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Many trace metals are essential for phytoplankton growth, but there is ongoing debate about the
consequences of global warming on primary productivity because the processes that regulate the
supply of these metals are poorly understood. This thesis utilises the stable isotope compositions
of iron (Fe) and chromium (Cr) to provide new insights as to the provenance of metal inputs to the
ocean, and the effects of biogeochemical cycling and redox processes on metal availability.

Chemical processes in the hydrothermal plume are demonstrated to regulate the evolution of
the Fe isotope signature (5°°Fe) of hydrothermal Fe at hydrothermal vent fields (Beebe and Von
Damm) in the Caribbean Sea. The §°°Fe of total dissolvable Fe evolves to higher values as Fe-sulfide
particles fall out of the plume at Beebe. The §°°Fe value of dissolved Fe (dFe) in the near-field
plumes was lower (as low as -4.08%o) than it was in the hydrothermal vent fluids (-0.28%s.), due to
oxidation of Fe(ll) and precipitation of the Fe-(oxyhydr)oxides that form. The vent fluid Fe/H,S ratio
and the Fe(ll) oxidation rate are shown to be the principal controls on the &°¢Fe signature of dFe
that is delivered to the ocean interior.

For the first time, the Fe and Cr isotopic compositions of seawater in samples collected through
hydrothermal plumes on the Mid-Atlantic Ridge (TAG and Rainbow vent fields) were measured. It
is shown that the Fe and Cr isotope profiles through the hydrothermal plumes are the mirror image
of each other, providing compelling evidence for coupled cycling of Fe and Cr. Oxidation of Fe(ll)
and precipitation of Fe-(oxyhydr)oxides account for the low &°°Fe values of dFe (as low as -1.91%o
at TAG and -6.95%o. at Rainbow). At the same time, Cr(VI) appears to be reduced to Cr(lll), as
indicated by elevated Cr isotope (8°3Cr) values compared to background seawater (by up to +0.13%o
and +0.60%. respectively). The 6°°Fe of dFe evolves to heavier values (-0.44 to 0.23%o) in the distal
part of the plume, likely controlled by exchange of Fe between the dissolved and particulate
fraction. The 8%Fe value of the ‘stabilised’ Fe can nevertheless be used to distinguish input of
hydrothermal Fe from other Fe sources (e.g. atmospheric dust). Scavenging of Cr(lll) by Fe-
(oxyhydr)oxide particles in the hydrothermal plume means that high-temperature hydrothermal
systems are a sink for seawater Cr, potentially removing up to 20% of the riverine input.

Full water column depth profiles of dissolved Cr and &%Cr were obtained for three stations in
the sub-tropical North Atlantic. Subsurface waters were depleted in Cr, and enriched in heavy Cr
isotopes, relative to deeper waters. High 8°3Cr values (up to 1.4%o) in subsurface waters are not
directly controlled by levels of oxygen or biological uptake, but are consistent with preferential
removal of light Cr isotopes onto authigenic Fe particles. Regeneration of Cr in deeper waters leads
to subtly increased levels of Cr at individual sites, but this trend is more obvious at the global scale.
Removal and regeneration of relatively isotopically light Cr can account for the distributions of Cr
and Cr isotopes in the global ocean and the systematic relationship between &°3Cr-In[Cr] reported
by other studies.
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Chapter 1

Chapter 1 Introduction

1.1 Marine biogeochemical cycles of iron and chromium

1.1.1 Historical background of trace metal study in the oceans

Intense investigations on the concentrations, distributions, and chemical behaviors of trace metals
in the world’s oceans were initiated in the 1970s, with major advances in instrumental analysis and
the development of clean sampling techniques (Bruland and Lohan, 2006). New instrumentation
included the graphite furnace atomic absorption spectrometer and, more recently, inductively
coupled plasma mass spectrometry (ICP-MS), which have enabled the rapid and precise analysis of
seawater samples with vanishingly low metal concentrations. The development of sensitive
shipboard methods for analysis of trace metal concentrations, such as stripping voltammetry and
flow injection analysis (FIA) with either chemiluminescence or spectrophotometric detection, has
allowed near real-time data collection during expeditions. Along with improvements in
instrumental detection limits, has been an appreciation of the importance of clean sampling and
analytical techniques for acquiring reliable and ‘oceanographically consistent’ data, free from
contamination by metals that may be present in a ship or a laboratory (Patterson, 1974; Boyle et
al., 1977b). Between 1972 and 1978, the international Geochemical Ocean Sections Study
(GEOSECS) undertook a global survey of the three-dimensional distributions of chemical tracers in
the oceans (Moore, 1984). However, this programme principally focused on analysis of nutrient
elements and the inorganic carbonate system, and it was not until the early 2000s, when the
international ‘GEOTRACES’ programme emerged, that a systematic effort was made to determine
the large-scale distribution of trace metals and their isotopes in the marine environment (e.g.
Anderson, 2020). At the same time, the development of the multiple-collector ICP-MS has

facilitated high-precision analysis of metal isotope compositions in seawater.

The overarching aim of this thesis is to capitalize on these developments to better understand the
sources and internal cycling of iron (Fe) and chromium (Cr) in the North Atlantic Ocean through the

analysis of stable Fe and Cr isotopes.

1.1.2 Marine biogeochemical cycling of iron

Phytoplankton in the oceans are responsible for approximately half of the photosynthetic fixation
of carbon (primary productivity) on Earth (Field et al., 1998). The high cellular requirements for iron

(Fe) along with its low solubility and concentrations in seawater (Moore et al., 2013) render Fe the
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key limiting nutrient for primary productivity in ~40% of the world’s oceans (Moore et al., 2001;
Boyd and Ellwood, 2010). These regions have been termed high nutrient low chlorophyll (HNLC)
regions. Shipboard Fe-enrichment experiments confirmed that phytoplankton growth was limited
by Fe availability (Martin and Fitzwater 1988) and led John Martin to formulate the ‘Fe hypothesis’
which proposed that variations in atmospheric CO, during glacial and interglacial cycles were driven
by changes in Fe supply to the Southern Ocean (Martin, 1990). The recognition of the significance
of Fe in the global carbon cycle has led to the incorporation of Fe cycling into global climate models

(Tagliabue et al., 2017).

Iron is delivered to the oceans from multiple sources, while their individual fluxes vary spatially and
temporarily. In the open ocean, the main source of dissolved Fe (dFe) has been considered to be
atmospheric dust deposition (e.g. Duce and Tindale, 1991), although dust-derived particles are
found to play additional role in scavenging seawater Fe (Ye and Vélker, 2017). The North Atlantic
Ocean is heavily influenced by the Sahara dust (Shelley et al., 2015) and receives the highest
atmospheric input (~43%) of the global ocean basins (Jickells et al., 2005). River waters have higher
dissolved Fe concentrations than seawater, however, aggregation of Fe colloids and/or Fe-binding
ligands causes removal of up to 90% of dFe in estuaries (Boyle et al., 1977a; Bergquist and Boyle,
2006; Escoube et al., 2009). As a result, the vast majority of Fe from this source does not reach the
open ocean. Other freshwater fluxes of Fe to the ocean include sub-glacial and iceberg meltwaters
(Person et al., 2019; Hopwood et al., 2019) but this source of Fe is largely restricted to polar regions.
Diagenetic recycling of seabed sediments is another source of dissolved Fe to the ocean, and studies
have demonstrated that Fe supply from continental margins may extend far beyond the coastal
zone (Elrod et al., 2004; Lam and Bishop, 2008; John et al., 2018). Despite previous consensus that
hydrothermal activity is not a major source of Fe because of precipitation of Fe-sulfides and Fe-
(oxyhydr)oxides as the vent fluids mix with seawater (German et al., 1991), GEOTRACES efforts in
the Atlantic, Pacific, Southern and Arctic oceans have observed compelling signals of Fe derived
from hydrothermal vent fields along mid-ocean ridges many hundreds of kilometres away from
their seabed source (Saito et al., 2013; Resing et al., 2015; Klunder et al., 2011, 2012), contributing

to the deep ocean Fe inventory (Tagliabue et al., 2010).

Despite being the fourth most abundant element in the Earth’s crust, dissolved Fe (operationally
defined as <0.2 um) is present at extremely low concentrations in most of the oceans, typically of
the order of picomole to nanomole per liter. In oxic seawater, Fe is mainly found in its oxidised Fe(lll)
form which is highly insoluble and tends to aggregate into larger particles (>0.2 um) and sink
towards seafloor (Ussher et al., 2004). Elevated Fe(ll) concentrations, above those anticipated by
thermodynamic theoretical calculations, have been observed in surface waters as a result of

photochemical reduction (Barbeau et al., 2001), in reducing environments such as oxygen minimum
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zones (Lohan and Bruland, 2008), sediment pore waters (Severmann et al., 2006), and hydrothermal

vent fluids (Statham et al., 2005).

The separation between dissolved and particulate iron phases is complicated by colloids, which are
typically characterised as being between 0.02 and 0.2 um diameter and play an important role in
controlling the supply and removal processes of dFe (Wu et al., 2001; Fitzsimmons et al., 2015;
Kunde et al., 2019). On the other hand, >99% of dissolved Fe measured in the oceans appears to be
Fe complexed by organic ligands (Gledhill and Buck, 2012), which maintains higher concentrations
of dFe than the theoretically calculated solubility limit. Modelling studies have investigated the
impacts of the Fe-binding ligand pool on atmospheric CO, levels (Tagliabue et al., 2014) and on

long-range transport of Fe from point sources (e.g. hydrothermal vents; Resing et al., 2015).

Superimposed on its low concentration is the ‘hybrid’ nature of Fe, whereby it displays a combined
nutrient-type and scavenged-type vertical distribution (Bruland and Lohan, 2004). Scavenging,
which refers to adsorption of dFe onto biogenic and lithogenic particle surfaces, occurs throughout
the water column and accounts for the short residence time of Fe (~100 yr in intermediate to deep
waters) relative to the mixing time of the ocean (~1000 yr) (Boyd and Ellwood, 2010). Scavenging is
the main removal pathway of Fe from the oceans (Ussher et al., 2004, Boyd and Ellwood, 2010). As
Fe-containing particles sink through the ocean interior, Fe gradually undergoes remineralisation,
which may lead to increased dFe concentrations with depth. Recent modelling studies have
suggested that the Fe cycling in intermediate ocean waters is mainly controlled by the opposing

effects of scavenging and regeneration (Tagliabue et al., 2019).

1.1.3 Marine biogeochemical cycling of Cr

In Earth surface environments, chromium (Cr) has two stable oxidation states, Cr(VI) and Cr(lll). The
oxidation state of Cr in aqueous solutions is governed by the system’s redox potential (Eh) and pH
conditions (Ball and Nordstorm, 1998). Cr(VI), which is most commonly present as oxyanion species
CrO4* (chromate) or HCrO4 (bichromate), is highly soluble and stable at seawater pH and redox
conditions (Elderfield, 1970). Cr(lll) is the main Cr species at low Eh conditions, and usually forms
hydrolyzed CrOH?, Cr(OH)s, or Cr(OH)4™ species (dependent on pH) that are sparingly soluble (Rai
et al., 1987). Earlier studies focusing on pollution remediation showed that, due to the contrasting
geochemical behaviors of Cr(VI) and Cr(lll), the Cr reduction process renders toxic Cr(VI) in the
environment immobile and less toxic (e.g. Blowes et al., 1997; Loyaux-Lawniczak et al., 2001). As Cr
is a redox sensitive element, more recent efforts have utilised the authigenic enrichments of Cr in
ancient sediments as a proxy for reconstruction of paleoredox conditions (e.g. Tribovillard et al.,

2006; Reinhard et al., 2013).
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Rivers are the main source of dissolved Cr to the ocean (Bonnand et al., 2013; Reinhard et al., 2013).
Cr is mainly in the form of Cr(lll) in rocks, but weathering reactions driven by Mn-oxides oxidise
Cr(Ill) as it is released from silicate rocks (Frei et al., 2009), so principally Cr(VI) is delivered to the
oceans via rivers (Cranston and Murray, 1980). Atmospheric deposition is a major source of many
trace metals to the ocean and may result in elevated concentrations of Cr in surface seawater in
some parts of the oceans (Achterberg and van den Berg, 1997). Whether hydrothermal vents are a
net source or sink of Cr is not yet clear (German et al., 1991; Sander and Koschinsky, 2000), and
estimated hydrothermal Cr fluxes vary by orders of magnitudes (Rudnicki & Elderfield, 1993;
Reinhard et al., 2013). Cr is removed from the oceanic inventory through reduction of Cr(Vl),
scavenging onto settling particles and burial as Cr(lll) in reducing and/or anoxic sediments (Reinhard
et al., 2014; Gueguen et al., 2016). Therefore, marine sediments are considered as the major sink

for seawater Cr.

Cr is present in typical concentrations of 0.9 to 6.5 nM in seawater (Campbell and Yeats, 1981;
Cranston, 1983; Jeandel and Minster, 1984, Achterberg and van den Berg, 1997; Sirinawin et al.,
2000; Connelly et al., 2006; Bonnard et al., 2013; Scheiderich et al., 2015) and has a relatively long
residence time of ~3000 to 40000 years (Campbell and Yeats, 1984; Reinhard et al., 2013; McClain
and Maher, 2016). The distribution of Cr in the oceans is similar to that of the nutrient elements,
with modest depletion of Cr in surface ocean relative to the deep ocean (Jeandel and Minster, 1987;
Sirinawin et al., 2000). Low Cr concentrations in surface waters are thought to be due to biologically
mediated reduction and scavenging but this is still debated (Achterberg and van den Berg, 1997;
Connelly et al., 2006; Semeniuk et al., 2016).

Laboratory-based studies have shown that aqueous Cr(VI) is readily reduced by a diversity of
electron donors including dissolved Fe(ll), Fe(ll)-bearing minerals, hydrogen sulfide (H,S) and
organic matter. Reduction of Cr(VI) is effective in the presence of Fe(ll) or Fe(ll)-bearing minerals
(Eary and Rai, 1988; Fendorf and Li, 1996; Buerge and Hug, 1999) and experiments have shown that
Cr(V1) competes with O; in the oxidation of Fe(ll) even in oxic environments (Buerge and Hug, 1997;

Pettine et al., 1998):

Cr(VI1) (aqg) + 3Fe(ll) (aq) = Cr(lll) (aq) + 3Fe(lll) (aq) (1-1)

Reaction (1-1) is rapid and complete at both high and low pH although the products become
insoluble at pH >4 (Fendorf and Li, 1996). Under anoxic conditions, dissolved H,S may be the
dominant reductant of Cr(VI) at low pH (<5.5) (Pettine et al., 1994; Fendorf et al., 2000). In addition,
a wide range of organic molecules are also known to cause Cr reduction (Schroeder and Lee, 1975;

Deng and Stone, 1996).
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Microbial activity is another important mechanism for Cr(VI) reduction in the presence of Cr-
reducing microorganisms and abundant electron donors (e.g. Turick et al., 1996; Middleton et al.,
2003). Cr is not thought to be an essential nutrient to marine phytoplankton, however, biologically
mediated reduction of Cr(VI) to Cr(lll) could occur in surface seawater as suggested by field
observations (Achterberg and van den Berg, 1997; Connelly et al., 2006) and this Cr(lll) can be
subsequently sequestered into phytoplankton via extracellular adsorption and/or internalization

(Semeniuk et al., 2016).

In aqueous environments, the presence of Cr (lll) at higher levels than thermodynamic predictions
(Pettine and Millero, 1990) may reflect differences in reduction and oxidation rates. The strong
kinetic stability of Cr(lll) means that the rate of oxidation of Cr(lll) by dissolved O, is sluggish
(Schroeder and Lee, 1975), whereas Cr(lll) oxidation by manganese-oxides (MnQ,) that are
generated through reaction of Mn(ll) with O, is fast (Frei et al., 2009; Crowe et al., 2013). Laboratory
experiments investigated the oxidation kinetics of aqueous Cr(lll) or Cr-bearing minerals catalysed
by manganese minerals, indicated that MnO is the preferred electron accepter over O, (Schroeder
and Lee, 1975; Eary and Rai, 1987; Oze, 2007). It has also been argued that oxidation of Cr (lll) could
be induced by hydrogen peroxide (H,0,) that is produced in the euphotic zone of the water column

and in serpentinization systems (Pettine and Millero, 1990; Oze, 2016).

1.2 Iron and chromium isotope systematics in the ocean

1.2.1 Oceanic iron isotope cycle

Iron has four stable isotopes >*Fe, *°Fe, *’Fe and *®Fe, with natural atomic abundances of 5.82%,
91.66%, 2.19% and 0.33%, respectively. Fe isotopic compositions are given as the ratio of >®Fe to
4Fe, normalised to the °°Fe/>*Fe ratio of the IRMM-14 reference material, and expressed in &

notation as follows:
8°°Fe (%o) = [(*°Fe/>*Fe)sample/ (*°F&/>*Fe)irmm-14 — 1] x 1000 (1-2)

Fe isotopes are a promising tool for understanding the mechanisms driving the oceanic cycle of Fe,
and studies are now emerging that utilise Fe isotopes to assess upper water column recycling
(Ellwood et al., 2015, 2019) and the balance between different processes that regulate Fe behavior
along ocean transport pathways (Abadie et al., 2017; Klar et al., 2018). In the euphotic zone,
biological activity plays an important role in Fe transformation between the dissolved and
particulate pools and therefore the Fe isotope dynamics (Ellwood et al., 2015, 2020).

Remineralisation of organic matter and reversible scavenging with settling lithogenic particles in
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the intermediate and deeper waters can redistribute dissolved Fe that is supplied from various

sources (Abadie et al., 2017; Klar et al., 2018).

Sources of Fe to the oceans

Atmospheric dust:
5°°pFe = 0%o
o N 5°°dFe = +0.68%o

Seawater
5°°dFe = -1.35 to 0.80%o
(GAO03 North Atlantic)

Tee = ~100 yr

Oceanic sediments:
dissimilatory iron reduction
6°°dFe = -3.4 to -1.8%o
non-reductive dissolution
6°°dFe =0 to +0.22%o

Hydrothermal fluids:
6°°Fe = -0.67 to —0.13%o

Figure 1-1 Schematic showing sources of Fe to the oceans and associated Fe isotope compositions.

Tre represents the residence time of Fe. References are given in the text.

The distinct 6°°Fe signatures of the different sources of Fe allow the identification and
quantification of these sources to the oceans (Conway and John, 2014; Figure 1.1). The &°°Fe
sighature of atmospheric aerosols is “0%o (Waeles et al., 2007), although the 6°Fe value of Fe that
dissolves from dust may be higher (~+0.68%., Conway and John, 2014). Sedimentary Fe produced
by dissimilatory Fe reduction carries a negative §°°Fe signature (-3.4 to -1.8%o, Homoky et al., 2009;
Severmann et al., 2010; John et al., 2012), whereas sedimentary Fe produced by non-reductive
dissolution processes has a higher §°°Fe value, ~0.22 + 0.18%o (Homoky et al., 2013). The 6°°Fe value
of hydrothermal vent fluids is also distinct, -0.67 to -0.12%. (Sharma et al., 2001, Beard et al., 2003;
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Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009; Klar et al., 2017, Nasemann et al.,
2018), raising the possibility that Fe isotopes could be used to trace hydrothermal inputs of Fe to

the oceans.

1.2.2 Iron isotope systematics

Differences in the >®Fe to >*Fe ratio of a product and that of a reactant are given by the isotope

fractionation factor (a):
a= (SGFe/54Fe)Product/(SGFe/54Fe)Reactant (1-3)

Alternatively, Fe isotope fractionation can be expressed as the difference between the 5§°°Fe values

of the product and the reactant, and conveniently expressed using € notation:
3 (%0) = 656FeProduct - 656FeReactant (1'4)
The fractionation factor expressions a and € are related by the approximation:

€ (%o) = 1000 x In(a) = 1000 x (o — 1) (1-5)

|
|
Abiotic and biotic Fe oxidation Fe(ll),y———— Fe(lll),

i
Dissimilatory Fe reduction  Fe(ll),, = Fe(lll)

|

|

|
Biological uptake Phytoplankton [Jlill< dFe

\
|
Organic ligand complexation dFe(III)‘r> Fe-ligand complexes
|
|
Adsorption onto particles Fe-adsorbed <—} dFe
\
|
L 1 1 1 \ 1 1 1 ]
-4 -3 -2 -1 0 1 2 3 4
56 56
8 FeProduct -8 FeReactant

Figure 1-2 Summary of iron isotope fractionation for different processes and/or reactions that may
occur in oceanic settings. References are given in the text.
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Natural variations in stable Fe isotope compositions are caused by biological and abiotic redox
processes that induce either kinetic or equilibrium fractionation effects (Anbar, 2004, Johnson et
al., 2018). A brief summary of Fe isotope fractionation processes that may occur in oceanic settings

is given in Figure 1.2.

Laboratory studies have shown that abiotic oxidation of Fe(ll).q enriches heavy Fe isotopes in
Fe(lll).q (agq = aqueous), and the difference between §°°Fe(lll).q and 8°°Fe(Il)aq can be up to 3% at
20°C (Johnson et al., 2002; Welch et al., 2003). These findings are in agreement with thermodynamic
calculations (Anbar et al., 2005). Fe isotope fractionation (5°Fe(Ill) — 8°¢Fe(ll)aq = 1.5 to 2.2%o) has

also been observed during microbial Fe(ll) oxidation (Croal et al., 2004; Balci et al., 2006).

Likewise, reduction of Fe(lll) in the presence of dissimilatory Fe reducing bacteria has been shown
to produce aqueous Fe(ll) with 8°°Fe values that are 0.5-2%o lower than the initial Fe(Ill) substrate
(Beard et al., 1999, 2003, Johnson et al., 2005; Icopini et al., 2004; Crosby et al., 2005). Overall, large
Fe isotope fractionations can occur during redox conversions, and reduced Fe(ll) species are

predicted to be isotopically lighter relative to Fe(lll).

Previous studies have suggested that isotopically light Fe is preferentially utilised by diazotrophs
and higher plants (Zhu et al., 2002; Guelke and Von Blanckenburg, 2007). Results from field
observations along with mesocosm experiments in the Southern Ocean and the south-west Pacific
are consistent with preferential uptake of light Fe isotopes by marine phytoplankton, with
8°CFephytoplankton — 0°°Fescawater = —0.13 to —=0.60%. (Radic et al., 2011; Ellwood et al., 2015, 2020). On
the other hand, removal of relatively isotopically heavy Fe in (sub)surface seawater of the North
Atlantic has been observed (Conway and John., 2014; Klar et al., 2018), hinting at a potentially

different biological fractionation mechanism.

Organic ligand complexation with Fe seems to fractionate Fe isotopes. Experimentally derived
equilibrium fractionation between Fe(lll)-siderophore complexes and inorganic Fe(lll) indicated a
0.2 to 0.6%o difference between the two forms of Fe, with the ligand-binding Fe enriched in heavier
Fe isotopes (Dideriksen et al. 2008; Morgan et al., 2010). Scavenging of dFe by particles may have
a small isotope effect, with adsorbed Fe reported to be 0.18-0.30%o lighter than the §°°Fe of dFe
(John and Adkins, 2012; Radic et al., 2011).

1.2.3 Oceanic chromium isotope cycle

Chromium has four stable isotopes *°Cr (4.35%), >*Cr (83.79%), >3Cr (9.50%) and >*Cr (2.36%). Cr

isotopic compositions are given as the ratio of >3Cr to >Cr, normalised to the >3Cr/>*Cr ratio of a
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manufactured Cr standard (chromium nitrate, referred to as NBS979), and expressed in 6 notation

as follows:

823Cr (%o) = [(**Cr/>Cr)sampie/ (**Cr/>*Cr)nsse7s — 1] x 1000 (1-6)

The oceanic cycle of Cr

River input Atmospheric

Cr(ll) — Cr(VI1) deposition?

5°3Cr = 0.49 £ 0.45%o0 *
=i S D il

Seawater
dCr=3.44 £ 1.69 nM
~ 3°Cr=1.07%0.26%o
Ter = ~8000 yr

cr(in) cr{vi)
N

Cr reduction facilitated
by Fe(ll), organic matter,
and/or biological activity

Igneous crust: Hydrothermal
83Cr=-0.12%o venting?

Figure 1-3 Schematic showing the sources, sink, and internal cycling of Cr in the oceans. tc
represents the residence time of Cr. References for relevant data are given in the text.

A schematic of the oceanic Cr isotope cycle is shown in Figure 1.3. The 8§°3Cr values for previously
reported unpolluted river waters range from -0.3 to 1.7%eo (Frei et al., 2014, Paulukat et al., 2015;
D’Arcy; 2016; Wu et al., 2017; Andronikov et al., 2019), generally higher than the value for silicate
rocks (-0.12 = 0.10%o; Schoenberg et al., 2008). The §%Cr signature of seawater from the open
ocean measured to date is in the range between 0.4 and 1.6%. (Bonnand et al., 2013, Scheiderich
et al., 2015; Goring-Harford et al., 2018; Moos and Boyle, 2019; Rickli et al., 2019; Janssen et al.,

2020; Moos et al., 2020). The variation in seawater §%Cr is suggested to be driven by reduction and
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removal of Cr in surface waters and/or in oxygen minimum zones, and release of Cr(lll) from settling

particles (Scheiderich et al., 2015).

Cr(VI1) in seawater can be reduced to Cr(lll) by a diversity of electron donors including Fe(ll) and
organic matter. Cr(lll) is relatively particle reactive and is subsequently scavenged onto settling
particles and buried in reducing and anoxic sediments (Reinhard et al., 2014; Gueguen et al., 2016)
which are the major sink for seawater Cr (Reinhard et al., 2013). The measured mean §°3Cr values
in the authigenic fractions of the reducing and anoxic marine sediments are reported to be between
0.45 and 0.61%o in Peru margin sediments (Gueguen et al., 2016; Bruggmann et al., 2019) and
between 0.38 and 0.53%o in Cariaco Basin sediments (Gueguen et al., 2016; Reinhard et al., 2014).
These values are systematically lower than the mean value for seawater (6°3Cr = 1.07 + 0.35%q;
Goring-Harford et al., 2020), suggesting that Cr isotope fractionation occurs during reduction and
scavenging of Cr. Nevertheless, these sedimentary §%Cr values are intermediate between seawater
&%3Cr and the 6°3Cr value of the riverine input, suggesting that Cr isotopes are approximately in

mass balance in the modern ocean.

1.24 Chromium isotope systematics

Differences in the >Cr to >*Cr ratio of a product and a reactant can be expressed in terms of the Cr

isotope fractionation factor, a:
a= (53cr/52Cr)Product/(53cr/52cr)Reactant (1-7)

Alternatively, the Cr isotope fractionation factor can be expressed as the difference between the

8°3Cr values of the product and the reactant, and conveniently expressed using € notation:

€ (%0) = 8°3Crproduct — 6°3Crreactant (1-8)
Again, the fractionation factor expressions are related by the approximation:

€ (%o) = 1000 x In(a) = 1000 x (o — 1) (1-9)

A brief summary of Cr isotope fractionation processes in the ocean is given in Figure 1.4. Given the
different geochemical behaviors of Cr(VI) and Cr(lll), redox dependent reactions are thought to be
the most significant control on natural Cr isotope variations. Isotopic equilibrium between Cr (lll)
and Cr (V1) takes place on timescales of months to thousands of years at circumneutral pH
conditions (depending on Cr concentrations), but its impact is likely small in aqueous systems
because the amount of Cr(lll) on particle surfaces that is available for exchange is limited (Wang et

al., 2015).
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Cr(lll)aq N Cr(v|)aCI

Cr(i), - Cr(Vi),

Cr(lll)—= Cr(Vi),, |} I

Cr-adsorbed <= Cr(VI),,

Abiotic reduction of Cr(VI)

Biotic reduction of Cr(VI)

Oxidation Cr(lll) by MnO.,,

Adsorption of Cr(VI) onto particles

Chromite — Cr(lll)__|

aql Ligand promoted disslution

§=Ct 8Cr

Product Reactant

Figure 1-4 Summary of chromium isotope fractionation associated with different processes and/or
reactions occurring in oceanic settings. References are given in the text.

Theoretical studies and laboratory experiments have confirmed that abiotic reduction of Cr(VI)
leads to large mass-dependent fractionation, with enrichment of relatively light Cr isotopes in the
Cr(Il) that forms (Ellis et al., 2002; Dgssing et al., 2011; Kitchen et al., 2012; Basu and Johnson,
2012). The direction of fractionation holds regardless of the reductant (Fe(ll), Fe(ll)-bearing
minerals, organic matter), while the kinetic fractionation factors are variable (§>3Cr(l11) — §>Cr(VI) =
-1.5 to -4.2%o). It has also been suggested that the fractionation factor may be influenced by the
rate of Cr reduction and removal, with smaller fractionation associated with faster Cr removal
(Jamieson-Hanes et al., 2014). Experimentally determined isotope fractionation factors for biotic Cr
reduction have a relatively large range (6>Cr(Ill) — 8%3Cr(VI) = -1.6 to -4.9 %eo: Sikora et al., 2008;
Basu et al., 2014; Zhang et al., 2018, 2019), depending on the type and concentration of electron

donors as well as respiration pathways (aerobic vs. anaerobic).

Cr isotope fractionation caused by oxidation of Cr(lll) by MnO, minerals is not well constrained as
yet, and laboratory studies have reported variable 8°Cr values for the resultant Cr(VI) pool
(86%3Crerviy = =2.5 to +1%o: Bain and Bullen, 2005; Ellis et al., 2008). This variation has been attributed
to the multi-step path of the Cr oxidation reaction during which the formation and dissimilation of

the unstable intermediates Cr(IV) and Cr(V) occurs (Zink et al., 2010).

11
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Equilibrium fractionation of Crisotopes between dissolved Cr(VI) and Cr(VI) adsorbed onto alumina,
goethite and kaolin mineral surfaces was determined to be small (6°*Cradsorbed — 6°*Craissoived = ~ —
0.04 to —0.26%.o: Ellis et al., 2004; Frank et al., 2019). Note that the adsorption of Cr(VI) in oceanic
settings is likely to be even smaller because of the presence of seawater matrices that compete
with Cr (VI) for adsorption sites (Frank et al., 2019). By contrast, Cr(lll) species can be effectively
scavenged onto Fe(lll) (oxyhydr)oxides (Frei et al., 2013), clay minerals and sand (Richard and Bourg,
1991) as well as biogenic particles (Semeniuk et al., 2016); however, Cr isotope fractionation during

scavenging of Cr(lll) onto particles has not been reported.

Acid leaching experiments have shown that dissolution of chromites (Cr,0s;) does not induce
measurable Crisotope fractionation between solid and dissolved pools of Cr(lll) (Crowe et al., 2013).
In contrast, dissolution promoted by strong organic ligands has been shown to result in variable
&%3Cr values of dissolved Cr(lll) (6°3Crequ) = -0.27 to 1.23%o, Saad et al., 2017); further investigations

on the role of ligands in the Cr isotope biogeochemistry would be recommended.

1.3 Thesis outline

As stated above, the overarching aim of this thesis is to utilise stable Fe and Cr isotopes to better

understand sources and internal cycling of Fe and Cr in the North Atlantic Ocean.

In support of this, Chapter 2 investigates Fe isotope behavior in hydrothermal vent fluids and near-
field plumes at the Beebe and Von Damm vent fields on the mid-Cayman ultraslow spreading ridge.
Samples were previously collected from RRS James Cook cruise JC82 (February 2012); results on
size-fractionated Fe concentrations at these two sites have been published by Lough et al. (2019a)
and Lough et al. (2019b). This chapter is in preparation for journal Geochimica et Cosmochimica

Acta for publication.

Chapter 3 presents dissolved Fe and Cr isotope data and examines the coupled Fe and Cr cycling in
hydrothermal plumes and seawater above the TAG and Rainbow hydrothermal vents on the Mid-
Atlantic Ridge. These samples were collected as part of GEOTRACES GA13 cruise on board RRS
James Cook (JC156; December 2017 - February 2018). Alastair Lough, David Gonzalez-Santana and
Joesph Resing contribute to the measurements of dissolved Fe, Fe(ll) and Mn concentrations
respectively; Travis Mellet conducted Fe incubation experiments. Results from this chapter will be

submitted to Earth and Planetary Science Letters.

Chapter 4 explores the Cr and Cr isotope cycling in subsurface and deeper seawater in the sub-

tropical North Atlantic. This chapter utilises samples that were collected from GEOTRACES process

12
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study GApr04 (JC150; June - August 2017); Korinna Kunde provides analytical results on Fe

concentrations. This work is intended for submission to Marine Chemistry.

Finally, the key conclusions of this work and scope for future work are summarised in Chapter 5.
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Chapter 2 Behaviour of iron isotopes in hydrothermal
systems: Beebe and Von Damm vent fields on

the Mid-Cayman ultraslow-spreading ridge

2.1 Introduction

Iron (Fe) plays a key role in the oceanic carbon cycle because it regulates primary productivity (Boyd
et al., 2007). Some parts of the world’s ocean have very low levels of Fe, yet high levels of other
major nutrients (nitrate, phosphate and silicate), which means that the operation of the carbon
pump is highly inefficient and sequestration of atmospheric CO; is restricted (e.g. Watson et al.,
2000). Determining and quantifying the main sources of Fe to the ocean is therefore critical.
However, the relative importance of different sources of Fe to the oceans is not well understood,
flux estimates from atmospheric dust, oceanic sediments and hydrothermal vents vary by orders of

magnitude (Conway and John, 2014).

Instrumental and methodological developments mean that it is now possible to accurately
determine the stable isotope ratios of dissolved Fe (6°°dFe) in seawater (John and Adkins, 2010;
Lacan et al., 2010), which facilitates ‘fingerprinting’ of Fe from different sources. The §°°Fe signature
of atmospheric aerosols is ~0%o (Waeles et al., 2007), although the &°¢Fe value of Fe that dissolves
from dust may be higher (~+0.68%., Conway and John, 2014). Sedimentary Fe produced by
dissimilatory Fe reduction carries a negative 6°°Fe signature (-3.4 to -1.8%., Homoky et al., 2009;
Severmann et al., 2010; John et al., 2012), whereas sedimentary Fe produced by non-reductive
dissolution processes has a higher 6°°Fe value, ~0.22 + 0.18%o. (Homoky et al., 2013). The §°°Fe value
of hydrothermal vent fluids is also distinct, ~-0.67 to -0.12%. (Sharma et al., 2001; Beard et al.,
2003; Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009; Klar et al., 2017; Nasemann
et al., 2018), raising the possibility that Fe isotopes could be used to provide new information that

would help to square the oceanic cycle of Fe.

It is usually assumed that hydrothermal activity is not a major source of Fe because of precipitation
of Fe-sulfides and Fe-(oxyhydr)oxides as Fe-rich high temperature hydrothermal vent fluids mix
with seawater (German et al., 1991). However, recent studies have shown that a substantial portion
of hydrothermal Fe may remain in the dissolved (<0.2 um) phase (e.g. Bennett et al., 2008; Hawkes
et al., 2013; Kleint et al., 2016), and this Fe may be transported for thousands of kilometres away
from the mid-ocean ridge (Resing et al., 2015). In support of this, modelling studies have shown

improved ability to reproduce Fe distributions when hydrothermal Fe sources were included
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(Tagliabue et al., 2010). However, these models did not consider the behaviour of Fe in the
hydrothermal plume, or variations in Fe fluxes from different vent sites (Tagliabue and Resing,
2017). Extending the models to incorporate these parameters, as well as increasing observations of
Fe concentrations and Fe isotope distributions, particularly for hydrothermal systems, is critical for

providing reliable predictions of future changes in the distribution of Fe and other micronutrients.

Hydrothermal plumes are created as vent fluids mix with seawater, and steep gradients in pH and
Eh lead to precipitation of metals as sulfides and oxides (Mott/ and McConachy, 1990; Rudnicki and
Elderfield, 1993). Process studies at the East Scotia Ridge and the Vanuatu back-arc (Klar et al., 2017;
Lough et al., 2017; Nasemann et al., 2018) indicated that significant changes in §°°dFe occurred
during plume rise and dispersal. The 5§°°Fe value of hydrothermal Fe increased from -0.29%o in the
hydrothermal fluid to 0.07 to 0.49%. as the vent fluids started to mix with seawater (Klar et al.,
2017), presumably because of the formation of Fe-sulfides that are preferentially enriched in light
Fe isotopes (Butler et al., 2005). In the later stages of plume mixing, the 6°¢Fe value of dissolved Fe
was observed to decrease, reaching values of as low as —2.5%o. (Lough et al., 2017), as a result of
partial Fe(ll)-Fe(lll) oxidation and precipitation of the Fe(lll) that forms, which leaves the remaining
dissolved Fe enriched in light Fe isotopes (Welch et al., 2003). This remaining dFe may be stabilised
in the form of colloids and organic complexes, contributing to the dissolved Fe budget of the wider

deep ocean (Klar et al., 2017).

The aim of this study was to determine the behavior of iron isotopes in two hydrothermal systems,
the Beebe vent field (BVF) and the Von Damm vent field (VDVF), located along the ultraslow Mid-
Cayman spreading ridge in the Caribbean Sea. This fills an important gap in knowledge, because
ultraslow-spreading centres are under-sampled globally, and models of hydrothermal Fe inputs
based on ridge spreading rates have typically assumed that vents located along ultraslow-spreading

ridges represent an insignificant source of Fe (Tagliabue et al., 2010; Resing et al., 2015).

2.2 Sampling sites

The Mid-Cayman spreading centre is an ultraslow-spreading ridge (full spreading rate <20 mm/yr)
bisecting the Cayman Trough in the Caribbean Sea (Figure 2.1), and it is isolated from other parts

of the global ridge system (Connelly et al., 2012; German et al., 2010).

The Beebe hydrothermal site is located at 18°32.785’N 81°43.080’W and in a water depth of 4960
m depth on the axis of the Mid-Cayman spreading ridge. It is the deepest hydrothermal vent field
discovered to date. Hydrothermal fluids circulate through mafic and ultramafic lithologies and the
vent field consists of at least six discrete sulfide mounds, three of which host active sites of fluid

venting (Beebe Woods, Beebe 125 and Deepest Vents; Webber et al., 2015). The temperature of
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the vent fluids is as high as 401°C, the pH of the vent fluids is ~3 (Connelly et al., 2012). The Beebe
vent field is also referred to as the ‘Piccard’ vent field in the literature; here the name ‘Beebe’ is
used as this is the name listed in the InterRidge database after venting was visually confirmed at

the seafloor (Connelly et al., 2012).

The Von Damm vent field is located at 18°22.605’'N 81°47.875’W in a water depth of 2300 m, on
the upper slopes of an oceanic core complex, 13 km west of the spreading axis and ~20 km away
from Beebe (Figure 2.1). Tectonic exposure of lower crustal and upper mantle rocks gives rise to a
heterogeneous basement (Hodgkinson et al., 2015). Hydrothermal fluids have been collected from
a series of talc chimneys, called Main Spire, Hotter than Hole, X15 and Chimlets. The Von Damm
vent field emits particle-poor fluids, of lower temperature (up to 215°C) and intermediate pH (6-7),
and hydrothermal precipitates mainly comprise magnesium silicate minerals (Hodgkinson et al.,
2015). The vent fluids at Von Damm are highly enriched in dissolved H,, CHs, and low-molecular
weight hydrocarbons compared to seawater, reflecting the influence of active serpentinization

within the system (McDermott et al., 2015).
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Figure 2-1 Location of the Beebe and Von Damm vent fields on the Mid-Cayman spreading ridge.
Map courtesy of http://www.geomapapp.org

Both vent sites are bathed in water that has a temperature of 3.98°C, a salinity of 34.988, and an
0, concentration of ~220 uM (Connelly et al., 2012), similar to North Atlantic Deep Water (NADW).
This water mass likely enters the Caribbean via the Oriente Fracture Zone from the Windward

Passage to the southwest (Johns et al., 2002).
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2.3 Methods

23.1 Sample collection

Hydrothermal vent fluids, and fluids from the hydrothermal plume, were sampled during RRS James
Cook cruise JC82 in February 2013. Gas tight samplers were employed to collect vent fluid samples
from different chimneys, and temperatures were measured separately within the orifice using a
probe deployed by the remotely operated vehicle (ROV) Isis. The vent fluid samples were then
transferred into acid-cleaned polyethylene (PE) vials and were acidified on board to 0.015 M with
ultra-pure nitric acid (Romil), for analysis back in the laboratory. Any precipitates that formed in the

gas-tight samplers were re-dissolved and accounted for in the final element concentrations.

Hydrothermal plumes were detected using a Seabird 911 plus conductivity, temperature and depth
(CTD) profiler system together with a light scattering sensor (LSS) and an Eh electrode. The buoyant
part of the hydrothermal plumes was identified by positive LSS and temperature anomalies and a

negative Eh anomaly.

Water samples from the buoyant plume at Beebe were collected using 10 L Ocean Test Equipment
(OTE) water sampling bottles mounted on a titanium rosette deployed from the ship. At Von Damm,
plume samples were collected 1-23 m above the seafloor using 1.2 L OTE bottles attached to the
ROV Isis. Both sets of OTE bottles were modified for trace metal sampling and were pre-cleaned.
Upon retrieval of the OTE bottles, ~500 mL of unfiltered seawater was collected for analysis of total
dissolvable (TD) iron and manganese (Mn). The rest of the seawater sample was then filtered
through a polycarbonate membrane filter (0.2 um, Whatman) under gentle pressure, for collection
of dissolved Fe and Mn. The dissolved fraction refers to <0.2 um and the total dissolvable fraction
(combined dissolved and labile particulate fraction) refers to unfiltered seawater. Both sets of
samples were stored in low density polyethylene bottles (LDPE) that had been thoroughly acid-
cleaned, and were acidified to pH <2 with ultra-pure nitric acid (Romil). All sample bottles were

bagged and shipped back to the laboratory for further analysis.

2.3.2 Fe isotope analysis

The iron isotope compositions of hydrothermal vent fluids and plume samples were determined
using a double spike technique, adapted from Lacan et al. (2010). All acids used for chemical
processing were thermally distilled. Milli-Q (MQ) water was used for diluting and for cleaning. LDPE
bottles and Perfluoroalkoxy (PFA) vials were thoroughly cleaned for trace metal purposes. Samples
were handled under laminar flow hoods, set within Class 100 clean laboratories at the University of

Southampton.
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Hydrothermal plume samples (dissolved and total dissolvable phases) were pre-concentrated using
NTA Superflow resin. Columns were made with PFA tubing and a PE frit, and loaded with ~1 mL of
clean NTA resin. The sample pH was adjusted to between 1.7-1.8 and 10 uM UpA-grade hydrogen
peroxide (H,0,, Sigma Aldrich) was added to the sample ~30 min prior to starting the pre-
concentration procedure. Between uses and before loading a sample, the resin was cleaned with
75 mL 1.5 M HCl and 80 mL MQ. The sample was passed over the resin by gravity flow, and the resin
was then rinsed with MQ water to remove residual salts. The Fe fraction was eluted with 10 mL of
1.5 M HClI, collected in an acid cleaned PFA vial (Savillex), and subsequently evaporated on a

hotplate and reconstituted in 5M HCI (with 0.001% H,0;) for further analysis.

Fe can be efficiently separated from cations such as Cr and Ni that also bind to NTA resin, by
conversion to FeCls™ in strong HCl and purification by anion exchange. Approximately 200 pL of
cleaned AG-MP1 resin (BioRad) was loaded in handmade micro columns (PE material, ~¥8 cm length
and ~3 mm diameter). Each column was pre-cleaned by addition of 1 mL of 2 M HNO; and
conditioned by addition of 0.2 mL of 5 M HCI (with 0.001% H,0,), before loading the sample in 5 M
HCI (with 0.001% H,0,). Matrix elements were eluted with 1 mL of 5 M HCI (with 0.001% H0).
Then the Fe fraction was eluted with 1 mL of 1 M HCl into a clean Savillex vial, and was dried down

gently and re-dissolved in 0.3 M HNOs.

No pre-concentration was needed for the vent fluids, as they have higher Fe concentrations. Prior
to purification on the anion exchange column, the vent fluid samples were oxidised by reflux with

concentrated HNOs and H,0,.

The isotopic composition of the Fe was determined by multicollector inductively coupled plasma
mass spectrometry (MC-ICP-MS; Thermo Fisher Neptune Plus). Instrumental mass bias was
corrected using a >’Fe->%Fe double spike, which was added in equi-molar concentration to the
sample before chemical processing. The isotope values are reported in delta notation relative to

the Fe isotope reference material IRMM-14 and expressed as:
8°°Fe (%o) = [(*°Fe/>*Fe)sample/(*°F&/>*Fe)irmm-14 — 1] x 1000 (2-1)

Samples with ~100 ng/mL Fe were introduced to the plasma using an Apex-Q desolvator (ESI) and
signals from >*Fe, *°Fe, >’Fe, >8Fe, 53Cr, ®°Ni were quantified. Analysis by MC-ICP-MS was carried out
in high-resolution mode, and each sample measurement consisted of 50 individual measurements.
The instrument was carefully tuned to give sufficient mass resolution (>8000), before running a
sequence that consisted of analysis of the reference material (IRMM), the internal Fe standard
(ETH), Sample 1, Sample 2, and so on. The wash time was 70 s before analysis of each

sample/standard and 420 s before the analysis of blanks. The mean beam intensity of a blank
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solution that was analysed before and after each sample/standard was subtracted. Mass bias was
corrected by iteratively deconvolving the spike-sample mix based on data reduction methodology.
Analysis of the ETH iron isotope standard gave 8§°°Fe = 0.51 + 0.09%. (2SD, n=45), in agreement with

the consensus value (0.52 + 0.08%o; Lacan et al., 2010).

The overall procedural (preconcentration and purification) Fe blank was 1.54 + 0.74 ng (n=2). The
accuracy of the method was validated through the analysis of trace metal free seawater doped with
the hematite (HEM) Fe isotope standard, yielding an average 6°°Fe value of 0.22 + 0.10%o (2SD,
n=5), consistent with previously published HEM values (6°°Fe = 0.24 + 0.05%o; Klar et al., 2017).

233 Ancillary analyses

The vent fluids were diluted 100-2500 fold with 0.3 M HNOs and concentrations of major and minor
cations were determined by inductively coupled plasma atomic adsorption spectroscopy (ICP-AES;
iCAP 6000, Thermo Scientific) and ICP-MS (X-series, Thermo Scientific). Chloride concentrations
were measured by ion chromatography (Dionex), and sulfide was measured immediately after

recovery of the gas tight sampler by iodometric titration.

The Fe and Mn concentrations in the hydrothermal plume samples were measured by ICP-MS
(Element XR, Thermo Scientific) after pre-concentration on a chelating resin using an offline
extraction system, as discussed in Lough et al. (2019a) and Lough et al. (2019b). The initial
determinations of dFe and TDFe were used to estimate the sample volume required for ~100 ng of
Fe for the isotopic analysis. The reported Fe concentration data are from the MC-ICP-MS
measurements; the MC-ICP-MS data were within 20% (with two exceptions) of the concentration

measured by ICP-MS.

2.4 Results

24.1 Hydrothermal vent fluids

The chemical compositions of vent fluid samples analysed for §°°Fe are shown in Table 2.1, and the
compositions of all vent fluid samples collected on cruise JC82 are given in the Apppendix (Table
A1l). At Beebe, the vent fluids had relatively high temperatures (393 to 401 °C) and low pH (2.9 to

3.1) compared to vent fluids from Von Damm (temperatures up to 215 °C and pH = 6-7).

The sampled vent fluid compositions can be assumed to reflect two-component mixing of a
hydrothermal ‘end-member’ fluid that contains no magnesium (Mg) with bottom seawater. Thus

samples analysed for §°¢Fe from Beebe consisted of >90% hydrothermal fluid, whereas the sample
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from Von Damm with lowest Mg consisted of ~70% hydrothermal fluid. Vent fluid samples with low
Mg (as low as 2.5 mM) have nevertheless been collected from Von Damm during other sampling

campaigns (McDermott, 2015).

Based on the extended vent fluid data (Table Al), and by extrapolation to zero-Mg, the
hydrothermal end-member Mn and Fe concentrations at the Beebe vent field were, respectively,
570-595 uM and 5840-8390 puM, similar to end-member fluid compositions (567-571 UM Mn and
6660-12800 uM Fe) reported by McDermott et al. (2018) for the same study area. The calculated
end-member H,S concentrations (5.5-7 mM) were lower than measured previously (~12 mM;

McDermott et al., 2018).

Table 2-1 Composition of hydrothermal vent fluids from Beebe and Von Damm. NA = not available;
* calculated from all available data, which are given in the S, except §°°Fe which is given as the
value measured in the sample with lowest Mg.

Sample Vent site Temp pH Mg H.S Mn Fe Fe/ 5°%Fe
°C mv mMv um UM H,S %o
Beebe vent field
FLU13 Beebe 125 401 3.1 2.6 NA 561 6168 NA -0.28
FLU25 Beebe 125 401 3.1 5.5 3.2 507 3284 1.0 -0.06
FLU26 Beebe 125 401 3.0 3.0 3.2 516 5466 1.7 -0.08
Beebe 125 end-member* 3.0 0 5.5 570 5843 1.1 -0.28
FLU16 Deepest Vents 393 29 5.3 5.1 532 5744 1.1 -0.10
Deepest Vents end-member* 2.9 0 7 595 8387 1.2 -0.10
Beebe end-member (McDermott 0 12 567- 6660- 0.6-1.0
etal. 2018) 571 12800
Von Damm vent field
FLU1 Main Spire 215 6.0 145 0.95 8 18 0.02 0.08
Main Spire Endmember* ~5.6 0 ~1.7 ~11 ~22 ~0.01 ~0.08
FLU7 Hotter than Hole 133 6.1 25.9 0.45 12 292 0.6 -0.80
FLU8 Hotter than Hole 133 6.2 29.1 0.99 14 334 0.3 -0.36
FLU12 Chimlet 2 107 7.0 40.0 NA 10 145 NA -0.90
Hotter than Hole/ Chimlet 2 ~5.6 O ~1.5 ~25 ~541 ~0.4 NA
Endmember
FLU10 X15 marker 111 6.4 28.8 0.80 12 750 0.9 -0.58
East Summit end-member 226 5.6 0 3.2 10 21 0.01

(McDermott 2015)
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Using the same methodology, the end-member composition of Main Spire samples at the Von
Damm vent field had Mn = ~11 uM and Fe = ~22 pM, within the range (8.9-11.3 uM for Mn and 21-
46 uM for Fe) in low Mg (2.5-14.8 mM) fluids reported by McDermott (2015). As no samples with
low Mg concentrations were collected at Hotter than Hole and Chimlet 2, only minimum values for
the end-member contents for non-conservative elements could be estimated; for Mn this was ~25
MM and for Fe this was ~541 uM. The estimated end-member H,S concentrations were ~1.7 mM
for Main Spire and ~1.5 mM for Hotter than Hole and Chimlet 2, slightly lower than values reported

for low Mg vent fluids from East Summit (3.3 mM; McDermott, 2015).

At the Beebe vent field, the sample with lowest Mg had a 5§°°Fe value of —0.28%o, within the range
of high-temperature fluids from basalt-hosted hydrothermal fields on the Mid-Atlantic Ridge (-0.5
to —0.2%o; Bennett et al., 2009; Severmann et al. 2004). At the Von Damm vent field, the 5§°°Fe value
of the fluid sample with lowest Mg is slightly higher, 0.08%0 (Appendix, Figure A2). These two
samples show Mn and Fe concentrations closest to the calculated end-member values, their Fe
isotope compositions are considered to be most representative of the end-member compositions

at the two vent fields.

2.4.2 Dissolved and total dissolvable Fe concentrations in the hydrothermal plumes

The dFe and TDFe concentrations in buoyant plume samples from the Beebe and Von Damm vent
fields are plotted against vent fluid dilution factor in Figure 2.2a. The vent fluid (VF) dilution factor
is given by ([Mn]ve — [Mn]sw)/(IMn]sample — [Mn]sw), where [Mn] represents Mn concentration and
SW represents background seawater. [Mn]ve was 570-595 uM for Beebe and 11-25 uM for Von
Damm (Table 2.1), and [Mn]sw was 0.1 nM (Lough et al., 2019a). Mn shows near-conservative
behaviour during mixing of vent fluids and seawater over timescales of weeks, and therefore serves

as a tracer of hydrothermal plume dispersal.

TDFe and dFe concentrations decreased with increasing vent fluid dilution factor at both vent fields,
as the hydrothermal fluids mix with background seawater with low Fe (Figure 2.2a). At Beebe,
concentrations of TDFe were ~31-74% (average 54 + 15%) lower than predicted for conservative
mixing between the vent fluid and seawater, indicating that Fe was removed from the plume,
presumably by particle fall-out. However, at Von Damm, concentrations of TDFe in the plume were
generally within the range predicted by conservative mixing, suggesting that particle fall-out at this

site was minimal.

Concentrations of dFe at Beebe and Von Damm, respectively, ranged from 16.1 to 86.5 nM and
21.0to 62.6 nM. These values are significantly higher than background seawater (~0.8 nM in North

Atlantic Deep Water; Lough et al., 2019a). In general, the ratio of dFe/TDFe increased as the plume
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becomes more dilute, varying from < ~10% in the proximal plume to up to ~60% at higher dilution

factor. Thus, a higher proportion of Fe is present in the particulate fraction close to the vent source.

243 Isotopic composition of dissolved and total dissolvable Fe in the hydrothermal

plumes

The 8%¢Fe values of dFe showed notable changes as the buoyant plume becomes more dilute (Figure
2.2b). At the Beebe vent field, samples from the least dilute part of the plume had very low §°°dFe
values (as low as -4.08%o), indicating enrichment of light Fe isotopes relative to the end-member
vent fluid. At the Von Damm vent field, §°°dFe values were as low as -2.49%.. These values are
lower than those reported for plume samples recovered from the Mid-Atlantic Ridge, East Scotia
Ridge, East Pacific Rise, and the Vanuatu back-arc basin (-2.39 to -0.13%.: Conway and John et al.,
2014; Klar et al., 2017; Lough et al., 2017; Fitzsimmons et al., 2017; Nasemann et al., 2018). As the
plumes become more dilute, the 6°dFe values increased, samples with the lowest Mn
concentrations (9 nM and 2 nM) had &°¢dFe values of 0.29%o and 0.22%o at Beebe and Von Damm,

respectively.
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Figure 2-2 (a) Concentrations of dissolved Fe (dFe) and total dissolvable Fe (TDFe), relative to vent
fluid (VF) dilution factor at Beebe and Von Damm vent fields. The dashed lines show conservative
mixing of the end-member fluid with background seawater, for Beebe (red) and Von Damm (blue).
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(b) Fe isotope compositions of dFe and TDFe (6°°dFe and 8°°TDFe), relative to vent fluid dilution
factor at Beebe and Von Damm. The grey band represents §°°Fe of the lowest Mg vent fluids from
both sites (see Table 2.1). Errors bars for dFe are smaller than the markers; error bars for §°Fe
represent external reproducibility (+ 0.09%., 2SD) based on the long-term precision of the iron
isotope standard (ETH). All Fe data are available and can be found in Appendix (Table A3).

The 6°Fe of TDFe showed less variation during plume mixing, with values ranging from -0.22 to
0.42%o at both sites (Figure 2.2b). The average §°°TDFe value in the Beebe plume (0.11%o) was
higher than that in the Von Damm plume (-0.07%o), and higher than the §°°Fe value of the low-Mg
Beebe vent fluid (-0.28%o). At Von Damm, the §°°Fe of the vent fluid with lowest Mg (0.08%o) was

intermediate relative to §°°TDFe values (-0.22 to 0.13%o) measured in the plume.

The concentration of labile particulate Fe (LPFe), which is operationally defined as >0.2 um fraction,
is derived from the differences in concentrations between TDFe and dFe. By knowing the relative
proportions of dissolved and labile particulate Fe (respectively Xare and Xpee), the Fe isotopic

composition of LPFe can be estimated by mass balance (Chever et al., 2015):
8°6TDFe = Xgp, - 6°°dFe + X, pp, - 8°°LPFe (2-2)

8°°Fe values for this fraction ranged from 0.09 to 0.71%. in the Beebe plume (Table A3) and were
highest in the proximal plume. At Von Damm, 8°¢Fe values of this fraction ranged from -0.38 to

0.48%o (Table A3) but there was no obvious shift in §°°Fe values as the plume becomes more dilute.

244 Incubation experiment

To investigate how concentrations of dFe and 8°°dFe values may evolve during the delay between
sampling and filtering, an on-board incubation experiment was carried out. One 10 L water sample
(sample JC82-CTD11-N4) from the buoyant plume from the Beebe vent field was stored in its OTE
sampling bottle for between 6 to 16 h before it was filtered. Over this time period, the
concentration of dMn stayed the same (22 + 0.5 nmol/kg; Lough et al., 2019a), but the
concentration of dissolved Fe decreased from 28.9 nM to 7.4 nM (Figure 2.4a). Over the same time
interval, the 8°Fe value of dFe increased from -0.37%o to 0.51%o. These data indicate that

isotopically light Fe was being removed from the dissolved fraction over time.
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2.5 Discussion

2.5.1 Fe isotope composition of the hydrothermal vent fluids

The 8°Fe values of the low-Mg Beebe vent fluids ranged from -0.28 to -0.10%o, within the range
of low-Mg hydrothermal fluids from ultramafic- and basalt-hosted hydrothermal systems measured
to date (-0.67 to -0.12%o; Table A4). These values are systematically lower than unaltered mid-
ocean ridge basalt (5§°°Fe = 0.1 + 0.01%o; Teng et al., 2013), which has been attributed to preferential
leaching of light Fe isotopes during alteration (Rouxel et al., 2008). Other processes, such as
secondary mineral formation in the reaction zone and Fe-sulfide precipitation in the shallow
subseafloor, may also cause fractionation of Fe isotopes (Rouxel et al., 2003; Rouxel et al., 2004),
but phase separation and variations in host rock lithology are not thought to be a control on the Fe

isotope composition of vent fluids (Beard et al., 2003; Bennett et al., 2009).

At the Von Damm vent field, the 5°°Fe values of vent fluids range from —0.90 to 0.08%o, and the
values decrease with increasing Mg (Figure A2). The sample with the lowest Mg (14.5 mM) is
isotopically heavy (6°°Fe = 0.08%so) relative to fluids from other hydrothermal sites that have a low
Mg content (Table A4). The hydrothermal fluids likely underwent mixing with seawater circulating
in the shallow subsurface prior to venting (McDermott, 2015; Hodgkinson et al., 2015). This can be
expected to result in precipitation of part of the Fe in the hydrothermal fluids as Fe-sulfides that
are preferentially enriched in light Fe isotopes (Butler et al., 2005), leaving the residual Fe
isotopically heavier. The combined effects of subsurface conductive cooling of hydrothermal fluids
and mixing with seawater, leading to precipitation of sulfides with low 6°Fe value of -2 to =1%o,
have previously been documented at the Lucky Strike vent field on the Mid-Atlantic Ridge (Rouxel

et al., 2004).

2.5.2 Fractionation of Fe isotopes in the buoyant plume

The &°°Fe values of dissolved Fe sampled in the near-field plumes are lower than that of Fe in the
hydrothermal fluid, and evolve towards higher §°¢Fe with increasing plume dilution. This strongly
suggests that the 8°¢Fe of hydrothermal iron has been modified by oxidation of Fe(ll) to Fe(lll) as
the vent fluids mix with oxygenated seawater. Experimental and theoretical studies have shown
that oxidation of Fe(ll)aq enriches heavy Fe isotopes in Fe(lll).q, and the difference between
5°¢Fe(l11).q and 6°°Fe(ll)aq can be up to 3.56%. (Welch et al., 2003; Anbar et al., 2005). Fe(lll).q is not
stable in seawater and forms colloidal-sized (opernationally defined as between 0.02 and 0.2 um
diameter) Fe-(oxyhydr)oxides (FeOOH), which subsequently aggregate and coagulate into larger

particles (>0.2 um) (Lough et al., 2019a). Under equilibrium conditions, the fractionation between
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Fe(ll)ag and FeOOH is very similar to that between Fe(ll).q and Fe(lll).q, meaning that there is no or
very limited isotope fractionation between Fe(lll),q and FeOOH (Wu et al., 2011). Therefore, the
overall effect of oxidation of Fe(ll) to Fe(lll) and the formation of Fe-(oxyhydr)oxides is the

preferential removal of the heavier Fe isotopes from the dissolved Fe pool.

The &%¢Fe value of dissolved Fe in the buoyant plume is a function of the proportion (F) of Fe
remaining as Fe(ll) and the proportion (X) of Fe(lll) remaining in the dissolved (colloidal) fraction,
and can be modelled as a Rayleigh fractionation process (Klar et al., 2017; Lough et al., 2017;

Nasemann et al., 2018):

856Fe(1l) = (8°°Fe(I), + 1000) - F*~1 — 1000 (2-3)
8%6Fe(III) = (8°°Fe(1l), + 1000) - % — 1000 (2-4)

where §°Fe(ll) is the isotopic composition of the remaining Fe(ll), §°°Fe(ll)o is the initial isotopic
composition of dissolved Fe(ll) before oxidation starts, §°°Fe(lll) is the iron isotopic composition of
the accumulated Fe(lll) precipitate, and a is the fractionation factor between aqueous Fe(ll) and
precipitated Fe(lll) (otreq)-reqny ~1.0035 at temperature of 4°C; Welch et al., 2003). To correct for the
effect of sulfide precipitation during the early stages of plume mixing (see Section 2.5.3), 8°¢Fe(ll)o
is taken to be 0.19%o. (precipitation of 54% on vent fluid Fe as Fe-sulfide) at Beebe and 0.08%o (no
precipitation of Fe-sulfide after venting) at Von Damm. Assuming that FeOOH precipitates at a

constant rate, the §°°dFe signal delivered to the plume is given by (Klar et al., 2017):

56 __ F-85%Fe(I)+X-(1—F)-8°°Fe(11I)
6°°dFe = FrX-(1=F) (2-5)

Based on the measured ratios of dFe/TDFe in samples collected during the earliest stages of plume
mixing, the proportion of Fe(lll) that precipitates should be 283% at Beebe and >78% at Von Damm.
As Fe(ll) must reside exclusively in the dissolved fraction then, similarly, the proportion of Fe(ll) that
is oxidised to Fe(lll) must also be >278%. The results of this modelling exercise are shown in Figure
2.3a. The low &°°Fe values of dFe (-4.08 to —0.60%o) in the near-field plumes are well described by
the Rayleigh model: the lowest §°¢dFe value, -4.08%. at Beebe, is consistent with oxidation of ~94%
Fe(ll) to Fe(lll) followed by precipitation of ~89% Fe(lll) as FeOOH, which is consistent with the

measured concentrations of dFe and TDFe.

Fe-(oxyhydr)oxides have relatively small particle size and tend to remain in the plume once
removed from the dissolved fraction (Lough et al., 2019a). In support of this, calculated §°°Fe values
of the labile particulate fraction (LPFe) are isotopically heavy (-0.13 to 0.71%o in the near-field
plumes) compared to Fe in the dissolved fraction. The calculated §°¢LPFe values are generally

similar to or slightly lower than the §°Fe values of the accumulated Fe(lll) precipitate predicted by
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Rayleigh modelling (Figure 2.3a). As discussed in the next section, the slightly lower than predicted
5°°LPFe values, at least at Beebe, may be due to the presence of Fe-sulfides in the labile particulate

fraction.

(a) Fe isotope fractionation during Fe(ll)-Fe(lll) oxidation
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Figure 2-3 (a) 56°°Fe relative to the fraction of dFe(ll) oxidised to Fe(lll). The observed §°¢dFe values
in the near-field buoyant plumes at Beebe and Von Damm are explained by a Rayleigh fractionation
model with 8°¢Fe(lll) — 6°°Fe(ll).q = 3.5%o (see text for details). The calculated &°¢Fe values of labile
particulate Fe are generally consistent or slightly lower than predicted by the Rayleigh fractionation
model. The horizontal error bars reflect the uncertainty in the proportion of dFe(ll) in the dFe pool
(0 to 100%). (b) 86°°Fe relative to the fraction of TDFe lost from the plume at Beebe. Solid line shows
the evolution of §°°TDFe predicted by Rayleigh fractionation modelling of sulfide precipitation (see
text for details). The errors bars for 6°°Fe represent external reproducibility (+ 0.09%o, 2SD) based
on the long-term precision of the iron isotope standard (ETH). The horizontal error bars reflect the
uncertainty in the composition of the end-member fluid.
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As the buoyant plumes become more dilute (lower Mn concentration), 8°°Fe of dFe evolves to
higher values (0.22 to 0.29%o). This can be partly explained by near-quantitative oxidation of Fe(ll).
In addition, exchange of Fe between particulate and dissolved fractions occurs during ascent of the
plumes (Lough et al., 2019a, 2019b). It is likely that Fe-(oxyhydr)oxides, which have isotopically
heavy 8°Fe relative to §°°Fe(ll)o, are recycled back into the dissolved (presumably colloidal) Fe

fraction through dissolution.

2.5.3 Evidence for Fe-sulfide precipitation in the buoyant plume

As discussed in Section 2.5.1, when hot Fe- and H,S-rich vent fluids come into contact with cold
seawater, Fe(ll) may precipitate as Fe-sulfide (FeS and FeS,). Precipitation of Fe-sulfide would leave
the residual dissolved Fe enriched in the heavier Fe isotopes (Butler et al., 2005) and, based on
analyses of buoyant plume particles, the estimated difference between the §°°Fe value of the FeS
particles and dissolved Fe (8°¢Feres — 5°°Fe) is —0.60%o (Bennett et al., 2009). The &°¢Fe value of Fe

remaining in the dissolved fraction can be estimated using a Rayleigh fractionation model:
8%Fe = (8%°Feyg + 1000) - f*~1 — 1000 (2-6)

where §°Fey is the Fe isotope composition of the end-member vent fluid, a is the fractionation

SSGFEFeS -

factor between FeS and Fe(ll) (~0.9994; assuming a = e ‘SSGFe), and f is the proportion of

Fe that remains in the plume, based on the ratios of measured to calculated TDFe concentrations.

While there is no evidence for sulfide formation in the buoyant plume at VDVF (Lough et al., 2019b),
at Beebe, f has an average value of ~0.46 (Section 2.4.2). If all of the Fe lost from the plume during
the initial stages of mixing was precipitated as FeS, and given that §°¢Feyr = —0.28%o, then the §°°Fe
value of dissolved Fe remaining in the plume would be ~0.19%s., far higher than the measured values
in the early stages of plume mixing (-4.08 to -1.43%.). While this indicates that precipitation of Fe-
(oxyhydr)oxides (that preferentially incorporate heavy Fe isotopes) is the principal control on
5°°dFe delivered to the buoyant plume (see Section 2.5.2), the §°°Fe value of TDFe increases as the
proportion of Fe predicted to have been lost from the plume increases (Figure 2.3b). This suggests
that loss of Fe from the buoyant plume is primarily controlled by precipitation of Fe-sulfides that
are relatively enriched in light Fe isotopes. Fe-sulfide particles are relatively dense compared to Fe-
(oxyhydr)oxides and will settle out of the plume more quickly (Lough et al., 2017). Nevertheless,
whilst fall-out of sulfides can explain the evolution of §°°TDFe, the calculated 5°°Fe values of labile
particulate Fe (0.09 to 0.71%o) are higher than the &°¢Fe value of the vent fluid Fe source, indicating

that the labile particulate fraction is dominated by Fe-(oxyhydr)oxides.
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Loss of Fe due to Fe-sulfide formation in the Beebe buoyant plume is also supported by the results
of the incubation experiment. The concentration of dissolved Fe in the buoyant plume sample
progressively decreased over time whereas the 6°°Fe value of the dFe increased (Figure 2.4a),
consistent with preferential loss of light Fe isotopes from the dissolved fraction. As the half-life for
Fe(ll) oxidation at Beebe is short (0.28 h; Lough et al., 2019a), Fe(ll) oxidation is essentially complete
by the time the first sub-sample was collected 6 hours after the sample bottle was closed (see
Section 2.4.4). This means that changes in §°°dFe cannot be attributed to Fe(ll) oxidation which, in
any case, is expected to remove Fe that is preferentially enriched in heavy Fe isotopes, which would
decrease (rather than increase) the §°°Fe value of Fe that remains in the dissolved fraction (Klar et

al., 2017; Lough et al., 2017).
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Figure 2-4 (a) Repeat sub-sampling of a niskin bottle (JC82-CTD11-N4) to show changes in dFe and
5°¢dFe over time. The original sample was taken from the buoyant plume at Beebe. (b) Variation in
5°¢dFe as a function of the proportion of dFe removed from solution over the course of the
incubation experiment. Solid line shows results of a Rayleigh fractionation model for sulfide
precipitation (see text for details).
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Removal of Fe during the incubation experiment can be described in terms of Rayleigh fractionation
(Equation 2-6). In this case, §°°Feyr is rather represented by the Fe isotope composition of the first
sub-sample. If removal of Fe occurs via precipitation of FeS then, as described above, a = ~0.9994,
and the 6°°Fe value of Fe that remains in solution increases as the proportion of Fe that remains in
solution decreases (Figure 2.4b). With the exception of the second sub-sample that was collected
~8 h after the sample bottle was closed, the incubation experiment data are consistent with loss of
Fe via the precipitation of Fe-sulfides (Figure 2.4b). In support of this, SEM images of particles from
the Beebe non-buoyant plume have revealed the presence of large FeS, particles (~10 um)
consisting of aggregates of smaller (<2 um) particles (Lough et al., 2019a). Formation of FeS;
nanoparticles (<0.2 um) has also been observed in nascent plumes forming above high-temperature

vents at the East Pacific Rise (Yucel et al., 2011, Findlay et al., 2019).

By contrast, a similar incubation experiment carried out on a buoyant plume sample collected from
the E2 hydrothermal site on the East Scotia Ridge revealed that while dFe concentrations decreased
over time between sampling and filtering, the §°°Fe value of the dissolved Fe decreased, consistent
with oxidation of Fe(ll) and precipitation of the Fe(lll)-(oxyhydr)oxides that form (Lough et al., 2017).
It is important to note, however, that the oxidation half-life of Fe(ll) is significantly longer at E2
(1.45 to 5.63 h; Lough et al., 2017) than it is at Beebe (~0.28 h), such that the number of oxidation
half-lives between sampling and filtering of the sample from the E2 plume was significantly lower
(1-2 half-lives) than the number of oxidation half-lives between sampling and filtering of the sample
from the Beebe plume (>10 half-lives). This means that Fe(ll) oxidation was continuing throughout
the incubation at E2, but was essentially complete by the time the first sub-sample was taken at
Beebe. Considered together, the results of the incubation experiments suggest that Fe-sulfide
nanoparticles can persist during the early stages of plume mixing, and only coagulate and

precipitate during the later stages of plume dispersal.

2.5.4 Controls on the 6°°Fe signature of dissolved Fe in hydrothermal plumes

Work done in this and other studies (Conway and John, 2014; Fitzsimmons et al., 2017; Klar et al.,
2017; Lough et al., 2017; Nasemann et al., 2018; Rouxel et al., 2018) shows that the §°°Fe signature
of hydrothermal Fe is modified by the formation and precipitation of Fe-sulfides and Fe-
(oxyhydr)oxides in hydrothermal plumes. The relative importance of these processes, and thus the
Fe isotopic signature of hydrothermally-derived Fe that is delivered to the ocean interior, is likely
influenced by both the vent fluid chemistry (including the §°Fe signature), and the chemistry of the
seawater that mixes with the vent fluids when they are expelled at the seafloor (e.g. Bennett et al.,

2009; Rouxel et al., 2016; Millero et al., 1987).
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The range of measured &°°dFe values in hydrothermal plumes published to date is compared to
some of these parameters in Figure 2.5. To a first order, there is no obvious relationship between
5°¢dFe values in hydrothermal plumes and the vent fluid Fe/HS ratio (Figure 2.5a), but if samples
collected from the distal parts of plumes (15°S EPR and TAG) are excluded, together with the sample
from Pele’s Pit that represents mixing between seawater and a low temperature fluid with high Mg,
then there is a general trend towards lower §°°dFe values in the near-field hydrothermal plume
with increasing Fe/H>S. This would imply that the vent fluid Fe/H,S ratio determines the proportion
of hydrothermal Fe(ll) ‘left over’ from precipitation of Fe-sulfides during the early stages of plume
mixing that is subsequently oxidised and precipitates as Fe-(oxyhydr)oxides. Nifonea is an exception
to this general trend, possibly due to sluggish Fe(ll) oxidation due to complexation with organic

ligands and/or the formation of Fe-(oxyhydr)oxide nanoparticles (Nasemann et al., 2018).
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Figure 2-5 Range of 8°°Fe of dFe measured to date in hydrothermal plumes. Fe isotope data are
from: this study (Beebe and Von Damm); Conway and John (2014) (TAG on the Mid-Atlantic Ridge);
Lough etal. (2017), Klar et al. (2017) (E2 and E9N on the East Scotia Ridge); Fitzsimmons et al. (2017)
(15°S East Pacific Rise); Nasemann et al. (2018) (Nifonea at Vanuatu back-arc); Rouxel et al. (2018)
(Pele’s Pit at Loihi Seamount). Additional vent fluid Fe/H,S ratio and Fe(ll) half-life data are from:
James et al. (2014); Glazer and Rouxel (2009); Field and Sherrell (2000); Charlou et al. (1996).
Literature data are summarised in Appendix (Table A5). In the figure, samples that were taken from
section-wide studies (and therefore not representative of near-field plumes) are shown as open
diamond symbols. §°°Fe of the end-member hydrothermal fluids measured to date (Table A4) is
indicated as the grey band.

The oxidation rate of Fe(ll) is controlled by the oxygen concentration, pH, temperature and salinity
of the evolving hydrothermal plume (Millero et al., 1987). Accordingly, Fe(ll) oxidation rates tend
to be faster in the Atlantic Ocean (minutes to ~1 hour; Klar et al., 2017; Lough et al., 2019a, 2019b),

which has relatively high pH and high O, bottom waters, compared to the Pacific Ocean (~1-3 hours;
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Nasemann et al., 2018; Field and Sherrell, 2000), where bottom waters tend to be relatively
depleted in O, and have lower pH. Figure 2.5b suggests that, at least for samples collected from
near-field hydrothermal plumes (and excluding Nifonea), there is a general trend towards lower
5°¢dFe values with decreasing Fe(ll) oxidation half-life. Thus, when the oxidation rate is fast, rapid
conversion of Fe(ll) to Fe(lll) and precipitation of Fe-(oxyhydr)oxides produce an isotopically light

&°¢dFe signal.

Considered together, the compiled data shown in Figure 2.5 support the idea that both the vent
fluid Fe/H,S ratio and the Fe(ll) oxidation rate act as controls on the §°Fe signature of dissolved Fe
that is delivered to the distal part of the hydrothermal plume and into the ocean interior. However,
it is not possible to determine which of these two is the principal control from the presently
available data. Analyses of §°°Fe of dissolved Fe within the hydrothermal plume at Rainbow vent
field on the Mid-Atlantic Ridge, that has vent fluid Fe/H,S ratios of up to 24 and a relatively short
Fe(ll) oxidation half-life of ~0.29 h (Severmann et al., 2004, Field and Sherrell, 2000), may be useful
to this end. Particles from the buoyant plume at Rainbow have been reported to have high 5°Fe
values (up to +1.3%o, Severmann et al., 2004), but there are, as yet, no published analyses of §°°dFe

in the Rainbow hydrothermal plume.

2.6 Conclusions

This study investigated the chemical processes that regulate the evolution of the iron isotopic
signature of hydrothermal Fe during mixing between high-temperature vent fluids and seawater at
the Beebe and the Von Damm vent fields on the Mid-Cayman ultraslow-spreading ridge.
Hydrothermal vent fluids from Beebe had §°¢Fe = -0.28 %o, similar to other vent sites, whereas vent
fluids from Von Damm had slightly higher 6°°Fe (0.08%o), likely due to precipitation of Fe-sulfides
that preferentially incorporate lighter Fe isotopes prior to venting at the seafloor. At Beebe, around
50% of hydrothermal Fe precipitates as Fe-sulfides during the early stages of mixing. Additionally,
incubation experiments showed evidence for the presence of nanoparticulate Fe-sulfides in the
Beebe buoyant plume that would eventually coagulate and precipitate in the distal plume. At both
sites, the 8%°Fe value of dFe in the buoyant hydrothermal plume was significantly lower than the
5°°Fe value of the vent fluids (or background seawater), reaching values of as low as -4.08%o at
Beebe and -2.49%. at Von Damm. This can be principally attributed to oxidation of Fe(ll) and
precipitation of the Fe(lll) that forms. This is supported by analyses of §°°TDFe; the estimated 5°°Fe
values of labile particulate Fe are isotopically heavy (-0.13 to 0.71%0) compared to the dFe,

suggesting that labile particulate Fe consists of Fe-(oxyhydr)oxides.
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Comparisons between these data, and data collected at other hydrothermal sites, support the idea
that the vent fluid Fe/H,S ratio and the Fe(ll) oxidation rate are the principal controls on the 5°Fe
signature of dissolved Fe that is delivered to the distal part of the hydrothermal plume and
subsequently into the ocean interior. Inclusion of these parameters in ocean biogeochemical

models of Fe distributions may help to better constrain the influence of inputs of hydrothermal Fe.
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Chapter 3 Impact of hydrothermal venting on iron and
chromium supply to the North Atlantic

Ocean

3.1 Introduction

One of the most prominent findings of the GEOTRACES programme is that hydrothermal
inputs of trace metals to the ocean can be detected many thousands of kilometers away from
the vent fields (Resing et al., 2015). Hydrothermal venting at mid-ocean ridges emits fluids
enriched in metals that have concentrations a million times higher than ambient seawater
(German and Seyfried, 2014). However, the chemical processes in hydrothermal plumes that
regulate the dispersal of ridge-derived metals remain poorly constrained (German et al., 2016;
Holmes et al., 2017), making it difficult to assess the far field impacts of hydrothermal sources
on the deep ocean metal inventory and, for some metals, on primary productivity in surface

waters (Tagliabue et al., 2014).

The micronutrient iron (Fe) is a key regulator of primary productivity in large parts of the
world’s ocean (Moore et al., 2001) and therefore the biological carbon pump (Martin, 1990).
The impact of past and future climate variabilities may be modulated by changes in Fe supply
to the ocean (Watson et al., 2000), while the relative importance of different sources of Fe
including atmospheric dust, marine sediments and hydrothermal vents is not well known
(Boyd and Ellwood, 2010). Recent studies have shown that hydrothermal Fe may be stabilised
in the dissolved (<0.2 um) fraction in the form of organic complexes or nanoparticles (Toner
et al., 2009; Fitzsimmons et al., 2017; Findlay et al., 2019), contradicting the previous
consensus that hydrothermal activity is not a major source of Fe because of precipitation as

the vent fluids mix with seawater (German et al., 1991).

The distribution of chromium (Cr) in the oceans is similar to that of the nutrient elements,

with modest depletion of Cr in surface ocean relative to the deep ocean (Jeandel and Minster,
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1987; Sirinawin et al., 2000). Low Cr concentrations in surface waters are thought to be due
to biologically mediated reduction and scavenging but this is still debated (Achterberg and van
den Berg, 1997; Connelly et al., 2006, Semeniuk et al., 2016). Cr in oxygenated seawater is
primarily present as Cr(VI) in the form of chromate (CrO.*) (Elderfield, 1970), which is the
product of continental weathering (Frei et al., 2009). Cr is removed from the oceans through
reduction to Cr(lll), which is relatively insoluble and is scavenged by settling particles and
subsequently buried in marine sediments (Reinhard et al., 2014; Gueguen et al., 2016).
Whether hydrothermal vents are a net source or sink of Cr is not yet clear (German et al., 1991;
Sander and Koschinsky, 2000), and estimated hydrothermal Cr fluxes vary by orders of

magnitudes (Rudnicki & Elderfield, 1993; Reinhard et al., 2013).

Instrumental and methodological developments mean that it is now possible to accurately
determine the stable isotope ratios of Fe (8§°¢Fe) and Cr (§%Cr) in seawater (Lacan et al., 2010;
Bonnand et al., 2013). Fe and Cr isotopes are emerging tools for assessing the provenance of
metal inputs to the ocean, and for exploring the effects of biogeochemical cycling and redox
processes. For example, the §°°Fe value of dissolved Fe is in the range of =1.35%o to 0.80%o in
the North Atlantic (Conway and John, 2014), reflecting the contributions of isotopically distinct
Fe sources from dust dissolution (5°°Fe ~0.68%o), reductive and non-reductive sedimentary
release (6°°Fe = -3.45%o to -1.82%0 and 0 to 0.22%., respectively: Homoky et al., 2009;
Homoky et al., 2013), and hydrothermal venting (end-member vent fluid §°¢Fe = -0.67%o to
-0.12%eo: Beard et al., 2003; Severmann et al., 2004; Rouxel et al., 2008; Bennett et al., 2009;
Klar et al., 2017; Nasemann et al., 2018). The &°3Cr values of dissolved Cr in seawater
measured to date range from 0.4%o to 1.6%0 (Bonnand et al., 2013; Scheiderich et al., 2015;
Paulukat et al., 2016; Goring-Harford et al., 2018; Moos and Boyle, 2019; Rickli et al., 2019;
Janssen et al., 2020). The variation in seawater 8°Cr is thought to be driven by redox-
dependent processes (Scheiderich et al., 2015), because Cr(VI) can be effectively reduced to
Cr(Ill) in the presence of Fe(ll) and/or organic matter, and this process is accompanied by a
relatively large Cr isotope fractionation (8°3Crcrviy — 8”3 Creqn) up to 4.2%o: D@ssing et al., 2011;

Kitchen et al., 2012).
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While hydrothermal fluids are a source of Fe to the oceans, authigenic precipitation of
hydrothermal Fe as Fe-sulfides and Fe-(oxyhydr)oxides occurs as the high-temperature vent
fluids mix with seawater (Klar et al., 2017; Lough et al., 2017). However, it is now clear that a
small fraction of hydrothermal Fe is stabilised in the form of organic complexes or
nanoparticles that can be transported away from the vent fields, contributing to the dissolved
Fe budget of the wider deep ocean (Klar et al., 2017; Findlay et al., 2019). Hydrothermal Cr, in
the form of Cr(lll), also precipitates as vent fluids mix with seawater via scavenging onto Fe-
(oxyhydr)oxide particles (Trocine and Trefry, 1988; German et al., 1991). In addition, Cr(VI) in
ambient seawater may be partly reduced to Cr(lll) on the surface of the Fe-(oxyhydr)oxide
particles (Sander and Koschinsky, 2000). In support of this, hydrothermal sediments at the
southern East Pacific Rise have been reported to have lower §°3Cr value compared to seawater
(Bauer et al., 2019). However, as yet, there have been no studies of the Cr isotope behaviour

of dissolved Cr in hydrothermal systems.

To better understand the processes that regulate the ridge-derived fluxes of Fe and Cr
dispersed through hydrothermal plumes, seawater samples were collected from directly
above and close to the Trans-Atlantic Geotraverse (TAG) and Rainbow vent fields on the Mid-
Atlantic Ridge. Plumes dispersing from the two vent fields mix with overlying ocean water with
similar geochemistry, however, the vent fields have contrasting geologic settings. This study
reports the results of analyses of dissolved Fe and Cr concentrations, dissolved Fe isotope
(6°6Fe) and Cr isotope (8°3Cr) distributions, along with other supporting parameters. These
results provide new insight into how hydrothermal Fe and Cr fluxes are modified by
hydrothermal plume processes, and the role of hydrothermal venting in the oceanic Fe and Cr

cycles.

3.2 Sampling sites

The Mid-Atlantic Ridge (MAR) is a slow-spreading plate boundary located along the seafloor

of the Atlantic Ocean (Figure 3.1), moving at rates of less than 3 cm/yr.
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Figure 3-1 Locations of sampling stations at the TAG and Rainbow hydrothermal sites on the
MAR, and LSS and Eh anomalies in water columns above the TAG and Rainbow vent fields.
Map courtesy of http://www.geomapapp.org.

The Trans-Atlantic Geotraverse (TAG) vent field is located at 26°08’ N 44°50’ W and a depth of
~3650 m, at the base of the eastern wall of the rift valley of the MAR. Hosted in basaltic rocks,
the TAG vent field consists of a series of high temperature (in excess of 360°C) black smokers
that are clustered together close to the apex of a large sulfide mound (Thompson et al., 1988).
The end-member vent fluids have pH of ~3, Fe concentration of 5.0-5.6 mM, manganese (Mn)
concentrations of 0.68-0.73 mM, and H,S content of ~3 mM (Edmond et al., 1995; Chiba et al.,
2001). The vent field has also hosted lower temperature (265-300°C) white smoker fluids, but

these have since become extinct (Findlay et al., 2015).

The Rainbow vent field is located at 36°14’ N 33°54' W and ~2310 m depth, at the western
end of a non-transform discontinuity cutting the MAR south of the Azores. The Rainbow vent

field is hosted in ultramafic rocks (mainly serpentinised peridotite) and contains high
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temperature (~365°C) black smokers. In contrast to TAG, the Rainbow vent fluids are
characterised by low pH (2.8), high chlorinity (750 mM), high H, (16 mM) and abundant
organic compounds (Charlou et al., 2002). They also have higher Fe (24 mM) and lower H,S
(1.2 mM) concentrations (Charlou et al., 2002). The lower pH, high concentrations of organic

compounds, and high Fe are likely related to serpentinisation reactions (Douville et al., 2002).

At both vent sites, buoyant hydrothermal plumes rise several hundred meters into the water
column. Plume dispersal is generally constrained along ridge axis trajectories (Rudnicki et al.,
1994; Edmonds and German, 2004). In addition, upward mixing of rift valley confined waters
driven by turbulence (Ledwell et al., 2000; St Laurent et al., 2007; Vic et al., 2018; Tuerena et

al., 2019) likely occurs.

Hydrographically, the TAG and the Rainbow vent fields are overlaid by waters that mainly
consist of Classical Labrador Sea Water (CLSW; Jenkin et al., 2015). Seawater samples collected
from between 2000-3500 m water depth, within CLSW, at station USGT-18 (~1000 km away
from the ridge) on the GEOTRACES GAO3 transect have, on average, dissolved Mn
concentrations of 0.15 nM (Hatta et al., 2015) and dissolved Fe concentrations and Fe isotope
compositions of 0.48 nM and 0.69%. (Conway et al, 2014); these values are considered to

represent background seawater (CLSW) in this study.

3.3 Methods

3.3.1 Sample collection

Samples for this study were collected on board RRS James Cook (JC156 cruise) as part of the
UK GEOTRACES North Atlantic GA13 transect between 20" of December 2017 and 1° of
February 2018, using pre-cleaned 10 L Ocean Test Equipment (OTE) water sampling bottles
that were mounted on a titanium rosette system. On recovery, the OTE bottles were
transferred into a trace metal clean container for sub-sampling. Seawater was filtered through

a Sartobran 300 (Sartorius) filter capsule (0.2 um) or a polyethersulfone filter (PES, Supor, Pall
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Gelman, 0.2 um) under gentle pressure, and was collected into acid-cleaned low-density
polyethylene (LDPE) bottles. These samples for the analysis of dissolved trace metals (dMe)
were then preserved by adding UpA-grade hydrochloric acid (HCI, Romil) to 0.024 M

immediately after collection, and were stored for several months before the isotope analysis.

A Seabird 911 plus conductivity, temperature and depth (CTD) profiler system together with
a light scattering sensor (LSS) and an Eh detector were also attached to the titanium rosette.
The hydrothermal plume above the vent fields was identified by a positive LSS signal, a
negative Eh signal, along with temperature anomalies, and was sampled at water column
depths of between 3200-3500 m and 1900-2200 m above TAG (Station 35/38) and Rainbow
(Station 16/39), respectively. Particle-rich plumes were also detected by a positive LSS
anomaly to the north of TAG (Station 36), and at stations to the north (Station 18) and east of
Rainbow (Station 12). Locations of the sampling stations together with sensor profiles through

the plumes are summarised in Figure 3.1.

3.3.2 Incubation experiment

To investigate how hydrothermally sourced Fe and §°°Fe may evolve during plume dispersal
(Mellett et al., in prep.), onboard incubations of seawater samples from the hydrothermal
plume were carried out in 20 L polycarbonate carboys that had been acid cleaned. First, the
carboy was rinsed and filled with either unfiltered or filtered (0.2 um) seawater. Then, the
carboys were wrapped in black constructor bags and taken into a temperature controlled

room maintained at ~13°C.

Seawater was sampled from the carboy at intervals of between several hours to up to one
week, by first inverting the carboy at least 3 times to re-suspend any particles, and then
collecting a sub-sample of water into a 2.5 L polycarbonate bottle. The seawater sub-sample
was then filtered first through a 3 um and then through a 0.4 um polycarbonate track etched
(PCTE) filter that was housed in a two-stage custom-built filtration rig. Samples were collected
in 125 or 250 mL LDPE bottles and acidified to pH <2 with UpA-grade HCl (Romil) for later
analysis.
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The incubation experiment at Rainbow (Station 39) utilised seawater collected from 2241 m
water depth, where large Eh and LSS anomalies were measured. Seawater samples for the
TAG (Station 35) incubation experiment were also from the hydrothermal plume; samples
from water depths of 3344 m and 3277 m were combined for the unfiltered treatment, and

samples from water depths of 3346 m and 3263 m were combined for the filtered treatment.

3.3.3 Fe and Cr isotope analysis

All acids used for chemical processing were thermally distilled. Milli-Q (MQ) water was used
for diluting and for cleaning. LDPE bottles and Perfluoroalkoxy (PFA) vials were thoroughly
cleaned for trace metal purposes. Samples were handled under laminar flow hoods, set within
Class 100 clean laboratories at the University of Southampton and National Oceanography

Centre.

Dissolved Fe concentrations were measured at sea using flow injection analysis with
chemiluminescence detection (FIA-CL; Obata et al., 1993). Dissolved Cr concentrations were
initially measured using a Mg(OH), co-precipitation method (Moos and Boyle et al., 2019;
Rickli et al., 2019). The initial determinations of dFe and dCr were used to optimise isotope

spiking.

The Fe isotope compositions of seawater samples were determined using a >’Fe->8Fe double
spike technique, adapted from Lacan et al. (2010). Samples of between 0.5 and 2 L volume
were pre-concentrated using NTA Superflow resin, and were then purified by anion exchange
chromatography using AG-MP1 resin (Biorad). The Cr isotope compositions were determined
using a *°Cr->*Cr double spike method adapted from Bonnand et al. (2013). Cr in seawater
samples of 1 L to 2 L volume was co-precipitated with Fe(ll) hydroxide. Then Cr was separated
from the Fe by anion exchange chromatography (Biorad AG1-X8), and further purified by
processing through a cation exchange (Biorad AG 50W-X12) column. The purified Fe or Cr
samples were evaporated to dryness and re-dissolved in 0.3 M (Fe) or 0.45 M (Cr) HNOs for
analysis of their isotope ratios. Full details of the analytical procedures are given in Appendix
B.
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The isotopic compositions of Fe and Cr were determined by multicollector inductively coupled
plasma mass spectrometry (MC-ICP-MS; Thermo Fisher Neptune Plus) at the University of
Southampton. The final Fe or Cr isotope values of the samples are reported in delta notation

relative to international isotope standards and expressed as:

5°°Fe (%o) = [(56Fe/54Fe)samp|e/(56Fe/54Fe)|RMM.14 —1] x 1000 (3-1)

823Cr (%o) = [(**Cr/2Cr)sample/ (**Cr/**Cr)ngse7s — 1] x 1000 (3-2)

The precision and accuracy of the above methods were assessed through the analysis of: (1)
Trace metal free seawater doped with a hematite (HEM) Fe isotope standard, (2) Black Sea Fe
intercomparison ‘anoxic’ sample, and (3) OSIL Atlantic salinity standard seawater. Results of
these analyses are in agreement with values reported in the literature for these materials

(Table 3.1).

Table 3-1 Fe and Cr isotope compositions for method validation samples. NA = not available;
here the 2SD is the uncertainty on more than one MC-ICP-MS analyses of the same sample.

Sample 6°°Fe (%0) 2SD n Recommended Reference
value
Iron free seawater doped with
hem];tite (HEM) Fe iscftope standard 0.25 £ 0.06%0 Klar et al, 2017
HEM (1) 0.22 0.09 3
HEM (2) 0.23 0.10
HEM (3) 0.23 NA
Black Sea Fe isotope intercomparison 0 .
sample (anoxic, 150 m depth) -0.79 £ 0.03%o0 Rolison et al., 2018
BS-IC-anoxic (1) -0.82 0.04 2
Sample 8°3Cr (%o) 2SD Recommended Reference
value
OSIL Atlantic salinity standard .
seawater (batch o f’éecem ber 2017) 0.96 £ 0.06%o Scheiderich et al.,, 2015
OSIL (1) 0.93 0.02 2
OSIL (2) 0.95 0.01 2
OSIL (3) 1.00 NA 1
OSIL (4) 0.98 NA 1
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3.3.4 Ancillary analyses

Seawater samples were also collected for the analysis of total dissolvable metal (TDMe)
concentrations. Samples were acidified with UpA-grade HCl (Romil) to 0.024 M. Back in the
clean laboratory at the University of Southampton, the samples were extracted and pre-
concentrated on an amino carboxylic acid type chelating resin (CM-PEHA; Kagaya et al., 2009).
The concentrations of total dissolvable Fe (TDFe) were then determined with ICP-MS (Thermo

Scientific Element).

Measurements of dissolved Fe(ll) concentrations were made on board the ship by FIA-CL
immediately after collection of the samples. The Fe(ll) samples were filtered either inline or
prior to analysis with a 0.2 um PES syringe filter, and buffered inline to pH ~5.5 prior to pre-
concentration on a column filled with 8-hydroxyquinoline (8-HQ) chelating resin (Bowie et al.,

2005).

Dissolved mangnese (Mn) concentrations were determined on board by flow injection analysis
with inline pre-concentration on resin-immobilized 8-HQ and colorimetric detection (Resing
and Mottl, 1992). A drift standard as well as SAFe reference samples were analysed at the

same time as the samples.

The measured TDFe and dFe(ll) concentrations were used to support Rayleigh fractionation
modeling (Section 3.5.1). The Mn concentrations were used to calculate the dilution factors

for vent waters within the hydrothermal and particle-rich plumes.

3.3.5 Dilution factor calculations

Mn shows near-conservative behaviour during mixing of vent fluids and seawater, and
therefore serves as a tracer of hydrothermal plume dispersal on the spatial scales of the
sampling (James and Elderfield, 1996). The vent fluid (VF) dilution factor can be determined
from the proportion of vent fluid serived Mn and seawater derived Mn in a water sample, i.e.
dilution factor = ([Mn]ve — [Mnlsw) / ([IMnlsample — [Mn]sw), where [Mn]sample is the measured

sample Mn concentration, [Mn]sw is the Mn concentration of background seawater (0.15 nM;
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Hatta et al., 2015) and [Mn]ye is the Mn content of the end-member vent fluid. At TAG, [Mn]ve

=~710 uM and at Rainbow [Mn]yr = ~2250 uM (Chiba et al., 2001; Charlou et al., 2002).

The plume dilution factor is used as a measure of the dilution of the least dilute plume sample
as the plume becomes neutrally buoyant and spreads out laterally along an isopycnal. It is
calculated as ([Mn]oume — [Mn]sw) / (IMn]sample — [Mn]sw), where [Mn]pume represents the
highest Mn concentration of the least dilute hydrothermal plume samples (41 nM and 297 nM

at TAG and Rainbow respectively).

34 Results

Water column profiles of dissolved Fe (dFe) concentrations and dissolved Fe isotope
composition (8°°dFe) at the TAG and the Rainbow stations are shown in Figure 3.2. Within the
TAG hydrothermal plume (3200-3500 m), dFe concentrations were as high as 68.0 nM while
5°¢dFe values were as low as —1.83%.. The Rainbow hydrothermal plume (1900-2200 m) was
characterised by elevated dFe concentrations of up to 59.6 nM and very low §°°dFe values, as
low as -6.95%o. The Fe isotope compositions of the TAG and Rainbow end-member vent fluids
are reported to be -0.15%o0 and -0.14%e., respectively (Severmann et al., 2004), indicating that
Fe sourced from the vent fluid is isotopically fractionated as the vent fluids mix with ambient

seawater.

As the hydrothermal plume disperses and becomes more dilute, dFe concentrations decrease
to <6 nM), whereas 56°°dFe evolves to higher values (-0.44%o to 0.17%o and —0.11%o to 0.23%o,
respectively, in the particle-rich plumes at stations close to TAG and Rainbow). For the same
degree of dilution, samples from the Rainbow particle plume (Stations 18 and 12) tend to have
slightly higher dFe and §°dFe values compared to samples from the TAG particle plume

(Station 36).
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Figure 3-2 Depth profiles of dissolved Fe and Cr concentrations, and §°¢Fe and §°Cr values, at
the TAG station (top panels) and the Rainbow station (bottom panels). The hydrothermal
plume depths (3200-3500 m and 1900-2200 m, respectively, at TAG and Rainbow) are
highlighted by grey horizontal bands. Error bars for Fe and Cr concentrations are smaller than
the size of data point markers. Error bars for §°°Fe and §°3Cr represent external reproducibility
(£ 0.10%0 and + 0.05%o, respectively) based on the long-term precision of the iron and
chromium isotope standards (ETH and NBS979). All data are given in Table B2, B3 (Appendix
B).

Results from the onboard incubation experiment (Table 3.2) show that dFe concentrations
progressively decrease over time (i.e. as the plume continues to disperse). By contrast, the
5°6dFe value of the subsamples from the filtered treatment remained relatively constant over
the course of the experiment (-1.43%o to —1.35%o for the TAG incubation, and -7.45%. to
-7.14%o for Rainbow). However, the 5%dFe values of the unfiltered seawater became
isotopically heavier over time (up to 3.57%. and up to 1.17%. for TAG and Rainbow,

respectively).
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Table 3-2 Results of the Fe incubation experiments. Seawater samples were taken from near-
field hydrothermal plumes at TAG and Rainbow, and were stored in carboys for ~0.1 to 5 days
before they were subsampled and filtered. Filtered treatment means that the original sample
was filtered, while unfiltered treatment means it was not filtered, so hydrothermal plume
particles were present in the carboy during the incubation. NA = not available; here 2SD is the
uncertainty on two or three MC-ICP-MS measurements of the same sample.

Sample description (T;r:ye) point 5°6dFe (%o) 25D (%) dFe (nM)
TAG (Station 35)

Filtered treatment 0.15 -1.43 0.03 75.2
Filtered treatment 1 -1.34 0.09 84.2
Filtered treatment 5 -1.35 0.05 21.0
Unfiltered treatment 0.15 0.58 0.03 149.6
Unfiltered treatment 1 0.09 0.02 162.3
Unfiltered treatment 5 3.57 0.01 73.5
Rainbow (Station 39)

Filtered treatment 0.1 -7.34 0.03 280.4
Filtered treatment 0.5 -7.45 0.02 206.0
Filtered treatment 5 -7.14 NA 47.0
Unfiltered treatment 0.1 0.76 0.04 345.6
Unfiltered treatment 0.5 -0.16 0.03 202.9
Unfiltered treatment 5 1.17 NA 175.0

In contrast to Fe, dissolved Cr (dCr) was slightly depleted in the hydrothermal plumes
compared to ambient seawater; the lowest concentration at TAG was 2.62 nM, compared to
a background value of 2.73 nM, and the lowest concentration at Rainbow was 2.13 nM,
compared to a background value of 2.38 nM. Samples from the hydrothermal plume also had
elevated 6°3Cr values compared to ambient seawater, up to 1.23%o (background = 1.10%o)
and 1.87%o (background = 1.27%o.), respectively, in the TAG and Rainbow hydrothermal
plumes. The ‘mirror image’ of Fe and Cr isotope profiles (Figure 3.2) strongly suggests the

coupled cycling of Fe and Cr in the hydrothermal plume.
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3.5 Discussion

3.5.1 Fe isotope behavior in the near-field hydrothermal plume

Fe(ll) in hydrothermal fluids can be expected to precipitate as Fe-sulfide (FeS and FeS;) within
a few seconds of being expelled at the seafloor (Rudnicki and Elderfield, 1993). Kinetic Fe-
sulfide precipitation would leave the residual dissolved Fe enriched in heavier iron isotopes
(estimated &°°Feres — 5°°dFe = -0.60%.: Butler et al., 2005; Bennett et al., 2009). The effect of
precipitation of the vent fluid Fe as sulfide can be examined using a Rayleigh fractionation

model:
856Fe = (8%°Feygr + 1000) - f*~1 — 1000 (3-3)

where 8°°Fey; is the Fe isotope composition of the end-member vent fluid, a is the
. . ~ . 8%6Fepes — 85°Fe ;
fractionation factor between FeS and Fe(ll) (~0.9994; given by a = e Fes ), and fis
the proportion of Fe remaining in the plume. Given that Fe-sulfides form large aggregates (>20
pum) and settle out of the plume fast (Feely et al., 1994; Yiicel et al., 2011; Carazzo et al. 2013;
Lough et al., 2017), the fvalue can be estimated by the ratio of the measured to the calculated

total Fe concentration in the hydrothermal plume:

f _ [TDFe]meas
" [Felyg / [VF dilution factor]

(3-4)

where [TDFe]meas is the concentration of total dissolved Fe in the sample. According to this
calculation, the proportion of Fe lost via precipitation of Fe-sulfide during the early stages of
mixing between the hydrothermal fluid and seawater was ~20% at TAG and ~7% at Rainbow
(see Table 3.3). These derived values are consistent with the vent fluid Fe/H,S stoichiometry:
vent fluids from Rainbow have higher Fe/H,S (~20) compared to TAG vent fluids (~1.5)
(Severmann et al., 2004), so a greater proportion of Fe remains in solution. Thus, according to
Eq. 3-3, the 8°Fe value of hydrothermal Fe that remains in the dissolved phase and is
transported upwards into the hydrothermal plume is calculated to be —0.01%. and -0.10%o,

respectively, at TAG and Rainbow.
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However, the §°Fe values of dFe in the hydrothermal plumes at both sites were much lower
than these values (as low as -1.83%o. at TAG and -6.95%. at Rainbow). Precipitation of Fe-
(oxhyhydr)oxides (FeOOH) fractionates Fe isotopes; preferential incorporation of heavy Fe
isotopes into FeOOH (5°°Fefeoon — 6°°dFe = 3.5%o at a temperature of 3°C: Welch et al., 2003;
Wu et al., 2011) leaves the Fe that remains in the dissolved fraction isotopically light. The
theoretical oxidation half-life of Fe(ll) is as short as 0.45 h in ambient seawater at the TAG vent
site and 0.29 h at Rainbow (Field and Sherrell, 2000). Thus, with continuous mixing of vent
fluids and oxygenated seawater, the effects of FeS precipitation are overwritten by Fe(ll)-Fe(lIl)
oxidation. The evolution of §°¢dFe in the hydrothermal plume can also be modelled in terms
of Rayleigh fractionation, as a function of the proportion (F) of Fe(ll) oxidised to Fe(lll) along
with the proportion (X) of Fe(lll) precipitated as FeOOH (Klar et al., 2017; Lough et al., 2017;

Nasemann et al., 2018):

85¢Fe(1l) = (8°°Fe(Il), + 1000) - F*~1 — 1000 (3-5)

§56Fe(llI) = (8°¢Fe(ID) + 1000) - =2 — 1000 (3-6)
56 __ F-8%°Fe(ID+X-(1-F)-85°Fe (Il

8°°dFe = FX(LF) (3-7)

where 8°Fe(ll)o is the initial isotopic composition of dissolved Fe (-0.01%o at TAG and -0.10%o
at Rainbow, to account for the effect of Fe-sulfide precipitation), 8°°Fe(ll) is the isotopic
composition of the remaining Fe(ll), §°Fe(lll) is the Fe isotopic composition of precipitated

Fe(lll), and a is the fractionation factor between aqueous Fe(ll) and precipitated Fe(lll)

(~1.0035; given by a = 87 FellD) - 556F9(H)3Q).

The results of this modelling exercise are illustrated in Figure 3.3. The observed low 5°°dFe
values in the TAG and Rainbow hydrothermal plumes are consistent with a substantial degree
of Fe(ll) oxidation and FeOOH precipitation. This result is consistent with calculations based
on measured concentrations of dFe(ll), dFe and TDFe (Table 3.3). Assuming that Fe-

(oxyhydr)oxides have relatively small particle sizes and tend to remain in the plume
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(Fitzsimmons et al., 2017; Hoffman et al., 2018; Lough et al., 2019), then F and X values can

also be estimated as follows:

__ [dFe(ID]

= [TDFe] (3-8)

__ [dFe]-[dFe(ID)]

~ [TDFe]—[dFe(ID)] (3-9)

The proportion of Fe remaining as Fe(ll) is calculated to be ~4-7% at TAG and ~0.1-0.4% at
Rainbow, and the proportion of Fe(lll) remaining in the dissolved fraction is ~25-53% and ~1-
4% at the two sites respectively (Table 3.3). The utilisation of these values to parameterise the
Rayleigh model therefore provides a reliable prediction of the hydrothermal §°°dFe signal in

the near-field plume.

Differences in &°°Fe values between the two sites reflect differences in the proportion of
dissolved Fe that precipitates as Fe-sulfide versus Fe-(oxhyhydr)oxide. The Rainbow vent fluids
have far higher Fe/H,S (~20) than the TAG vent fluids (~1.5), so more Fe is available for Fe-
(oxyhydr)oxide formation as the vent fluids mix with seawater. In turn, owing to particle
concentration effects (Stordal et al., 1996), the rate of aggregation of colloidal FeOOH
(‘colloidal pumping’) increases in presence of a high particle loading (i.e. particulate Fe-
(oxyhydr)oxides). As a result, near quantitative (>99%) oxidation and precipitation of Fe occurs
in the Rainbow hydrothermal plume, resulting in the lowest 5§°°Fe value for dFe in seawater

reported to date (—6.95%so).

As discussed in Chapter 2, the §°°dFe signal in the near-field plume that is subsequently
delivered to the ocean interior is influenced by both the vent fluid chemistry and the chemistry
of overlying seawater that mixes with the fluids. Examples for inter-comparison include the
Vanuatu back-arc and the 15°S East Pacific Rise, where substantial sulfide exists relative to Fe
in the vent fluids (Nasemann et al., 2018; Charlou et al., 1996) and oxidation rate is slow as
the Pacific Ocean exhibits lower oxygen levels and lower pH compared to the Atlantic (Field
and Sherrell, 2000). As a result of sluggish Fe(ll)-Fe(lll) oxidation and limited Fe-(oxyhydr)oxide

precipitation, the §°°Fe values of dFe in hydrothermal plumes had narrower ranges (-0.73%o
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to -0.16%o0 and —0.26%. to 0.39%. respectively: Nasemann et al., 2018; Fitzsimmons et al.,

2017) compared to what have been observed at TAG and Rainbow in this study.
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Figure 3-3 Rayleigh models of Fe and Cr isotope fractionation in the TAG and Rainbow
hydrothermal plumes. Left panels: 5°°Fe relative to the fraction of dFe(ll) oxidised to Fe(lll).
Solid lines show the evolution of §°¢Fe predicted by Rayleigh fractionation modelling of Fe(ll)-
Fe(lll) oxidation. Fractionation factor between aqueous Fe(ll) and precipitated Fe(lll), a, is
1.0035. Initial dFe(ll) isotope compositions are §°°Fe(ll)o = -0.01%0 and -0.10%o at the TAG
and Rainbow vent fields respectively. Right panels: 5°3Cr relative to the proportion of Cr(VI)
reduced to Cr(lll) and removed. The solid line shows the evolution of §°Cr predicted by
Rayleigh fractionation modelling of Cr(VI)-Cr(lll) reduction. Initial dCr isotope compositions
are 6°3Crsy = 1.10%0 and 1.27%. at TAG and Rainbow, respectively. See Section 3.5.2 for detail.
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Table 3-3 Parameters used to calculate estimated variables (f, F and X; Section 3.5.1) that are utilised to constrain the Rayleigh model for investigating the
effects of precipitation of Fe-sulfides and Fe-(oxyhydr)oxides. Methods for determining the Fe and Mn concentrations are described in Section 3.3.4,

calculations of the hydrothermal plume and vent fluid dilution factors are described in Section 3.3.5.

Measured parameters

Calculated parameters

Dilution factor

Depth (m) &°Fe (%0) dFe (nM) dFell (nM) dMn (nM) TDFe (nM) Plume Ventfluid TDFe(nM)?® fvalue Fvalue Xvalue
Eq.3-4 Eq.3-8 Eq.3-9

TAG (Station 35)

3236 -1.83 55.2 8.7 41.0 196 1.0 17324 298 4.4% 24.9%

3350 -0.59 68.1 8.1 20.6 121 2.0 34409 150 6.7% 53.2%

3429 -0.35 27.0 4.7 6.1 77 6.9 117224 44 6.2% 31.0%

Average 131 164 80%

Rainbow (Station 16)

2001 -5.52 59.6 2.0 152.0 1360 2.0 14800 1622 0.1% 4.2%

2051 -5.04 40.5 34 184.6 1625 1.6 12187 1969 0.2% 2.3%

2072 -6.12 58.2 4.4 178.3 1660 1.7 12617 1902 0.3% 3.2%

2108 -6.95 53.1 12.8 296.8 3432 1.0 7582 3165 0.4% 1.2%

Average 2019 2165 93%

2 End-member vent fluid Fe concentration [Fe]ve = 5170 uM at TAG and 24000 uM at Rainbow (Chiba et al., 2001; Charlou et al., 2002; Findlay et al., 2015).
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3.5.2 Cr isotope behavior in the near-field hydrothermal plume

The Cr isotope composition of hydrothermal vent fluids at basalt-hosted vent fields is currently
unknown but is expected to be similar to that of igheous rocks (8°*Cr = -0.12 + 0.10%e.: Schoenberg
et al., 2008), assuming that Cr is extracted from the rock without significant isotope fractionation.
At ultramafic-influenced vent sites, interaction with serpentinised rocks that can have relatively
high &%3Cr values (up to 1.22%.: Farkas et al., 2013), may produce hydrothermal fluids that are
enriched in heavy Cr isotopes relative to igneous crust. However, the concentration of Cr in
hydrothermal vent fluids is predicted to be relatively low (< 2000 nM) compared to other trace
metals because of the limited solubility of reduced species of Cr in hydrothermal fluids (Huang et
al., 2019) and, in support of this, the estimated Cr concentration of end-member hydrothermal
fluids from the North Fiji Basin was predicted to be ~1200 nM based on extrapolation of analyses

of low temperature diffuse fluids (Sander and Koschinsky, 2000).

Analyses of hydrothermal plume particles suggested that Cr in hydrothermal fluids coprecipitates
with iron almost immediately on expulsion at the seafloor (German et al., 1991). The measured
molar Cr/Fe ratio of freshly precipitated particles has been determined to be in the range ~2 x 10*
to ~5 x 10™* (German et al., 1991; Trocine and Trefry, 1988; Feely et al., 1996), which is ~2 orders of
magnitude higher than the expected Cr/Fe ratio of vent fluids, suggesting that the greater part of
the particulate Cr is derived from ambient seawater (Rudnicki and Elderfield, 1993). As
hydrothermal particles collected from the TAG neutrally buoyant plume showed a linear correlation
between particulate Fe and Cr concentrations, German et al. (1991) hypothesised that uptake of Cr
from ambient seawater only occurs during the early stages of mixing between vent fluids and
seawater, when the rate of precipitation of Fe-(oxyhydr)oxides is highest. Uptake of Cr from
seawater onto hydrothermal plume particles may also be revealed by analysis of the chemical
composition of metalliferous sediments from the southern East Pacific Rise (Bauer et al., 2019).
These authors have shown that the authigenic phase of the sediments has a relatively low &§>3Cr
value (as low as -1.2%o) that would be consistent with partial reduction of Cr(VI) in ambient
seawater and incorporation of the isotopically light Cr(lll) that forms into metalliferous particles

(Bauer et al., 2019).

For the first time, my data reveal that the Fe and Cr isotope profiles through the hydrothermal
plume at both Rainbow and TAG are the mirror image of one another (Figure 3.2). This provides
compelling evidence for coupled Fe(ll) oxidation and Cr(VI) reduction in the hydrothermal plume.
In the presence of Fe(ll) or Fe(ll)-bearing minerals, Cr(VI) is therefore effectively reduced to Cr(lll),

which preferentially incorporates light Cr isotopes (Ellis et al., 2002; Frei et al., 2009). The Cr(lll) is
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scavenged by Fe-(oxyhydr)oxide particles, leaving the Cr(VI) that remains in the dissolved fraction
isotopically heavy. Cr(lll) could be re-oxidised in a catalytic reaction with MnO,, however, this
process is likely negligible given the very slow rates of Mn(ll) oxidation (Morgan, 2005) and Cr

oxidation (Eary and Rai, 1987).

The evolution of 6§°3dCr in the hydrothermal plume due to reduction of Cr(VI) and removal of the

Cr(Ill) that forms can be described in terms of a closed-system Rayleigh process:
§°3dCr = (8%3Crg,, + 1000) - p*~1 — 1000 (3-10)

where SW is background seawater, a is the fractionation factor between Cr(lll) and Cr(VI), and p is

the proportion of Cr remaining in the dissolved fraction given by:

p= dCr (3-11)

T [Crlsw

Background seawater is assumed to be represented by the average values of seawater samples
collected from just above and below the hydrothermal plume (Table B3): §°Crqw = 1.10%0 at TAG
and 1.27%e. at Rainbow, and [Cr]sw = 2.73 nM and 2.38 nM at TAG and Rainbow, respectively.

Figure 3.3 shows that the estimated fractionation factor between Cr(lll) and Cr(VI) is ~ —1.5%. for
TAG and -4.6%o. for Rainbow. Experimentally determined fractionation factors for reduction of Cr(VI)
by ferrous Fe are in the range of —-3.60%o to —4.20%o. (D@ssing et al., 2011; Kitchen et al., 2012),
whilst Fe(ll)-bearing minerals, such as FeS and green rust, are thought to have more muted values
(-1.50%0 to -2.65%0: Dgssing et al., 2011; Basu and Johnson, 2012). Similarly, the fractionation
factor between Cr(lll) in the authigenic phase of metalliferous sediments and Cr in seawater for the
southern East Pacific Rise has been estimated to be between -0.80%0 and —2.65%. (Bauer et al.,
2019). Thus, my estimated fractionation factors are in agreement with both the experimental and
the field data. The lower fractionation factor determined for TAG may indicate that Fe-sulfide
particles exert a greater control on Cr reduction; the very high Fe/H,S ratio in Rainbow
hydrothermal fluids means that a greater proportion of Fe precipitates as (oxyhydr)oxides at this

site.

The previously proposed ‘global correlation’ between the Cr concentration and &°3Cr value of
seawater samples is consistent with closed-system Rayleigh-type fractionation of Cr isotopes in the
open ocean characterised by a single fractionation factor (~ -0.80%., Scheiderich et al., 2015), but
the underlying processes that regulate this relationship are not well constrained (Rickli et al., 2019).
My full water column Cr data at the TAG station yield an overall fractionation factor of —0.87%o,
which is consistent with the ‘global correlation’, but it is clear from Figure 3.4 that the hydrothermal

plume samples at Rainbow have anomalously high §%Cr values compared to the ‘global correlation’
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line. Similar anomalously high &%Cr values (8°3Cr up to 3.85%0 and 4.15%o) have been observed in
seawater samples collected from the Chukchi shelf (Moos, 2018). These have been attributed to
reduction of seawater Cr by Fe(ll) diffusing from the reducing shelf sediments. Thus, the relatively
small fractionation factor of Cr inferred from the global seawater dataset is not consistent with Cr

reduction by Fe(ll).

Reduction of Cr(VI) in the hydrothermal plume is not quantitative even if the Fe(ll) supply is efficient,
as my data indicate that the proportion of seawater Cr that was removed from the dissolved
fraction was no higher than 4% at TAG and 10% at Rainbow. According to the Rayleigh model, the
5°3Cr value of particulate Cr(lll) in the hydrothermal plume would be predicted to be isotopically
light relative to seawater Cr(VI), with 8°Cr values of ~0.20%o at TAG and -2.57%o to -2.75%o at
Rainbow (Figure 3.3). The §°Cr offset between Cr(lll) and Cr(VI) means that the &°3Cr values of Cr
deposited in metalliferous sediments would not faithfully reflect the Cr isotope composition of
seawater, and should not be directly used to track the seawater §%Cr evolution in the geological

past.
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Figure 3-4 Cross plot of 6°Cr values versus logarithmic Cr concentration, for new data from this
study together with seawater data from the literature ([1] Bonnand et al., 2013; [2] Goring-Harford
etal., 2018; [3] Scheiderich et al., 2015; [4] Rickli et al., 2019, [5] Bruggmann et al., 2019; [6] X Wang
et al., 2019; [7] Moos and Boyle 2019; [8] Moos et al., 2020; [9] Janssen et al., 2020).

3.53 Evolution of the hydrothermal 6°6Fe signal in the distal plume

As the hydrothermal plumes are dispersed and further diluted, dFe concentrations decrease and
5°¢dFe evolves to higher values (Figure 3.5). The §°°Fe of dFe in the particle plumes cannot, however,
be fully explained by conservative mixing between the least dilute plume samples (dFepiume = 55.2

nM and 53.1 nM, 8°°dFepume = —1.83%0 and —6.95%0 at TAG and Rainbow, respectively) and
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background seawater (dFesw = 0.48 nM, 6°°dFesw = 0.69%o; Conway and John, 2014) (solid curves

on Figure 3.5):
dFe = dFepjume/[Plume dilution factor] + dFeg,, (3-12)

dFeplume*X8°¢dFepiume/[Plume dilution factor] + dFeg,, x8°¢dFeg,y

8°6dFe =

(3-13)

dFeplume/[Plume dilution factor] + dFesy,

Insight as to the processes that control the evolution of the hydrothermal &°°Fe signal during
dispersal can be revealed by the Fe incubation experiments that were carried out on the

hydrothermal plume samples (Mellett et al., in prep.).

The 8°dFe values of the first subsamples from the unfiltered treatment (collected ~3 h after
retrieving the Niskin bottles) were 0.58%. for TAG and 0.76%. for Rainbow, significantly higher than
measured from the filtered treatment (Figure 3.5 and Table 3.2). The dFe concentrations were also
higher. This implies that Fe must have been added to the dissolved Fe pool, most likely through
dissolution of particulate Fe-(oxyhydr)oxides that are predicted to be isotopically heavy. Analyses
of hydrothermal particles by Revels et al. (2015) and Severmann et al. (2004) showed that 5§°°Fe
values of particulate Fe were ~0.20%o in the TAG plume and in the range of 0.24-1.29%o. (average
~0.90%o) in the Rainbow buoyant plume, consistent with partial oxidation of Fe(ll) and precipitation
of the Fe(lll) that formed. Abiotic dissolution of FeOOH particles is reported to be small (< 0.1%o;
Skulan et al., 2002). Thus the results of the incubation experiment utilizing the unfiltered samples
suggest that continuous exchange of Fe between the particulate and dissolved fractions plays an

important role in determining the evolution of hydrothermal 6°¢Fe in the distal plume.

The &°°Fe values of dissolved Fe from the filtered treatment, on average -1.37%o for the TAG
incubation and -7.31%. for Rainbow, are consistent with the seawater profile measurements. The
5°¢dFe values remained relatively constant over a time period of 5 days, even though dFe
concentrations decreased from 75 nM to 21 nM and from 280 nM to 47 nM in the TAG and Rainbow
experiments respectively (Table 3.2). The isotopically light 8°°Fe could be explained by partial
oxidation of Fe(ll) and removal of some part of the Fe(lll) that forms; however, this process can be
expected to modify 6°°Fe. Rather, the data suggest that dFe in the dispersing plume is in a stabilised
form that is resistant to oxidation. Stabilisation of dFe is likely mediated by organic ligands (e.g.
Toner et al., 2009) that are sourced from the vent fields themselves or from ambient seawater. In
this case, removal of Fe from the dissolved fraction through time would be consistent with sluggish
coagulation of ligand-bound Fe and/or colloidal FeOOH; precipitation of Fe during estuarine mixing,
which is an analogous process, has been shown to not fractionate Fe isotopes to any great extent

(Escoube et al., 2009; Zhang et al., 2015).
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Figure 3-5 Evolution of dFe and 6°dFe during hydrothermal plume dispersal. The filled circles
represent samples from the hydrothermal plume (at Stations 35 and 16) and open circles represent
the particle-rich plumes (at Stations 36, 18 and 12). The diamond symbols represent samples at the
initial time point from the Fe incubation experiments. Plume dilution factor is calculated based on
the Mn concentration (Section 3.3.5), Mn concentrations of the least dilute hydrothermal plume
samples are 41 nM (TAG) and 297 nM (Rainbow). Purple curves show conservative mixing (Section
3.5.3) between the least dilute hydrothermal plume sample (dFepume = 55.2 nM and 53.1 nM,
5°¢dFepume = —1.83%0 and —6.95%o at TAG and Rainbow, respectively) and background seawater
(CLSW, dFesw = 0.48 nM, 6°°dFesw = 0.69%o). The dotted lines show the linear regression for samples

from the particle plume.

The 6°°dFe of the particle rich plume samples was as low as -0.44%o to -0.38%o. at 3300-3400 m
water depth at North of TAG (Station 36), and -0.11%. to —0.08%o at 2100 m depth at North and
East of Rainbow (Stations 18 and 12). The higher &°°dFe value in the Rainbow distal plume is most
likely a result of dissolution of Fe-(oxyhydr)oxides, as discussed above. The dissolved Fe fraction
consists principally of colloidal Fe in these samples (Lough et al., in prep.), up to 77% at TAG (Station
36) and up to 87% at Rainbow (Station 18). Assuming that colloidal Fe is composed of Fe-
(oxyhydr)oxides that have 5°°Fe values of 0.20%o to 0.90%. (Revels et al., 2015; Severmann et al.,
2004), then mass balance calculations indicate that the 6°Fe signal of soluble Fe would be ~ -2.32%o
and at TAG and ~ -6.90%o at Rainbow (Table 3.4), close to the lowest values (respectively, -1.91%o
and -6.95%.) measured in the near-field plumes. These results support the idea that in the distal

hydrothermal plume, the isotopically light hydrothermal &°¢Fe signal is stabilised in the soluble Fe
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fraction, while a fraction of the particulate Fe-(oxyhydr)oxides is added to the colloidal Fe pool as

plume disperses away from the vent site.

Table 3-4 Results of the isotope mass balance calculation for the distal particle-rich plume sample
(see Section 3.5.3 for details). Fe concentrations (dFe and sFe) are derived from FIA-CL
measurements (data courtesy of Lough et al., in prep), and the cFe concentration is given by the
difference between the dFe and sFe concentrations.

CTDno. ROSno. Depth(m) &%dFe cFe(nM) sFe(nM) &°%FeofcFe  6°Fe of sFe
Hypothesized Calculated

TAG Close North (Station 36)

80 7 3299 -0.38%0 1.71 0.51 0.20%eo -2.32%0

Rainbow Close North (Station 18)

40 6 2099 -0.08%0 5.15 0.74 0.90%0 -6.90%0
3.5.4 Quantifying the hydrothermal contribution to the Fe inventory in the North Atlantic

Previous studies have shown that atmospheric dust, benthic sedimentary inputs and hydrothermal
vent fluids can all be important sources of dFe in the North Atlantic Ocean (Conway and John, 2014).
Input of Fe from dust deposition is evidenced from the TAG dFe profiles (Figure 3.6a) by elevated
concentrations of dissolved Fe in the surface mixed layer (0-120 m); this dFe is characterised by a
relatively high &°°dFe value (0.22-0.67%o). The 6°°Fe value of aerosols, sourced from the Sahara
desert that have been sampled over the North Atlantic, was 0.09-0.12%. (Conway et al., 2019),
close to the crustal value. However, dissolution of the aerosol dust in seawater mediated by Fe-
binding ligands, such as siderophores, appears to result in an isotopically heavier dissolved Fe pool
(Basu et al, 2019; Dideriksen et al., 2008). Here data from the TAG and close to TAG stations are
consistent with dust dissolution, as §°¢Fe values of dFe increase (0.22%o to 0.67%o; Figure 3.6a) with
increasing dFe concentrations (0.66 to 0.88 nM); these §°°dFe values are consistent with those
measured in the surface mixed layer sampled as part of the GEOTRACES North Atlantic GAO3
transect (0.3%o to 0.7%0; Conway and John, 2014). The sample at 100 m depth at the TAG station
(within the surface mixed layer) has dFe as high as 0.88 nM and 6°°dFe up to 0.67%o., which is

assumed to represent the dust end-member in this study.

Seawater samples taken from above the seafloor and below the hydrothermal plume at the TAG
and the Rainbow vent sites have lower dFe concentrations (1.52-2.31 nM) and higher &°°dFe (0.47%o
and 0.36-0.38%o respectively) compared to those in the plume, more consistent with the dFe
concentration and 8°°dFe value of background seawater (CLSW dFe ~0.48 nM, &°°dFe ~0.69%o;

Conway and John, 2014). Based on water column measurements, Conway and John (2014)
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determined that benthic sedimentary sources of dFe in the North Atlantic had §°¢Fe = 0 to 0.22%o;
such values indicate input of Fe from dissolution of oxygenated sediments (Beard et al., 2003;
Homoky et al, 2013), or resuspension of porewater colloids (Homoky et al., 2009). At stations that
were close to but not directly above vent fields, seawater samples taken from as close to the
seafloor as possible had 5°°dFe values of ~0%. (Figure 3.6b). This would be consistent with either
input of Fe from oxic sediments, or dissolution of particles falling out of the hydrothermal plume.
The lack of any obvious signature of benthic sedimentary Fe inputs at plume sites suggests that any

input is masked inputs of isotopically light Fe from hydrothermal fluids.

As discussed above, hydrothermal Fe isotope signal is modified in the hydrothermal plume, so the
5°¢dFe signature of hydrothermal Fe to the ocean interior will not be the same as the §°°Fe signature
of the hydrothermal fluid. Thus, the 8°®dFe value of ‘stabilised’ hydrothermal Fe delivered to the
interior ocean is estimated by extrapolating the §°°dFe value of seawater from within the distal
particle plumes at the stations close to TAG and Rainbow, back to the above-axis plume as shown
in Figure 3.5. In this way, the 8°°Fe value of hydrothermal Fe is estimated to be -0.36%. for TAG,
and -0.13%. for Rainbow. These estimated 6°°dFe values are very similar to those measured in the
core of the particle plume (-0.44%o to -0.38%o for TAG and -0.11%. to —0.08%. for Rainbow), and
reflect potential stabilisation of hydrothermal Fe in the soluble pool along with exchange of Fe

between particulate and colloidal fractions (Section 3.5.3).

The effects of biogeochemical cycling on Fe isotope distributions can be assessed via the
relationship between 8°°dFe and apparent oxygen utilisation (AOU) from below the surface mixed
layer to intermediate water depths (Figure 3.6c). AOU reflects remineralisation of sinking organic
material within the water column. At the stations close to Rainbow and to the east of Rainbow, dFe
concentrations and &°°dFe values increase with increasing AOU, meaning that remineralisation of
Fe releases relatively heavy isotopes back into the dissolved fraction, consistent with other studies
in the North Atlantic Ocean (Conway and John, 2014; Klar et al., 2018). By contrast, studies in the
south-west Pacific and the Southern Ocean have reported that light Fe isotopes are preferentially
taken up by phytoplankton in surface waters (Ellwood et al. 2015, 2020), with release of this
isotopically light Fe at intermediate depths via remineralisation (Abadie et al. 2017). The differences
in the effects of biogeochemical processes on Fe isotopes potentially reflects differences in
phytoplankton communities or different iron acquisition strategies between the dust-rich Atlantic
and the iron-poor Southern Ocean (e.g. Strzepek et al., 2011; Rubin et al., 2011), although further

investigations are required to confirm this.

The Fe inputs to the North Atlantic Ocean can be modelled using a multi-component mixing model

(Conway and John, 2014). However, as the sedimentary Fe input to the upper water column is likely
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minimal at these sampling sites, and biogeochemical cycling of Fe can be compensated by depth-
averaging 5°°dFe, a more simple two-component isotope mixing model considering the dust versus

hydrothermal inputs can be used:

856dFe = fdust X 656Fedust + fhydrothermal X 856Fehydrothermal (3'14)

The &°¢dFe values are integrated over the depths below the surface mixed layer and above the
hydrothermal plume (120-3000 m for the TAG stations, and 100-1800 m for Rainbow). Model
results (Table 3.5) indicate that dust is the dominant source of Fe, which is consistent with a
previous study in the North Atlantic (Conway and John, 2014). However, it is shown that
hydrothermal activity could contribute ~18-35% of the dFe in the upper water column around the
TAG stations (up to 250 km away from the vent site), and ~19-58% around Rainbow (up to 200 km
away from the vent site). The higher vent fluid Fe content, and the relatively shallow depth and
rough topography (Severmann et al., 2004) at Rainbow compared to TAG means that the
hydrothermal vent fluids exert a larger impact on the oceanic Fe inventory. This is consistent with
modelling studies that have shown that enhanced internal tides drive diapycnal mixing over the
Mid-Atlantic Ridge, especially close to the Azores (Tuerena et al., 2019). In addition to these physical
controls, the persistence of hydrothermal Fe can also be supported by exchange between the
dissolved and particulate fractions, most likely through dissolution of the Fe-(oxyhydr)oxide
particles that remain in the distal plume (Section 3.5.3). This mechanism is similar to the previously
hypothesised reversible dissolved-particulate exchange that accounts for the long-distance

transport of hydrothermal Fe in the southern East Pacific Rise plume (Fitzsimmons et al., 2017).

Table 3-5 Quantification of the importance of hydrothermal source to the dissolved Fe inventory
using two-component isotope mixing model (Section 3.5.4). Integrated water depths are 120-3000
m for the TAG stations and 100-1800 m for the Rainbow stations.

Stations TAG North of TAG West of TAG 250 km West of TAG
Dust end-member 5°°Fe = 0.67%o,; hydrothermal end-member 6°°Fe = -0.36%o

Column integrated 8°°Fe (%0) 0.48 0.45 0.31 0.42

% hydrothermal contribution 18 21 35 24

Stations Rainbow North of Rainbow East of Rainbow 200 km East of Rainbow
Dust end-member 6°°Fe = 0.67%o; hydrothermal end-member 6°°Fe = -0.13%o

Column integrated &°¢Fe (%o0) 0.52 0.39 0.35 0.21

% hydrothermal contribution 19 35 40 58
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Figure 3-6 (a) dFe concentration and 6°°dFe value in the upper 1000 m of the water column for
stations around TAG where isotopically heavy 8°°Fe in the surface mixed layer (0-120 m, highlighted)
due to dust deposition was observed. (b) 6°°dFe value in the deep layer from stations close to TAG
and Rainbow, showing the potential influence of sedimentary Fe input and/or particle plume
dispersal; horizontal dashed lines indicate depths of seafloor. (c) dFe concentration and 6°°dFe
value relative to apparent oxygen utilisation (AOU) from stations around Rainbow; dotted lines are
the linear regression of §°dFe and AOU at each station. Numbers in brackets represent station

numbers
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3.5.5 Constraining the effect of hydrothermal activity on the oceanic Cr budget

Figure 3.2 provides clear evidence that Cr is removed from seawater in the hydrothermal plume,
implying that hydrothermal activity is likely a sink, rather than a source, of Cr in the ocean. The Cr
isotope data suggest that removal of Cr occurs via reduction of Cr(VI), with Fe(ll) as the electron
donor, with scavenging of Cr(lll) onto the surface of the Fe(lll)-(oxyhydr)oxides that form. Cr(VI)
reduction via Fe(ll) is rapid, with a half-life of minutes to hours (Sedlak and Chan, 1997), much
shorter than the estimated half-life of Fe-oxyhydr(oxide) particles in the plume (~41 days at TAG;
Rudhnicki and Elderfield, 1993).

The size of the hydrothermal Cr sink can be estimated from the Cr deficit in the plume in two ways.
Firstly, assuming given that removal of Cr is linked to the formation of Fe(llll) (oxyhydr)oxides, then
the hydrothermal Cr sink is related to the particulate Fe (pFe) content of the hydrothermal plume,

estimated as follows:
pFe = ([Fe]vr / [VF dilution factor]) — [dFe]meas — [F€]sulfide (3-15)

where [Fe]sulfide is the quantity of Fe that precipitated as Fe-sulfide (~¥20% at TAG and ~7% at
Rainbow; Section 3.5.1). The particulate Cr (pCr) content can be estimated from the dissolved Cr
deficit relative to ambient seawater (Cr deficit = 0.01 — 0.25 nM, Section 3.5.2). In this way, the
mean molar Cr/Fe ratios of the plume particles are estimated to be ~3.3 x 10* and ~8 x 10 for TAG
and Rainbow, respectively. The estimated Cr/Fe ratio for the TAG particles is of the same magnitude
as that reported for other studies at TAG (3.6-4.8 x 10, Trocine and Trefry 1988; German et al.,
1991), and also with particles sampled from the southern East Pacific Rise (9 x 10, Feely et al.,

1996).

Based on the vent fluid Fe content, and considering that a fraction of this Fe (~20% at TAG and ~7%
at Rainbow; Section 3.5.1) is precipitated as Fe-sulfide during the early stages of mixing, the
maximum amount of Fe available for Fe-(oxyhydr)oxide formation in the hydrothermal plume is
estimated to be ~4 mmol/kg and ~22 mmol/kg at TAG and Rainbow, respectively. Using the
particulate Cr/Fe ratios calculated above, and given that the water flux through the global high-
temperature hydrothermal system is ~2.62 x 10®3 kg/yr (Elderfield and Schultz, 1996; Reinhard et
al., 2013), the global removal flux of seawater Cr in the hydrothermal plume is calculated to be ~3.4

x 107 to 4.6 x 107 mol/yr (Table 3.6).

Secondly, the hydrothermal removal flux of Cr can be estimated from the Cr deficit in the plume
(~0.01 to 0.25 nM) and the estimated volume of the oceans that passes through the hydrothermal

plume each year (~4.85 x 10 L/yr, based on measured fluxes of *He from Endeavour ridge: Kadko,
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1993; Rosenberg, 1988). This method yields a removal flux of ~0.5 - 12 x 107 mol/yr, which is

comparable to the flux calculation above.

Table 3-6 Quantification of the global high-temperature hydrothermal removal flux of Cr based on
data from TAG and Rainbow vent fields respectively, and comparison with river input flux of Cr
(Section 3.5.5).

Method 1 High-temperature hydrothermal system Comparison with river input
Available Hydrothermal .
Vent field zs(,:tri{::ed FeOOH water flux f;q;T/my:))val Flux ?r::/sl;{/l:;x % of river flux
(mmol/kg) (kg/yr) ®
TAG 3.3x10% 4 3.4x 10’ 6
2.62 x 108 5.6 x 10%
Rainbow 8x10° 22 4.6 x 107 8
Method 2 High-temperature hydrothermal system Comparison with river input
) Cr deficit Water flux Crremoval flux  River flux .
Vent field through plume % of river flux
(nM) ) (mol/yr) (mol/yr)
(L/yr)
TAG 0.02-0.11 1-5.3 x 107 2-9
4.85 x 10V 5.6 x 108
Rainbow 0.01-0.25 0.5-12 x 107 1-20

@ Taken from Elderfield and Schultz (1996)
b Taken from Kadko (1993); Rosenberg (1988)

The estimated hydrothermal removal flux for Cr calculated here is consistent with earlier work at
TAG (4.8 x 107 mol/yr; Rudnicki and Elderfield, 1993), but significantly higher than that estimated
by Reinhard et al. (2013) (0.01 x 107 mol/yr). The latter study simply asserted that Cr was stripped
from seawater circulating in the high temperature part of the hydrothermal reaction cell, and
neglected to consider removal of Cr from seawater in the hydrothermal plume. This chapter
provides strong evidence for Cr(VI) reduction in the hydrothermal plume linked to Fe(ll) oxidation
and the subsequent scavenging of Cr into Fe(lll) (oxyhydr)oxide particles that renders the
hydrothermal plume from high-temperature hydrothermal systems a sink of seawater Cr (Figure
3.7). Compared to the riverine input of Cr, the principal source of Cr to the oceans (~5.6 x 108 mol/yr:
Bonnand et al., 2013), the hydrothermal removal flux of Cr is relatively small (1-20% of the riverine

flux) but non-negligible.
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Input of Fe to the ocean
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Figure 3-7 Schematic showing the coupled cycling of Fe and Cr in the hydrothermal plume. @
Precipitation of Fe-sulfide; @ Oxidation of Fe(ll) to Fe(lll); @ Precipitation of Fe(lll) as Fe-
(oxyhydr)oxide. (i) Reduction of Cr(VI) to Cr(lll); (ii) Scavenging of Cr(lll) onto Fe-(oxyhydr)oxide
particles.

3.6 Conclusions

This study investigated how chemical processes in the hydrothermal plume regulate the
hydrothermal input of Fe and Cr by utilising a novel stable isotope approach. For the first time, it is
shown that Fe and Cr isotope profiles through the hydrothermal plume are the ‘mirror image’ of
one another, providing compelling evidence for coupled Fe(ll) oxidation and Cr(VI) reduction in the
hydrothermal plume. Oxidation of Fe(ll) and precipitation of Fe-(oxyhydr)oxides accounts for the
low &°¢Fe values of dissolved Fe, as low as —1.91%o at TAG and -6.95%o at Rainbow. Differences in
&°Fe values between the two sites likely reflect differences in the proportion of dissolved Fe that
precipitates as Fe-sulfide versus Fe-(oxyhydr)oxide. Cr reduction is suggested by elevated &§°3Cr
values in the TAG and Rainbow hydrothermal plumes compared to background seawater, by up to
+0.13%o and +0.60%o respectively. Anomalously high 8§%Cr values measured at the Rainbow site
yield a Cr isotope fractionation factor (8>Cren) — 8>3Crerviy) of —4.6%s, significantly greater than that

calculated for the ‘global correlation” between Cr concentration and 8°3Cr in seawater.

The 6°°Fe of dissolved Fe evolves to heavier values (-0.44 to 0.23%o) in distal part of the
hydrothermal plume, likely controlled by exchange of Fe between the dissolved and particulate
fraction as well as mixing with background seawater. The §°¢Fe signature of dFe can be used to
distinguish Fe inputs from dust and hydrothermal activity; these data suggest that hydrothermal
venting potentially contributes ~18-58% of dissolved Fe to the oceanic inventory, at distances of up
to 250 km away from the vent sites. In contrast, reduction of Cr and scavenging by Fe-

(oxyhydr)oxide particles in the hydrothermal plume means that high-temperature hydrothermal
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systems are a sink for seawater Cr, potentially removing up to 20% of the riverine flux. Thus
processes in hydrothermal plumes have the potential to significantly modify the Fe and Cr isotopic

signatures of hydrothermal fluids.
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Chapter 4 Biogeochemical cycling of chromium and
chromium isotopes in the sub-tropical North

Atlantic Ocean

4.1 Introduction

Chromium (Cr) is a transition metal, present in typical concentrations of 0.9 to 6.5 nM in seawater
(Campbell and Yeats, 1981; Cranston, 1983; Jeandel and Minster, 1984, Achterberg and van den
Berg, 1997; Sirinawin et al., 2000; Connelly et al., 2006; Bonnard et al., 2013; Scheiderich et al., 2015)
and has a relatively long residence time of ~3000 to 40000 years (Campbell and Yeats, 1984;
Reinhard et al., 2013; McClain and Maher, 2016). In some parts of the oceans, concentrations of
dissolved Cr are modestly depleted in the surface layer, and Cr has been classified as intermediate
between a ‘conservative’ and ‘recycled’ element (Jeandel and Minster, 1987; Sirinawin et al., 2000).
In oxic seawater, Cr(VI) is predicted to be the thermodynamically stable form of Cr (Elderfield, 1970),
whereas under oxygen deficient conditions, Cr(lll) may be the dominant Cr species (Murray et al,
1983; Rue et al., 1997). However, it has recently been shown that oxygen is not the sole control on
Cr speciation (Goring-Harford et al., 2018; Wang et al., 2019; Janssen et al., 2020). High levels of
biological productivity, as well as the presence of Fe(ll) and organic matter in surface waters, can
also facilitate Cr reduction (Connelly et al., 2006; Dgssing et al., 2011; Kitchen et al., 2012). Cr(VI) is
highly soluble as the chromate (CrO4%") ion in oxic seawater, whilst Cr(Ill) is particle-reactive and

readily adsorbed onto solid surfaces (Rai et al., 1987; Ellis et al., 2002).

Rivers are the main source of dissolved Cr to the ocean (Bonnand et al., 2013; Reinhard et al., 2013).
Chromium is mainly in the form of Cr(lll) in rocks, but weathering reactions driven by Mn-oxides
oxidise Cr(lll) as it is released from silicate rocks (Frei et al., 2009), so principally Cr(VI) is delivered
to the oceans via rivers (Cranston and Murray, 1980). Atmospheric deposition is a major source of
many trace metals to the ocean and may result in elevated concentrations of Cr in surface seawater
in some parts of the oceans (Achterberg and van den Berg, 1997). As yet, to my knowledge, there
are no published reports of the Cr content of high temperature hydrothermal vent fluids, but low
temperature (diffuse) hydrothermal fluids from the North Fiji Basin are slightly enriched in total Cr
(~48 nM) compared to background seawater (Sander and Koschinsky, 2000). However, analyses of
hydrothermal plume particles indicates that they have higher Cr/Fe ratios than predicted by mixing
of vent fluids and seawater, suggesting that hydrothermal activity may be a net sink of Cr as it is

scavenged from seawater onto Fe-(oxyhydr)oxides (Trocine and Trefry, 1988; German et al., 1991;
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Rudnicki and Elderfield, 1993; Feely et al., 1996; Bauer et al., 2019). Cr is removed from the oceanic
inventory through reduction of Cr(VI), scavenging onto settling particles and burial as Cr(lll) in
reducing and/or anoxic sediments (Reinhard et al., 2014; Gueguen et al., 2016). Therefore, marine
sediments are considered as the major sink for seawater Cr. The estimated fluxes of Cr inputs to,

and outputs from, the ocean reported in the literature are summarised in Table 4.1.

Table 4-1 Range of concentrations and fluxes of Cr inputs and outputs to/from the ocean.

sediment sink

Reservoir Cr Cr Flux Cr Source
(nM) (umol/g)  (mol/yr)

Inputs

Rivers 15-150 5.6-17 x 108 Bonnand et al. (2013); McClain
and Maher (2016)

Low-temperature ~48 3.4 x 10° Sander and Koschinsky (2000);

hydrothermal vents Reinhard et al. (2013)

Outputs

High-temperature - 3.4-4.6 x 10’ Chapter 3

hydrothermal vents

Oxic sediment sink ~2 5.8 x 10’ Chester and Hughes (1969);
Reinhard et al. (2013)

Sub-oxic and anoxic ~2 5.2 x 108 Gueguen et al. (2016); Reinhard

et al. (2013)

Stable chromium isotope ratios are expressed in delta notation relative to NBS979 standard, as
653CF = [(53Cr/52Cr)samp|e/(53Cr /SZCF)N35979 - 1] X 1000) (4'1)

Silicate rocks have very similar §%Cr values, around -0.12 + 0.10%o (Schoenberg et al., 2008).
Groundwaters with low levels of oxygen are relatively enriched in heavy Cr isotopes (6°3Cr = 0.3 to
5.8%o: Ellis et al., 2002; Izbicki et al., 2008), which is mainly governed by shifts in Cr redox state.
Theoretical studies and laboratory experiments have shown that reduction of Cr(VI) leads to large
mass-dependent fractionation, with enrichment of light Cr isotopes in the Cr(lll) that forms (Ellis et
al., 2002; Dgssing et al., 2011; Kitchen et al., 2012; Basu and Johnson, 2012). The direction of
fractionation holds regardless of the reductant (Fe(ll), Fe(ll)-bearing minerals, organic matter),
while the kinetic fractionation factors are variable (8°3Cr(l11) — §>3Cr(VI) = 1.5 to -4.2%.). Reduction
of Cr(VI) to Cr(lll) may not be quantitative even under anoxic conditions in seawater and there
appears to be an offset between the §%Cr values of Cr(lll) and Cr(VI) (Wang et al., 2019; Janssen et
al., 2020). However, to date, there are few studies of the Cr isotopic composition of single Cr species;

this would be a productive area of future research.
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The 6°3Cr signature of seawater from open ocean settings measured to date is in the range between
0.1 and 1.7%o0 (Bonnand et al., 2013; Goring-Harford et al. 2018; Scheiderich et al., 2015; Rickli et
al., 2019; Bruggmann et al., 2019, Wang et al., 2019, Moos and Boyle, 2019; Moos et al., 2020;
Janssen et al., 2020), but the average value (1.04 + 0.26%o, n = 217) is higher than that of the
average river input (0.49 + 0.45%., n = 49: Frei et al., 2014, Paulukat et al., 2015; D’Arcy; 2016; Wu
et al., 2017; Andronikov et al., 2019). This suggests that the Cr isotopic signature of seawater is
modified by (i) input of Cr from other sources, such as sediments, (ii) fractionation of Cr as it is
removed from seawater (for example, by reduction of Cr(VI) on the surface of particles that
scavenge the Cr(lll) that forms), and/or biogeochemical cycling. Scheiderich et al. (2015) showed
that the 6°3Cr composition of waters in the Arctic Ocean was highly heterogeneous (0.99 to 1.55%o),
and hypothesised that this can be attributed to Cr reduction and scavenging in surface waters and
oxygen minimum zones, with subsequent release of Cr from sinking particles in deeper waters.
These processes were used to explain the reverse correlation between 8°3Cr value and logarithmic
Cr concentration in the global ocean, from which they derived an isotope fractionation factor
between Cr(lll) and Cr(VI) of ~ —0.8%o (Scheiderich et al., 2015). More recent studies of the Cr
isotopic composition of seawater from the North Pacific and the Southern Ocean (Moos and Boyle,
2019; Rickli et al., 2019; Janssen et al., 2020; Moos et al., 2020) also support this ‘global correlation’.
However, as yet, the underlying mechanisms that produce this apparent correlation are poorly

constrained.

This chapter reports total dissolved Cr concentrations and total dissolved Cr isotope compositions
(833Cr) for full-depth water column profiles for three stations from a GEOTRACES transect along the
22°N sub-tropical Atlantic Ocean (Figure 4.1a). This fills an important knowledge gap, because few
full-depth water column profiles of Cr isotopes are available for the open ocean, together with
ancillary data (nutrient and oxygen concentrations, concentrations of other trace metals, salinity,
temperature, etc) that aid the interpretation of Cr behaviour. These data provide insight into the
potential sources of Cr to the North Atlantic Ocean as well as the effects of internal cycling

processes.

4.2 Materials and methods

4.2.1 Sample collection and oceanographic setting

Samples for this study were collected from Stations 1, 4, and 6 (Figure 4.1a) during RRS James Cook
cruise JC150 (UK GEOTRACES GA,:04 process cruise) between 26" of June and 12 of August 2017.

The water depths for the three stations were 5408 m, 3505 m and 5810 m respectively.
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Seawater was collected using pre-cleaned 10 L Ocean Test Equipment (OTE) water sampling bottles
that were mounted on a titanium rosette system and deployed from a Kevlar wire. On recovery,
the OTE bottles were transferred into a trace metal clean container for sub-sampling. Seawater was
filtered through a Sartobran 300 (Sartorius) filter capsule (0.2 um) or a polyethersulfone filter (PES,
Supor, Pall Gelman, 0.2 um) under gentle pressure, and was collected into acid-cleaned low density
polyethylene (LDPE) bottles. Filtered seawater samples were acidified with UpA-grade hydrochloric
acid (HCI, Romil) to 0.024 M, and were stored for at least a year before the Cr isotope analysis,

allowing complete conversion of Cr species to Cr (lll) (Semeniuk et al., 2016).

(b)

WNACW
13°C ESACW + AAIW + MW

1000 1 UCDW + MW

LSW
2000
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—— Station 6
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NWABW (Station 1), NEADW (Station 6)

5000 -

AABW (Station 1), NEADW (Station 6)
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Figure 4-1 (a) Locations of sampling stations (1, 4 and 6) in the sub-tropical North Atlantic Ocean.
Map courtesy of http://www.geomapapp.org (b) Salinity profiles for the three sampling stations.
Water masses are delimited with horizontal dashed lines. WNACW = West North Atlantic Central
Water, ESACW = East South Atlantic Central Water, AAIW = Antarctic Intermediate Water, MW =
Mediterranean Water, UCDW = Upper Circumpolar Deep Water, LSW = Labrador Sea Water,
NEADW = North East Atlantic Deep Water, NWABW = North West Atlantic Bottom Water, ABW =
Antarctic Bottom Water. Water mass analysis taken from Artigue et al. (2019).

Analyses of the water masses along the transect based on combined hydrographic and nutrient
data are reported in Artigue et al. (2020) and summarised in Figure 4.1b. Briefly, the subsurface
waters (between ~100 and 900 m depth) mainly consisted of West North Atlantic Central Water
(WNACW) and 13°C-East South Atlantic Central Water (ESACW). At approximately 700 m water
depth, Antarctic Intermediate Water (AAIW) and Mediterranean Water (MW) dominated,
respectively, to the west and to the east of the Mid-Atlantic Ridge (MAR). Upper Circumpolar Deep
Water (UCDW) was observed at 900-1250 m, below which Labrador Sea Water (LSW) was centered
at ~1500 m. North East Atlantic Deep Water (NEADW), which includes a contribution from Iceland-

Scotland Overflow Water (ISOW), was found below LSW and was centered at ~2500 m. At Station
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1, to the west of the MAR, North West Atlantic Bottom Water (NWABW) was present between 3500
and 5000 m water depth, and depper waters (>5000 m) consisted of Antarctic Bottom Water (ABW).

The deep waters at Station 6 were dominated by NEADW.

4.2.2 Cr isotope analysis

All acids used for chemical processing were thermally distilled. Milli-Q (MQ) water was used for
diluting and for cleaning. LDPE bottles and Perfluoroalkoxy (PFA) vials were thoroughly cleaned for
trace metal purposes. Samples were handled under laminar flow hoods, set within Class 100 clean

laboratories at the National Oceanography Centre Southampton.

Dissolved Cr concentrations were initially determined using a newly developed Mg(OH), co-
precipitation method (Moos and Boyle et al., 2019; Rickli et al., 2019). Approximately 50 mL sub-
sample was transferred into an acid-cleaned centrifuge tube, weighed, and amended with 10 ng
33Cr single spike. Ammonia solution (SpA-grade, Romil) was then added to the sample until Mg(OH),
formed. For 50 mL acidified sub-sample (pH ~1.7), ~500 pL concentrated ammonia was required; it
is advisable to keep the size of Mg(OH), pellet as small as possible to minimize the potential for
matrix effects. After centrifugation and removal of the supernatant, the Cr precipitate was re-
dissolved in 5 mL of 0.45 M HNOs. The Cr concentration of the seawater sample was derived by
isotope dilution, based on the >2Cr/>3Cr ratio of the sample/spike mixture measured by inductively

coupled plasma mass spectrometry (ICP-MS; Thermo Scientific Element).

The Cr isotope compositions of seawater samples were determined using a method adapted from
Bonnand et al. (2013). Samples of 1-2 L volume were amended with a °Cr->*Cr double spike to
achieve optimal target isotope ratios (Goring-Harford et al., 2018) and were left to equilibrium for
~24 hrs. The sample pH was then adjusted to pH 8-9 to facilitate precipitation of Cr. A freshly
prepared suspended precipitate of Fe(ll) hydroxide, made by addition of ammonia to a fresh
ammonium Fe(ll) sulfate solution, was added to the samples (10 mL L?! seawater), allowing
oxidation of the Fe(ll) hydroxide and reduction of any remaining Cr(VI). The Fe(lll) hydroxide

scavenges the Cr(lll), resulting in quantitative precipitation of dissolved Cr (Connelly et al., 2006).

The precipitate was separated from the solution via vacuum filtration through pre-cleaned PTFE
membrane filters (1 um, Millipore Omnipore), and was subsequently leached from the filters using
6 M HCl before being dried down and taken up in 6 mL of 7 M HCI. The Cr was first separated from
the Fe by anion exchange (~2 mL of Bio Rad AG1-X8 resin loaded in a Bio Rad Poly-Prep column).
The resin was extensively cleaned with concentrated HNOs, 0.5 M HCl and concentrated HCI, and

was pre-conditioned with 7M HCl. The sample was loaded in 6 mL of 7M HCl on to the resin. The
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eluent was collected, dried down and then reconstituted in 6 mL of 0.5 M HCI. The column was

cleaned with 0.5 M HCIl to remove Fe and stored in 0.5 M HCl.

Any residual salts were removed by cation exchange (2.9 mL of BioRad AG 50W-X12 resin loaded in
a 30 mL PFA Savillex column). The resin was cleaned with 10 mL of 8 M HNOs, 30 mL of 6 M HCL
and 30 mL of MQ water, and was pre-conditioned with 12 mL of 0.5 M HCI. The sample was loaded
in 6 mL of 0.5 M HCI and the Cr was immediately eluted and collected in a 15 mL Savillex vial.
Additional 4 mL of 0.5 M HCl was added to the column and collected. The resin was cleaned with
6M HCI to remove the remaining cations and stored in 0.5 M HCI. The Cr fraction was evaporated
to dryness and was treated with 50uL concentrated H,0, and HNO;, respectively, to oxidise any

remaining organic material, before being dried down once again and re-dissolved in 0.45 M HNOs.

The isotopic composition of Cr was determined by multicollector inductively coupled plasma mass
spectrometry (MC-ICP-MS; Thermo Fisher Neptune Plus) at the University of Southampton, using
the methods described in Goring-Harford et al. (2018). Purified samples with 50-100 ppb Cr were
introduced using an Aridus 3 desolvator and signals from °°Cr, >2Cr, 53Cr, >*Cr and *Ti, >V, **Fe were
quantified. Medium resolution setting was used and mass resolution >5000 was achieved. Each
analytical sequence for Cr consisted of repeating analyses of the NBS979 standard every three
samples. Each sample analysis consisted of 100 individual measurements. Polyatomic interferences
were avoided by making measurements on peak shoulders. The typical ion beam size was 0.15-0.24
V ppb for **Cr. The mean signal intensity of a blank solution that was analysed before and after

each sample/standard was subtracted.

The raw Cr data were corrected for instrumental mass bias as well as the total procedural blank
contribution. The Cr isotope value was obtained using an iterative deconvolution procedure
(Albaréde and Beard, 2004) and is reported in delta notation relative to the NBS979 isotope
standard. The Cr blank mainly came from the Fe precipitate and constituted <10% of the total Cr
analysed; the 8°3Cr of the ammonium Fe(l1) sulphate solution was determined to be —0.16%o, within
the error of that measured previously (—0.34 + 0.32%o; Goring-Harford et al., 2018). To account for
the instrumental drift that arises over multiple analytical sessions, NBS979 standard and sample
measurements were normalised by subtracting the daily average offset of NBS979 standards from

the initial isotopic signature, according to Goring-Harford et al. (2018).

The Cr concentration of each sample was determined simultaneously with the isotope ratios using
isotope dilution equations, based on the known sample volume and the quantity of added spike.
The results were within 10% (with three exceptions) of the concentrations derived from the

Mg(OH), co-precipitation method.
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Analyses of the NBS979 chromium isotope standard gave 0.00 + 0.05%. (25D, n=49). The precision
and accuracy of the methods were further assessed through the analysis of the OSIL Atlantic
seawater salinity standard, yielding 8°°Cr = 0.93 to 1.00%o0 which is consistent with the value

reported in the literature (0.96 + 0.06%o; Scheiderich et al., 2015).

4.2.3 Analysis of dissolved Fe concentration and other ancillary analyses

Filtered samples of seawater for analysis of dissolved Fe (dFe) were acidified on board and analysed
using flow injection analysis with chemiluminescence detection (FIA-CL) inside a Class 1000 clean
laboratory either onboard or at the University of Southampton, as discussed in Kunde et al., (2019).
Briefly, 0.013M ultrapure hydrogen peroxide (H,0,, Sigma Aldrich) was added to samples 1 hr prior
to analysis, and the sample was buffered in-line to pH 3.5 to 4.0 using 0.15 M ammonium acetate
(SpA-grade, Romil). Fe (lll) was pre-concentrated on the cation exchange resin Toyopearl-AF-
Chelate 650 M (Tosohaas). The accuracy of the method was assessed by repeat quantification of
dFe in a reference sample (SAFe; Johnson et al., 2007). Filtered seawater samples for analysis of
soluble Fe (sFe) were additionally filtered in-line through 0.02 um syringe filters (Anotop, Whatman)
before they were acidified. Concentrations of sFe were determined using the same method as dFe;

concentrations of colloidal Fe (cFe) were derived from the difference between dFe and sFe.

A Seabird 911 plus conductivity, temperature and depth (CTD) profiler system together with
additional sensors was attached to the titanium frame during the seawater sampling. Sensors were
cross-calibrated with discrete seawater analyses on board. Salinity was calibrated using an Autosal
8400B salinometer (Guildline). Chlorophyll-a (Chl-a) was measured by a fluorescence sensor that
was calibrated with a fluorimeter (Turner Designs Trilogy). Dissolved oxygen (O2) was measured by
a Seabird SBE43 sensor, calibrated with a photometric automated Winkler titration system.

Turbidity was monitored using the WETLabs BBRTD light scattering sensor.

4.3 Results

Profiles for Chl-a, O, concentration and turbidity at Stations 1, 4 and 6 are shown in Figure 4.2.
Overall, there was no significant inter-site variation in these biogeochemical properties. At each
station, Chl-a peaked at approximately 140 m water depth, with concentrations up to 0.4 pg/L,
reflecting enhanced levels of biological activity in the euphotic zone. Oxygen concentrations
reached <140 umol/kg at depths between ~700 and ~900 m. Deeper waters were well oxygenated
with O, concentrations of >230 umol/kg below ~2000 m water depth. Levels of turbidity were
highest immediately below the surface, which can be attributed to settling particles, and gradually

decreased with depth. Relatively high levels of turbidity were also found close to seafloor, which
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can be attributed to resuspension of seabed sediments. At Station 4 there is a local increase in
turbidity between 3300 and 3500 m water depth that delineates the particle-rich hydrothermal

plume above the Snake Pit hydrothermal vent field on the MAR.

Station 1 Station 4 Station 6
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Figure 4-2 Biogeochemical properties (dissolved oxygen, Chl-a concentration and turbidity) at
Stations 1, 4, and 6. Deep Chl-a maximum is marked by the red horizontal dashed lines, and oxygen
minimum zone is highlighted by the purple bands.

Full water column depth profiles for dissolved Fe, Cr and 6°3Cr at the three stations are shown in
Figure 4.3a (data given in Table C1). Concentrations of dissolved Cr ranged between 1.84 and 2.63
nM; the vertical distribution of Cr resembled that of dissolved Fe, notably in the euphotic and
mesopelagic zones. Measured §°Cr values varied from 1.06 to 1.42%. and the 8°3Cr profiles appear
to mirror the shape of the Cr concentration profiles. Lowest Cr concentrations (1.84 to 2.04 nM)
and highest 8°3Cr values (1.36 to 1.42%.) coincided with lowest dFe concentrations (down to ~0.4
nM) between approximately 100 to 400 m water depth. Overall, subsurface waters (between the
base of the surface mixed layer and 900 m water depth) were slightly depleted in Cr and slightly
enriched in heavy Cr isotopes (average Cr = 2.15 nM, 8°3Cr = 1.35%o), relative to deeper waters

(average Cr = 2.39 nM, 6%3Cr = 1.21%o).

Seawater Cr concentration and §%Cr values measured in this study are generally consistent with
those reported in the eastern sub-tropical Atlantic (Cr = 2.1 to 2.9 nM, &%Cr = 1.08 to 1.72%q;

Goring-Harford et al., 2018). Their work focused on shelf and shelf-slope waters that had slightly
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lower Cr concentrations (on average 2.26 nM) and higher &%Cr values (on average 1.41%o) than

open ocean waters at the same water depth (between 0 and 160 m) (Goring-Harford et al., 2018).

However, similarly to this study, sub-surface waters at a single open-ocean site were slightly

depleted in Cr and slightly enriched in heavy Cr isotopes (average Cr = 2.60 nM, 8°3Cr = 1.18%.)

compared to deeper waters (average Cr = 2.70 nM, 6%Cr = 1.13%.) (Goring-Harford et al., 2018).
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Figure 4-3 (a) Full water column depth profiles of Cr concentration, §°3Cr values, and dissolved Fe
concentrations at Stations 1, 4, and 6. (b) Profiles of Cr concentrations, §°3Cr values, and dissolved
and colloidal Fe concentrations for the upper 900 m water depths at Stations 1, 4 and 6. Error bars
for Cr and Fe concentrations are smaller than the size of symbols. Error bars for 8°3Cr represent
external reproducibility (+ 0.05%.) based on the long-term precision of the chromium isotope
standard (NBS979). All Cr data are given in Table C1. Fe data are from Kunde et al. (2019).
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4.4 Discussion

44.1 Potential sources of Cr to the North Atlantic

It is generally assumed that rivers are the main source of dissolved Cr to the oceans (Bonnand et al.,
2013; Reinhard et al., 2013), whereas contributions of Cr from atmospheric dust deposition, benthic
sedimentary inputs and hydrothermal vents vary from site to site but are usually small (Achterberg

and van den Berg, 1997; Goring-Harford et al., 2018; Sander and Koschinsky, 2000).

Dust supply from North African deserts directly affects the subtropical North Atlantic ocean (Jickells
et al., 2015). Input of Fe from dust deposition was evidenced across the transect by elevated
concentrations of dissolved Fe in the surface mixed layer (SML), which extends to 20 m, 50 m and
60 m water depth respectively, for Stations 1, 4 and 6 (Kunde et al., 2019). A longitudinal decrease
of surface dFe concentrations from west to east was observed, primarily attributed to variations in
wind-derived dust fluxes (Kunde et al., 2019). Only two samples were collected for Cr analysis from
within the SML (at Stations 4 and 6); these had Cr concentrations of 2.25-2.28 nM (Figure 4.3a),
similar to the Cr concentration (2.33 £ 0.15 nM) for samples collected from sub-surface waters at
these stations. The 6°3Cr values of dissolved Cr from the SML were between 1.32 to 1.34%o.. The
8°3Cr value of atmospheric dust is expected to be similar to that of crustal rocks (-0.12 + 0.10%so;
Schoenberg et al., 2008), although dissolution promoted by strong ligands may preferentially
release heavier Cr isotopes (6°3Cr up to 1.23%o; Saad et al., 2017). The total Cr loading of North
African aerosols is on average 4.6 ng m based on results from the GEOTRACES GAO3 study (Shelley
et al., 2015). Given the average dry deposition velocity is 0.4 cm s in the remote open ocean (Duce
et al., 1991), then the dry deposition flux of Cr is calculated to be 5.8 x 10* ng m? y*! in the
subtropical North Atlantic. Assuming 10% of this Cr is soluble (Chester and Murphy, 1990) and
dissolution occurs in the upper 50 m of the water column, dust derived Cr would be equivalent to
an increase of ~0.002 nM per year to the SML. This is, however, negligible compared to the
measured Cr concentrations in the SML. Considered together, there is no evidence for significant

input of dissolved Cr from atmospheric dust deposition to the surface ocean in this region.

At Stations 1 and 6, Cr concentrations slightly increase from intermediate to deep waters. Samples
collected from below 5000 m have the highest Cr concentrations (2.50-2.63 nM) and lowest §%Cr
values (1.11-1.12%.) of the water column. If this is a result of input of metals from benthic
sediments, then elevated dissolved Fe concentrations close to seafloor would be simultaneously

observed. However, in the abyssal zone, dFe concentrations remain relatively constant (Station 6)
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or are even slightly lower than intermediate waters (Station 1) (see Figure 4.3a). Scavenging of Fe
onto resuspended sedimentary particles likely occurred at Station 1 (Kunde et al., 2019), but there
is no evidence for this for Cr in the deep water. Overall, input of Cr from benthic sediments appears

to be negligible in this study area.

The neutrally buoyant hydrothermal plume above the Snake Pit vent field was identified by a
turbidity anomaly (Figure 4.2), and was sampled at water depths of between 3300-3500 m at
Station 4. Dissolved Fe concentrations reached 27 nM within the plume, much higher than
background seawater (~0.67 nM; Kunde et al., 2019), suggesting a substantial contribution of dFe
from the Snake Pit vent fluids that have an end-member Fe concentration of ~3.5 mM (Findlay et
al., 2015). Seawater samples from within the hydrothermal plume exhibit Cr concentrations of 2.48
to 2.57 nM and &°3Cr values of 1.06 to 1.25%o (Figure 4.3a). These Cr concentrations are slightly
higher (by 0.14-0.23 nM) than a single sample collected from a similar water depth (3500 m) at
Station 1. Hence, consistent with the idea that the Cr content of hydrothermal vent fluids is
relatively low (< 2000 nM; Sander and Koschinsky, 2000) compared to other metals, the Snake Pit
vent field does not seem to be an important source of Cr to the deep ocean. However, in contrast
to my more detailed study of Cr behavior in hydrothermal plumes at TAG and Rainbow (Chapter 3),
there was no evidence for removal of seawater Cr from within the hydrothermal plume at Snake

Pit, at least for the two samples studied here.

4.4.2 Removal of Cr in subsurface waters

Lowest Cr concentrations coincide with lowest dissolved and colloidal Fe concentrations at between
100 and 400 m water depth (Figure 4.3b), suggesting the coupled cycling of Cr and Fe in subsurface
waters. Depletion of dFe is associated with removal of cFe from the subsurface waters, and is not a
direct result of biological uptake (Kunde et al., 2019). This is because: (1) experimental studies have
suggested that soluble Fe is biologically preferred over cFe (Chen and Wang, 2001); (2) lowest cFe
concentrations occur below the deep Chl-a maximum that reflects enhanced biological activity
(Figure 4.3b); and (3) an enrichment of particulate Fe, which would capture the cellular Fe pool,
was not observed (Kunde et al., 2019). Instead, aggregation of cFe (likely in the form of Fe(lll)) into
filterable particles and/or scavenging of cFe onto settling particles is considered to account for the

subsurface deficit of dFe (Kunde et al.,2019) and, presumably, removal of Cr.

Concentrations of Cr in the subsurface waters are ~9 - 20% lower than in the surfaced mixed layer
(2.25-2.28 nM) at the 3 stations sampled in this study, in contrast to the more subtle depletion (<
2%) of dissolved Cr in shallow waters compared to deeper waters (Winter Water) observed in the

Southern Ocean (Rickli et al., 2019). The (sub)tropical North Atlantic receives almost half of the
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global deposition flux of dust to the oceans (Jickells et al., 2015), and modelling studies suggest that
this is one of the few regions that display elevated concentrations of suspended lithogenic particles
at the ocean surface (Ye and Viélker, 2017). In the presence of a relatively high particle load, the
rate of colloidal aggregation is predicted to increase due to so-called ‘particle concentration effects’
(Stordal et al., 1996). As a result, authigenic Fe particles that are formed from aggregation of
colloidal Fe may scavenge/adsorb a fraction of seawater Cr, probably in the form of Cr(lll). In
addition, dust-derived particles may sink through the deep Chl-a maximum (Ohnemus and Lam,

2015) and continue to exert a scavenging potential in subsurface and intermediate waters.

Highest 8°Cr values were found at similar depth to the lowest Cr (and Fe) concentrations in
subsurface waters (Figure 4.3b), which is consistent with preferential removal of isotopically light
Cr. This Cr is probably in the form of Cr(lll), which may have been produced in situ via biologically
and photochemically mediated reduction of Cr(VI) in the euphotic zone (Achterberg and van den
Berg, 1997; Connelly et al., 2006; Li et al., 2009; Janssen et al., 2020). Previously laboratory (Ellis et
al., 2002; Dgssing et al., 2011; Kitchen et al., 2012) and field (Wang et al., 2019, Janssen et al., 2020)
studies have shown that Cr(lll) is isotopically light relative to Cr(VI), which is a result of redox-
dependent fractionation of Cr. Cr(lIl) species can be effectively scavenged by Fe(lll) (oxyhydr)oxides
(Frei et al., 2013), clay minerals and sand (Richard and Bourg, 1991) as well as biogenic particles
(Semeniuk et al., 2016), whereas Cr(V1) does not readily adsorb onto Fe-oxides (Gueguen et al., 2016)
or Si0,-Al,03; minerals (Frank et al., 2009) in oxic seawater and therefore tends to remain in the

water column.

A positive correlation between 8°3Cr and turbidity (r? = 0.50; Figure 4.4a) is found for the subsurface
seawater samples (excluding the SML), which supports the idea that relatively isotopically light Cr(lll)
is removed onto particles. This is in agreement with observations of increased §%Cr values with
higher particle concentration in shelf waters (Goring-Harford et al., 2018). The negative correlation
between 8°3Cr and dFe concentration (Figure 4.4b) further indicates that removal of isotopically
light Cr coincides with removal of dFe and thus, via aggregation and/or scavenging processes. By
contrast, there is no strong correlation between 8%Cr and Chl-a concentration for the seawater
samples analysed in this study (Figure 4.4a), suggesting that biological activity does not have a direct
control on total dissolved Cr isotope variations. However, this does not mean that biologically
mediated Cr redox reactions do not occur; rather, changes in §%Cr of total Cr cannot be observed

if the Cr(Ill) that is produced via reduction of Cr(VI) is not removed from the dissolved Cr pool.

There is no correlation between &%Cr and O, concentrations for samples from all 3 stations (Figure
4.4a), indicating that O, level has no control on 8%Cr of total Cr in waters that are only slightly O,

deficient (O, concentrations >130 umol/kg). Recent studies on oxygen deficient waters in the sub-
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tropical Atlantic and the eastern tropical North Pacific have drawn the same conclusion (Goring-
Harford et al., 2018; X. Wang et al., 2019; Moos et al., 2020). It appears that reduction of Cr(VI) only
occurs in waters with extremely low levels of oxygen (Nasemann et al., 2020). In addition, retention

of some of the isotopically light Cr(lll) within the water column would partially offset the residual

heavy Cr(VI) in analyses of total dissolved Cr (Moos et al., 2020).
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Figure 4-4 (a) 6°Cr as a function of turbidity, Chl-a concentration, and dissolved oxygen,
respectively. (b) Cr as a function of dFe concentration (left), §°Cr as a function of dFe concentration
(middle), Cr as a function of apparent oxygen utilization (right). Filled circles represent data from
the upper water column (above 900 m water depth; excluding data from surface mixed layer for
turbidity) and open circles represent data from deeper waters (below 900 m depth). Fe data are

from Kunde et al. (2019).

443 Regeneration of Cr in deeper waters

While concentrations of total dissolved Cr are highest in deep waters, concentrations of Cr and Fe
were only correlated in the upper 900 m of the water column (Figure 4.4b). Despite the concurrent
removal of Cr and Fe in subsurface waters, the cycling of Cr and Fe is apparently decoupled in
deeper waters. Mesopelagic dFe correlates with apparent oxygen utilisation (AOU) that reflects

remineralisation of sinking organic material within the water column (Kunde et al., 2019). However,
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there is no such relationship between Cr and AOU, either in subsurface or in deeper waters (Figure
4.4b), suggesting that, in contrast to dFe, primary production and respiration have no significant

control on Cr concentrations.

As discussed above, removal of Cr in subsurface waters likely proceeds via scavenging of Cr(lll) by
colloid aggregates that consist of authigenic (oxyhydr)oxides and/or dust particles. Regeneration of
Cr in deeper waters could proceed via re-oxidation of Cr(lll) to the less particle reactive Cr(VI) by
reduction (and dissolution) of manganese oxides (MnO) (Eary and Rai, 1987; Semeniuk et al., 2016)
that would release relatively isotopically light 8°3Cr into the dissolved Cr pool (Farkas et al., 2018).
The half-life for Cr oxidation by MnO, in aqueous environments is predicted to be rather slow, ~95
days (Eary and Rai, 1987), but is nevertheless comparable to the residence time (months to years)
of fine lithogenic mineral particles (~1 to 5 um) in the upper 2000 m of the North Atlantic Ocean

water column (Ohnemus et al., 2018).
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Figure 4-5 Cr and 8°3Cr compared to dissolved oxygen concentrations in deep ocean waters (> 1000
m depth; excluding samples from the oxygen minimum zones). Cr and oxygen data are from: this
study (sub-tropical North Atlantic); Goring-Harford et al. (2018) (eastern subtropical Atlantic);
Scheiderich et al. (2015) (Arctic); Rickli et al. (2019) (Southern Ocean); Moos and Boyle (2019) (North
Pacific).

The overall higher Cr and lower 8°3Cr values in deeper waters relative to subsurface waters at the
three stations in the sub-tropical North Atlantic are consistent with the potential regeneration of
isotopically light Cr(lIl). Similarly, Moos and Boyle (2019) reported a nutrient-type profile for Cr in
the North Pacific (SAFe station). Pacific deep waters have a higher Cr content and lower §>Cr value
(Cr=4.71 nM and 8%Cr = 0.71%o at water depths 3000-4500 m; Moos and Boyle, 2019) compared
to Atlantic deep waters measured in this study (average Cr = 2.39 nM, 8%Cr = 1.21%o). A

compiliation of literature data (Scheiderich et al., 2015; Rickli et al., 2019; Moos and Boyle, 2019)
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also supports the idea that deep water Cr concentrations increase along the thermohaline conveyor
belt, whereas the 5§°3Cr value of total dissolved Cr decreases (Figure 4.5). Thus, isotopically light Cr
accumulates in deep waters presumably via release from sinking particles as the deep water masses

age as they flow from the Atlantic Ocean to the Southern Ocean and finally to the Pacific Ocean.

4.4.4 Global correlation between seawater Cr and §°3Cr

Data from this study illustrate an inverse correlation between &°3Cr and logarithmic Cr
concentration (r2=0.53, n = 33; Figure 4.6a) and the slope of the linear regression is —=0.79 + 0.13%o.
This is consistent with the previously proposed global §°3Cr-In[Cr] relationship for the open ocean,
which was considered to reflect a closed-system Rayleigh-type fractionation of Cr isotopes

(Scheiderich et al., 2015; Figure 4.6):
8%3Crerviy = 8°3Cro + £ x In(f) (4-2)

where §°3Cro represents the initial Cr isotope composition, f represents the fraction of Cr remaining
in seawater, and ¢ is the isotope fractionation factor between Cr(lll) and Cr(VI). The Cr isotope
fractionation factor derived from the slope of the line on a plot of §°3Cr versus In[Cr] for all open
ocean seawater samples reported in the literature to date is € = -0.63 + 0.03%o (r* = 0.67, n = 250:
Bonnand et al., 2013; Goring-Harford et al. 2018; Scheiderich et al., 2015; Rickli et al., 2019;
Bruggmann et al., 2019; Wang et al., 2019; Moos and Boyle, 2019; Moos et al., 2020; Janssen et al.,
2020; this study).

The relatively small Cr isotope fractionation as inferred from the global seawater dataset is not
entirely consistent with laboratory determined fractionation factors for Cr reduction by Fe(ll)
and/or organic matter (g = -1.5 to -4.2 %o: Dgssing et al., 2011; Kitchen et al., 2012; Basu and
Johnson, 2012), or biotic Cr reduction (¢ = -1.6 to -4.3 %o: Zhang et al., 2018, 2019). Possible
explanations for this discrepancy could be: (1) Cr is reduced in the euphotic zone due to biological
and/or photochemical processes (Janssen et al., 2020), but the theoretically larger Cr isotope
fractionation may be diminished if a portion of isotopically light Cr(lll) remains in the water column
(Moos et al., 2020); (2) the fractionation factor may be influenced by the rate of Cr reduction and
removal (Jamieson-Hanes et al., 2014); and (3) scavenging/adsorption of Cr onto particles may
cause a small (but as yet unconstrained) isotope fractionation (Semeniuk et al., 2016; Ellis et al.,

2004).
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Figure 4-6 (a) Relationship between &%Cr and In[Cr] for new data from this study. (b) Relationship

between &%Cr and In[Cr] for the global open ocean seawater. Literature data are from: [1] Bonnand
et al. (2013) (South Atlantic); [2] Goring-Harford et al. (2018) (eastern subtropical Atlantic); [3]

Scheiderich et al. (2015) (Arctic); [4] Rickli et al. (2019) (Southern Ocean); [5] Bruggmann et al. (2019)
(South Pacific); [6] X. Wang et al. (2019) (eastern tropical North Pacific); [7] Moos & Boyle (2019)

(North Pacific); [8] Moos et al. (2020) (eastern tropical North Pacific); [9] Janssen et al. (2020) (North

Pacific).

This study suggests that the systematic §>°Cr-Cr relationship holds regardless of locality (Figure 4.6b)
and is a result of internal cycling processes of Cr. As discussed in Section 4.4.3, removal and
regeneration of isotopically light Cr(Ill) can account for the distributions of Cr and Cr isotopes not
only in the sub-tripcal North Atlantic, but also at the global scale. Relatively old water masses (e.g.
Pacific deep water) accumulate Cr with a lower 8§°3Cr value as a result of progressive regeneration
of Cr that is removed from the upper water column. There is relatively little scatter in the global
&%3Cr-Cr relationship (Figure 4.6), meaning that any isotope fractionation that occurs during Cr
regeneration must be small, presumably due to near quantitative oxidation of Cr(lll) (Farkas et al.,

2018).

4.5 Conclusions

This study investigated full water column depth profiles of dissolved Cr and 8>3Cr at three stations
in the sub-tropical North Atlantic, in order to better understand the processes that regulate the
behaviour of Cr and Cr isotopes in the modern ocean. Subsurface waters (above 900 m depth) are
depleted in Cr, and enriched in heavy Cr isotopes, relative to deeper waters. High 8%3Cr values (up
to 1.4%o) in subsurface waters are not directly controlled by levels of oxygen or biological uptake,
but are consistent with preferential removal of light Cr isotopes, probably Cr(lll), onto authigenic
Fe particles. Regeneration of Cr in deeper waters, possibly via re-oxidation of Cr(Ill) back to Cr(VI),

leads to subtly increased levels of Cr at individual sites, but is more obvious at the global scale. The
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net Cr isotope fractionation factor derived for Cr isotope data from the sub-tropical North Atlantic
is € = -0.79%o, consistent with the global 8%Cr-In[Cr] relationship. Overall, removal and
regeneration of relatively isotopically light Cr account for the global distributions of Cr and Cr

isotopes and the systematic 6>Cr-In[Cr] relationship.
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Chapter 5 Conclusions and outlook

Trace metals are important micronutrients that regulate primary productivity in some parts of the
ocean. As the oceans warm, trace metal distributions may change, but the effects of this on primary
productivity are hard to predict because of ongoing debate on the supply of trace metals. It is now
clear that, in some parts of the ocean, inputs of hydrothermal iron (Fe) may be more significant
than previously thought. However, the chemical processes in hydrothermal plumes that regulate
the dispersal of ridge-derived Fe are poorly constrained, making it difficult to assess the far field
impacts of hydrothermal sources on the deep ocean metal inventory and on primary productivity

in surface waters.

Due to the redox-sensitivity of chromium (Cr) isotopes and the potential of marine sediments to
record past variations in the Cr isotopic composition of seawater (and hence a record of seawater
oxygenation), it is vital to understand the modern-day distribution of Cr and its isotopes in seawater.
However, similarly to iron, the processes that regulate the behaviour of Cr isotopes in the modern
ocean are not well understood, and the effects of biological activity, benthic processes and
hydrothermal inputs on Cr distributions, in addition to levels of dissolved oxygen, need to be

guantified.

Stable Fe and Cr isotopes are emerging tools for assessing the provenance of metal inputs to the
ocean, and for exploring the effects of biogeochemical cycling and redox processes. These themes
have been explored in this thesis, and this chapter summarises my key findings. This is followed by
recommendations for future research that would utilise Fe and Cr isotopes to better understand

the biogeochemical cycling of Fe and Cr in the oceans.
5.1 Key findings

5.1.1 Iron isotope behaviour in hydrothermal systems

The Fe isotopic compositions (5°Fe) of dissolved and total dissolvable Fe have been determined in
vent fluids and the near-field hydrothermal plumes at the Beebe and the Von Damm vent fields,
which are located along the ultraslow Mid-Cayman spreading centre in the Caribbean Sea (Chapter
2). Results show that the 8°¢Fe of dissolved Fe in the near-field plumes was lower (as low as —-4.08%o)
than the hydrothermal vent fluids (-0.28%o). This indicates that the 6°¢Fe of dFe is principally
controlled by oxidation of Fe(ll) and precipitation of Fe-(oxyhydr)oxides that preferentially
incorporate heavy Fe isotopes. In support of this, the §°¢Fe value of labile particulate Fe was always

higher than the §°Fe of dissolved Fe. Nevertheless, at Beebe, the §°°Fe of total dissolvable Fe
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evolves to higher values as particles fall out of the plume, indicating preferential loss of Fe-sulfides
that are enriched in light Fe isotopes, presumably due to coagulation of Fe-sulfide nanoparticles.
The &°°Fe signature of hydrothermal Fe delivered to the ocean interior is controlled by both the

vent fluid Fe/H,S stoichiometry and the Fe(ll) oxidation rate.

5.1.2 Coupled cycling of iron and chromium in hydrothermal plumes

Chemical processes in the hydrothermal plume that regulate the hydrothermal inputs of Fe and Cr
to the North Atlantic Ocean were investigated in Chapter 3. For the first time, it is shown that Fe
and Cr isotope profiles through the hydrothermal plume are the ‘mirror image’ of one another,
providing compelling evidence for coupled Fe(ll) oxidation and Cr(VI) reduction in the hydrothermal
plume. Oxidation of Fe(ll) and precipitation of Fe-(oxyhydr)oxides accounts for the low 6°Fe values
of dissolved Fe (as low as -1.91%o at TAG and -6.95%o at Rainbow); differences in 6°¢dFe values
between the two sites likely reflect differences in the proportion of dissolved Fe that precipitates
as Fe-sulfide vs. Fe-(oxyhydr)oxide as the hydrothermal fluids mix with seawater. The &°°Fe of
dissolved Fe evolves to heavier values (-0.44 to 0.23%.) in the distal part of the hydrothermal plume,
likely controlled by exchange of Fe between the dissolved and particulate fraction as suggested by
Fe incubation experiments. The §°°Fe signature of dFe can be used to distinguish Fe inputs from
dust and hydrothermal activity, and my data indicate that hydrothermal venting potentially
contributes ~18-58% of dissolved Fe to the oceanic inventory in the North Atlantic, at distances of

up to 250 km away from the vent sites.

Cr reduction is suggested by elevated 8>3Cr values in the TAG and Rainbow hydrothermal plumes
(as high as 1.21%0 and 1.87%o. respectively) compared to background seawater. At Rainbow, the
difference between the §°Cr of Cr(lll) and Cr(VI) is estimated to be ~ -4.6%., significantly greater
than that calculated for the ‘global correlation’ between Cr concentration and §%Cr in seawater.
Reduction of Cr and scavenging by Fe-(oxyhydr)oxide particles in the hydrothermal plume means
that high-temperature hydrothermal systems are a sink for seawater Cr, potentially removing up to
20% of the riverine flux. Overall, processes in hydrothermal plumes have the potential to

significantly modify the Fe and Cr isotopic signatures of hydrothermal fluids.

5.1.3 Chromium biogeochemical cycling in the sub-tropical North Atlantic Ocean

Full water column depth profiles of dissolved Cr and 8°°Cr were obtained for three stations across
the sub-tropical North Atlantic Ocean (Chapter 4). Subsurface waters (above 900 m depth) were
depleted in Cr, and enriched in heavy Cr isotopes, relative to deeper waters. High 8°3Cr values (up

to 1.4%o) in subsurface waters are consistent with preferential removal of light Cr isotopes,

82



Chapter 5

probably Cr(lll), onto authigenic Fe particles, but are not directly controlled by levels of oxygen or
biological uptake. Regeneration of Cr in deeper waters, possibly via re-oxidation of Cr(lll) back to
Cr(VI), leads to subtly increased levels of Cr at individual sites, but this is more obvious at the global
scale. The net Cr isotope fractionation factor derived for Cr isotope data from the sub-tropical North
Atlantic is € = —-0.79%o, consistent with the global &%Cr-In[Cr] relationship. Removal and
regeneration of relatively isotopically light Cr can account for the globally heterogeneous

distributions of Cr and Cr isotopes.

5.2 Recommendations for further research

While the Fe isotopic signature of seawater has proved useful for distinguishing between inputs of
Fe from atmospheric deposition and seafloor sediments, the Fe isotope signature of hydrothermal
sources is complicated by precipitation of Fe-sulfides and Fe-(oxyhydr)oxides that occur as vent
fluids mix with seawater. The 5°¢Fe signature of hydrothermal Fe delivered to the ocean interior is
controlled by both the vent fluid Fe/H,S stoichiometry and the Fe(ll) oxidation rate; however, the
relative importance of these two parameters cannot, as yet, be constrained. There have only been
a handful of studies available that allow hydrothermal plume §°°Fe signatures to be compared with
vent fluid chemistry and the chemistry of the overlying seawater (Conway and John, 2014; Klar et
al., 2017; Lough et al., 2017; Fitzsimmons et al., 2017; Nasemann et al., 2018; Rouxel et al., 2018).
Extending the analysis of Fe isotope compositions of plume material (dissolved and particulate
phases) to other hydrothermal systems, such as Lucky Strike and Lost City vent fields on the Mid-
Atlantic Ridge would be useful to fully constrain the importance of hydrothermal Fe sources in the

deep, and potentially even the surface, ocean.

Modelling studies have shown improved ability to reproduce Fe distributions when hydrothermal
Fe sources are included, and have predicted that uptake of hydrothermal Fe increases productivity
in the Southern Ocean, fueling 20-30% more carbon export in some regions (Tagliabue et al., 2010).
However, these models assumed that hydrothermal Fe fluxes are proportional to seafloor
spreading rates, without considering the behavior of Fe in the hydrothermal plume, or variations in
Fe fluxes from different vent sites. Extending the models to incorporate these parameters, as well
as increasing observations of Fe concentrations and Fe isotope distributions, not only in
hydrothermal systems but also in the upper ocean water column, is critical for providing reliable
predictions of future variations in the distribution of Fe and other micronutrients and consequently

the climate change.

Variations in §%Cr of dissolved Cr should principally be driven by redox-dependent processes,

because Cr(VI) can be effectively reduced to Cr(lll) in the presence of Fe(ll) and/or organic matter,

83



Chapter 5

and this process is accompanied by a significant Cr isotope fractionation. However, even parts of
the ocean that have very low levels of oxygen do not exhibit significant variations in §>3dCr (Goring-
Harford et al., 2018; Wang et al., 2019; Moos et al., 2020; Nasemann et al., 2020). Presumably this
is because changes in 8°3Cr of dissolved Cr cannot be observed if the Cr(lll) that is produced via
reduction of Cr(VI) is not removed from the dissolved Cr pool. To date, there are few studies of the
Crisotopic composition of single Cr species (Wang et al., 2019; Davidson et al., 2019). Future studies
of Cr speciation, the Cr isotope compositions of co-existing Cr(lll) and Cr(VI) species and hence
species-dependent Cr isotope fractionation across a range of oceanic settings (oxic, suboxic, and
anoxic) would shed new light on the biogeochemical processes controlling the behavior of Cr
isotopes in the modern ocean and ultimately the potential of the sedimentary §%Cr record for

evaluating the evolution of atmospheric and ocean oxygenation.

The ‘mirror image’ of Fe and Cr isotope profiles observed in the Rainbow and TAG hydrothermal
plumes provides compelling evidence for the coupled Fe oxidation and Cr reduction processes in
deep ocean hydrothermal plumes. The coupled cycling of Fe and Cr may also occur in other marine
environments. For instance, Fe(ll) released from anoxic shelf sediments can act as an electron donor
for the reduction of seawater Cr(VI); this process would yield a relatively large Cr isotope
fractionation factor which is inconsistent with that inferred from the global seawater dataset (Moos,
2018). Further investigations on the paired behaviors of Fe, Cr and their isotopes at the sediment-
seawater interface, in riverine and estuarine systems, as well as in hydrothermal systems would be
valuable; investigations into the biogeochemical factors that regulate Fe and Cr dynamics, including
influence of organic ligands, Mn-oxides, and H,S, are also promising areas of future research. These
would provide new insights as to the oceanic cycling of Fe and Cr, as well as the input and output

fluxes of Fe and Cr to/from the oceans.
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Appendix A  Supporting information for Chapter 2

A.1 Compositions of all vent fluid samples collected on cruise JC82

Vent site Temp pH H.S Mg Mn Fe Source

°C mM mM uM um
Beebe vent field
Beebe 125 401 3.1 0.3 2.7 584 6168 * Lough (2016)
Beebe 125 401 6.1 4.7 46.2 57 621 Lough (2016)
Beebe 125 401 6.0 1.8 421 93 845 Lough (2016)
Beebe 125 401 3.1 4.2 2.1 589 6450 Lough (2016)
Beebe 125 401 3.9 1.3 346 201 2034 Lough (2016)
Beebe 125 401 3.1 3.2 5.7 527 3284 * Lough (2016)
Beebe 125 401 3.0 3.2 3.1 537 5466 *  Lough (2016)
Deepest Vents 393 2.9 5.1 5.5 553 5744 *  Lough (2016)
Deepest Vents 393 3.0 6.9 10.0 500 8421 Lough (2016)
Deepest Vents 393 34 3.7 221 377 NA Lough (2016)
Beebe Woods 350 3.7 4.4 16.9 403 28516 Lough (2016)
Beebe Woods 350 3.5 2.6 27.4 280 29750 Lough (2016)
Beebe Woods 350 4.8 4.4 40.1 133 53113 Lough (2016)
Beebe Woods 350 4.3 1.9 36.0 185 24060 Lough (2016)
seawater 8.2 0 52 0.001 0.001
Beebe end-member (Vent 1, 3, 5 average) 12 550 6.6 McDermott et al. (2018)
Beebe Woods end-member 11.9 0 556 12.5 McDermott et al. (2018)
Von Damm vent field
Main Spire 215 6.0 1.0 151 8 18 * Lough (2016)
Main Spire 215 6.2 09 321 7 Lough (2016)
Main Spire 215 6.3 0.9 29.1 6 Lough (2016)
Hotter than Hole 133 6.2 0.3 28.0 10 141 Lough (2016)
Hotter than Hole 133 6.1 0.5 269 12 292 * Lough (2016)
Hotter than Hole 133 6.2 1.0 303 15 334 * Lough (2016)
X15 marker 111 6.4 0.8 300 12 750 * Lough (2016)
Chimlet 2 107 6.2 0.7 233 11 148 Lough (2016)
Chimlet 2 107 7.0 NA 416 10 145 * Lough (2016)
seawater 8.2 0 52 0.001 0.001
East Summit end-member 3.2 0 10 20 McDermott (2015)

Data are from Lough (2016) for calculating hydrothermal end-member concentrations; and

from McDermott (2015) for comparison. NA = not available, seawater value is a generic value

for background seawater not a measured sample. These vent fluid data have previously been
published in Lough et al. (2019a) and Hodgkinson et al. (2015). Fe concentration data marked
with * represent data measured from this study.
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A.2 The 8°°Fe values versus Mg concentration in Beebe and Von

Damm vent fluids
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The grey band represents the range of end-member vent fluid §°°Fe (-0.67 to —0.13%o) from

literatures (Table A4).
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A.3 Feisotope compositions of dissolved and total dissolvable Fe in hydrothermal plumes at the Beebe and the Von

Damm vent fields

Sample Depth 5% dFe (%o) measured 8% TDFe (%o) measured dFe (hnM)  TDFe (nM)  6%LPFe (%o) pFe (nM)  dMn (nM) diIEtF;on VFf:c”ti::)n
(m) (1) 2SE (2) 2SE  Average (1) 2SE (2) 2SE Average measured measured calculated calculated  measured factor Average SD
Beebe vent field
CTD4 N5 4719 0.24 0.04 NA NA 0.24 0.16 0.04 NA NA 0.16 23 50 0.09 26 10 19.1 58838 1786
CTD4 N4 4790 0.31 0.02 0.28 0.04 0.29 NA NA NA NA NA 16 NA NA NA 9 21.2 65449 1986
CTD4 N3 4855 -0.25 0.03 -0.26 0.04 -0.25 -0.01 0.04 0.06 0.02 0.02 24 108 0.1 84 13 14.6 45155 1370
CTD10 N1 4957 -246 002 -249 0.05 -2.47 0.00 0.05 -0.06 0.05 -0.03 79 475 0.46 396 83 2.3 7027 213
CTD10 N2 4956 -4.07 0.03 -410 0.04 -4.08 -0.03 005 -0.11 0.03 -0.07 86 754 0.45 667 114 1.7 5114 155
CTD10 N4 4952 -3.25 0.04 -3.21 0.04 -3.23 0.44 003 040 0.02 0.42 44 596 0.71 552 189 1.0 3084 94
CTD10 N5 4952 -1.43 0.03 -1.42 0.03 -1.43 0.22 004 0.11 0.06 0.17 36 504 0.29 469 109 1.7 5349 162
Von Damm vent field
1S1S201 N5 2277 -0.71 0.03 NA NA -0.71 -0.04 0.04 -0.07 0.04 -0.05 21 580 -0.03 559 91 2.9 198 109
1SIS200 N6 2294 -248 0.03 -2.51 0.03 -2.49 -0.16  0.05 NA NA -0.16 43 198 0.48 155 50 5.3 361 198
1S1S200 N5 2294 0.16  0.03 0.18 0.03 0.17 0.12 0.03 0.14 0.03 0.13 35 292 0.12 257 5 54.3 3673 2020
1SIS200 N4 2285 -0.70  0.02 NA NA -0.60 -0.16 0.06 -0.27 0.06 -0.22 63 313 -0.13 251 266 1.000 68 37
1SIS200 N2 2299 0.06 003 0.13 0.04 0.10 -0.10 0.05 NA NA -0.10 24 60 -0.23 36 19 14.1 952 524
1SIS199 N3 2281 0.20 0.03 0.24 0.03 0.22 -0.03 0.04 NA NA -0.03 40 69 -0.38 29 2 139.9 9474 5210

NA = not available; abbreviations: dFe = dissolved manganese, dFe = dissolved iron, TDFe = total dissolvable iron, LPFe = labile particulate iron, BP = buoyant
plume, VF = vent fluid. Numbers (1), (2) represent two replicate MC-ICP-MS measurements on the same sample solution. 2SE is the internal error of each MC-
ICP-MS measurement and reflects the analytical uncertainty (typically between 0.02%o and 0.06%o). The external reproducibility (2SD) for §°Fe is + 0.09%o
based on the long-term precision of the iron isotope standard (ETH) and is presented in the figures.
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A.4 Literature data for Fe isotope compositions in end-member vent fluids from contrasting types of hydrothermal
systems

Study area Vent site Substrate Sample ID Mg Fe 856Fe (%o) Notes Mn H2S Source
9-10° N East Pacific Rise K vent basalt ALV-4053 0 197 uM -0.25 inc dregs 221 um ~5 mM Rouxel et al. (2008)
9-10° N East Pacific Rise Bio9" basalt ALV-4057 0 3584 UM -0.41 inc dregs 540 um ~4 mM Rouxel et al. (2008)
9-10° N East Pacific Rise Tica vent basalt ALV-4059 0 1577 uM -0.36 inc dregs 421 um ~2.5 mM Rouxel et al. (2008)
9-10° N East Pacific Rise Biovent basalt ALV-4061 0 289 UM -0.67 inc dregs 192 um ~2.5 mM Rouxel et al. (2008)
9-10° N East Pacific Rise P vent basalt ALV-4393 0 3404 uM -0.41 inc dregs 61.7 um ~2 mM Rouxel et al. (2016)

. . all ex dregs; recalc rel Beard et al. (2003);
9-10° N East Pacific Rise Avent basalt 2360-1C 0 1560 umol/kg -0.25 to IRMM 237 pumol/kg 33.7 mmol/kg Von Damm (2000)

N P all ex dregs; recalc rel Beard et al. (2003);
21.5° S East Pacific Rise Brandon (vapour) basalt 3290-13 3.67 mmol/kg 8680 umol/kg 0.17 to IRMM 790 umol/kg 7.52 mmol/kg Von Damm et al, (2003)
o P . all ex dregs; recalc rel Beard et al. (2003);
21.5° S East Pacific Rise Brandon (Brine) basalt 3306-12C 7.08 mmol/kg 12300 umol/kg -0.22 to IRMM 1300 umol/kg 6.86 mmol/kg Von Damm et al. (2003)

. Main Endeavour 0 for concs, 3.3 excl dregs; recalc rel
Juan de Fuca Ridge (Bastille) basalt NA mmol/kg for isotopes 1.5 mmol/kg -0.25 o IRMM 550 umol/kg 20 mmol/kg Sharma et al. (2001)
. Main Endeavour 0 for concs, 0.75 excl dregs; recalc rel
Juan de Fuca Ridge (5&M) basalt NA mmol/ke for isotopes 2.8 mmol/kg -0.32 to IRMM 550 umol/kg 11 mmol/kg Sharma et al. (2001)
. Main Endeavour 0 for concs, 0.57 excl dregs; recalc rel
Juan de Fuca Ridge (Grotto) basalt NA mmol/kg for isotopes 1.2 mmol/kg -0.13 0 IRMM 289 umol/kg 8 mmol/kg Sharma et al. (2001)
. Axial Volcano 0 for concs, 1.65 excl dregs; recalc rel
Juan de Fuca Ridge (Inferno) basalt NA mmol/kg for isotopes 0.42 mmol/kg -0.60 o IRMM 1150 umol/kg 9 mmol/kg Sharma et al. (2001)
. basaltic- 0 for concs, 12.3 mM .
Vanuatu back-arc Nifonea-1 . 27-14B ; 1200 Y -0.66 inc dregs 551 uM 8.74 mM Nasemann et al. (2018)
trachyandesitic for isotopes
Vanuatu back-arc Nifonea-4 basaltic- . 77-06 0 fqr concs, 14.9 mM 7380 Y -0.50 inc dregs 2100 uM 6.6 mM Nasemann et al. (2018)
trachyandesitic for isotopes
. basaltic- 0 for concs, 3.8 mM for .
Vanuatu back-arc Nifonea-5 . 77-10 . 677 uM -0.53 inc dregs 100 um 6.7 mM Nasemann et al. (2018)
tracyandesitic isotopes
. - . ) 0 for conc; 6.03
Mid-Atlantic Ridge Rainbow ultramafic 442-4 . 9.5 mmol/kg -0.13 excl dregs 865 umol/kg 1 mM Severmann et al. (2004)
mmol/kg for isotopes
. - . ) 0 for conc; 8.61
Mid-Atlantic Ridge Rainbow ultramafic 442-6 . 9.5 mmol/kg -0.15 excl dregs 865 umol/kg 1 mM Severmann et al. (2004)
mmol/kg for isotopes
. . Severmann et al. (2004);
Mid-Atlantic Ridge TAG basalt 431 NA 5 mM 0.15 excl dregs 730 um >6 mM Chiba et al. (2001)
Mid-Atlantic Ridge Lucky Strike basalt 3114-11 1.62 mmol/kg 916 umol/kg -0.37 all ex dregs; recalc rel 400 umol/kg 4 mmol/kg Beard et al. (2003)

88

to IRMM



Logatchev (Irina

all ex dregs; recalc rel

Appendix A

Beard et al. (2003);

Mid-Atlantic Ridge vent) ultramafic 3133-10 4.82 mmol/kg 2500 UM -0.12 t0 IRMM 330 umol/kg 0.8 mM Charlou et al. (2002)

5°5 Mid-Atlantic Ridge Turtle Pits (Two basalt 12-ROV-5 Ofor concs, 28 mMfor 590, UM -0.21 inc dregs 487 uM 42 mM Bennett et al. (2009)
Boats) isotopes

5°5 Mid-Atlantic Ridge Comfortless Cove 20-ROV-6 Ofor concs, 74 mMfor 550, UM -0.45 inc dregs 704 uM 831 mM Bennett et al. (2009)
(Sisters Peak) isotopes

East Scotia Ridge E2 (DH) basalt NA 1.64 mM 988 uM -0.28 inc dregs 2020 um 6.7 mM Klar et al. (2017)

East Scotia Ridge ESN (B&W) basalt NA 0.59 mM 548 LY -0.30 inc dregs 202 UM 9.5 mM Klar et al. (2017)

NA = not available.
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A.5 Literature data for Fe isotope compositions in hydrothermal plumes from contrasting types of hydrothermal

systems

Study area :ﬁg:iii;e or ::ant?:: IIE? or Depth (m)  &5dFe (%o) ?:;I) ?I:VINB fBar:f;:ution Source ::;l_::slmd ;:él:)hl;alf- Source

East Scotia Ridge E2 3-01 2586 -0.88 36.1 348 1.5 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 3-06 2574 -1.19 83.5 525 1.0 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 3-07 2372 -0.75 20.2 112 4.7 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 3-11 2277 -0.69 30.9 147 3.6 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 5-01 2567 -1.10 31.6 354 1.5 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 7-02 2272 -0.43 121 56 9.3 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 7-11 2272 -0.66 14.3 98 5.4 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 7-13 2272 -0.56 18.0 58 9.0 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 7-17 2272 -0.29 13.1 73 7.2 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E9N 424-04 2382 -0.23 14.0 27 13 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E9N 424-07 2385 -0.76 23.0 35 1.0 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E9N 424-10 2144 -0.29 7.3 6 5.6 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E9N 424-14 2146 -0.21 10.9 11 3.3 Klar et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 43-1 2609 -0.65 66 624 18.2 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 43-2 2609 1.89 79 917 12.4 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 43-4 2608 -1.98 68 1046 10.9 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 43-5 2590 -1.40 450 2204 5.2 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 43-5 2590 -1.58 449 2204 5.2 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 45-10 2604 -0.72 49 626 18.2 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 45-2 2605 -0.50 1174 4352 2.6 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 45-3 2605 -0.74 1179 4472 2.5 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 45-5 2605 -0.58 1087 3824 3.0 Lough et al. (2017) 0.1 1.5 James et al. (2014)
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East Scotia Ridge E2 45-6 2605 -1.06 369 1698 6.7 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 45-7 2605 -0.69 365 1804 6.3 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 45-8 2605 -0.76 996 3807 3.0 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 45-9 2605 -1.73 175 1312 8.7 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 ROV-1 2595 -0.41 9336 11375 1.0 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 ROV-2 2595 -0.13 7297 9293 1.2 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 ROV-3 2588 -2.39 416 1440 7.9 Lough et al. (2017) 0.1 1.5 James et al. (2014)
East Scotia Ridge E2 ROV-5 2585 -1.35 181 1118 10.2 Lough et al. (2017) 0.1 1.5 James et al. (2014)
Vanuatu back-arc Nifonea 30-1500 1500 -0.19 8.6 NA NA Nasemann et al. (2018) 0.5 11 Nasemann et al. (2018)
Vanuatu back-arc Nifonea 30-1550 1550 -0.73 9.4 NA NA Nasemann et al. (2018) 0.5 1.1 Nasemann et al. (2018)
Vanuatu back-arc Nifonea 30-1600 1600 -0.32 6.8 NA NA Nasemann et al. (2018) 0.5 11 Nasemann et al. (2018)
Vanuatu back-arc Nifonea 30-1650 1650 -0.16 9.8 NA NA Nasemann et al. (2018) 0.5 1.1 Nasemann et al. (2018)
Vanuatu back-arc Nifonea 30-1700 1700 -0.28 10.2 NA NA Nasemann et al. (2018) 0.5 1.1 Nasemann et al. (2018)
Vanuatu back-arc Nifonea 79-1500 1500 -0.18 3.9 NA NA Nasemann et al. (2018) 0.5 1.1 Nasemann et al. (2018)
Vanuatu back-arc Nifonea 79-1550 1550 -0.31 34 NA NA Nasemann et al. (2018) 0.5 1.1 Nasemann et al. (2018)
Vanuatu back-arc Nifonea 79-1575 1575 -0.52 16.6 NA NA Nasemann et al. (2018) 0.5 1.1 Nasemann et al. (2018)
Vanuatu back-arc Nifonea 79-1600 1600 -0.32 9.0 NA NA Nasemann et al. (2018) 0.5 1.1 Nasemann et al. (2018)
Vanuatu back-arc Nifonea 79-1625 1625 -0.42 10.2 NA NA Nasemann et al. (2018) 0.5 1.1 Nasemann et al. (2018)
bottom
Loihi Seamount Pele's Pit J2-316-N1 seawater -1.24 230 31 NA Rouxel et al. (2018) 27 12 Glazer & Rouxel. (2009)
bottom
Loihi Seamount Pele's Pit J2-315-N1 seawater -0.83 13 4 NA Rouxel et al. (2018) 27 12 Glazer & Rouxel. (2009)
bottom
Loihi Seamount Pele's Pit J2-316-N2 seawater -0.50 70 63 NA Rouxel et al. (2018) 27 12 Glazer & Rouxel. (2009)
Mid-Atlantic Ridge TAG Station 16 2999 -0.13 29 1.1 19.1 Conway & John (2014) 1.5 0.5 Field & Sherrell (2000)
Mid-Atlantic Ridge TAG Station 16 3252 -1.01 68.4 16.5 1.2 Conway & John (2014) 15 0.5 Field & Sherrell (2000)
Mid-Atlantic Ridge TAG Station 16 3275 -0.92 47.7 11.4 1.7 Conway & John (2014) 1.5 0.5 Field & Sherrell (2000)
Mid-Atlantic Ridge TAG Station 16 3330 -1.13 37.1 16.9 1.2 Conway & John (2014) 15 0.5 Field & Sherrell (2000)
Mid-Atlantic Ridge TAG Station 16 3342 -1.35 55.7 19.6 1.0 Conway & John (2014) 1.5 0.5 Field & Sherrell (2000)
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Mid-Atlantic Ridge TAG Station 16 3420 -0.94 51.1 15.7 1.2 Conway & John (2014) 15 0.5 Field & Sherrell (2000)
Mid-Atlantic Ridge TAG Station 16 3587 0.02 3.8 0.5 44.1 Conway & John (2014) 1.5 0.5 Field & Sherrell (2000)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2201 0.38 0.6 0.3 64.7 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2251 0.23 1.0 0.8 21.7 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2301 0.08 1.6 14 11.0 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2351 -0.05 1.8 2.0 7.5 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2376 -0.05 11 1.0 15.8 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2426 -0.26 5.9 11.8 1.2 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2475 -0.15 7.0 10.7 1.4 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2526 -0.14 8.1 14.6 1.0 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2610 -0.19 8.3 7.7 1.9 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 18 2626 -0.26 3.4 3.1 4.8 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 20 2201 0.15 11 0.5 39.6 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 20 2251 0.06 1.7 1.6 9.8 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 20 2301 0.14 1.9 2.1 7.1 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 20 2351 0.16 2.2 2.9 5.1 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 20 2400 -0.05 2.5 3.9 3.8 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 20 2552 0.05 2.2 3.5 4.2 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 20 2600 0.18 2.1 2.8 5.3 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 20 2700 0.03 1.9 2.2 7.0 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 20 2800 0.06 1.7 1.5 10.3 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 21 2302 0.39 1.6 1.0 15.4 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
Field & Sherrell (2000);
East Pacific Rise 15°S Station 21 2401 0.28 1.6 0.8 19.6 Fitzsimmons et al. (2017) 0.4 1.8 Charlou et al. (1996)
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East Pacific Rise 15°S Station 21 2501 0.32 1.7 0.8 223
East Pacific Rise 15°S Station 21 2551 0.35 1.7 0.8 22.3
East Pacific Rise 15°S Station 21 2700 0.36 1.5 0.6 28.0

Fitzsimmons et al. (2017)
Fitzsimmons et al. (2017)

Fitzsimmons et al. (2017)

0.4

0.4

0.4

1.8

1.8

1.8
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Field & Sherrell (2000);
Charlou et al. (1996)
Field & Sherrell (2000);
Charlou et al. (1996)
Field & Sherrell (2000);
Charlou et al. (1996)

NA = not available; units for dFe and dMn concentrations have all been converted to nM.
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Appendix B Supporting information for Chapter 3

B.1 Supplementary information for analytical methods

Analysis of dissolved Fe concentration and isotopes

Dissolved Fe concentrations were initially determined at sea using flow injection analysis with
chemiluminescence detection (FIA-CL; Obata et al., 1993). The sample analyses took place in
a laminar flow bench using clean handling techniques within the clean bubble in the main
laboratory. These dFe concentrations are not reported in this study, but were used to inform
optimum isotope spiking and to estimate the sample volume required for 50-100 ng of Fe in

the isotopic analysis.

The Fe isotope compositions of seawater samples were determined using the method adapted
from Lacan et al. (2010). The sample pH was adjusted to between 1.7-1.8, and >’Fe->%Fe double
spike was added in equi-molar concentration to the sample ~24 h before chemical processing.
To fully oxidise Fe(ll) to Fe(lll) in the sample, 10 uM UpA-grade hydrogen peroxide (H,0,, Sigma
Aldrich) was added, ~1 h prior to starting the pre-concentration procedure. Samples that have
0.5-2 L volume were pre-concentrated using NTA Superflow resin (~¥1 mL, in a PFA column).
Between uses and before loading a sample, the resin was cleaned with 75 mL 1.5 M HCl and
80 mL MQ. The sample was passed over the resin by gravity flow and the resin was then rinsed
with MQ water to remove residual salts. The Fe fraction was eluted with 10 mL of 1.5 M HCI,
collected in a cleaned PFA vial (Savillex), and subsequently evaporated on a hotplate and

reconstituted in 6 M HCI (with 0.001% H,0,).

Fe is further purified from the remaining salts by anion exchange. Approximately 200 uL of
pre-cleaned AG-MP1 resin (BioRad) was loaded in handmade micro columns. Each column was
cleaned by addition of 1 mL of 2 M HNO; and conditioned by addition of 0.2 mL of 6 M HCI
(0.001% H,0,), before loading the sample in 6 M HCI (0.001% H,0,). Matrix elements were

eluted with 1 mL of 6 M HCI (0.001% H,03). Then the Fe fraction was eluted with 1 mLof 1 M
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HCl into a clean Savillex vial, and was dried down gently and re-dissolved in 0.3 M HNOs.
Analysis of dissolved Cr concentration and isotopes

Dissolved Cr concentrations were initially determined using newly developed Mg(OH); co-
precipitation method (Moos and Boyle et al., 2019; Rickli et al., 2019). Approximately 50 mL
sub-sample was transferred into an acid-cleaned centrifuge tube, weighed, and amended with
10 ng 3Cr single spike. Ammonia solution (SpA-grade, Romil) was then added to the sample
until Mg(OH), forms. For 50 mL acidified sub-sample (pH ~1.7), ~500 uL concentrated
ammonia would be required; it is advisable to keep the size of Mg(OH), pellet as small as
possible. After centrifugation and removal of the supernatant, the Cr was collected as a
precipitate and re-dissolved in 5 mL of 0.45 M HNOs. Cr concentrations of the samples were
derived by isotope dilution, based on the >2Cr/>3Cr ratio of the sample/spike mixture measured

by inductively coupled plasma mass spectrometry (ICP-MS; Thermo Scientific Element).

The Crisotope compositions of seawater samples were determined using the method adapted
from Bonnand et al. (2013). Samples of 1-2 L volume were amended with *°Cr->*Cr double
spike to achieve optimal target isotope ratios (Goring-Harford et al., 2018) and were left to
equilibrium for ~24 h. The sample pH was then adjusted to pH 8-9 to facilitate precipitation of
Cr. Afreshly prepared suspended precipitate of Fe(ll) hydroxide, made by addition of ammonia
to a fresh ammonium Fe(ll) sulfate solution, was added to the samples (10 mL L seawater),
allowing oxidation of the Fe(ll) hydroxide and reduction of any remaining Cr(VI). The Fe(lll)
hydroxide scavenges the Cr(lll), resulting in quantitative precipitation of dissolved Cr in the

sample (Connelly et al., 2006).

The precipitate was separated from the solution via vacuum filtration through pre-cleaned
PTFE membrane filters (1 um, Millipore Omnipore), and was subsequently leached from the
filters using 6 M HCl before being dried down and taken up in 6 mL of 7 M HCI. The Cr was first
separated from the Fe by anion exchange (~2 mL of Bio Rad AG1-X8 resin loaded in a Bio Rad
Poly-Prep column). The resin was extensively cleaned with concentrated HNOs, 0.5 M HCl and
concentrated HCI, and was pre-conditioned with 7M HCI. The sample was loaded in 6 mL of

7M HCl on to the resin. The eluent was collected, dried down and then reconstituted in 6 mL
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of 0.5 M HCl. The column was cleaned with 0.5 M HCl to remove Fe and stored in 0.5 M HCl.

The residual salts of the eluent were further removed by cation exchange (2.9 mL of BioRad
AG 50W-X12 resin loaded in a 30 mL PFA Savillex column). The resin was cleaned with 10 mL
of 8 M HNO3, 30 mL of 6 M HCL and 30 mL of MQ water, and was pre-conditioned with 12 mL
of 0.5 M HCI. The sample was loaded in 6 mL of 0.5 M HCl and the Cr was immediately eluted
and collected in a 15 mL Savillex vial. Additional 4 mL of 0.5 M HCl was added to the column
and collected. The column was cleaned with 6M HCI to remove the remaining cations and
stored in 0.5 M HCl. The Cr fraction was evaporated to dryness and was treated with 50uL
concentrated H,0; and HNO;, respectively, to oxidise any remaining organic material, before

being dried down once again and re-dissolved in 0.45 M HNOs.
Isotopic analysis

The isotopic compositions of Fe and Cr were determined by multicollector inductively coupled
plasma mass spectrometry (MC-ICP-MS; Thermo Fisher Neptune Plus) at the University of
Southampton, using methods similar to those described in Klar et al. (2018) and Goring-
Harford et al. (2018). The final Fe and Cr isotope values are reported in delta notation relative

to international isotope standards and expressed as:
8°°Fe (%o) = [(*°Fe/>*Fe)sampie/ (*°Fe/>*Fe)irmm-14 — 1] x 1000 (1)
8°3Cr (%) = [(**Cr/>Cr)sampie/ (**Cr/**Cr)ness7o — 1] x 1000 (2)

Purified samples with 50-100 ppb Fe were introduced to the plasma using an Apex-Q
desolvating system and signals from >*Fe, >®Fe, >’Fe, *8Fe and >3Cr, ®°Ni were quantified. Analysis
was carried out in high-resolution mode and the instrument was carefully tuned to give
sufficient mass resolution (>8000), before running a sequence that consisted of analysis of the
reference material (IRMM), the internal Fe standard (ETH), Sample 1, Sample 2, and so on.

Each sample analysis for Fe consisted of 50 repeat measurements.

Purified samples with 50-100 ppb Cr were introduced using an Aridus 3 desolvator and signals
from >°Cr, >2Cr, >3Cr, 5Cr and *°Ti, 1V, °°Fe were quantified. Medium resolution setting was used

and mass resolution >5000 was achieved. Each analytical sequence for Cr consisted of
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repeating analyses of the NBS979 standard with every three samples. Each sample analysis

consisted of 100 individual measurements.

Polyatomic interferences were avoided by making measurements on peak shoulders. The
typical ion beam size was ~0.1 V ppb™ for **Fe and 0.15-0.24 V ppb! for >*Cr. The mean signal
intensity of a blank solution that was analysed before and after each sample/standard was
subtracted. The sample 6°°Fe or §°3Cr values were obtained using an iterative deconvolving
procedure (Albarede and Beard, 2004). The raw data were corrected for instrumental mass
bias and, for Cr, the total procedural blank contribution. The Cr blank mainly came from the Fe

precipitate and constituted <10% of the total Cr analysed (blank 8°3Cr = —0.16%o).

In addition, the Fe or Cr concentration of each sample was determined simultaneously with
the isotope ratios using isotope dilution equations, based on the known sample volume and
the quantity of added spike. The results are in consistency with those derived from FIA-CL (for

Fe) or Mg(OH), co-precipitation (for Cr) methods.

Analyses of the ETH iron isotope standard and the NBS979 chromium isotope standard gave
8°°Fe = 0.50 + 0.10%o (2SD, n=113) and 6°3Cr = 0.00 + 0.05%o (2SD, n=49) respectively, showing
agreement with the consensus values (ETH 8°°Fe = 0.52 + 0.07%o, Klar et al., 2018; NBS979
8°3Cr = 0.00 * 0.04%o, Goring-Harford et al., 2018). The precision and accuracy of the above
methods were further assessed through the analysis of (1) Trace metal free seawater doped
with hematite (HEM) Fe isotope standard, (2) Black Sea Fe intercomparison ‘anoxic’ sample,
and (3) OSIL Atlantic salinity standard seawater. These results are summarised in the main text

(Table 3-1).
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B.2 Fe data for all samples measured in this study
CTDno.  ROS no. Dfmp;h 856Fe (%o) 856Fe (%o) dFe (nM)
(1) 2SE (2) 2SE Average * 2SE

TAG (Station 35/38)
78 24 20 0.58 0.08 NA NA 0.58 NA NA 0.86
78 22 100 0.67 0.05 NA NA 0.67 NA NA 0.88
78 18 250 0.59 0.06 NA NA 0.59 0.61 0.05 0.42
78 14 800 0.45 0.06 NA NA 0.45 NA NA 0.78
78 9 1500 0.56 0.04 NA NA 0.56 NA NA 0.69
78 1999 0.36 0.08 0.29 0.03 0.33 NA NA 1.10
76 19 3100 0.59 0.08 0.64 0.05 0.61 0.47 0.04 2.07
76 17 3236 -1.77 0.04 -1.89 0.09 -1.83 -2.07 0.03 55.21
76 12 3322 -1.68 0.03 -1.64 0.04 -1.66 -1.76 0.03 64.36
76 8 3350 -0.59 0.03 -0.60 0.04 -0.59 NA NA 68.06
76 7 3429 -0.34 0.05 -0.36 0.07 -0.35 NA NA 26.99
76 3 3544 0.09 0.05 NA NA 0.09 NA NA 1.52
76 2 3660 0.47 0.05 NA NA 0.47 NA NA 1.56

TAG Close North (Station 36)
80 23 50 0.39 0.04 NA NA 0.39 0.38 0.11 0.76
80 21 125 0.53 0.03 NA NA 0.53 0.70 0.07 0.38
80 18 401 0.72 0.09 NA NA 0.72 NA NA 0.43
80 16 800 0.43 0.11 0.47 0.07 0.45 NA NA 0.59
80 14 1399 0.33 0.06 NA NA 0.33 0.36 0.04 0.89
80 12 1999 0.48 0.06 NA NA 0.48 NA NA 0.67
80 11 2500 0.17 0.05 NA NA 0.17 NA NA 1.02
80 9 3001 -0.44 0.06 NA NA -0.44 NA NA 3.20
80 7 3299 -0.35 0.04 -0.40 0.06 -0.38 NA NA 2.88
80 6 3401 -0.40 0.06 -0.46 0.04 -0.43 NA NA 1.96
80 4 3600 0.05 0.05 -0.05 0.07 0.00 NA NA 1.69
80 2 3899 0.05 0.03 NA NA 0.05 NA NA 1.49

TAG Close West (Station 30)
65 24 20 0.22 0.05 NA NA 0.22 NA NA 0.66
65 18 181 0.46 0.11 NA NA 0.46 NA NA 0.24
65 13 796 0.39 0.03 NA NA 0.39 NA NA 0.52
65 11 1516 0.54 0.05 NA NA 0.54 NA NA 0.63
65 9 2226 0.41 0.05 NA NA 0.41 NA NA 0.78
65 7 2429 0.12 0.04 NA NA 0.12 NA NA 0.93
65 6 2531 0.10 0.05 NA NA 0.10 NA NA 0.82
65 5 2634 0.33 0.05 NA NA 0.33 NA NA 0.73
65 4 2735 0.26 0.04 NA NA 0.26 NA NA 1.22
65 3 2838 0.14 0.04 NA NA 0.14 NA NA 0.87
65 1 3113 -0.04 0.04 NA NA -0.04 NA NA 1.25

TAG 250 km West (Station 28)
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61 9 2100 0.36 0.07 0.53 0.07 0.44 NA NA 0.89
61 7 3000 0.27 0.05 0.31 0.05 0.29 NA NA 0.95
61 5 3799 0.28 0.05 0.42 0.09 0.35 NA NA 0.64
61 4 3901 0.45 0.05 NA NA 0.45 NA NA 0.57
61 3 4000 0.16 0.08 0.35 0.07 0.25 NA NA 0.61
61 1 4222 0.20 0.07 0.31 0.06 0.25 NA NA 0.86
Rainbow (Station 16/39)
43 17 768 0.60 0.06 NA NA 0.60 NA NA 2.22
36 13 1300 0.48 0.03 0.40 0.04 0.44 NA NA 1.60
43 12 1896 -0.07 0.07 NA NA -0.07 NA NA 4.45
36 6 2001 -5.65 0.05 -5.67 0.04 -5.66 -5.24 0.04 59.62
36 5 2051 -5.06 0.04 -5.02 0.06 -5.04 NA NA 40.51
36 4 2072 -6.13 0.05 -6.12 0.09 -6.12 NA NA 58.20
36 3 2108 -6.92 0.04 -6.97 0.05 -6.94 -6.95 0.05 53.08
36 2 2200 0.36 0.11 NA NA 0.36 NA NA 2.31
36 1 2280 0.38 0.06 NA NA 0.38 NA NA 1.56
Rainbow (Station 16/39)
43 4 2252 -5.84 0.09 NA NA -5.84 NA NA 13.55
43 2 2261 -4.77 0.09 NA NA -4.77 NA NA 11.00
Rainbow Bonus South (Station 17 - not presented)
38 13 1501 0.50 0.05 NA NA 0.50 NA NA 1.45
38 12 1900 0.32 0.04 NA NA 0.32 0.43 0.04 2.78
38 2002 0.01 0.08 NA NA 0.01 NA NA 2.15
38 2101 0.28 0.05 NA NA 0.28 0.37 0.03 3.56
Rainbow Close North (Station 18)
40 24 18 0.62 0.12 NA NA 0.62 0.75 0.12 0.19
40 21 80 0.69 0.07 NA NA 0.69 0.71 0.08 0.24
40 18 164 0.35 0.08 NA NA 0.35 NA NA 0.28
40 16 499 0.42 0.09 NA NA 0.42 0.34 0.07 0.48
40 14 719 0.46 0.06 NA NA 0.46 NA NA 0.74
40 11 1601 0.58 0.10 NA NA 0.58 NA NA 1.17
40 9 1799 0.14 0.09 NA NA 0.14 NA NA 2.37
40 8 1950 0.19 0.08 NA NA 0.19 NA NA 3.57
40 7 2050 0.14 0.07 NA NA 0.14 NA NA 5.76
40 6 2099 -0.08 0.06 NA NA -0.08 NA NA 2.98
40 3 2453 -0.14 0.07 NA NA -0.14 NA NA 2.29
40 1 2632 -0.01 0.08 NA NA -0.01 NA NA 2.21
Rainbow Close East (Station 12)
27 23 43 0.20 0.06 NA NA 0.20 0.37 0.07 0.13
27 20 107 0.27 0.10 NA NA 0.27 NA NA 0.20
27 18 401 0.37 0.05 NA NA 0.37 NA NA 0.43
27 15 701 0.58 0.04 NA NA 0.58 NA NA 0.62
27 13 900 0.38 0.04 NA NA 0.38 NA NA 0.75
27 12 1200 0.26 0.08 NA NA 0.26 NA NA 0.80
27 10 1751 0.25 0.05 0.21 0.05 0.23 NA NA 1.87
27 8 2000 0.08 0.06 -0.06 0.04 0.01 NA NA 2.84
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27 6 2100 -0.11 0.04 -0.11 0.04 -0.11 NA NA 3.54
27 5 2150 -0.06 0.06 -0.11 0.05 -0.09 NA NA 3.00
27 2 2349 0.00 0.03 -0.01 0.04 0.00 NA NA 3.32
Rainbow 200 km East (Station 11)
25 20 148 0.08 0.06 NA NA 0.08 NA NA 0.19
25 13 929 0.19 0.04 0.28 0.09 0.23 NA NA 0.71
25 11 1399 0.26 0.05 NA NA 0.26 NA NA 0.66
25 8 1798 0.24 0.04 NA NA 0.24 NA NA 0.64
25 6 2403 0.38 0.04 NA NA 0.38 NA NA 0.66
25 3 2747 0.32 0.04 NA NA 0.32 NA NA 0.61
25 1 2868 0.69 0.10 NA NA 0.69 NA NA 0.60

Numbers (1), (2) represent two replicate MC-ICP-MS measurements on the same sample solution.
* means replicate analysis by separate chemical extractions of samples from the same bottle or
the same water depth (not included in calculating the average 8°°Fe value that is presented in
the main text). 2SE is the internal error of each MC-ICP-MS measurement and reflects the
analytical uncertainty. The external reproducibility (2SD) for §°°Fe is + 0.10%o0 based on the
long-term precision of the iron isotope standard (ETH). NA = not available. Depths for
hydrothermal plumes and particle-rich plumes are highlighted.
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CTDno. ROSno.  Depth(m) 853Cr (%o) Cr (nM)
(1) 2SE (2) 2SE (3) 2SE Average Average

TAG (Station 35/38)
78 22 100 1.31 0.01 1.31 0.01 NA NA 1.31 2.34
78 18 250 1.30 0.02 1.33 0.02 NA NA 1.32 2.31
78 14 800 1.25 0.01 1.22 0.01 NA NA 1.23 2.45
78 1500 1.19 0.02 1.21 0.01 NA NA 1.20 2.51
78 1999 1.09 0.01 1.15 0.02 NA NA 1.12 2.45
76 18 3194 111  0.03 1.07 0.02 NA NA 1.09 2.69
76 17 3236 1.21 0.02 1.24 0.02 NA NA 1.23 2.62
76 13 3314 1.18 0.01 1.24 0.02 NA NA 1.21 2.63
76 12 3322 1.17 0.02 1.18 0.02 NA NA 1.18 2.71
76 11 3334 1.16 0.02 115 002 109 0.03 1.13 2.64
76 8 3350 1.18 0.01 1.20 0.02 NA NA 1.19 2.70
76 2 3601 1.08 0.01 115 0.01 NA NA 1.11 2.78

Rainbow (Station 16/39)
43 23 60 134 001 135 0.01 NA NA 1.34 2.28
43 19 353 1.15 0.02 1.22 0.02 NA NA 1.19 2.27
43 17 768 1.27 0.02 1.23 0.02 NA NA 1.25 2.37
43 16 978 1.27 0.02 1.24 0.07 NA NA 1.25 2.40
43 14 1601 097 0.01 095 0.01 NA NA 0.96 2.40
43 12 1896 131 0.02 1.29 0.02 NA NA 1.30 2.39
36 5 2051 1.86 0.03 1.88 0.03 NA NA 1.87 2.13
36 4 2072 1.41 0.02 1.63 0.02 NA NA 1.52 2.23
36 3 2108 1.72 0.02 167 0.03 NA NA 1.69 2.34
36 2 2200 1.30 0.02 1.31 0.02 NA NA 1.30 2.37
43 1 2283 124 0.04 122 0.03 NA NA 1.23 2.37

Numbers (1), (2), (3) represent three replicate MC-ICP-MS measurements on the same sample

solution. 2SE is the internal error of each MC-ICP-MS measurement and reflects the analytical

uncertainty. The external reproducibility (2SD) for 6%Cr is + 0.05%0 based on the long-term

precision of the chromium isotope standard (NBS979). NA = not available. Hydrothermal plume
depths are highlighted.

101



Appendix B

B.4 Fe isotope compositions (8°°Fe) of dFe in seawater samples from

8 stations of the GA13 transect
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Data are available and can be found in Table B2. Figure was made using Ocean Data View
(Schlitzer, 2009).
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Appendix C Supporting information for Chapter 4

C.1 Crdata for all seawater samples measured in this study

Depth 853Cr (%o) Cr(nM)  Salinity 0
(m) (1) 2SE (2) 2SE (3) 2SE  Average Average (umol/kg)
Station 1
40 1.44 0.01 1.29 0.03 NA NA 1.36 2.31 37.2 207
100 133 0.02 133 0.01 NA NA 1.33 2.19 37.2 205
251 135 0.02 137 0.02 NA NA 1.36 2.06 36.6 183
350 133 0.03 133 0.02 NA NA 1.33 2.15 36.5 180
651 1.27 0.02 1.30 0.02 NA NA 1.29 2.26 35.5 145
1001 1.27 0.02 124 0.02 NA NA 1.26 2.22 35.0 160
1752 1.25 0.02 1.28 0.02 NA NA 1.27 2.22 35.0 246
3504 1.16 0.02 1.18 0.02 NA NA 1.17 2.34 34.9 252
5006 1.13 0.02 1.12 0.01 NA NA 1.12 2.50 34.8 242
Station 4
26 133 001 130 0.01 NA NA 1.32 2.28 37.6 200
60 1.27 0.01 1.30 0.01 NA NA 1.29 2.48 37.4 210
140 139 0.01 139 0.01 NA NA 1.39 2.15 37.2 193
180 135 0.01 135 0.02 NA NA 1.35 2.16 36.9 181
300 135 0.01 137 0.02 NA NA 1.36 1.89 36.4 174
401 1.28 0.01 1.29 0.01 NA NA 1.28 1.84 36.0 150
1001 130 0.02 1.34 0.02 NA NA 1.32 2.29 35.0 151
2002 141 0.01 142 0.02 NA NA 1.41 2.00 35.0 234
3323 1.25 0.02 125 0.02 NA NA 1.25 2.49 34.9 239
3343 1.20 0.02 1.19 0.02 NA NA 1.20 2.48 34.9 239
3505 1.04 0.04 108 0.04 NA NA 1.06 2.57 34.9 239
Station 6
15 136 0.01 134 0.02 1.34 0.02 1.34 2.25 37.3 202
80 1.44 002 141 002 140 0.02 1.42 2.19 37.3 217
120 142 0.02 139 0.02 NA NA 1.40 2.16 37.2 208
180 1.40 002 137 002 139 0.02 1.39 2.10 36.8 190
250 144 0.02 138 0.02 1.38 0.02 1.40 2.12 36.6 181
350 136 002 139 0.02 NA NA 1.38 2.04 36.2 166
550 137 0.02 133 0.02 NA NA 1.35 2.16 35.7 148
701 133 002 134 0.01 NA NA 1.33 2.35 354 132
901 126 0.01 1.22 0.02 NA NA 1.24 2.12 35.1 138
1501 1.14 0.02 1.16 0.02 NA NA 1.15 2.63 35.1 206
2503 1.27 0.02 124 0.01 NA NA 1.26 2.48 35.0 232
5005 1.11 0.02 111 0.01 NA NA 1.11 2.51 34.9 234
5780 1.11 0.02 1.13 0.02 NA NA 1.12 2.63 34.9 236
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NA = not available. Numbers (1), (2), (3) represent three replicate MC-ICP-MS measurements
on the same sample solution. 2SE is the internal error of each MC-ICP-MS measurement and
reflects the analytical uncertainty (typically between 0.01%. and 0.04%.). The external
reproducibility (25D) for §%Cr is + 0.05%0 based on the long-term precision of the chromium
isotope standard (NBS979).
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