrothermal solutions were
directly pumped without any ﬁltration, and the signal acquisition (~3 min) was initiated at the same time
as the PEPITO sampling.
Dissolved Fe, Cu, and Zn concentrations (dFe, dCu, and dZn, respectively) and particulate Fe, Cu, and Zn concentrations (pFe, pCu, and pZn, respectively) were determined using sector ﬁeld inductively coupled plasma
(ICP) mass spectrometry (Element 2, ThermoFisher) [Cotte et al., 2015], whereas dissolved Mn concentrations
(dMn) were measured by ICP atomic emission spectrometry (Ultima 2, Horiba Jobin Yvon). Precisions (one
sigma) were better than 1% for Mn, 3% for Fe, and Cu and 5% for Zn. The procedure describing the digestion
of ﬁlters and the preparation of solutions and standards for ICP measurements is detailed in Cotte et al. [2015].
The various concentrations presented in this study were generally well above detection limits and blanks
(including ultrapure water processed in the PEPITO sampler, ﬁlter blanks, and digestion blanks) were below
detection limits.
High-temperature hydrothermal ﬂuids were sampled by inserting the snorkel of gas-tight titanium syringes
into the main chimney at Aisics, Y3, Cypress, White Castle, and Capelinhos vents that were manipulated and
triggered by the hydraulic arm of the ROV Victor 6000. At each dive, four gas-tight titanium syringes were triggered per smoker, and time delay between each sampling replicate did not exceed 20 min. The samples were
processed immediately on board after the ROV recovery. First, gases were extracted from sampler and transferred into vacuumed stainless steel canisters. The ﬂuid samples were then extracted and ﬁltered through
0.45 μm Millipore ﬁlters and split into different aliquots for onshore analysis and stored at 4°C in a cold room.
pH and H2S were measured on board immediately after processing. H2S concentrations were measured in
the solution with an amperometric microsensor (AquaMS, France). Chemical analyses were conducted at
the Geosciences Environment Toulouse laboratory with an inductively coupled plasma-atomic emission
spectrometer (ICP-AES; Horiba Ultima2) [Besson et al., 2014]. The instrument is calibrated using monoelemental solutions, multielemental solution, and International Association for the Physical Sciences of the Oceans
standard solution. In these samples, Mg concentration was sufﬁciently low (i.e., in the range 1–3 mM) to accurately estimate the composition of the hydrothermal end-members after extrapolation to zero-Mg (Table 1).

WAELES ET AL.

FE SULFIDE PRECIPITATION IS VERY LIMITED

4234

Geophysical Research Letters

10.1002/2017GL073315

a

Table 1. End-Member Chemistry of Hydrothermal Fluids at Lucky Strike (this study), Snakepit, and TAG [James and Elderﬁeld, 1996]
Vent

Fluid Type

Date of Sampling

Fe (μM)

Mn (μM)

H2S (mM)

pH

Fe:Mn

Fe:H2S

Aisics (main smoker)

Black smoker

Y3 (main smoker)

Black smoker

Cypress (main smoker)

Clear smoker

White Castle (main smoker)

Black smoker

Capelinhos (main smoker)

Black smoker

27 Jul 2014
13 Apr 2015
24 Apr 2015
20 Jul 2014
21 Apr 2015
26 Jul 2014
15 Apr 2015
28 Jul 2014
17 Apr 2015
24 Jul 2014
20 Apr 2015

457±16
522±17
459±11
553±9
563±5
544±12
575±3
352±21
407±21
2306±26
2494±44

232±2
257±1
236±2
273±3
280±1
412±5
438±6
332±3
369±11
489±4
594±12

1.94±0.10
0.69±0.14
1.24±0.15
1.49±0.03
0.90±0.11
1.97±0.16
1.51±0.46
2.98±0.08
1.34±0.35
2.26±0.15
0.57±0.21

<3.58
<3.53
<3.35
<3.76
<3.68
<3.66
<3.57
<3.65
<3.49
<3.29
<3.19

Snakepit (main smoker)
TAG (main smoker)

Black smoker
Black smoker

1.97
2.03
1.94
2.03
2.01
1.32
1.31
1.06
1.10
4.72
4.20
5.7
8.0

0.24
0.76
0.37
0.37
0.63
0.28
0.38
0.12
0.30
1.0
4.4
0.4
1.9

a

Concentrations in hydrogen sulﬁde (H2S), Fe, and Mn correspond to extrapolated zero-magnesium concentrations measured in gas-tight titanium syringe
samples. Because pH values cannot be extrapolated to zero-magnesium, end-members pH values can only be suggested to be lower than those measured in
the collected samples in which acidic hydrothermal ﬂuid was partially mixed with seawater of pH 8.0.

3. Results and Discussion
3.1. Dissolved and Particulate Fe in the Early Mixing Zone
The sampled area within the ﬁrst 2 m of venting corresponds to a dilution factor of the hydrothermal ﬂuid
with deep seawater of 1 to ~100. This dilution factor can be calculated using dissolved dMn (dMn) as a conservative tracer whose removal rate is considerably slower than the emplacement of neutrally buoyant
plumes [Field and Sherrell, 2000]. For the various vents examined, a strictly linear relationship was obtained
between dissolved Fe (dFe) and dMn (Figure 1 and Table 2), and the dFe:dMn ratios obtained in the mixing
zone (Table 2) were not signiﬁcantly different from the Fe:Mn ratios determined for end-members (Table 1),

Figure 1. Concentrations of dissolved Fe (dFe) and particulate Fe (pFe) after in situ ﬁltration at several main smokers of the
Lucky Strike ﬁeld. dFe and pFe concentrations are given as a function of dissolved Mn (dMn), a conservative tracer of
the mixing of hydrothermal ﬂuids with deep seawater. Error bars are within the symbols. The regression lines for these data
are provided in Table 2, and data are given in supporting information (Data Set S1).
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Table 2. dFe-dMn and pFe-dMn Relationships in the Mixing Zone of the Various Vents Examined After Regression With the Least Squares Method to the One
Parameter Linear dFe = a × dMn and pFe = b × dMn Models (F Tests Indicated That a Two Parameter Linear Model, i.e., With Slope and Intercept, did not
2a
Signiﬁcantly Increase the R )
Dissolved
Vent

Fluid Type

Aisics (main smoker)

Black smoker

Y3 (main smoker)

Black smoker

Cypress (main smoker)

Clear smoker

White Castle (main smoker)

Black smoker

Capelinhos (main smoker)
Aisics (auxiliary smoker)
Aisics-Tempo (diffuse vent)
Capelinhos (auxiliary smoker)
Sapin (main smoker)
Montségur (main smoker)
Snakepit (auxiliary smoker)
TAG (auxiliary smoker)

Black smoker
Clear smoker
Diffuse vent
Clear smoker
Clear smoker
Clear smoker
Black smoker
Black smoker

Particulate

Date of
Sampling

dFe-dMn Relationship
(dFe = a × dMn Model)

R

n

26 Jul 2014
14 Apr 2015
21 Apr 2015
23 Jul 2014
25 Apr 2015
22 Jul 2014
15 Apr 2015
23 Apr 2015
28 Jul 2014
18 Apr 2015
20 Apr 2015
17 Jul 2014
19 Jul 2014
25 Jul 2014
20 Jul 2014
16 Jul 2014
24 Jan 2014
01 Feb 2014

dFe = (2.02±0.08) dMn
dFe = (2.28±0.03) dMn
dFe = (2.03±0.08) dMn
dFe = (1.95±0.06) dMn
dFe = (2.04±0.14) dMn
dFe = (1.27±0.09) dMn
dFe = (1.33±0.13) dMn
dFe = (1.45±0.04) dMn
dFe = (1.17±0.03) dMn
dFe = (1.23±0.06) dMn
dFe = (4.65±0.17) dMn
dFe = (1.48±0.07) dMn
dFe = (0.97±0.03) dMn
dFe = (4.05±0.26) dMn
dFe = (0.72±0.02) dMn
dFe = (0.95±0.09) dMn
dFe = (4.30±0.48)*dMn
dFe = (4.7±1.9)*dMn

0.994
0.998
0.993
0.997
0.984
0.985
0.973
0.995
0.998
0.991
0.993
0.993
0.999
0.991
0.998
0.989
0.959
0.968

10
16
15
8
10
9
9
14
10
11
13
10
4
7
7
6
10
3

2

pFe-dMn Relationship
(pFe = b × dMn Model)

R

n

a/(a+b) (%)

pFe = (0.08±0.02) dMn
pFe = (0.08±0.02) dMn
pFe = (0.07±0.01) dMn
pFe = (0.11±0.03) dMn
pFe = (0.16±0.02) dMn
pFe = (0.04±0.04) dMn

0.92
0.77
0.93
0.84
0.97
0.31

10
15
15
8
9
9

96±7
96±3
97±7
95±7
93±12
97±15

pFe = (0.02±0.01) dMn
pFe = (0.03±0.02) dMn
pFe = (0.03±0.01) dMn
pFe = (0.14±0.03) dMn

0.83
0.70
0.74
0.86

10
10
11
13

99±6
97±4
97±9
97±7

2

a

The determination of the Fe fraction being preserved as dissolved species upon mixing was deduced from the a/(a+b) ratio. Uncertainties on the a/(a+b) ratio
were deduced from conﬁdence intervals at 95% on a and b. Note that the relationships obtained at the main smokers of Aisics, Y3, Cypress, White Castle, and
Capelinhos are displayed in Figure 1. The data and parameters of the linear regressions are given in the supporting information (Data Set S1).

meaning that dFe behavior is strictly conservative in the examined gradient. Replicate sampling at a same
vent up to a year later (Figure 1 and Table 2) leads unambiguously to the same conclusion.
This result provides new constraints on the time period over which Fe remains in the dissolved form and
challenges the paradigm, including recent thermodynamic model simulations [Sander and Koschinsky,
2011], that a large part of hydrothermal iron (i.e., 40–100%) should be precipitated as sulﬁde particles during
the very early stages of mixing with seawater [Mottl and McConachy, 1990; German et al., 1991; Rudnicki and
Elderﬁeld, 1993; Field and Sherrell, 2000]. In all cases, the elemental analysis of the ﬁlters we recovered after in
situ ﬁltration showed that particulate Fe (pFe) concentrations were much lower than dFe concentrations
(Figure 1) with pFe accounting only for 5±5% of total Fe when considering the whole pFe data set (n = 111).
The vent Fe:H2S ratio has been proposed as an important factor for controlling the Fe loss by sulﬁde precipitation [Field and Sherrell, 2000]. Most basalt-hosted systems (e.g., TAG, Snakepit, and EPR vents) present low
Fe:H2S ratios (typically in the range 0.3–1.0 mol mol1) and are viewed as places where sulﬁde precipitation is
important [Mottl and McConachy, 1990; Field and Sherrell, 2000]. On the other hand, at vents exhibiting high
Fe/H2S ratios, such as those along the Endeavor Ridge segment with ratios >100 mol mol1, the precipitation
of Fe sulﬁdes is negligible [Severmann et al., 2004]. The vents sampled at Lucky Strike display low Fe:H2S
ratios, usually in the range 0.3–1.0 mol mol1, indicating that other factors limit the production of iron sulﬁde
particles. Indeed, this result can only be explained by (1) slow kinetics of pyrite precipitation as compared to
the mixing process and/or (2) a stabilization of iron within <0.45 μm “dissolved” fraction in line with the previous ﬁndings that pyrite nanoparticles are pervasive in hydrothermal emissions [Yücel et al., 2011]. Applying
the semi-empirical kinetic equations obtained by laboratory studies [Graham and Ohmoto, 1994; Rickard,
1997] to MAR hydrothermal solutions actually leads to a rather slow production of pyrite particles, in the
order of 0.1 nM h1. This rate is negligible considering the mixing time of the studied gradients (on the order
of tens of seconds). In addition, the formation of pyrite below 300°C involves an iron monosulﬁde precursor
[Schoonen and Barnes, 1991] for which thermodynamic models predict little production in the mixing gradient [Breier et al., 2012]. The limited production of pyrite particles in the mixing gradient of all Lucky Strike
vents is also supported by our in situ measurements with a CHEMINI analyzer [Vuillemin et al., 2009].
Indeed, these measurements indicated that at all sites (e.g., the main smoker of Aisics, Figure 2), iron
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Figure 2. Dissolved and particulate concentrations of Fe, Cu, and Zn (26 July 2014 data) and concentrations of labile sulﬁde
(ΣS) and Fe(II) at the main smoker of Aisics. Concentrations of Fe, Cu, and Zn are summarized in Table S3 (supporting
information). ΣS and Fe(II) data (supporting information Table S4) were obtained after in situ measurements with the
CHEMINI analyzer and can be plotted as a function of either dissolved Mn or temperature thanks to the linear dMn-T
relationship obtained at the main smoker of Aisics (supporting information Figure S3).

occurs essentially as Fe(II) species and coexists with sulﬁde until the coldest part of the mixing gradient
(temperature range 4–20°C, corresponding to a dilution factor of ~100 of pure end-member). We propose
that the very high preservation of Fe is likely due to the kinetically limited formation of pyrite particles
rather than a stabilization of iron under pyrite nanoparticles. This is sustained by pyrite nanoparticles
accounting for less than 10% of the ﬁlterable iron [Yücel et al., 2011]. We also anticipate that such kinetical
control is also prevalent over the whole ascending plume because (1) the rate of pyrite production
(0.1 nM h1) is also negligible considering the mixing time of the whole ascending plume (on the order of
tens of minutes) and the dFe concentrations at the emplacement of neutrally buoyant plume (>100 nM)
[e.g., James and Elderﬁeld, 1996] and (2) Ohnemus and Lam [2015] found no evidence for Fe-sulﬁde
particles in the neutrally buoyant plume of TAG.
3.2. Input of Dissolved Iron From Secondary Venting
The mixing zones of secondary venting, sampled at the base of different main discharges, were characterized
by systematically and signiﬁcantly lower dFe:dMn ratios than those of their relative main black smoker vents
(Table 2). At Aisics (Figure S2), dFe:dMn ratios of 1.48±0.07 and 0.97±0.03 were obtained for a clear focused
smoker and for the diffusive venting area “Aisics-Tempo.” This is ~30% and ~50% lower than the ratio
obtained for the mixing zone of the main black smoker (range 2.0–2.3). In the same manner, the dFe:dMn
ratio at Capelinhos auxiliary smoker (4.05±0.26) was below the one found for the main smoker (4.65±0.17).
Although we only sample auxiliary smokers at Snakepit and TAG, their dFe:dMn ratios (of 4.3 and 4.7,
respectively) also fell below the end-member values of the main smokers reported by James and Elderﬁeld
[1996] (5.7 and 8.0, respectively). These results, indicating that secondary venting is a source of Fe depleted
hydrothermal solutions, have several implications. First, important iron removals may occur through chemical
reactions taking place within the hydrothermal plumbing system prior to venting at auxiliary vents. This
includes lower temperatures clear smokers, ﬂanges, cracks, and diffusive sources but constitutes potentially
an important source of heat [Barreyre et al., 2012] and Fe [German et al., 2015] on larger spatial scale than localized black smoker discharges. Second, quantiﬁcation of dissolved Fe ﬂuxes escaping a particular vent ﬁeld,
which is usually done from measurements in the neutrally buoyant plume [e.g., Bennett et al., 2008;
Hawkes et al., 2013], must consider the mixing of hydrothermal solutions vented from focused black smokers
with Mn-bearing but Fe-depleted solutions from auxiliary venting that are known to be entrained into the
same plume [Wilson et al., 1996; Veirs et al., 2006].
3.3. Dissolved-Particulate Partition of Fe as Compared to That of Cu and Zn
As opposed to iron, zinc and copper precipitate quantitatively before venting and/or during the very early
stage of mixing (T > 150°C). Indeed, these two metals were mainly found as particulate rather than as
dissolved species over the studied gradients. Klevenz et al. [2011] and Feely et al. [1987] also showed in
their studies of particulates phases forming in plumes at 15°N and 5°S MAR and Juan de Fuca Ridge that
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Figure 3. Dissolved Fe concentrations as a function of dissolved Mn concentrations along the continuum mixing gradient from hydrothermal solutions of the
Mid-Atlantic Ridge (MAR) to North Atlantic Deep Waters (NADW). (from right to left) Hydrothermal solutions (bigger colored circles, our study); buoyant plumes
in situ ﬁltered at Lucky Strike (37°N), TAG (26°N), and Snakepit (23°N) ﬁelds (white and colored ﬁlled circles, our study); neutrally buoyant plumes 200–400 m
above MAR at 26°N,23°N,5°S, and 12°S (grey ﬁlled symbols) [from references James and Elderﬁeld, 1996; Bennett et al., 2008; Saito et al., 2013; and Hatta et al.,
2015], water-column anomalies reported ~500 km away from MAR axis at 28°N and 12°S (colored open squares) [from references Fitzsimmons et al., 2013; Saito
et al., 2013; and Hatta et al., 2015]. NADW indicates concentrations in the North Atlantic Deep Waters (seawater end-member) [from reference Hatta et al., 2015].
Note that different cutoffs were used to deﬁne the dissolved fraction in these studies, i.e., 0.2 μm [Hatta et al., 2015], 0.4 μm [James and Elderﬁeld, 1996;
Bennett et al., 2008; Fitzsimmons et al., 2013; Saito et al., 2013], and 0.45 μm (this study). However, very high consistency in dFe measurements is generally
observed when these different pore sizes are compared [Fitzsimmons and Boyle, 2012].

Cu-bearing and Zn-bearing sulphide minerals precipitates and dominate at the earliest stage of buoyant
plume formation. At the main smoker of Aisics, for example, particulate Cu and Zn (pZn and pCu,
respectively) accounted for 95±6% and 85±23% of total Cu and Zn, respectively (Figure 2 and Table S3).
This was corroborated by mineralogical observations of some ﬁlters, obtained after in situ ﬁltration at
Aisics, White Castle, and Capelinhos, which essentially showed the occurrence of sphalerite and
chalcopyrite particles (E. Pelleter, personal communication). Interestingly, particulate iron (pFe) was
observed at all sites at concentrations very close to that of pZn and pCu indicating a preferential
coprecipitation of iron in mineral phases of high Cu and Zn content, as opposed to its precipitation
as noncollomorphous pyrite. The atomic Fe content in chalcopyrite is ~30% (as for Cu) and can vary in the
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range 10–20% in sphalerite [Hutchison and Scott, 1981]. We propose that the precipitation of Fe in the early
stage of mixing is essentially limited to the inclusion of Fe in such phases. This constitutes an important
limitation for the conversion of dissolved iron to particulate iron because concentrations of Zn and Cu in
hydrothermal ﬂuids are roughly two orders of magnitude below those of Fe.
3.4. Implications of Our Findings and New Constraints on the Fe Budget
In order to place our ﬁndings obtained at vent discharges in a more global perspective, we compared our dFe
results with those reported in the water column above the MAR [James and Elderﬁeld, 1996; Bennett et al.,
2008; Saito et al., 2013; Hatta et al., 2015] and up to 500 km away from the ridge axis including recent
GEOTRACES expeditions [Fitzsimmons et al., 2013; Saito et al., 2013; Hatta et al., 2015] (Figure 3). Dissolved
manganese, whose removal rate is considerably slower than the emplacement of neutrally buoyant plumes,
can be conﬁdently used as a conservative tracer across a wide range of dilutions, i.e., until a dilution factor of
~100,000 (corresponding to dMn concentrations of ~0.01 μM) [Radford-Knoery et al., 1998]. For higher dilution factors, it only permits a comparison of the hydrothermal iron reactivity relative to that of manganese.
Therefore, other conservative tracers, such as 3He in excess, need to be used over basin-scale transport
[Resing et al., 2015]. Nevertheless, our data sets bridge a gap between hydrothermal end-member and water
column anomalies reported in neutrally buoyant plumes above the MAR (typically 200–400 m above hydrothermal discharge areas). Above TAG and Snakepit, the reported dissolved and particulate Fe concentrations
[James and Elderﬁeld, 1996; Hatta et al., 2015; Ohnemus and Lam, 2015] indicate that the neutrally buoyant
plume is depleted by 15% and 25% in total Fe at TAG and Snakepit, respectively (see Table S2 for calculation
details). This should represent a maximum value if considering the above mentioned mixing with secondary
venting depleted in iron. Above TAG, Fe-hosted particles essentially consist in ferrihydrite, with no evidence
for Fe-bearing sulﬁdes [Ohnemus and Lam, 2015]. These data and observations above TAG and Snakepit are in
line with our ﬁndings that a very small fraction of hydrothermal Fe (<10%) is precipitated as sulﬁde.
Oxidation of Fe(II) is thus the major mechanism to consider for hydrothermal iron removal, even for common
basalt-hosted systems characterized by low Fe:H2S ratios.
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The global ﬂux of hydrothermal Fe required to sustain the worldwide dissolved Fe distributions is 4.1
±0.3 Gmol y1 [Resing et al., 2015]. Alternatively, German et al. [2015] estimated a Fe ﬂux from focused hydrothermal venting in the range of 0.050.9 Gmol y1 and proposed that the remaining 3.2–4.05 Gmol y1 corresponds to diffuse hydrothermal venting. However, based on our data and those in the literature, we
propose to reconsider the different ratios used by German et al. [2015] to estimate the ﬂux from focused venting. This includes, for example, the assumption that 50% of hydrothermal Fe is rapidly removed as polymetallic sulﬁdes in the initial stage of mixing as well as a very small fraction of Fe (i.e., <1%) escapes pyrite
precipitation at higher dilution by local deep water [Sander and Koschinsky, 2011]. Indeed, our data and other
observations indicate that the removal of Fe in sulﬁdic minerals does not exceed 10% in the ﬁrst meters of the
buoyant plume and is below 20% at neutrally buoyant plumes such as TAG. In order to better constrain the
processes controlling the dispersion of hydrothermal Fe in the water column, a future challenge is to study
hydrothermal ﬁelds at larger scales, by taking into account the wide variety of emissions, i.e., focused and diffuse venting, and by acquiring data over the entire mixing gradient. In particular, we believe that the in situ
ﬁltration approach will be helpful to identify the processes acting within the poorly known upper part of the
buoyant plume.
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