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Iron (Fe) binding phases in two hydrothermal plumes in the Southern Ocean were studied using a novel
voltammetric technique. This approach, reverse titration–competitive ligand exchange–adsorptive
cathodic stripping voltammetry, showed that on average 30721% of dissolved Fe in the hydrothermal
plumes was stabilised by chemically labile binding to ligands. The conditional stability constant (log K′FeL)

previous measurements of deep ocean ligands (21.4–23; Kondo et al., 2012) and dissolved weak estuarine
ligands (o20; Gerringa et al., 2007).

Our results indicate that approximately 7.5% of all hydrothermal Fe was stabilised by complexation
with ligands. Furthermore, 47726% of the dissolved Fe in the plume existed in the colloidal size range
(0.02–0.2 mm). Our data suggests that a portion (∼7.5%) of hydrothermal Fe is sufficiently stabilised in the
dissolved size fraction (o0.2 mm) to make an important impact on deep ocean Fe distributions. Lateral
deep ocean currents transport this hydrothermal Fe as lenses of enhanced Fe concentrations away from
mid ocean ridge spreading centres and back arc basins.

& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
1. Introduction

Iron (Fe) is an important and often limiting micronutrient in
the world's oceans (Martin and Fitzwater, 1988). Dissolved Fe (DFe)
concentrations in the surface ocean are typically o0.3 nM, and
range between ∼0.2 and 1.2 nM in the deep ocean (41000 m)
where Fe is buffered by strong organic ligands (De Baar and
De Jong, 2001; Hunter and Boyd, 2007). The study of the sources,
sinks and speciation of Fe is crucial to our understanding of the
transport and bioavailability of this element. The supply of Fe to
the world's oceans is poorly constrained, with atmospheric dust,
rivers, sediments and remineralisation of sinking particles forming
the main sources (De Baar and De Jong, 2001). Hydrothermal
sources of stable DFe have recently been considered due to several
observations of high DFe concentrations in the deep ocean close to
tectonic spreading centres, often in regions containing elevated
(hydrothermally sourced) 3He (Klunder et al., 2011; Kondo et al.,
2012; Nishioka et al., 2013; Wu et al., 2011).
r B.V.

Centre Southampton, South-

wkes).

Open access under CC BY-NC-
Iron is highly enriched in high temperature hydrothermal fluids
as it is leached from host rocks during hydrothermal circulation of
seawater. End-member concentrations can range fromo2 mM (e.g.
Menez Gwen, Mid Atlantic Ridge, Douville et al., 2002) to
410 mM Fe (e.g. Edmond vent site, Central Indian Ridge, Gallant
and Von Damm, 2006). The total (dissolved and particulate)
contribution of Fe to the deep ocean by high temperature hydro-
thermal vents is estimated to be 7.2–450 Gmol Fe yr−1 (Baker et al.,
1993; Bennett et al., 2008; Elderfield and Schultz, 1996; Tagliabue
et al., 2010), while the total DFe inventory of the ocean is
estimated to be 800–1600 Gmol (De Baar and De Jong, 2001).
The impact of hydrothermal vents on global DFe distributions is
still poorly understood due to the high spatial (German and Von
Damm, 2004) and temporal (e.g. Butterfield and Massoth, 1994;
Campbell et al., 1988) variability in hydrothermal fluid emissions,
and the complexity of Fe speciation and removal in seawater.

A large portion of hydrothermal Fe is deposited close to vent
sources as sulphide mineral phases (Mottl and McConachy, 1990)
and the remaining Fe(II) is rapidly oxidised and forms oxy-
hydroxide particles (Feely et al., 1987; German et al., 1990; Field
and Sherrell, 2000). However, Fe is often observed to oxidise or
precipitate more slowly in hydrothermal plumes than predicted by
laboratory kinetic studies, and this has been attributed to interac-
tion of Fe(II) with organic matter and sulphides (Statham et al.,
2005; Toner et al., 2009; Wang et al., 2012) and also stabilisation of
Fe(III) in the dissolved phase by complexation with organic ligands
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(Bennett et al., 2008). Fine Fe containing particles (or “colloids”)
are also considered to contribute to the observed enhanced
dissolved (usually o0.2 or o0.45 mm) Fe concentrations (Field
and Sherrell, 2000), and both oxy-hydroxide (Fe(III)) colloids and
pyrite nano-particles (Fe(II)) have been detected in hydrothermal
vent systems (Sands et al., 2012; Yucel et al., 2011).

The only study that has considered DFe complexation in
hydrothermal plumes was restricted to analysis of samples from
the edges of the distal plume. It was suggested that a small
percentage (∼4%, 0.3 Gmol yr−1 globally) of hydrothermal Fe was
transported to the deep ocean as DFe (Bennett et al., 2008). Here,
we used a new voltammetric speciation technique to enable
investigation of Fe speciation in the core of two hydrothermal
plumes, where Fe is potentially saturating organic complexes. We
also considered the differences between ‘dissolved’ Fe (o0.2 mm),
“soluble” Fe (o0.02 mm) and “chemically labile” Fe (the Fe fraction
that is complexed with an added electro-active ligand)—thus
combining the study of physical and chemical speciation of Fe
for the first time in hydrothermal plume systems.

The two vent sites (E2 and E9N; Rogers et al., 2012) are situated
on the East Scotia Ridge (ESR) in the Southern Ocean and were
sampled in 2010 for DFe ligand complexes. E9N was re-visited in
2011 to collect samples to determine the colloidal Fe (DFe minus
soluble Fe) distributions. Sampling was conducted over a range of
seawater to vent fluid mixing ratios (∼200–160,000). However, due
to the rapid dilution of vent fluid in hydrothermal buoyant plumes,
the sample matrix (major ions, pH, temperature, etc.) was only
ever slightly different from ambient seawater. Our aim was to
investigate whether Fe in hydrothermal plumes is complexed by
“ligand” phases that are co-diluted with Fe from the vent or by
ambient ligands already present in the local deep seawater.
We discuss the implications of our results for the transport of
hydrothermal Fe to the deep ocean.
2. Materials and methods

2.1. Study areas

The East Scotia Ridge (ESR) is a back-arc basin spreading centre
between the Scotia Plate and the South Sandwich Plate in the
Atlantic sector of the Southern Ocean. Spreading at the ESR was
initiated over 15 Ma ago and is currently proceeding at an
intermediate rate of ∼65–70 mm yr−1 (Bruguier and Livermore,
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Fig. 1. A and B: Bathymetry of the E2 site surrounding the “Dog's Head” chimney and E
emanate. C: Location of the E2 and E9N sites in Southern Atlantic Ocean. Scale bars¼3
2001). It consists of 10 segments, E1–E10, of which two, E2 and E9,
host hydrothermal activity (Rogers et al., 2012). The local deep
ocean water was Weddell Sea Deep Water (WSDW), as defined by
a potential temperature of −0.7 to 0.2 1C (Naveira-Garabato et al.,
2002), see Supplementary information. At E2, the WSDW is
partially mixed with Lower Circumpolar Deep Water (LCDW)
which has a characteristic potential temperature of 0.2–0.7 1C.

The E2 site (located at 56.0891S, 30.3171W) is bathymetrically
rough with large vertical displacements running north to south
(Fig. 1). The E9 site (located at 60.0431S, 29.9821W) is compara-
tively flat and represents a local topographic elevation, a result of
magmatic inflation in the centre of the ridge (Bruguier and
Livermore, 2001). The principle geochemical features of the two
sites are outlined in Table 1. Our samples were taken from
hydrothermal plumes of the “Dog's Head” chimney at E2 and the
“Black and White” chimney of the northern section of the E9 site
(E9N) (Fig. 1).

The Fe concentrations in the end-member fluids were inter-
mediate in a global context (see Supplementary information), and
the concentration of hydrogen sulphide was high (6.7–9.5 mM,
cf. Mid Atlantic Ridge range: 0.6–6.0 mM; Douville et al., 2002).
This is likely due to the influence of the fluid rich subduction plate
on the mantle at back arc basin sites (de Ronde et al., 2001; Baker
et al., 2008), and probably leads to the early precipitation
(as sulphides) of a higher portion of DFe (Baker and Massoth,
1987). Overall, the sites offer a typical environment in which to
conduct a study into hydrothermal Fe seawater reactions.

2.2. Hydrothermal plume detection and sampling

Samples were collected and filtered at sea during two cruises
on the RRS James Cook in the Southern Ocean, along the East Scotia
Ridge (ESR) in 2010 (E2 and E9N; cruise JC042) and 2011 (E9N
only; cruise JC055). The hydrothermal plume was detected and
sampled using a Seabird +911 conductivity, temperature and the
depth (CTD) profiler system that was mounted on a titanium
frame with 24 trace metal clean 10 l OTE (Ocean Test Equipment)
water sampling bottles. The frame was also equipped with a light
scattering sensor (LSS) and a bespoke Eh detector (Ko-ichi
Nakamura).

The buoyant part of the hydrothermal plume was identified by
positive temperature and particle anomalies and a negative Eh
anomaly, while the neutrally buoyant plume was identified by a
positive particle anomaly and negative temperature and Eh
E9N site
 & White
imney
 m depth
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Table 1
Hydrothermal and seawater end-member composition at E2 and E9N.

E2 (Dog's Head) E9N (Black and White) East Scotia Sea (41800 m depth)

Max temperature (1C) 353 383 ∼0
pH (total scale, at 25 1C for vent fluids) 2.9 3.4 7.9
Cl− (mM) 536 98 541
H2S (mM) 6.7 9.5 0
DFe (M) 1.28�10−3 0.80�10−3 1.7�10−9

DMn (M) 2.05�10−3 0.20�10−3 0.5�10−9

H2S:Fe 5.2 11.9 0
Dissolved O2 (mmol kg−1) N/A N/A 200 (E2), 172 (E9)
Dissolved inorganic carbon (DIC) (mmol kg−1) 47815 (Highest measured) N/A 2256
Total alkalinity (TA) (mmol kg-1) −920 −580 2360
Total P (mmol kg−1) ∼0 ∼0 2.15 (E2), 2.21 (E9)
Total Si (mmol kg−1) 17.7 8 0.12

Vent fluid data from Rogers et al. (2012) and James et al. (in preparation).
N/A¼not assessed.
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anomalies at 350–400 m above the seafloor (Fig. 2). The plumes
appeared to change position and intensity daily (based on the LSS
anomaly, see various CTD profiles in Fig. 2), probably due to
variations in deep water current speed, direction and tidal cycles.
The ESR does not have an axial valley, so there is no seafloor
feature to confine the neutrally buoyant plume, allowing dispersal
in varying directions according to deep ocean currents. As a result,
the hydrothermal plumes can be sampled at many levels of
dilution over small spatial areas above the two vent fields.

Four “near vent” plume samples were taken from diffuse flow
areas and the first few metres of buoyant plume rise (identified
visually) using five 1.2 l OTE bottles on the remotely operated
vehicle (ROV) Isis. The five bottles were closed simultaneously and
combined (6 l) into one large OTE bottle and treated identically to
the CTD profiler bottles, as described below.

A background CTD cast was also conducted at 59140.898 S,
33106.181 W, where no water column anomalies were observed.
This site had a similar water depth (∼2500 m) to the hydrothermal
sites, but was 450 km to the west of the ESR, and presumably
beyond any strong influence of the dispersing plume. Samples
were taken at depths equivalent to those of the buoyant and
neutrally buoyant plumes at E9N (2350 and 2000 m, respectively).
The background deep ocean Fe concentrations averaged 1.7 nM in
6 OTE bottles (range 0.94–2.59 nM), which is consistent with other
studies further to the east and west in deep waters of the Southern
Ocean (0.4–0.6 nM at 01W (Klunder et al., 2011), 0.4–2.8 nM at
61W (Loscher et al., 1997) and 1.6–4.2 nM close to the South
Orkney islands at 48.231W (Nolting et al., 1991)).

2.3. Assessment of in-situ pH using alkalinity and dissolved inorganic
carbon

Dissolved inorganic carbon (DIC) and alkalinity were measured
using a VINDTA 3C analyser (Miranda). Nutrients (phosphate and
silicate) were measured by Seal QuAAtro, and these data were
used to calculate in situ pH using CO2sys (Lewis and Wallace,
1998).

2.4. Filtration and analysis of size fractions of Fe and Mn

Dissolved (500 ml,o0.2 mm) and particulate (40.2 mm) metals
were separated by filtration of seawater using a polycarbonate
membrane filter (0.2 mm, Whatman) under gentle pressure using
filtered oxygen free nitrogen gas. Separate aliquots of filtered
seawater were frozen for reverse titration–competitive ligand
exchange–adsorptive cathodic stripping voltammetry (RT–CLE–
ACSV) analysis (see below). The entire bottle contents (10 l) was
filtered for particulate material, and the OTE bottles were shaken
before the filtration finished to attempt to recover all material. It is
still possible that larger material settled to the bottom of the OTE
bottle (beneath the tap fixture) and was not recovered. On cruise
JC055 (2011) at the E9N site, “soluble” (o0.02 mm) metals were
separated by filtration using syringe filters (25 mm, Anotop;
Whatman) by peristaltic pumping using a flow rate of
o1 ml min−1. We note that the actual cut-off size of these filters
may be significantly smaller than 0.02 mm (Chen and Wang, 2004).
The following wash and sampling was conducted through two
syringe filters (0.1 mm and 0.02 mm) in series: a pre-wash of 30 ml
pH 2 deionised water (MQ, Millipore, 418.2 mΩ cm−1; acidified
with ultrapure HCl) followed by rinsing with deionised water for
at least 4 h before sampling, then 20 ml of sample seawater was
flushed through the filters and discarded and 40 ml of sample
seawater was collected. pH 8 adjusted deionised water was filtered
in the same way, and the extracted Fe concentration was below
the detection limit (2.33 nM). Colloidal Fe was assumed to be the
difference in ‘dissolved’ and ‘soluble’ Fe, as in other studies (e.g.
Wu et al., 2001).

All filtered seawater samples from the CTD profiler were
acidified to pH 1.9 with sub-boiled nitric acid (Optima, Fisher
Scientific). On shore, dissolved metals were pre-concentrated from
100 ml of sample (30 ml for soluble Fe) by mixed ligand extraction
(Bruland et al., 1979) and analysed using inductively coupled
plasma mass spectrometry (ICP-MS; Thermo Scientific X-series)
analysis. Deionised water was used to determine the procedural
blank (Mn¼0.08 nM, Fe¼0.62 nM), the limit of detection (L.O.D.)
(3s of blank, n¼27) for Mn and Fe was 0.14 and 0.70 nM,
respectively. For the lower volume soluble (o0.02 mm) Fe samples,
the L.O.D. was 2.33 nM. The vast majority of dissolved and soluble
sample concentrations were higher than the L.O.D. for Fe. Accuracy
was assessed using NASS-5 certified seawater (measured Fe:
3.7470.62 nM (n¼7), certified 3.7070.625) and precision was
determined with NASS-5 and an in-house standard (8.5–16.6%
depending on Fe concentration). The near vent samples taken by
the ROV Isis had very high concentrations of Fe and Mn and were
directly analysed by ICP-MS (X-series, Thermo Fisher Scientific)
following dilution (100� ) into 3% sub-boiled nitric acid contain-
ing an internal standard of Be and In (20 ppb and 10 ppb).

Particulate material (from 10 L of seawater) was stored frozen
on the polycarbonate membrane filters, which were cut in half
with ceramic scissors, and one half of each was digested for 3 days
at 150 1C in sub-boiled concentrated nitric acid in a PTFE bomb
(German et al., 1991) (the other half was stored for additional
analysis). Filter material remaining after the acid digestion was
soaked with a further 10 ml of sub-boiled concentrated nitric acid.
The acid was removed by drying in a PTFE bomb on a Teflon coated
hot plate set at 90 1C, then the dried samples were diluted in 3%
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Fig. 2. Temperature, LSS and Eh profiles at depth 41800 m for three CTD casts (indicated by different colours) at different times but similar positions from E2 and E9N. The
negative temperature anomaly in the neutrally buoyant plume is due to entrainment of colder seawater from deeper in the water column. The light attenuation anomaly is
due to the presence of particles, and the negative Eh anomaly due to the presence of reduced species (HS−, Mn2+, Fe2+). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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sub-boiled nitric acid containing internal standard and analysed
by ICP-MS. The L.O.D. (3s of average blank filter) for Mn and Fe
was 1.4 and 78.4 pM, respectively.

2.5. Determination of Fe speciation by RT–CLE–ACSV

The forward titration technique is typically used to determine
Fe binding ligands in seawater but is not appropriate for use in
environments with excess Fe or large quantities of inert DFe
(Laglera and van den Berg, 2009; Gledhill and Buck, 2012), and
as such has limited use in hydrothermal environments (Bennett
et al., 2008). The reverse titration–CLE–ACSV approach allows
analysis of ligands at equal or lower concentrations than chemi-
cally labile Fe (Hawkes et al., 2013). The theory has been pre-
viously described for analysis of Cu, Fe(II) and Fe(III) binding
ligands (Nuester and van den Berg, 2005; Statham et al., 2012;
Hawkes et al., 2013).

Samples (250 ml) were filtered (0.2 mm pore size, polycarbo-
nate, Whatman) and stored frozen at ambient pH. On shore they
were defrosted at 4 1C (close to their in-situ temperature) and
shaken vigorously before preparation of the titration. The titration
was carried out and labile Fe (FeNNmax) was determined as
described in Hawkes et al. (2013).

The near vent samples taken using the ROV Isis all had DFe
concentrations in excess of 100 nM (range 290–1430 nM). The
method had to be modified in these cases because the data
manipulation relies on [NN] being in large excess over [FeNNmax].
These samples were diluted in deionised water to three different
salinities (20� , 10� and 5� dilution) and analysed in the same
way as described above (with a 120 s deposition time). The change
in salinity was not found to affect the calculated value of K′FeL, but
did affect the calculated (i.e. zero dilution) concentrations of
FeNNmax and L–which increased at lower salinity. The full data
can be found in the Supplementary information; here we present
the calculated average result for K′FeL and values for [FeNNmax] and
[L] calculated from the 5� dilution.
2.6. Data fitting

The experimental data were all fitted to Eq. (1) using a non-
linear regression code package in the open source software R. This
process has been described previously (Hawkes et al., 2013).

X ¼ ½FeNN3�
FeNNmax

¼ ð1−jÞ αFeNN3

αFeNN3 þ αFe′

þ j
αFeNN3

αFeNN3 þ αFe′ þ ð½L�K′Fe′L=1þ K′FeL½Fe3þ�Þ
ð1Þ

where X is the measured peak height (ip) divided by the maximum
achievable peak height (ipmax, where all NN labile Fe (FeNNmax)
occurs as Fe(NN)3) and j is the fraction (0–1) of FeNNmax bound to
ligands L (i.e. L/FeNNmax). [L] and K′Fe′L are fitted to the experi-
mental data, [Fe3+] is calculated from the resulting mass balance of
FeNNmax (Nuester and van den Berg, 2005), αFe is 109.80 at pH 7.90
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(Hawkes et al., 2013) and αFeNN3 ¼βFeNN3
NN½ �3. βFeNN3

is 5.12�1026

under our typical experimental conditions (Hawkes et al., 2013),
and the value was adjusted to account for salinity (Gledhill and
van den Berg, 1994) in the high Fe samples that were diluted.
Fig. 4. log K′FeL plotted against electrochemically labile Fe (FeNNmax) in the plume
and near vent samples. We found no trend in stability constant with Fe concentra-
tion. Black circles: E2, blue triangles: E9N. Data which were poorly fitted by the RT–
CLE–ACSV model are included as unfilled symbols. The range of results previously
reported in the (non-hydrothermal) deep sea from the Southern Ocean (SO),
Atlantic (ATL) and Pacific (PAC) are shown for comparison (Boye et al., 2010;
Croot et al., 2004; Cullen et al., 2006; Kondo et al., 2012; Rue and Bruland, 1995).
3. Results

The deep Scotia Sea was ∼0 1C and had dissolved oxygen
concentrations of 200 mmol kg−1 (E2) and 172 mmol kg−1 (E9N).
Dissolved inorganic carbon (DIC) was 2256 mmol kg−1 and alkali-
nity 2360 mmol kg−1. From these and nutrient data (Table 1), we
calculated a local (in-situ) pHtot of 7.9.

The temperature, LSS and Eh profiles for the two hydrothermal
plumes E2 and E9N are shown in Fig. 2. The E2 neutrally buoyant
plume (NBP) had a weaker LSS anomaly that was generally more
variable than for the plume of E9N. These differences may be due
to differences in Fe oxy-hydroxide and sulphide abundance (which
have different light attenuation properties) rather than vent out-
put (Baker and Massoth, 1987). The plume rise was ∼400 m at E2
and ∼350 m at E9N, both of which are consistent with the obtained
end-member temperatures (Table 1) and water column densities
(data not shown) using the plume rise model of Turner (1973).

Iron binding phases were successfully determined within the
applied detection window using RT–CLE–ACSV in samples from both
the E2 and E9N plumes, including the near vent samples. The ligand
concentrations ranged from 2 to 18 nM in the plume samples, and the
average ligand concentration was 25715% of the DFe concentration
at E2 and 39727% of DFe at E9N. The stability constant (log K′FeL) of
the Fe–ligand complexes averaged 20.5170.45 (mean71 SD) at E2
and 20.7970.65 at E9N (see Fig. 3 for three examples of titration
data). No trend in log K′FeL was observed with dilution of the vent
fluid (Fig. 4), including in the near vent samples, indicating that the
binding strength of the Fe–ligand complexes was not related to their
concentration or distance from the vents.

The E2 plume contained a far greater concentration of Fe in the
dissolved and particulate phases than E9N (Fig. 5), but the E2 and
E9N sites were not different in log K′FeL or L:Fe ratio (as demon-
strated by a large overlap of values), suggesting these factors may
be independent of DFe and total Fe concentrations between sites.
The percentage of CFe (0.02–0.2 mm) in the DFe pool at E9N ranged
between 5% and 82%, and averaged 47725%. The concentration of
CFe was highest in the middle (47% of DFe) and lower (82%)
portion of the NBP compared with the top (26%)—which con-
tained a larger portion of soluble Fe (Fig. 6). The labile Fe
concentration (FeNNmax, occasionally higher than L) averaged
26715% of DFe at E2 and 47727% of DFe at E9N.
Fig. 3. RT–CLE–ACSV data and model outputs for three samples: A: E2 buoyant plume, B:
data and the solid lines the model fit. Dashed lines show the model fit for log K′FeL¼19,
fitting data is available in the Supplementary information.
4. Discussion

4.1. Fe speciation in the hydrothermal plumes

The typical Fe concentrations in the plume were low in
comparison with many other vent sites which have been studied
for Fe speciation (e.g. the 51S Mid Atlantic Ridge plumes, Bennett
et al., 2008; the Edmond vent plume, Sands et al., 2012; the
Rainbow vent plume, Edmonds and German, 2004), and this may
be the result of relatively high sulphide concentrations in the East
Scotia Ridge vent fluids, removing a large portion of the Fe in the
early buoyant plume (Field and Sherrell, 2000; Mottl and
McConachy 1990; Klevenz et al., 2011). This was particularly the
case at E9N, where low chloride concentrations suggest a vapour
phase was sampled after sub-seafloor phase separation.
This process favours gases such as hydrogen sulphide over cations
such as Fe, and may also lead to a higher proportion of Fe being
precipitated as sulphides in the early plume.

Our results showed that a portion of DFe was complexed by
ligands in all parts of the hydrothermal plumes. Iron binding
phases were typically equal to (or more concentrated than)
FeNNmax, and FeNNmax was generally substantially less than DFe
(Fig. 5), showing that not all DFe was electrochemically labile
under our experimental conditions. The observed FeNNmax fraction
is operationally defined by the concentration of added ligand used
(here: 40 mM NN) and the binding strength of NN to Fe (βFeNN3

;
5.12�1026 mol−1). Natural complexes with a binding coefficient
αFeL ([L]K′FeL) which are much greater than αFeNN3 (βFeNN3

NN½ �3) or
E2 neutrally buoyant plume, C: E9N buoyant plume. Circles show the experimental
20 and 21 (left to right) for the same concentration of Fe and L. The R package for
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Fig. 5. Example profiles of LSS and Fe at E2 and E9N (Station CTD424). Filled black circles: total (dissolved+particulate) Fe, unfilled black circles: dissolved Fe, filled red
circles: soluble Fe, filled blue triangles: FeNNmax, unfilled black triangles: Fe binding ligands. Note the break in scale on the depth axis for E9N. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Station CTD428). Filled black circles: total (dissolved+particulate) Fe, unfilled black
circles: dissolved Fe, red triangles: soluble Fe. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 7. Concentrations of Fe binding phases plotted against stability constant at E2
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ranges of the same factors are shown for L in the deep Southern Ocean (Boye et al.,
2001; Croot et al., 2004) and for ‘P’ the weak ligand suggested to exist in high
concentrations in an estuary in Gerringa et al. (2007). The detection window ‘DW’

is also shown for varying ligand concentrations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
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have similar strength to the inorganic species of Fe (e.g. hydrolysis
products) will not be detected. This may include sulphide ligands
(e.g. SH−) and the very weak class of ligands previously detected in
estuarine environments (Gerringa et al., 2007), which is a compar-
able marine environment (i.e. with steep chemical gradients;
Fig. 7). Ligands that are too strong to be detected by this technique
may also have been important in stabilising Fe—and crystalline
colloidal phases and nano-pyrite particles are likely to constitute
the ‘inert’ Fe pool.

The log K′FeL values averaged 20.51 at E2 and 20.79 at E9N,
20.61 combined, and these are lower than most of the complexes
reported for the deep ocean (Fig. 4; Boye et al., 2010; Croot et al.,
2004; Cullen et al., 2006; Kondo et al., 2012; Rue and Bruland,
1995). Marine Fe binding ligands exist in an un-interrupted
continuum of Fe binding strengths, and those detected may only
depend on the detection window of the technique used (Hiemstra
and van Riemsdijk, 2006; Hassler et al., 2013). In this study our
detection window (αFeL∼109.8–1013.7) is bound by the concentra-
tion of Fe in the sample and by the range of FeNN3 concentrations
that can practically be determined. We constrain this detection
window by requiring 80% of ipmax to be reached over the course of
the titration for data fitting purposes. Our detection window is
lower than that commonly applied in forward titrations
(αFeL∼1012.6–1014.6). However, previous studies have reported an
inverse relationship between ligand binding strength and ligand
concentration (Hiemstra and van Riemsdijk, 2006; Stockdale et al.,
2011), so that at higher Fe concentrations, such as those observed



Fig. 8. Concentration of Fe binding phases (L) plotted against dilution of pure vent
fluid with seawater (based on dissolved manganese). Black circles: E2, blue
triangles: E9N. Data which were poorly fitted by the RT–CLE–ACSV model are
included as unfilled symbols. Note that [L] for the near vent samples was calculated
from a sample which was diluted 5� with deionised water. Typical deep southern
ocean ligands are shown as a horizontal line (from Croot et al. (2004)).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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in this study, weaker ligands become more important for stabilis-
ing Fe in solution. The ligand phases reported here for hydro-
thermal plumes are indeed weaker than typically detected open
ocean ligands, and make up the weakest of the “L2” set of ligands
which are often observed in the deep ocean (Gledhill and Buck,
2012; Hunter and Boyd, 2007; Laglera and van den Berg, 2009;
Rue and Bruland, 1995). However, differences between the forward
and reverse titration techniques may preclude direct comparison
of the obtained K′FeL. The important implications of our findings
are that some portion of hydrothermal DFe was found to be
sufficiently labile to exchange with NN and that the obtained K′FeL
did not appear to change as the plumes developed or between the
two sites.

4.2. The effect of Fe oxidation state, pH and hydrothermal
constituents on the in-situ speciation

The in-situ speciation of Fe is likely to be different than that
detected under our experimental conditions, in which the tem-
perature, pH and pressure were all modified and some reduced
species (e.g. Fe2+, H2S(aq)) were given time to oxidise. The ambient
pH in the deep Scotia Sea was 7.90 (very similar to the buffered
pH) but temperature was ∼231C colder, thereby reducing the
inorganic side reaction coefficient (Schlosser et al., 2012; Hassler
et al., 2013). The samples were also frozen, potentially allowing
aggregation of colloidal phases (Schlosser et al., 2011). The hydro-
thermal fluid constituents of the plume may also affect the Fe
speciation, as the fluid is acidic and has a very different ionic
composition. However, only hydrothermal constituents that are
highly enriched (4105� ) over seawater have significantly higher
concentrations in the plume, particularly once it has been
emplaced to neutral buoyancy (∼104� dilution; Lupton et al.,
1985). As a result, only pH is sufficiently different from ambient
seawater to have an important affect on the Fe speciation. The
range of pH of the plume samples in this study (calculated from
dissolved inorganic carbon and total alkalinity; Lewis and Wallace,
1998) was 7.5–7.9 (total pH scale). The lowest near vent sample
had an in-situ pH of 7.0. The solubility and speciation of Fe(III) is
critically dependent on pH (Gledhill et al., 1998; Millero et al.,
2009; Shi et al., 2010) due to competition for Fe3+ by L− and OH−.
At lower pH Fe hydrolysis is decreased, Fe is more soluble (Liu and
Millero, 2002) and more free Fe3+ is available for ligand com-
plexation. Ligands that have acidic binding groups that are not
protonated in seawater form stronger complexes, whereas no
change in conditional stability constant is observed for protonated
ligands (Shi et al., 2010). When the samples are buffered and free
Fe2+ is allowed to oxidise over the course of preparation, they are
driven towards thermodynamic equilibrium and more typical
seawater conditions. The experimental results are therefore more
representative of the eventual products of the reaction of hydro-
thermal fluid with seawater rather than the speciation at the exact
time and location of sample collection in the plume.

4.3. Source and nature of FeL

Our results showed that the amount of bound Fe (FeL)
increased with dissolved Mn, indicating that the hydrothermal
vents act as a source of FeL (Fig. 8). The observation that FeL is
diluted with the plume and thus appears to have a plume source
raises questions about the nature of FeL.

Firstly we consider the hydrothermal Fe binding phases in vent
plumes to be classically organic in nature (e.g. Bennett et al., 2008)
with a 1:1 Fe:L binding ratio. The source of these ligands is
unlikely to be directly from the high temperature vent, but rather
lower temperature diffusive areas of venting which are found
adjacent to high temperature hydrothermal vents and may
contribute up to 98% of the total hydrothermal mass flux (Baker
et al., 1993). Higher concentrations of dissolved organic carbon
(DOC) compared with ambient deep seawater and end-member
fluid (i.e. 48 mM compared with 36 mM and 15 mM, respectively;
Lang et al., 2006) have been observed in these areas. It has been
suggested that this material is more labile (more reactive and with
a greater variety of functional groups) than the typically recalci-
trant deep ocean DOC (Karl, 1995; Lang et al., 2006), and may have
the functionality to chelate vent sourced DFe (Bennett et al., 2008).
Various studies have considered the distribution and activity of
bacterial populations in hydrothermal plumes (e.g. de Angelis
et al., 1993; Bennett et al., 2013; Karl, 1995) usually concluding
that bacteria metabolise methane in hydrothermal plumes, produ-
cing particulate and dissolved organic matter (POM, DOM). Some
of the resulting DOM may have a capacity to bind Fe, and,
furthermore, some bacteria may actively produce dissolved
organic ligands as a mechanism for sequestering Fe (Gledhill and
Buck, 2012). While the actual amount of organic matter produced
by bacteria from methane is probably as low as that entrained
from diffusive areas of venting (Bennett et al., 2013), these
mechanisms may well be important in the chemically rich plume.
If the DOC composition reported in Lang et al. (2006) are typical
and a maximum of 98% of the hydrothermal input to the plume
was from lower temperature venting then the ratio of hydrother-
mal C to Fe in the plume could be up to 1.4:1 (Eq. (2)).

½Cplume�
½Feplume�

¼ ½CHT�xHT þ ½CLT�xLT
½FeHT�xHT þ ½FeLT�xLT

ð2Þ

where x is the fractional mass proportion of high temperature (HT)
and low temperature (LT) fluids. This level of DOC input (o1 mM)
would not typically be detected by DOC analysis; e.g. Bennett et al.
(2011, 2013) and could help to support some stabilisation of Fe.
However, the actual concentration of ligand molecules which
could be provided (requiring several carbon atoms) via this
mechanism may be low, and there is some dispute about the
amount of diffuse water that is entrained into buoyant plumes
(German et al., 2010). It is therefore unlikely that FeL is dominated
by compounds that can be considered classically organic.

A second explanation for the apparent presence of increased
FeL levels in the hydrothermal plumes is that deep ocean water
contains a relatively high concentration (10–100 nM) of weak
organic or inorganic ligands, which are not typically detected by
cathodic stripping voltammetry techniques (Croot and Heller,
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2012; Gerringa et al., 2007). After storage and overnight equilibra-
tion of our samples, any such ligand phase (which would often be
in excess of FeNNmax) would enter into binding competition with
the added ligand for FeNNmax. This may explain the low stability
constant detected in our experiments. If this is the case, the
relative kinetics of Fe ligand binding (Croot and Heller, 2012;
Witter et al., 2000; Wu and Luther, 1995) and Fe precipitation may
play a crucial role in the amount of Fe actually complexed in
hydrothermal plumes before hydrolysis and precipitation.

Sulphide ligands may also be important in these environments,
where reduced sulphur species can temporarily exist in the
presence of oxygenated seawater. The ligand bisulfide (SH−) has
complexing capacity for several metals including Fe(II) (Luther
et al., 1996) but the stability constant for FeSH+ (log β1¼5.1–5.5)
and Fe2SH3+ (log β2¼10.1–11.8) are weak in comparison to the
ligands detected in this study (Luther and Ferdelman, 1993; Luther
et al., 1996). Additionally, the Fe and sulphide in some kinetically
labile complexes may oxidise over the course of sampling, storage
and equilibration during the preparation of the titration. These
complexes may therefore be important in the early stages of
venting, where Fe and S2− are in similar concentrations, but less
important as the plume disperses into the deep sea and under our
analytical laboratory conditions.

Iron sulphide compounds (e.g. pyrite nanoparticles) are now
recognised to be important in the dissolved phase in hydrothermal
plumes (Yücel et al., 2011), particularly in high sulphide vent sites.
These particles probably form a large part of the “inert” and
possibly some of the “labile” DFe fraction, although the reactivity
of Fe(II) in nano-particulate pyrite and organic matrices (Yucel
et al., 2011; Toner et al., 2009) is unknown. The chemical reactivity
of Fe sulphide phases deserves further attention, given their
apparent pervasiveness in hydrothermal environments.

Lastly, we consider a mechanism similar to the “onion” concept
of Mackey and Zirino (1994), which describes Fe binding involving
aggregates with multiple layers of coordination bonds. A portion of
Fe may form weakly bound aggregates (colloids) that are electro-
chemically labile, but are not technically bound in individual
coordination bonds with singular “organic ligands” as described
in other theories (Croot and Johansson, 2000; Gledhill and van den
Berg, 1994; Rue and Bruland, 1995). Colloids form when dissolved
metal ions rapidly coagulate together by sorption, due to the
attractive electrical charge of ionic surfaces (Honeyman and
Santschi, 1989). Colloidal phases form more quickly than larger,
filterable particles because coagulation between larger particles
proceeds at a slower rate compared with surface sorption (Farley
and Morel, 1986; Honeyman and Santschi, 1989, 1991). Iron also
has a strong tendency to form amorphous colloidal phases with
organic matter (Hunter and Liss, 1982; Moore and Braucher, 2008;
Mosley et al., 2003), and this process would be particularly likely to
occur in turbulent hydrothermal plumes where physical and
chemical gradients are steep. This theory is supported by our
observations of enhanced concentrations of Fe colloids in the E9N
plume that corresponded well with the average concentration of Fe
binding phases (colloids¼47% and L¼39% of total DFe). We assume
here that hydrothermal CFe is made up of a mixture of amorphous
oxy-hydroxide colloids (Sands et al., 2012), nano-pyrite clusters
(Luther and Rickard, 2005; Yucel et al., 2011) and colloidal-sized
FeL (e.g. Boye et al., 2010; Cullen et al., 2006). Although the “onion”
model as described by Mackey and Zirino considers adsorption of
metals onto organic colloids in the euphotic zone of the oceans, we
consider this theory useful for explaining our results. Future Fe
speciation studies in hydrothermal settings should aim to separate
truly soluble FeL species from all dissolved FeL species as pre-
viously reported (Boye et al., 2010; Chen and Wang, 2004; Cullen
et al., 2006) in order to more closely assess the role of colloids in
stabilising hydrothermal Fe inputs.
Our observation that a large portion of hydrothermal Fe rapidly
forms colloids in the plume is consistent with experimental
studies where high concentrations of Fe were added to organic
rich seawater (Boye et al., 2005; Nishioka et al., 2005). Observa-
tions of natural Fe inputs (rivers, dust deposition) to seawater also
show that a large portion of new Fe forms colloids (Benoit et al.,
1994; Bergquist et al., 2007; Sañudo-Wilhelmy et al., 1996). Coastal
upwelling of Fe rich water also leads to a large variation of
partitioning between soluble and colloidal Fe due to redox and
biological processes (Ussher et al., 2010).

The mechanism of stabilisation of Fe by ‘onion’ aggregation
(Mackey and Zirino, 1994) we propose here is consistent with
theory and observations made to date. This mechanism of Fe
binding may be much more widespread than just in hydrothermal
systems, and could be a crucial control on Fe distributions in many
parts of the ocean.

4.4. The transport and fate of Fe from hydrothermal systems

Regardless of the nature of FeL, our data suggest that a large
portion (30%) of DFe in hydrothermal plumes exists in a chemi-
cally labile form that is available for transportation by deep ocean
currents. In the E2 and E9N plumes, this corresponds to 10.1% of
total hydrothermal Fe (E2), 9.0% (E9N) or 9.7277.2% (combined),
based on the following formula:

mean% Fe stabilised¼∑
x

FeLx
TFehydrothermal

⋅
TMnhydrothermal

Mnx
� 100

� �

ð3Þ
This relies on conservative mixing of Mn, which may be

considered a maximum estimate as some Mn is oxidised by
bacteria and on the surfaces of particles in the plume (Cowen
and Li, 1991; Davies and Morgan, 1989; Dick et al., 2009), and Mn
may also react with dissolved sulphide to form sulphide particles
(Breier et al., 2012). If only 60% of the vent emitted Mn remained in
the NBP samples (and 100% in the buoyant plume samples;
Klinkhammer et al., 1986), the amount of hydrothermal Fe stabi-
lised for the two sites may be revised to 7.577.5%. This result has a
high level of uncertainty due to the complexity, irregularity and
turbulent nature of hydrothermal plumes (Lupton et al., 1985).

The figure may also be considered as a minimum estimate, as
other (kinetically inert) phases are also available for transport,
and may in fact be scavenged less quickly from solution onto
particles due to their lower reactivity. We have little experimen-
tal information about the nature of Fe species in the dissolved
phases that are not part of the FeNNmax fraction, and these species
merit further investigation. We assume here that a large portion
is purely inorganic (colloidal) Fe oxy-hydroxides (Field and
Sherrell, 2000; Sands et al., 2012) and pyrite nano-particles
(Yucel et al., 2011).

Regarding the behaviour of Mn, we noticed that in samples
which were strongly diluted (420,000� ) with seawater, the DFe
concentrations appeared to tend towards a concentration of
approximately 5–10 nM above background (Fig. 9). The implica-
tions of this were that in the aged plume, DFe concentrations
might be depleted at a lesser rate than DMn. Owing to the very
changeable deep ocean currents in this study area, the NBP that
we sampled was an effluent cloud that dispersed in all directions
and may be several hours or even days old. Because Mn does not
tend to form colloidal phases in hydrothermal plumes (Sands et al.,
2012; colloidal¼0.1–0.4 mm) and is not complexed by organic
ligands, it will be oxidised and not remain in the effluent for as
long as stabilised DFe. The main consequence of this result is that
the stated order of dilution in Fig. 8, which is determined from Mn
concentrations, should be considered as a maximum estimate,
particularly in more diluted samples.



Fig. 9. Dissolved Fe plotted against vent fluid concentration in seawater (ppm) in
the neutrally buoyant plumes for E2 (filled black circles) and E9N (unfilled blue
circles). The dilution is based on dissolved manganese, which is often used as a
conservative tracer. The dashed line shows a regression for the E2 samples, which
tend to 8.75 nM Fe above background rather than zero as predicted. The E9N
samples showed a much higher degree of variation, which was also found in the
RT–CLE–ACSV experiments, possibly indicating more complicated and diverse Fe
speciation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Colloidal (or smaller) material is not expected to settle in
seawater (according to Stokes' settling laws) (Yucel et al., 2011),
and is therefore likely to be transported over large distances away
from hydrothermal plumes by deep ocean currents. The likelihood
of further aggregation of colloidal and FeL type complexes is low
(Honeyman and Santschi, 1989) due to the extremely low con-
centrations involved (o100 nM) as the plume disperses and
particle/colloid concentrations decrease (Field and Sherrell,
2000). This stabilisation of DFe in the NBP is clearly important to
the transport of Fe and the significance of hydrothermal plumes as
a source of Fe to the deep ocean. It is likely that hydrothermal
vents indeed produce the lenses of enhanced DFe concentrations
that have been observed in the deep ocean (Klunder et al., 2011;
Kondo et al., 2012; Nishioka et al., 2013; Wu et al., 2011), and may
also supply large quantities of colloidal Fe to the deep ocean
(Bergquist et al., 2007; Wu et al., 2001). Interestingly, our results
differ from those of Nishioka et al. (2013) in that we see a large
contribution of CFe to the DFe pool, whereas they found a large
influx of SFe from hydrothermal sources. The different observa-
tions may be due to small differences in Fe(II) oxidation rates or
vent fluid sulphide concentrations, which control partitioning
between soluble Fe(II) and colloidal Fe(III) in early stages of plume
development (Field and Sherrell, 2000). In our study area, the
likely destination of stabilised vent Fe is towards the east on the
Antarctic continental shelf after movement along the circumpolar
current and upwelling to the surface ocean (Marshall and Speer,
2012). A volcanic eruption from the South Sandwich Island Arc has
previously resulted in pumice being transported around the entire
Southern Ocean (Sutherland, 1965; Coombs and Landis, 1966;
Risso et al., 2002).

Our estimation that 7.5% of hydrothermal Fe is stabilised by Fe
binding phases is slightly higher than the 4% reported by Bennett
et al. (2008). These workers suggested that hydrothermal vents
could provide 11–22% of deep ocean Fe. Since then, attempts have
been made to incorporate the hydrothermal contribution of DFe to
global oceans into numerical models (e.g. Sander and Koschinsky,
2011; Tagliabue et al., 2010). It is important to note that to date we
have little understanding of what constrains the portion of
hydrothermal Fe that is stabilised for transport from an individual
vent site. Hydrothermal fluids vary in Fe composition over more
than 5 orders of magnitude (see Supplementary information for
compilation of data), and other seawater constituents that may
affect Fe speciation (e.g. [H+], [HS−], [DOC]) are also highly variable
(and independent of Fe) in hydrothermal environments. Future
studies should aim to scrutinise the speciation of Fe in a range of
environments, with a key example being the Rainbow site, Mid
Atlantic Ridge, where fluid Fe¼24 mM (Douville et al., 2002) (cf.
this study Fe¼0.8–1.3 mM).
5. Conclusions

We have shown that two fairly typical hydrothermal plumes
contained high concentrations of labile Fe that was bound by
ligand phases averaging 30% of the DFe concentration or 7.5% of
the total hydrothermal Fe. The two vent sites were not statistically
different in terms of K′FeL or the ratio of L:DFe, possibly suggesting
that certain features of Fe stabilisation in hydrothermal plumes are
universal to typical hydrothermal systems. The complexes (along
with observed colloidal phases) are likely to remain dissolved and
be available for transport into the deep ocean.

Our results suggest that the Fe binding observed was the result
of the flocculation of hydrothermal Fe with ambient dissolved
organic matter upon entry into the cold deep ocean. In principle,
this process may occur in other systems where Fe rich water meets
organic rich seawater (such as rivers). It is possible that the
resulting complexes are too weak to be detected by traditional
CLE–ACSV methods, and that the complexes are lower in concen-
tration than total DFe, preventing detection by the forward
titration technique. Such phases may make up some of the
previously observed weak ligands, and would be present in all
seawater with riverine or hydrothermal inputs. These processes
may therefore have an important global impact on Fe concentra-
tions and biogeochemistry.

The two study sites were relatively similar in a global context,
and ideally sites with high/low Fe, sulphide, acidity, temperature
and level of sedimentation should be examined under the same
experimental conditions to test our hypothesis that �7.5% of all
hydrothermal Fe is stabilised. Given that the concentration of Fe in
hydrothermal fluids does not seem to depend solely on geological
features (spreading rate, temperature) or chemical features ([HS−],
[H+]), further measurements of Fe speciation in various vent sites
in a variety of geographical locations are required before numer-
ical models of hydrothermal Fe contribution to the oceans can be
constrained.
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