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Abstract

Fe isotopes are a potential tool for tracing the biogeochemical redox cycle of Fe in the ocean. Specifically, it is hypothesized
that Fe isotopes could enable estimation of the contributions from multiple Fe sources to the dissolved Fe budget, an issue
that has received much attention in recent years. The first priority however, is to understand any Fe isotope fractionation
processes that may occur as Fe enters the ocean, resulting in modification of original source compositions. In this study,
we have investigated the Fe inputs from a basalt-hosted, deep-sea hydrothermal system and the fractionation processes that
occur as the hot, chemically reduced and acidic vent fluids mix with cold, oxygen-rich seawater.

The samples collected were both end-member vent fluids taken from hydrothermal chimneys, and rising buoyant plume
samples collected directly above the same vents at 5�S, Mid-Atlantic Ridge. Our analyzes of these samples reveal that, for
the particulate Fe species within the buoyant plume, 25% of the Fe is precipitated as Fe-sulfides. The isotope fractionation
caused by the formation of these Fe-sulfides is dFe(II)–FeS = +0.60 ± 0.12&.

The source isotope composition for the buoyant plume samples collected above the Red Lion vents is calculated to be
�0.29 ± 0.05&. This is identical to the value measured in end-member vent fluids collected from the underlying ‘‘Tannen-
baum” chimney. The resulting isotope compositions of the Fe-sulfide and Fe-oxyhydroxide species in this buoyant plume
are �0.89 ± 0.11& and �0.19 ± 0.09&, respectively. From mass balance calculations, we have been able to calculate the iso-
tope composition of the dissolved Fe fraction, and hypothesize that the isotope composition of any stabilised dissolved Fe
species exported to the surrounding ocean may be heavier than the original vent fluid. Such species would be expected to tra-
vel some distance from areas of hydrothermal venting and, hence, contribute to not only the dissolved Fe budget of the deep-
ocean but also it’s dissolved Fe isotope signature.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Iron (Fe) is an essential micronutrient that helps regu-
late primary production in the upper ocean making it
important to understand the geochemical cycle of Fe within
the marine environment (Martin, 1990; Martin et al., 1994;
0016-7037/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.
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Lefevre and Watson, 1999; Archer and Johnson, 2000;
Boyd et al., 2000; Turner et al., 2001; Christian et al.,
2002; Moore et al., 2002). In the deep-ocean, dissolved Fe
(dFe, fraction passing through a 0.4 lm filter (Cullen
et al., 2006)) concentrations range between �0.4 and
1 nM varying with different water masses (Boyle, 1997;
Johnson et al., 1997; Bergquist and Boyle, 2006a). This dis-
solved Fe fraction is composed of both colloidal and solu-
ble Fe species (Wu et al., 2001; Bergquist et al., 2007). The
major supply of dissolved Fe to the surface ocean is
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understood to come from atmospheric deposition (Jickells
and Spokes, 2001; Jickells et al., 2005) with smaller contri-
butions from rivers, groundwater and sediments around
coastal regions (Wells et al., 1995; Johnson et al., 1999;
Elrod et al., 2004; Windom et al., 2006). However, debate
continues over the sources of dissolved Fe to the deep-
ocean. Potential inputs include remineralisation of sinking
particles as well as benthic inputs such as seafloor sediments
and hydrothermal fluids (Berelson et al., 2003; Boyle et al.,
2005; Lam et al., 2006; Nishioka et al., 2007; Bennett et al.,
2008), but the ability to quantify the impact of each of these
on the deep-ocean dissolved Fe budget is extremely difficult
(de Baar and de Jong, 2001). Fe isotopes are a potentially
powerful tool for tracing the Fe biogeochemical redox cycle
and for constraining the contribution of various Fe sources
to the ocean.

In nature, stable Fe isotopic variations are controlled by
both biotic and abiotic redox processes along with a range
of isotope (kinetic and/or equilibrium) fractionations aris-
ing from non-redox processes (Welch et al., 2003; Croal
et al., 2004; Johnson et al., 2004; Anbar et al., 2005; Balci
et al., 2006; Dauphas and Rouxel, 2006). Only very recently
has the first data been reported for the isotope composition
of dissolved Fe in the open ocean. Rouxel (2009) reported
Fe isotope values for open ocean seawater from the South-
ern Equatorial Atlantic (<1000 m) where Fe concentrations
were �0.4 nM, yielding d56Fe values clustered at
+0.24 ± 0.16& (d56Fe relative to IRMM-14, 2r, n = 4).
These values compare well with recent Fe isotope results
from the Southern Atlantic reported by Lacan et al., 2008
(d56Fe = �0.14 to +0.23&). Previously, ferromanganese
(Fe-Mn) crusts were used to investigate the long-term var-
iability of the Fe isotope composition of seawater (Zhu
et al., 2000; Levasseur et al., 2004; Chu et al., 2006; Yang
et al., 2006). The origins of this Fe isotope variability in
Fe-Mn crusts continues to be debated but may reflect the
relative flux of Fe from aerosol particles (at around 0&)
and mid-ocean ridge hydrothermal flux (at around
�0.5&) (Beard et al., 2003a; Chu et al., 2006). However,
d56Fe values as low as �0.7& are commonly observed in
Fe-Mn crusts, which would appear to require an unrealistic
contribution from hydrothermally-derived Fe (Levasseur
et al., 2004). In addition, the potential for Fe isotope frac-
tionation within hydrothermal plumes remains largely
unconstrained even though this would be expected to result
in modification of the hydrothermal Fe isotope signature.

High-temperature submarine vent fluids have end-mem-
ber Fe concentrations that typically fall in the range �1 to
10 mM (Von Damm, 1995) and Fe isotope compositions,
where measured, ranging from �0.69& to �0.12& (Shar-
ma et al., 2001; Beard et al., 2003a; Severmann et al.,
2004; Rouxel et al., 2008). On entering the oxygen-rich
open ocean, the Fe from hydrothermal vents typically pre-
cipitates to form both polymetallic sulfide and oxyhydrox-
ide phases (Rudnicki and Elderfield, 1993), both of which
may cause isotopic fractionation of Fe. Severmann et al.
(2004) observed a narrow range of isotope values at the
Rainbow (ultramafic hosted) hydrothermal site in both par-
ticulate samples, filtered in-situ from the non-buoyant
plume (�0.18 ± 0.05&) and in underlying sediments
(�0.19 ± 0.05&), both of which corresponded to the iso-
tope composition of the end-member fluid (�0.23 ±
0.04&). At that location, therefore, it was concluded that
the isotopic composition of the hydrothermal end-member
fluids was preserved in the non-buoyant plume and re-
corded in underlying hydrothermal sediments. However,
because the Rainbow vent field is hosted in ultramafic
rocks, the vent fluids show an unusually high enrichment
in both vent fluid [Fe] values and associated Fe/H2S ratios
(Douville et al., 2002). Consequently, less than 4% of Fe
can be precipitated as polymetallic sulfides at Rainbow
and Fe isotope fractionation in the overlying plume is dom-
inated by near-quantitative Fe-oxyhydroxide formation
(Severmann et al., 2004). This results in the transfer of all
the dissolved Fe released by venting into a single phase that
is transported to the top of the buoyant plume, with no
overall Fe isotope fractionation. Distinct variations were
only observed in two samples that collected material from
the buoyant portion of the Rainbow hydrothermal plume
(Edmonds and German, 2004), where heavy d56Fe values
of up to +1.20& were observed and inferred to be due to
partial Fe(II) oxidation (Severmann et al., 2004). In
basalt-hosted systems, where up to 50% of the Fe may be
precipitated as Fe-sulfides (Rudnicki and Elderfield,
1993), preferential settling of these heavy mineral phases
might result in Fe being lost from the plume before reach-
ing non-buoyant plume height. Therefore preservation of
the original end-member Fe isotope composition in the
buoyant and non-buoyant plume products, as observed at
Rainbow, may not be typical.

Here, we report on Fe isotope variations in end-member
fluids from basalt-hosted vent sites at 5�S, Mid-Atlantic
Ridge (MAR) and investigate Fe isotope fractionation in
the overlying buoyant plume. Samples were collected dur-
ing two cruises (RRS Charles Darwin CD169 and FS
Meteor cruise M68/1) in 2005 and 2006 and provide an
excellent opportunity to study Fe isotope systematics in a
basalt-hosted system.

2. GEOLOGICAL SETTING

The 5�S hydrothermal fields were first identified from
co-registered deep-tow and hydrothermal plume investiga-
tions to lie within an area of recent volcanic eruptions at
the center of a 2nd order segment of the Mid-Atlantic
Ridge (German et al., 2008). Subsequent investigations by
Remotely Operated Vehicle (ROV) (Koschinsky et al.,
2006; Haase et al., 2007) revealed three distinct high-tem-
perature vent fields, with maximum recorded fluid temper-
atures of 407 �C, 348 �C and 400 �C, respectively: Turtle
Pits, Red Lion and Comfortless Cove. All of these sites
are basalt-hosted with slightly altered to fresh lavas consis-
tent with very recent (<5 years) volcanic activity in the area
(Haase et al., 2007) (Fig. 1). The Red Lion vent field is
made up of four high-temperature chimneys (193–348 �C,
Haase et al., 2007) – Mephisto, Tannenbaum, Sugarhead
and Shrimp Farm, each separated by 10–15 m. Hydrother-
mal fluids from the Mephisto and Tannenbaum vents were
sampled for Fe isotopes. These fluids were cooler than the
fluids emitted from the other two vent sites (Turtle Pits,



Fig. 1. Location of vent sites in the 2 km section of ridge at 5�S MAR. The sites are superimposed onto a bathymetry map of the area.
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Comfortless Cove) and shore based chemical analyzes have
confirmed that the Red Lion fluids were not phase sepa-
rated (Haase et al., 2007).

The Comfortless Cove field includes one active high-
temperature vent (Sisters Peak, Haase et al., 2007) which,
when sampled, was 13 m high and consisted of two spires,
one of which was actively venting acidic, phase separated
fluids, at 400 �C (Cl conc. = 224 mM).

Finally, the Turtle Pits field is associated with a series
of small depressions indicative of lava drain-back – a
similar setting to hydrothermal vent sites associated with
recent eruptions on the fast spreading East Pacific Rise
(EPR) (e.g. Fornari et al., 2004; Soule et al., 2007). A
9 m tall chimney, Southern Tower, had grown by 4 m be-
tween initial sampling in March 2005 and May 2006
while, on two adjacent mounds of sulfide debris, numer-
ous small active black smoker vents are observed: the
One Boat and Two Boats sites. Fluids emitted from these
mounds were ‘‘flashing” indicative of active phase separa-
tion at the seafloor (Cl conc. = 288 mM), and yielded the
highest vent fluid temperatures yet recorded from the
deep-ocean (Koschinsky et al., 2008). Phase separation
in high-temperature hydrothermal fluids is the transfor-
mation of a homogeneous solution into two or more
phases with varying chlorinity, dependent on the pressure
and temperature of the system (German and Von Damm,
2004). The Two Boats (407 �C) fluids were also sampled
for Fe isotopes, as was a buoyant section of hydrother-
mal plume, intercepted approximately 30–60 m north of
the Red Lion vent field.
3. SAMPLING METHODS

3.1. Vent fluid sampling

End-member vent fluids were collected during FS
Meteor cruise (M68/1) using a pumped flow-through sys-
tem (Kiel Pumping system, KIPS) made entirely of inert
materials (perfluoralkoxy (PFA), polytetrafluorethylene
(PTFE), and high purity titanium) and operated by the
ROV Quest (Garbe-Schönberg et al., 2006). A titanium
nozzle was inserted directly into the vent orifice and the
sample was pumped through PFA tubing into PFA sam-
pling flasks. Parallel to the nozzle was an on-line tempera-
ture probe monitoring the in-situ temperature. All tubes
and bottles were purged with hydrothermal fluid for at least
2 min before collection of samples for geochemical analysis.
In addition to the KIPS system, a Niskin bottle mounted on
the front of the ROV was used to sample the plume directly
above the vent outlet.

Immediately after recovery of the ROV, all KIPS and
Niskin samples were sub-sampled in the ship’s laboratory
under a class 100 laminar-flow clean hood (Slee, Germany).
After sub-sampling for dissolved gas analyzes, an aliquot of
the original fluid was transferred into an acid cleaned poly-
ethylene (PE) bottle (50 ml) and acidified with quartz dis-
tilled concentrated HNO3 (Q-HNO3) until all the
precipitate had dissolved. For some fluid samples, the pre-
cipitates had to be dissolved in the home laboratory by
pressure digestion with HCl, HNO3 and HF at 160 �C, fol-
lowed by re-homogenization of the fluid sample.
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3.2. Buoyant plume sampling

A suite of buoyant plume samples were collected during
the RRS Charles Darwin cruise (CD169) using 10-L exter-
nally sprung Teflon lined Niskin bottles mounted in a
CTD rosette consisting of a SeaBird SBE 9/11+ system
coupled with a 24-position rosette mounted in a stainless
steel frame. Water samples were collected based on real-
time feedback from the CTD and in particular, the in-situ
transmissometer, interfaced into the SeaBird CTD.

On recovery of the CTD rosette, water samples were
collected directly from the Niskin bottle into acid cleaned
low-density polyethylene (LDPE) 1 L bottles (with 3-fold
rinsing) for the analysis of total dissolvable Mn (TdMn)
back in a land based laboratory. These samples were acid-
ified to �pH 1.6 using Q-HNO3. The Niskin bottles were
then removed from the CTD rosette and carried into a
clean laboratory on board the ship, re-homogenizing the
fluid in the bottles. Here, a portion of the remaining water
was filtered under pressure (N2 gas) through a 0.4 lm mem-
brane filter (Whatman polycarbonate, 47 mm) that had
been acid cleaned and a portion of the filtrate was collected
into acid cleaned low-density polyethylene (LDPE,
2 � 125 ml) bottles for the analysis of dissolved Fe (dFe).
These samples were later acidified in a land based labora-
tory to pH 1.6 using Q-HNO3. The filters were retained fro-
zen in small sample polystyrene containers and the volume
of seawater filtered through each membrane was recorded
to enable quantitative analysis of the particulate elements
and Fe isotopes. All further analysis was carried out in a
land based laboratory.

3.3. Background station

Background seawater samples were collected away from
any hydrothermal activity using the same CTD rosette as
above. Samples were collected at the equivalent plume
height to the hydrothermal samples and a constant back-
ground transmissometer signal confirmed the absence of
any hydrothermal activity. On recovery of the CTD rosette
to the ship, samples for phosphate analysis were taken di-
rectly from the Niskin bottles into polystyrene tubes and
frozen until analysis back in a land based laboratory.

4. ANALYTICAL METHODS

4.1. Element analysis in the vent fluids

Element concentrations of Fe, Mn, Zn, Cu and Mg in
the high-temperature fluid samples from Red Lion, Turtle
Pits and Sisters Peak were measured in non-filtered acidified
aliquots with ICP-OES (Ciros Vision) in the laboratory of
the University of Kiel.

The analytical run precision, defined as percent relative
standard deviation (%RSD) of duplicate measurements of
an in-house hydrothermal fluid reference standard, was
within 1%RSD for Fe, Mn, Cu and Zn. The analytical
method precision, expressing the long-term reproducibility
of the same sample, was calculated from repeated measure-
ments of the in-house fluid reference standard and was
within 1% RSD for Fe and Mn, within 5% RSD for Zn
and within 6% RSD for Cu. Analytical accuracy was en-
sured by the measurement of spiked artificial hydrothermal
fluid.

Hydrothermal fluid samples commonly represent vari-
able mixtures of fluid and seawater caused by mixing. Based
on the assumption that Mg is quantitatively removed in
high-temperature hydrothermal fluids, the end-member
fluid composition was calculated based on a regression ver-
sus Mg.

4.2. Phosphate analysis in background seawater samples

Phosphate measurements in defrosted background sea-
water samples were determined using a Skalar Sanplus auto-
analyser at the National Oceanography Centre,
Southampton (NOCS). The method was validated with a
commercial nutrient standard (Ocean Scientific Interna-
tional, Petersfield, Hants, UK).

4.3. Quantification of dissolved Fe and Mn in the buoyant

plume samples

Fe and Mn measurements in the buoyant plume fluid
samples were carried out at NOCS using Graphite Furnace
Atomic Absorption Spectroscopy (GFAAS) after a precon-
centration step involving chelation of the metals in the sea-
water with ammonium 1-pyrrolidine dithiocarbamate
(APDC, Aldrich) and diethyldithiocarbamic acid, as the
diethyl ammonium salt (DDDC, Aldrich) followed by sol-
vent extraction with HPLC grade chloroform (CHCl3,
Fisher) and back extraction into quartz distilled concen-
trated HNO3 (Fisher) (Bruland et al., 1979; Statham,
1985). GFAAS measurements were carried out using a Per-
kin Elmer AAnalyst 800 Atomic Absorption Spectrometer
fitted with an auto sampler and calibration was carried
out with a diluted 1000 lg L�1 Fe and Mn standard (Sigma
Aldrich Germany GmbH). The method was validated with
an in-house low metal seawater standard (a bulk quantity
of ‘background’ seawater) that had previously been certi-
fied against a certified reference material (NASS). The anal-
ysis of four aliquots of sub-boiled distilled water, treated
throughout in the same way as the samples, produced an
average blank value of 1.2 nM for Fe and 0.1 nM for
Mn. The detection limit was 1.2 nM for Fe and 0.2 nM
for Mn (n = 3), calculated as three times the standard devi-
ation of the blank measurement.

4.4. Quantification of particulate Fe (pFe), Mn (pMn), P, V,

Cu and Zn in the buoyant plume particulate samples

The 47 mm filters were heated to reflux in 10 ml of con-
centrated HNO3 (Fisher, OPTIMA grade) in closed 30 ml
acid cleaned Teflon vials for 72 h at Woods Hole Oceano-
graphic Institution (WHOI). This procedure allows for
the digestion of the sulfide and oxide phases, leaving behind
the majority of the filter material and therefore minimizing
organic interference (German et al., 1991). Two 30 ml Tef-
lon vials containing no filter and one containing a back-
ground filter (filtered during the background seawater cast
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– Section 3.3) were treated in the same way to give reagent
blanks and procedural blanks.

A 1:100 dilution of the leach solution was then directly
analysed with inductively coupled plasma mass spectrome-
try (ICP-MS) using medium resolution on a Thermo-Finn-
igan Element2 at WHOI for Fe, Mn, P, V, Cu and Zn, with
detection limits of 11.6, 0.2, 3.5, 0.2, 0.5 and 3.5 nM, respec-
tively. The detection limit of this technique was calculated
from repeat analysis of a blank solution of 2% HNO3.
These detection limits were well below the concentrations
measured in the plume samples, as each filter had at least
6 L of sample filtered through it. Indium (5 ppb) was added
to each sample as an internal standard to correct for
changes of instrument sensitivity. Stock 1000 lg L�1 stan-
dards (Specpure, Spex) of each element of interest were di-
luted in preparation for instrument calibration (ranging
from 5 to 1000 ppb). A number of geo-standards (BHVO-
1 and IFG, Govindaraju, 1994) were prepared and analysed
along with the samples to confirm analytical accuracy.

4.5. Fe isotope analysis of particulate and hydrothermal fluid

Fe

The Teflon vials containing the filter leached solutions
were placed on a hot plate and the solution was evaporated
to dryness. The solid residue was re-dissolved in 10 ml 1%
HNO3 in a closed vial with gentle warming. The samples
were then centrifuged and separated from the filter remain-
ing after the evaporation step. A known quantity of the
solution was returned to the original Teflon vial and evap-
orated to dryness. Preparation of the vent fluids for isotope
analysis involved evaporating to dryness a known quantity
of vent fluid. Depending on its concentration, between 3
and 5 ml of hydrothermal fluid was evaporated in an acid
cleaned Teflon vial and then treated along with the other
pFe samples.
Table 1
End-member temperature, element concentrations and Fe isotopes at the

Site ID Tempa

(�C)
Cla

(mM)
Fe
(lM)

Mn
(lM)

Red Lion –
Mephisto

7-ROV-5* 346 558 546 550

Red Lion –
Tannenbaum

7-ROV-13 345 551 712 500

Turtle Pits –
Two Boats

3-ROV-10 407 271 3984a 487a

12-ROV-5
12-ROV-8

Comfortless 20-ROV-5 400 224 3380a 704a

Cove – Sisters Peak 20-ROV-6

Temp is the end-member temperature measured at each of the chimney
chimney at the Turtle Pits and Comfortless Cove vent sites. Discrete samp
reproducibility of the sampling method.

* Niskin sample.
a Data from Koschinsky et al. (2008).
b Number of duplicate samples analysed.
The analytical procedure required for isotope analysis
follows the previously published method (Rouxel et al.,
2003, 2004, 2008; Escoube et al., 2009), and is not repeated
here. Analyzes of 56Fe/54Fe and 57Fe/54Fe were carried out
on a Thermo-Finnigan Neptune MC-ICP-MS at WHOI
(medium resolution mode). Two blocks of 25 integrations
were used, 4 s each and typical analyzes were done with
1 mL of 200 ppb solution (200 ng). The samples were intro-
duced into the plasma using a double spray quartz spray
chamber system (cyclonic and double pass) and a microcon-
centric PFA nebulizer operating at a flow rate of about
60 ll min�1. 54Fe, 56Fe, 57Fe, 60Ni and 62Ni isotopes were
counted on Faraday cups. Baseline corrections were made
before acquisition of each data block by completely deflect-
ing the ion beam. Although separated, isobaric Cr interfer-
ences were always checked before each sample analysis,
using peak jumping mode of the Neptune on 52Cr mass.
Purified particulate samples with low Fe concentrations
were also analysed using a desolvation nebulizer (Cetac
Apex) and X-cones (Thermo-Finnigan) (and 1011 O) to im-
prove the sensitivity of the Neptune (Schoenberg and von
Blanckenburg, 2005).

Instrumental mass bias was corrected for using Ni iso-
topes as an internal standard and involves simultaneous
measurement of a Ni standard solution (Malinovsky
et al., 2003; Poitrasson and Freydier, 2005). Also a standard
bracketing approach, which normalizes the Fe isotope ratio
to the average measured composition of a standard
(IRMM-14) was carried out before and after each sample.
The two methods, combined, permit the verification of
any instrumental artefacts generated by residual matrix ele-
ments. The internal precision of the data have 95% confi-
dence levels based on isotopic deviation of the bracketing
standards analysed during the session. The IRMM stan-
dard processed through the entire chemical procedure was
observed to be indistinguishable from pure solutions and
5�S MAR vent sites.

Cu
(lM)

Zn
(lM)

Mg
(mM)

No.b d56Fe 1r d57Fe 1r

7.5 75 49.6 2 �0.49 0.05 �0.74 0.01

9.5 95 45.3 3 �0.29 0.07 �0.44 0.10

6.9 3 �0.26 0.11 �0.38 0.13

2.8 2 �0.21 0.00 �0.36 0.03
13.2 4 �0.29 0.10 �0.40 0.12
38.1 2 �0.50 0.05 �0.70 0.03
7.4 2 �0.45 0.01 �0.70 0.05

s. Two chimneys were sampled at the Red Lion vent site and one
les were taken from Two Boats and Sister Peak and demonstrate the
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gave an external precision of 0.09& and 0.14& (2r, stan-
dard deviation) for d56Fe and d57Fe, respectively.

5. RESULTS

5.1. End-member vent fluid composition

The calculated element concentrations for the end-mem-
ber fluids sampled at two chimneys at Red Lion were very
similar (Table 1), even though the fluid from Mephisto was
sampled with a Niskin. The Fe concentration ranged from
546 to 712 lM and the Mn concentration ranged from 500
to 550 lM. The Cu concentration was similar for both the
fluids (7.5 and 9.5 lM, respectively) and Zn concentration
ranged from 75 to 95 lM. Both samples had entrained sim-
ilar amounts of seawater, as determined from Mg concen-
trations and it is unlikely that the Mephisto sample,
collected using a Niskin rather than KIPS, had lost any
Fe from the plume due to the sampling proximity to the
vent outlet. In comparison, the fluids from Turtle Pits
and Sisters Peak were much more concentrated, with Fe
concentrations of 3940 and 3380 lM, respectively, and have
been shown to have different reaction zones to Red Lion,
even though they are in close proximity (Haase et al.,
2007). The Mn concentrations were similar to those at
Red Lion, 487 and 704 lM, respectively. The Fe isotope
composition of the vent fluids sampled at 5�S MAR ranged
from �0.21 to �0.50& for d56Fe (Table 1). The two chim-
neys at the Red Lion vent field yielded a �0.2& difference
in their Fe isotope composition. At Mephisto, the Fe iso-
tope composition was �0.49& whereas the fluid at Tannen-
baum was heavier with an isotope composition of �0.29&.
At Turtle Pits, three different samples from the same chim-
ney averaged �0.26& with only a 0.04 standard deviation
and two samples from Comfortless Cove averaged
�0.48&. The vent fluid isotope compositions measured in
the current study therefore lie within the same range as pre-
viously reported for Atlantic and Pacific vent fluids (Shar-
ma et al., 2001; Beard et al., 2003b; Severmann et al.,
2004; Rouxel et al., 2008).
Fig. 2. Time profile of the CTD cast that intercepted particle rich water
represents temperature, dotted line represents depth and solid line repres
5.2. Buoyant plume

5.2.1. Plume characteristics

Changes in measured parameters with time during the
upcast of the CTD deployment that intercepted particle rich
seawater between 30 and 60 m north of the Red Lion vent
field is shown in Fig. 2. The presence of both positive tem-
perature anomalies and strong transmissometer signals, less
than 50 m off the seafloor, indicate that a buoyant hydro-
thermal plume has been sampled at around 3000 m depth,
�40 m above the seafloor. During the CTD cast the ship
was located directly north of the Red Lion vent field, where
four high-temperature chimneys were actively emitting
hydrothermal fluids. Therefore all four chimneys are poten-
tial sources of the warm particle rich seawater sampled in
this study while the other vents fields, Turtle Pits and Com-
fortless Cove, are located too far (1.5 and 0.9 km, respec-
tively) to contribute significantly.

As the CTD was pulled out of the plume at the end of
the CTD cast, Niskin bottles were fired repeatedly, collect-
ing samples throughout a lens of buoyant hydrothermal
water. For all samples collected, temperatures were greater
than the background temperature, with varying Mn con-
centrations (Fig. 2 and Table 2). The most Mn rich lens
of plume water occurred over a small ‘depth range’ of
approximately 30 m, which reflected passage through a lens
of buoyant plume water. Therefore rather than collecting a
suite of samples vertically through the rising buoyant
plume, the CTD drift resulted in an oblique cross section
of the buoyant plume being sampled. The inferred trajec-
tory that the CTD took through the buoyant plume is
shown schematically in Fig. 3. The highest temperature
and particle anomalies coincide with the core of the plume.

5.2.2. Fe concentrations within the buoyant plume

A time profile of these samples with pFe, dFe and total
Fe (TFe = pFe + dFe) is shown, together with co-registered
transmissometer readings, in Fig. 4. During sample collec-
tion, total Fe concentrations varied from 71 to 413 nM.
As the CTD rosette crossed into the lens of buoyant plume
. Solid circles represent total dissolvable Mn (TdMn), dashed line
ents light transmission.



Table 2
Element concentrations and Fe isotopes measured in samples collected from the buoyant plume.

Depth
(m)

TdMn
(nM)

pMn
(nM)

dFe
(nM)

pFe
(nM)

TFe
(nM)

P
(nM)

V
(nM)

Cu
(nM)

Zn
(nM)

Fe:
(Fe + Mn + Al)

No.a d56Fe 1r d57Fe 1r

3009 132.0 0.1 49.2 77.5 126.7 3.9 0.18 2.9 10.6 0.91 3 �0.56 0.05 �0.79 0.13
3006 91.0 0.1 53.2 21.6 74.7 0.6 0.03 1.4 4.2 0.82 3 �0.70 0.07 �0.96 0.07
3002 96.4 0.2 45.7 25.3 70.9 0.8 0.04 1.8 7.2 0.90 2 �0.56 0.03 �0.95 0.05
2996 160.3 0.1 28.4 94.5 122.9 7.0 0.23 3.0 13.3 0.93 4 �0.47 0.05 �0.65 0.04
2992 202.6 0.2 27.2 168.8 195.9 12.2 0.45 3.5 15.3 0.97 2 �0.44 0.00 �0.65 0.00
2989 208.2 0.1 39.0 191.3 230.4 15.1 0.53 4.1 18.6 0.98 4 �0.39 0.07 �0.66 0.03
2985 284.1 0.1 26.8 210.1 236.9 17.3 0.58 4.9 19.5 0.92 4 �0.36 0.03 �0.61 0.02
2981 356.6 0.2 20.7 392.3 413.0 33.6 1.11 7.1 34.9 0.99 4 �0.31 0.03 �0.58 0.05

Total dissolvable Mn (TdMn) was measured in samples taken directly from the CTD bottle, prior to filtration. Dissolved Fe (dFe) con-
centrations were measured in filtered samples. Particulate Mn (pMn), Fe (pFe), P, V, Cu, Zn and Fe isotopes were all measured in the
extracted filters. Total Fe was calculated from the sum of (dFe + pFe).

a Number of duplicate samples analysed.
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the TFe concentration increased, with maximum Fe con-
centrations observed at 2981 m, corresponding to 65 m
above the Red Lion vents. At this depth, if it is assumed
that there was no lateral movement of the plume, any
plume rising with a �15� half-angle (Turner, 1962) would
have spread to approximately 35 m in diameter. Therefore
the CTD must, apparently, have been within �20 m of
the buoyant plume axis at this time.

The pFe concentrations followed the same pattern as
TFe, ranging from 22 to 392 nM. Conversely, the dFe con-
centrations decreased as the CTD was brought up through
the water column with much lower concentrations, ranging
from 53 nM to 21 nM at the core of the major plume lens.
The low dFe concentrations can be attributed to particle
precipitation in the Niskin bottles between the time of trip-
Fig. 3. Schematic of the potential upcast path the CTD took
through the buoyant plume. The temperature and transmissometer
graph is to scale with the height shown on the schematic. The
dashed line represents temperature and the solid line represents
light transmission.
ping the bottles at depth and recovery of the CTD aboard
ship. It was not until the samples were on board the ship,
that the particulate Fe could be separated from any remain-
ing dissolved Fe by filtration. Therefore the Fe content (dis-
solved and particulate) measured within the samples does
not correspond to the partitioning of Fe within the plume
at the time of sampling. During sample recovery, the dis-
solved Fe will have been continually oxidizing and precipi-
tating as Fe-oxyhydroxides.

The Fe oxidation rate has been calculated previously for
the 5�S vent sites and a half-life of 27 min for dissolved Fe(II)
has been determined (Bennett et al., 2008). Between 4 and 8 h
elapsed between sampling the plume and processing the sam-
ples in a clean laboratory on the ship corresponding to be-
tween 8 and 16 half-lives and, consequently, resulting in
almost quantitative oxidation of any Fe(II) that had been
present. The remaining dFe fraction that we have measured,
therefore, is most probably composed of colloidal Fe(III)
species as well as a small percentage of truly dissolved Fe that
may have been stabilised by organic complexation (Bennett
et al., 2008).

5.3. Particulate composition

The particulate P, V, Cu and Zn concentrations relative
to pFe are shown in Fig. 5a and b. The oxyanions, P and V,
are positively correlated to pFe with an r2 of 0.995 and
0.999, respectively, and a negative y intercept. Phosphorus
ranged from 0.6 to 34 nM and vanadium ranged from
0.03 to 1.11 nM (Table 2). P/Fe ratios lie between 0.03
and 0.09 and compare well with the Atlantic hydrothermal
vent fields, and V/Fe ratios lie between 0.001 and 0.003,
comparable to the Pacific hydrothermal vent fields (Feely
et al., 1998). The phosphate concentration in the back-
ground CTD cast ranged between 1.60 and 1.64 lmol L�1,
between 2930 and 2952 m.

The chalcophiles, Cu and Zn, are also positively corre-
lated with pFe, with r2 values equal to 0.976 and 0.981,
respectively, and with positive y intercepts. Copper concen-
trations ranged from 1.4 nM to 7.1 nM and zinc concentra-
tions ranged from 4.2 to 35 nM (Table 2). Cu/Fe ratios lie
between 0.02 and 0.08, similar to the ratios measured at
TAG and Rainbow (0.006–0.080 and 0.003–0.015,
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respectively (German et al., 1991; Edmonds and German,
2004)). By comparison, the Cu/Fe ratio in the end-member
fluids at Red Lion is less than 0.01 which suggest that Cu is
preferentially precipitated as polymetallic sulfides relative
to Fe. The Zn/Fe ratios on the other hand ranged between
0.09 and 0.29, much greater than the ratios observed at
TAG and Rainbow (0.001–0.008 and 0.001–0.066). How-
ever, the most likely reason for these high ratios is the
a

b

Fig. 5. (a) Relationships between particulate P, V relative to particulate
particulate Fe (pFe)

Fig. 4. Time profile of light transmission (solid line) and particulate F
(TFe = dFe + pFe, crosses), and Fe isotope composition of the particula
abnormally high Zn concentration in the end-member fluids
at Red Lion, which have a Zn/Fe ratio of 0.13 (Table 1).

5.3.1. Iron isotope composition of the particulate Fe in the

buoyant plume

The Fe isotope composition of the particulate Fe varied
from �0.31& to �0.70& for d56Fe (Fig. 4 and Table 2) and
appeared to become heavier with increasing pFe. The high-
Fe (pFe) (b) Relationships between particulate Cu, Zn relative to

e (pFe, solid circles), dissolved Fe (dFe, open circles), Total Fe
te Fe (crosshair and dashed line)
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est d56Fe values (�0.31&) are observed in the core of the
plume and compare well with the average d56Fe value of
high-temperature hydrothermal fluids at Red Lion
(�0.39 ± 0.13&). In contrast, d56Fe values down to
�0.70& encountered in the outer edges of the plume are
significantly lower than vent fluid values.

6. DISCUSSION

6.1. Variations in the isotope composition of the end-member

vent fluids

Fe isotope results at 5�S MAR provide further evidence
that hydrothermal fluids have negative d56Fe values relative
to the bulk silicate Earth, determined at 0.09& (Sharma
et al., 2001; Beard et al., 2003a; Severmann et al., 2004;
Rouxel et al., 2008). However, the parameters affecting
the Fe isotope composition of hydrothermal fluids are still
poorly constrained. So far, neither phase separation nor
geological setting (i.e. basaltic or ultramafic rocks) have
been found to produce significant isotope variability (Beard
et al., 2003b). At 5�S, the Fe isotope compositions of the
fluids vary by 0.3& (Table 1), but d56Fe data do not corre-
late with Cl concentrations. Hence, although the fluids have
undergone phase separation, this process has not affected
the Fe isotope composition of the end-member fluid.

Haase et al. (2007) found that fluid and vent field char-
acteristics at 5�S MAR have a large variability between the
vent fields, which is unexpected within such a limited area.
Accordingly, each of the sites at 5�S may have a different
reaction zone which cold seawater has percolated down
into, heated up, reacted with surrounding rock, and under-
gone phase separation before venting to the seafloor. These
processes would be expected to affect the isotope composi-
tion of the Fe in the end-member fluids. Rouxel et al., 2003
observed the results of low-temperature hydrothermal crust
alteration on the isotope composition of basaltic crust at
ODP site 801. In particular, highly altered basalts that were
depleted by up to 80% from their original Fe concentration
displayed an increase in d56Fe values relative to fresh rocks
(up to 1.3&), which suggested preferential leaching of light
Fe isotopes (between �0.5& and �1.3&) during alteration.
Similar isotopic fractionation processes may occur through
the formation of secondary minerals (e.g. Mg-Fe amphi-
bole) in the high-temperature reaction zone. Other fraction-
ation processes that could be occurring sub-surface include
the precipitation of Fe-sulfides due to conductive cooling of
the fluid or mixing with seawater (Rouxel et al., 2004,
2008). However, the importance of such processes is diffi-
cult to predict based on the limited number of samples
available in this study.

6.2. Buoyant plume

6.2.1. Source of the plume particles

The seafloor close to a hydrothermal vent is a dynamic
and turbulent environment. Therefore, a first priority has
to be to demonstrate that the particulate samples are not af-
fected by entrained resuspended particles from the sur-
rounding sediments. The classification developed by
Bostrom et al. (1969) using particulate Al, Fe and Mn con-
centrations has previously been employed (German et al.,
1991) to distinguish between hydrothermal and lithogenic
components. Al, Mn and Fe have high solid phase concen-
trations within the sediments, whereas in the end-member
fluids, Al is present as a trace element and Mn is present
as a dissolved reduced species that is only slowly removed,
following mixing with the surrounding seawater, from the
non-buoyant plume (Trocine and Trefry, 1988). Fe on the
other hand, initially present as a dissolved reduced species,
precipitates rapidly forming solid phase Fe-sulfides and Fe-
oxyhydroxides as soon as the vent fluids first mix with sea-
water in the buoyant plume. Therefore, a high value of the
ratio Fe/(Fe + Mn + Al) can be used to indicate that sam-
ples have little detrital input, with particulate Mn and Al
concentrations both low.

Here, all the samples collected during the CTD upcast
had Fe/(Fe + Mn + Al) values greater than 0.8 (Table 2)
indicating a high proportion of hydrothermal material
(more than 80%) with little influence from any resuspended
sediments. This is consistent with the minimal sediment
cover associated with the fresh basalts surrounding the vent
sites at 5�S. Therefore these samples can be assumed to be
predominantly hydrothermal precipitates, which is consis-
tent with the high-temperature anomalies intercepted in
the plume.

6.2.2. Composition of the particulate Fe fraction

As the buoyant plume evolves, Fe-sulfide and Fe-oxyhy-
droxides are precipitated. During oxyhydroxide formation,
oxyanions (i.e. HPO4

2� and VO4H2�) are co-precipitated
and scavenged (Trefry and Metz, 1989; Feely et al., 1991,
1996, 1998; Rudnicki and Elderfield, 1993) with constant
molar ratios of P/Fe and V/Fe dependent on the local dis-
solved phosphate concentration (Feely et al., 1998). In the
buoyant plume at 5�S, both P and V were observed to be
linearly correlated to pFe (Fig. 5a), similar to the vent sys-
tems at Rainbow and TAG (German et al., 1991; Edmonds
and German, 2004). However, both the P to Fe and V to Fe
relationships have negative intercepts suggesting the pres-
ence of a particulate Fe species that does not associate with
the oxyanions (i.e. Fe-sulfides). In contrast to oxyanions,
chalcophile elements, such as Cu and Zn sourced from
the hydrothermal end-member, are incorporated with Fe-
sulfides in hydrothermal plumes. It is also possible that a
fraction of those elements are adsorbed onto Fe- and/or
Mn-oxyhydroxide phases at seawater pH, but this process
is probably not significant in hydrothermal plumes where
the concentration of H2S is sufficient to quantitatively pre-
cipitate the chalcophile elements. Under those assumption,
the particulate Cu and/or Zn relationship to Fe has been
used previously to demonstrate a preferential loss of Fe-sul-
fides from the plume through gravitational sinking and/or
the removal of Fe-sulfides via oxidative dissolution (Tro-
cine and Trefry, 1988; German et al., 1991). In the buoyant
plume at 5�S, the relationship between Cu and/or Zn with
Fe is linear and shows no negative departure (Fig. 6). In
fact, the Cu and/or Zn relationship to Fe has a positive y

intercept, indicating a higher proportion of Cu and Zn rel-
ative to Fe in the low pFe samples. This is likely to be due
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to a higher proportion of Fe-sulfides in these samples, how-
ever a greater adsorption of Cu and/or Zn onto Fe-oxyhy-
droxide phases present in these low Fe samples cannot be
discounted.

To understand these relationships, quantitative determi-
nation of the amount of Fe-oxyhydroxides versus Fe-sul-
fides in these plume samples can be carried out using
particulate P/Fe ratios. Feely et al., 1998 have shown that
the P/Fe ratios measured in the plume particles at various
vent sites across the ocean basins correlate linearly to the
phosphate concentration in the background seawater at
each particular site. The dissolved phosphate concentration
at a background station at 5�S was 1.6 lmol L�1, this was
slightly greater than that at TAG (1.38 lmol L�1, Feely
et al., 1998) and by using the linear relationship in Feely
et al. (1998), the P/Fe ratios in Fe-oxyhydroxide particles
is expected to be at around 0.11 (on a molar basis). In
comparison, the V/Fe ratios are inversely correlated to
pFe, because even though vanadate is scavenged by the
Fe-oxyhydroxides, vanadate does not compete as well as
phosphate for the available sites on the Fe-oxyhydroxides.
Therefore the V concentrations on the hydrothermal parti-
cles are lower when the dissolved phosphate concentrations
are high. By using the inverse relationship in Feely et al.,
1998 an average V/Fe ratio of 0.004 can be estimated for
Fe-oxyhydroxide particles at the measured phosphate con-
centration at 5�S MAR. The fraction of Fe-oxyhydroxide
(hereafter referred to XFeOOH) present in the plume parti-
cles can be calculated using Eqs. (1), using P (X P

FeOOH)
and (2), using V (X V

FeOOH):

X P
FeOOH ¼ ðP=pFeÞmeasured=ðP=FeÞexpected ð1Þ

X V
FeOOH ¼ ðV=pFeÞmeasured=ðV=FeÞexpected ð2Þ

The results are shown in Table 3 and both relationships
with P and V appear to result in similar Fe-oxyhydroxide
concentrations with a maximum difference of 0.11 (11%).
The fraction of Fe-sulfide (XFeS) in the particulates, deter-
Fig. 6. The isotope composition measured in the particulate
samples relative to the percent pFe (%pFe). An excellent linear
regression falls through the samples with more than 60% pFe (solid
circles). The samples with less than 60% pFe (open circles) are not
included in the regression analysis.
mined as XFeS = 1� XP
FeOOH decreases with increasing par-

ticulate Fe. This relationship is also consistent with the
increase of Cu/Fe ratio at low particulate Fe reported in
Fig. 5b, indicating a greater proportion of Fe-sulfides.
However, relative to the total Fe (dissolved and particu-
late), the fraction of Fe-sulfide is relatively constant (Table
3), making up �25% of the total Fe in all of the buoyant
plume samples. Given that these samples were collected
from the early stages of the buoyant plume before much
of the Fe(II) has oxidized, and that the fraction of FeS rel-
ative to the total Fe is constant, loss of Fe due to settling or
addition of Fe from resuspended sediment is minimal in
these samples.
6.2.3. Isotope fractionation in the buoyant plume and the

isotope composition of the buoyant plume source

Four main isotope fractionation processes can occur in
the buoyant plume: (1) kinetic Fe isotopic fractionation
during Fe-sulfide precipitation, preferentially precipitating
the light isotope (Butler et al., 2005; Polyakov et al.,
2007; Rouxel et al., 2008); (2) partial oxidation of Fe(II)aq

to Fe(III)aq which enriches the ferric Fe fraction in the hea-
vy isotope (Welch et al., 2003; Anbar, 2004; Balci et al.,
2006); (3) precipitation of Fe(III)aq into ferrihydrite, which
has the potential to kinetically fractionate the light isotope
and can be dependent on the rate of precipitation (Skulan
et al., 2002) and (4) adsorption of Fe(II) onto Fe-oxyhy-
droxides (Icopini et al., 2004; Teutsch et al., 2005; Mat-
thews et al., 2008; Mikutta et al., 2009). Oxidative
precipitation of ferrihydrite is a combination of (2) and
(3) because of the instability of Fe(III)aq species in seawater,
producing an overall enrichment in the heavy isotope (Bul-
len et al., 2001). Further transformation of ferrihydrite to
goethite has also been observed to cause isotope fraction-
ation over a time scale of 70 h, but the age of the samples
analysed in this study are much younger (Clayton et al.,
2005). Adsorption and desorption of Fe(II) onto Fe-oxyhy-
droxide or Fe-sulfide phases is another potential fraction-
ation mechanism in the plume, with isotopically heavy
Fe(II) adsorbing to mineral surfaces. Isotopically heavy
Fe can then preferentially be desorbed resulting in an isoto-
pically heavy dissolved Fe fraction (Icopini et al., 2004;
Teutsch et al., 2005; Matthews et al., 2008; Mikutta et al.,
2009). However, under oxygenated conditions, it is likely
that most of the adsorbed Fe(II) will undergo oxidation
on the mineral surface and will not contribute further to
the total dissolved Fe pool in the buoyant plume.

There may also be dissolution of Fe-sulfide particles to
Fe(II) or the formation of stabilised dissolved Fe complexes
(Fe-ligands, FeL). Currently the isotopic fractionation
caused by organic ligand complexation with Fe is uncon-
strained and only a couple of studies have identified poten-
tial fractionation pathways. Brantley et al. (2004)
demonstrated ligand effects during mineral dissolution, pro-
ducing an enrichment in the light isotopes in the dissolved
phase, whereas Dideriksen et al., 2008 demonstrated ligand
effects with free siderophore ligands and dissolved Fe. Here
the organically bound Fe was enriched in the heavier iso-
tope. This supported data from organically rich river water
where the dissolved Fe was found to be isotopically heavy



Table 3
Calculated fractions of Fe-oxyhydroxides (FeOOH) and Fe-sulfides (FeS) in the buoyant plume using P and V concentrations.

Calculated from phosphorus Calculated from vanadium

In particulate fractiona,c Relative to total Fe In particulate fractionb,c Relative to total Fe

XP
FeOOH XP

FeS XP
FeOOH XP

FeS XdFe XV
FeOOH XV

FeS XV
FeOOH XV

FeS XdFe

0.46 0.54 0.28 0.33 0.39 0.57 0.43 0.35 0.26 0.39
0.25 0.75 0.07 0.22 0.71 0.34 0.66 0.10 0.19 0.71
0.29 0.71 0.10 0.25 0.64 0.39 0.61 0.14 0.22 0.64
0.68 0.32 0.52 0.25 0.23 0.59 0.41 0.46 0.31 0.23
0.66 0.34 0.57 0.29 0.14 0.65 0.35 0.56 0.30 0.14
0.72 0.28 0.59 0.24 0.17 0.68 0.32 0.56 0.27 0.17
0.75 0.25 0.66 0.22 0.11 0.67 0.33 0.60 0.29 0.11
0.78 0.22 0.74 0.21 0.05 0.69 0.31 0.66 0.29 0.05

a X P
FeOOH = (P/pFe)measured/(P/Fe)expected.

b X V
FeOOH = (V/pFe)measured/(V/Fe) expected.

c XFeS = 1� XFeOOH.
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and hypothesized to be because of organically bound Fe
(Bergquist and Boyle, 2006b; Escoube et al., 2009).

At present, the mechanism for ligand stabilisation within
hydrothermal plumes is unknown and has the potential to
follow either of these pathways. For example, microbial dis-
solution of minerals in the hydrothermal environment has
the potential to produce organically stabilised Fe (Edwards
et al., 2004; Homann et al., 2009), which could be entrained
into the buoyant plumes. Also organic ligands and elevated
dissolved organic carbon has been detected in diffuse flow
areas (Lang et al., 2006; Sander et al., 2007), which if en-
trained into the buoyant plume, could complex with dis-
solved Fe species (Bennett et al., 2008; Toner et al., 2009).

All the processes identified above can modify the origi-
nal isotopic composition of the vent fluid as the Fe precip-
itates in the buoyant hydrothermal plume. In this particular
case, Fe-sulfide precipitation will have occurred in the first
few seconds of venting and, by the time these samples were
filtered on deck, complete oxidation of all Fe(II)aq will also
have occurred. Additionally, the majority of Fe remaining
in the dissolved Fe fraction is expected to be present as col-
loidal Fe-oxyhydroxides, and potentially as Fe-organic
complexes although these will only make up a small frac-
tion of the total Fe (Bennett et al., 2008). Therefore any
fractionation caused by Fe-sulfide formation will have oc-
curred prior to sampling and any fractionation caused by
partial Fe oxidation or ferrihydrite formation will have oc-
curred in the sampling Niskin bottle by the time these sam-
ples were processed on deck (Fe(II) half-life �27 min (see
earlier)). The formation of any organic Fe complexation
is unknown but could have occurred early on in the buoy-
ant plume, or later, in the Niskin bottle. Considering that
the process of Fe oxidation and ferrihydrite formation in
the plume and in the Niskin bottle are likely analogous,
the time lag between plume sampling and on board sample
filtration should not significantly affect our interpretation.

By plotting the particulate Fe isotope compositions
against %pFe (Fig. 6), we can see that as the particulate
Fe fraction increases, so does its isotope composition.
When more than 60% of the Fe has precipitated, an excel-
lent linear correlation is observed, with an r2 of 0.92. As
there has been no loss or gain of Fe to the plume (Section
6.2.2) and any isotope fractionation processes have already
occurred, a simple mixing process between two isotopically
different pools, can be used to explain this relationship. Iso-
topically light particulate Fe must be gaining isotopically
heavy Fe from the dissolved fraction. This occurs as the dis-
solved Fe-oxyhydroxide complexes increase in size (due to
colloidal coagulation) and as a result are separated into
the particulate fraction. This relationship is very useful as
it can be used to determine the source isotope composition
of the buoyant plume of �0.29 ± 0.05& (at 100% particu-
late Fe precipitation, error calculated through regression
analysis of the data (95% confidence level) followed by
Monte Carlo propagation), the same as the fluid measured
at the Tannenbaum Chimney at Red Lion. Without this
relationship it would be impossible to know the isotopic
composition of the buoyant plume as only two out of the
four chimneys at Red Lion have been sampled and analysed
for their isotope composition, varying by 0.2&. The two
samples with less than 60% Fe precipitation were sampled
just outside the major buoyant plume lens (Fig. 4, at 5785
and 5805 s) and have the lowest total Fe concentration.
The transmissometer profile (shown in Fig. 4) is different
for these two samples compared to those in the major
plume and suggests a different source. Whether this is a dif-
ferent high-temperature source or resuspended material
from the seafloor is difficult to determine. However, they
still show very similar Fe-sulfide compositions to the sam-
ples in the major buoyant plume lens (Table 3).

6.2.4. Isotope fractionation factor for Fe-sulfide precipitation

In Fig. 7, the percent Fe-sulfide is shown relative to the
isotope composition in the particulate Fe fraction, demon-
strating an excellent linear correlation (r2 = 0.89). Since the
isotope composition becomes lighter as the percent Fe-sul-
fide increases, the Fe isotope composition of the pure Fe-
sulfide end-member is estimated at d56Fe = �0.89 ± 0.11&

while the Fe-oxyhydroxide end-member is �0.19 ± 0.09&

(error calculated through regression analysis of the data
(95% confidence level) followed by Monte Carlo propaga-
tion). The majority of the Fe-sulfides will be present within
the particulate phase and therefore the isotope composition
of the particulate phase is controlled by the balance of
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Fe-oxyhydroxides present in the dissolved and particulate
phase.

Considering an initial hydrothermal fluid d56Fe value of
�0.29 ± 0.05& a fractionation factor for Fe-sulfide precip-
itation can be calculated for the hydrothermal plume at
Red Lion of 1.0006 with a dFe(II)–FeS = +0.60 ± 0.12&.
This is consistent with experimental studies by Butler
et al. (2005), where a kinetic isotope fractionation process
of dFe(II)–FeS = +0.85& ± 0.30& has been observed for
zero age Fe-sulfides over a temperature range between 2
and 40 �C. During aging, the degree of fractionation de-
creased between the precipitates and the fluid to 0.3&. This
initial kinetic isotope fractionation observed with zero age
precipitates has been interpreted to be due to the ligand ex-
change between hexa-aqua Fe(II) and aqueous sulfide com-
plexes. In the buoyant plume samples the precipitation of
Fe-sulfides will be rapid upon mixing of the hydrothermal
fluid with seawater and therefore it is expected that a signif-
icant kinetic Fe isotope effect will be observed. These results
are also consistent with previous studies by Rouxel et al.
(2008) reporting low d56Fe values of suspended particles
from Ti end-member sample bottles (down to �1.8&) pre-
cipitating upon sampling of high-temperature hydrother-
mal fluids at EPR 9–10�N.

6.2.5. Prediction of the isotope composition of the dissolved

Fe species in the buoyant plume

It has been suggested that no Fe has been lost from (or
gained to) the plume (see above). Therefore the isotope
composition of total Fe in each plume sample (collected
in the Niskin bottle, referred to as d56FeTFe) should remain
constant and should be similar to the initial composition of
the buoyant plume (d56Fe value of �0.29 ± 0.05&). This
enables us to establish an Fe isotope budget in the buoyant
plume at 5�S MAR (Eq. (3)):

d56FeT ¼ X FeOOHd56FeFeOOH þ X FeSd
56FeFeS

þ X dFed56FedFe ð3Þ
Fig. 7. The relationship between the percent of Fe-sulfide (%FeS),
as calculated from phosphorus, in the particulate fraction and the
isotope composition of the particulate Fe. The solid circles are
more than 60% pFe (see Fig. 6) and the open circles are less than
60% pFe. Regression analysis was carried out only on the samples
with more than 60% pFe.
with XFeOOH, XFeS, XdFe being the relative proportion of
Fe-oxyhydroxide, Fe-sulfide, and dissolved Fe in each
plume sample, respectively, as reported in Table 3.
d56FeFeOOH and d56FeFeS are assumed to be, respectively,
�0.19 ± 0.09& and d56Fe �0.89 ± 0.11& as determined
above. This mass balance equation can be used to quantify
the isotope composition of dissolved Fe species in each of
the plume samples with their respective errors using a
Monte Carlo propagation (Fig. 8).

The calculated isotope compositions of the dissolved Fe
fractions are predicted to be heavier than the original iso-
tope composition of the buoyant plume. However, as
shown in Fig. 8, these values become more uncertain as
the dissolved Fe fraction decreases, with increasing error
bars. For example, the remaining 5% dissolved Fe has a
d56FedFe value of +0.8 ± 2.2&, heavier, but still within er-
ror of the original isotope composition of the buoyant
plume. This fractionation is potentially a result of the fol-
lowing, previously discussed processes; (1) incomplete
Fe(II) oxidation, but as discussed earlier, unlikely due to
complete oxidation of the sample (2) Fe-sulfide precipita-
tion, making any nanoparticulate Fe-oxyhydroxides isoto-
pically heavier than the original vent fluid isotope
composition, (3) the adsorption and desorption of Fe(II)
onto suspended mineral precipitates and/or (4) organic sta-
bilisation of dissolved Fe.

However, the large errors associated with our isotope
mass balance approach preclude estimating a diagnostic
signature for a stabilised dissolved Fe fraction escaping
from hydrothermal plumes into the deep-ocean. Direct Fe
isotope analysis of the dissolved fraction would be required
to further address this issue.

7. CONCLUSION

It was shown in the first isotopic plume study carried out
by Severmann et al. (2004), at the ultramafic hosted Rain-
bow vent site, that the isotope composition of the
Fig. 8. The predicted isotope composition of dissolved Fe relative
to the percent dissolved Fe (% dFe). The dotted line represents the
original composition of the buoyant plume. The solid circles are
more than 60% pFe (see Fig. 6) and the open circles are less than
60% pFe. Errors were determined using Monte Carlo simulation
with additional errors propagated for XFeOOH and XFeS using a
10% error on the P/Fe ratio.
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hydrothermal end-member fluid was preserved in the
non-buoyant plume and recorded in local hydrothermal
sediments. In that system, no Fe was lost during plume rise
and therefore it is not unexpected that the isotope compo-
sition of Fe in the non-buoyant plume was the same as that
in the original vent fluid. However, in basalt-hosted sys-
tems, between 25% (this study) and 50% (Rudnicki and
Elderfield, 1993) of Fe is lost during buoyant plume rise
as Fe sulfide precipitates, potentially resulting in fraction-
ation of the original Fe-isotope composition.

In this study, we have determined the isotope composition
of various Fe species within a buoyant hydrothermal plume
from a basalt-hosted vent site. From the isotope composition
of the particulate Fe and its relationship with percent Fe-sul-
fide, an isotope fractionation for Fe-sulfide precipitation has
been determined (dFe(II)–FeS = +0.60 ± 0.12&). As the
majority of hydrothermal venting, especially at fast spreading
ridges, occurs at basalt-hosted systems, Fe is expected to be
fractionated by Fe-sulfide precipitation. By non-buoyant
plume height, at least some Fe-sulfide precipitates are lost
from the plume, due to preferential settling, leading to the re-
moval of isotopically light Fe.

From this study, it can be hypothesized that a stabilised
dissolved Fe fraction may have an isotopic signature hea-
vier than the original vent fluid and that this could be used
to trace hydrothermally sourced dissolved Fe throughout
the deep-ocean. Considering the potential of stabilised
organic colloids and nanoparticulate Fe to be transported
some distance from areas of hydrothermal venting, the Fe
isotope signatures of hydrothermally-derived Fe and its re-
cord in ferromanganese crusts warrant further
investigations.
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