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Iron is an essential nutrient for life, but it is only present in low concentrations in the ocean.
Dissolved Fe (dFe) is the most biologically labile fraction of Fe in seawater, the majority of
which is bound to a heterogeneous pool of organic ligands. These organic ligands stabilize dFe
against precipitative loss and mediate the bioavailability and biogeochemical cycling of this
critical element. Characterizing the organic ligand pool is primarily done using one of two
independent approaches. The first, competitive ligand exchange-adsorptive cathodic stripping
voltammetry (CLE-ACSV), is an electrochemical technique used to measure the concentration
and average Fe-binding strength of the total ligand pool. The second, liquid chromatography-

mass spectrometry (LC-MS), is used to identify specific iron-binding ligands and most



frequently targets a class of strongly Fe-binding molecules known as siderophores. My
dissertation combines LC-MS and CLE-ACSV techniques in order to characterize Fe-binding
ligands at multiple levels and examine ligand impact on the stabilization and transport of
dissolved Fe. I identified the ubiquitous presence of siderophores in novel oceanographic
environments, including within the Eastern Tropical North Pacific oxygen deficient zone and
near diverse hydrothermal venting systems along the Southern East Pacific Rise. In both study
regions, I explored the critical role of organic ligands and siderophores in stabilizing dFe and
facilitating Fe transport into the ocean interior. This dissertation expands ligand characterization
studies to environments near key Fe sources to the deep ocean, including continental margins
and hydrothermal vents, and identifies siderophores across a much wider range of chemical and
dFe gradients than has previously been observed. This dissertation presents some of the first
combined LC-MS and CLE-ACSV ligand characterization studies and offers unprecedented

insight into the dynamics of the organic ligand pool near critical Fe sources.
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Chapter 1. INTRODUCTION

1.1 BACKGROUND

Iron (Fe) is an essential element for life, facilitating key cellular processes such as nitrogen
fixation, respiration, and photosynthesis (Morel and Price, 2003). Yet, despite being the fourth
most abundant element in Earth’s crust, Fe is a limiting nutrient in over 30% of the global ocean
(Boyd and Ellwood, 2010; Moore et al., 2013). The low Fe concentrations in the ocean are
largely driven by the low solubility of inorganic Fe in seawater (~0.01 nM), such that Fe must be
stabilized either physically or chemically to maintain significant and biologically viable
dissolved Fe (dFe) concentrations (Liu and Millero, 2002). Most dFe in the ocean (> 99%)) is
chemically stabilized by organic Fe(Ill)-binding ligands (Gledhill and Buck, 2012; Gledhill and
van den Berg, 1994; Rue and Bruland, 1995) that increase Fe concentrations from the small
inorganic solubility limit to upwards of 20 nM near some Fe sources such as hydrothermal
plumes and margin sediments (e.g. Hawkes et al., 2013a; Vedamati et al., 2014). These organic
ligands exert important controls on the stability and bioavailability of Fe, making ligands an
essential component of the global oceanic Fe biogeochemical cycle. Indeed, global
biogeochemical models that incorporate organic ligand parameters have demonstrated that a
doubling of oceanic ligand concentrations has a greater impact on total primary productivity, and
thus atmospheric CO», than does increasing the external sources of Fe to the ocean (Tagliabue et
al., 2014). Modeling studies such as these demonstrate how the biogeochemical cycling of Fe
and the overall oceanic Fe inventory have the potential to both directly and indirectly impact

primary productivity, atmospheric CO> uptake, and climate (Moore et al., 2013; Tagliabue et al.,



2017, 2014). Thus, characterizing Fe-binding ligands and their role in the global oceanic Fe
cycle is an essential task.

Organic Fe-binding ligands are a complex and heterogeneous mixture of microbially-
synthesized compounds that are actively or passively released as microbial by-products with Fe-
binding capabilities that can maintain dFe at biologically viable concentrations (Christel S.
Hassler et al., 2011; Shaked et al., 2020). Individual compounds within the ligand pool have a
diverse range of structures and Fe affinities, ranging from weakly binding exopolysaccharides
(e.g. Norman et al., 2015) or humic-like substances (e.g. Laglera et al., 2011) to the extremely
high Fe-affinity siderophores (Boiteau et al., 2016a; Bundy et al., 2018). Siderophores are low
molecular weight organic compounds produced by microbes to obtain scarce or inaccessible Fe
resources (Gledhill and Buck, 2012; Sandy and Butler, 2009; Vraspir and Butler, 2009). This
diversity in compounds encompasses several operationally defined size fractions with
siderophores at the smallest end of the soluble size fraction (< 0.02 pm) and larger substances
like humic substances and exopolysaccharides in the colloidal size fraction (0.02-0.2 pm)
(Gledhill and Buck, 2012). Ligand concentrations are similarly variable, ranging from < 1 nM in
some regions of the surface ocean to over 1 pM near hydrothermal vents (Caprara et al., 2016;
Kleint et al., 2016).

Despite the complexity in ligand identities and concentrations, understanding ligand
distributions is essential for accurately modeling dissolved Fe distributions (Tagliabue et al.
2016). Most models that include ligands parameterize them as a single ligand class that behaves
uniformly across all oceanic environments, while more advanced models have a dynamic ligand
system controlled by universally applied cycling processes (Tagliabue et al., 2016; Volker and

Tagliabue, 2015). The high variability in ligand concentrations and binding strengths suggest that
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a variable and dynamic ligand pool will more accurately model Fe biogeochemistry, particularly
in regions with distinct ligand sources and/or high ligand turnover (Tagliabue et al., 2016, 2014).
All ligands are ultimately biologically produced (Gledhill and Buck, 2012), but the composition
and Fe stabilization capacity of the ligand pool can vary based on both environmental source and
internal cycling processes. Distinct sources such as continental margins, sediments, coastal
riverine input, ice shelves, and hydrothermal systems can all contribute unique ligands to the
ocean interior (e.g. Bennett et al., 2008; Bundy et al., 2015; Hopkinson and Barbeau, 2007;
Norman et al., 2015). These ligands also undergo complex internal cycling processes including
removal via biological uptake or photochemical degradation and regeneration via additional
microbial production, cell lysis or macromolecule degradation (Gledhill and Buck, 2012; Hunter
and Boyd, 2007). Both ligand sources and internal cycling are poorly constrained, which limits
understanding of their role in Fe biogeochemical cycling and modeling accuracy.

Studies have shown that ligand concentrations exceed dFe in most of the global ocean
except in areas of extremely high Fe inputs such as hydrothermal vents (Buck et al., 2018, 2015;
Caprara et al., 2016; Gerringa et al., 2015; J. A. Hawkes et al., 2013; Kleint et al., 2016). The
near ubiquitous excess of ligands over Fe supports the large control ligands exert on Fe
biogeochemical cycling. However, there remain critical gaps in scientific understanding of Fe-
ligand interactions, particularly in areas with higher Fe concentrations (Caprara et al., 2016).
Although Fe-rich environments make up only a small proportion of the ocean, these areas are
generally situated near critical Fe sources that exert important controls on Fe distribution. For
instance, continental margins and hydrothermal vents are the two largest sources of Fe to the
global ocean, controlling Fe concentrations in an estimated 74% and 23% percent of the ocean’s

area, respectively (Tagliabue et al., 2014). The composition and concentration of organic Fe
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binding ligands is anticipated to have large effects on the physical and chemical speciation of Fe
near these key sources, with critical impacts on the overall stability and transport of Fe away
from these regions and into the ocean interior (Bennett et al., 2008; Lam et al., 2020). The
diversity in ligand sources, size, identity, Fe-affinity, and concentration makes measuring ligands
a formidable analytical challenge, despite widespread acknowledgement of the major impact of
ligands on Fe biogeochemistry and the necessity of including ligand parameters to accurately

model Fe distributions (Tagliabue et al., 2017, 2016, 2014).

1.2 MEASURING IRON-BINDING ORGANIC LIGANDS

Most organic ligand studies have focused on bulk electrochemical measurements such as
competitive ligand exchange-adsorptive cathodic stripping voltammetry (CLE-ACSV) that
quantify the concentration and average Fe-binding strength of the total ligand pool (Caprara et
al., 2016; Gledhill and Buck, 2012; Gledhill and van den Berg, 1994; Rue and Bruland, 1995).
These methods have confirmed the ubiquity of Fe-binding ligands in the ocean and brought
recognition to ligand importance as a dFe stabilization mechanism. CLE-ACSV operates by
establishing a competitive equilibrium between the natural ligands in seawater and an artificial
added ligand. By titrating the sample with added Fe, the concentration and average binding
strength of the natural ligand pool can then be calculated (Gledhill and van den Berg, 1994; Rue
and Bruland, 1995). CLE-ACSYV is a highly sensitive technique that has the advantages of small
sample volumes, minimal pre-analysis sample manipulation (e.g. no preconcentration step), and
a relatively low-cost equipment set-up. As a result, this method has been widely used by the
international GEOTRACES program and has been intercalibrated between multiple labs (Buck et
al., 2018, 2015; Gerringa et al., 2015; Pizeta et al., 2015). However, CLE-ACSV measurements

do not allow for identifying specific Fe-binding molecules beyond operational definitions



derived from binding strength. Advances in CLE-ACSV such as using multiple analytical
window techniques have been able to better constrain binding strength classes (Bundy et al.,
2014), and modifications to the original CLE-ACSV method allow for the identification of
certain broad classes of ligands such as exopolysaccharides (Norman et al., 2015) and humic
substances (Laglera et al., 2007). However, specific compound identification is still unattainable
using electrochemistry.

More recent ligand identification studies rely on liquid chromatography-mass
spectrometry (LC-MS) methods to identify specific Fe-binding ligands based on mass to charge
ratios, with a specific focus on siderophores (Boiteau et al., 2019; Bundy et al., 2018; Mawji et
al., 2008; Park et al., 2023). LC-MS analyses start by pre-concentrating a large volume of
seawater (> 4L) in a solid phase extraction step to isolate siderophores in sufficient quantities for
analytical detection. Sample concentrate is then separated using liquid chromatography coupled
to two mass spectrometer detectors. Inductively coupled plasma-mass spectrometry (ICP-MS) is
used to quantify Fe-binding compounds, and electrospray ionization-mass spectrometry (ESI-
MS) is used to identify specific mass to charge (m/z) ratios that can either be matched to a
database of known siderophores or be used to identify new compounds. By matching the results
from the two detectors, individual siderophores can be identified and quantified (Boiteau et al.,
2016b; Bundy et al., 2018). This technique is analytically intensive, requiring large sample
volumes, several expensive specialized pieces analytical equipment and complex data analysis.
As a newer technique, it also lacks the large body of comparative analyses and intercalibration
efforts of CLE-ACSV. However, this technique offers unprecedented insight into the specific
compounds that make up the Fe-binding ligand pool, which can be used to elucidate how Fe-

binding ligands relate to the microbial community, particularly with regards to siderophores.
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Siderophores have some of the strongest Fe binding affinities of natural molecules and as
a result are thought to disproportionally impact dFe complexation and stabilization within the
wider ligand pool (Bundy et al., 2018, 2015; Gledhill and Buck, 2012; Vraspir and Butler, 2009).
Over 500 siderophores have been identified to date, most of which have been isolated from
terrestrial bacterial and fungal cultures, with some siderophores identified from marine
heterotrophic bacteria cultures (Hider and Kong, 2010; Sandy and Butler, 2009). Studies
identifying siderophores in the ocean are sparse but have shown the importance of siderophores
to dFe stabilization, solubilization, and bioavailability (Bundy et al., 2015; Kraemer et al., 2005;
Kiigler et al., 2020; Manck et al., 2022; Vraspir and Butler, 2009). Importantly, the composition
of siderophores can be used to link Fe-binding ligands to the specific microbes that produced
them, offering unprecedented insight into the Fe acquisition pathways used by diverse microbial

communities in nature (Boiteau et al., 2016a).

1.3 APPLICATION AND SYNTHESIS OF MULTIPLE LIGAND MEASUREMENT

TECHNIQUES

The CLE-ACSV and LC-MS methods offer complementary insights into the critical roles of
ligands in Fe biogeochemistry. However, these techniques are rarely combined within a single
dataset (Bundy et al., 2018) and have limited spatial coverage, even when applied independently.
Siderophore measurements are particularly sparse and have been restricted primarily to the Fe-
poor surface (0-200 m) and mesopelagic (200-1,000 m) waters in the ocean (Boiteau et al., 2019,
2016a; Bundy et al., 2018; Mawji et al., 2011, 2008; Park et al., 2023; Velasquez et al., 2011),
with only one published dataset from below 1,500 m (Hoffman et al. 2023). CLE-ACSV ligand
studies are more widespread, owing in large part to the international GEOTRACES program

(Buck et al., 2018, 2015; Caprara et al., 2016; Gerringa et al., 2015). Even so, these



measurements focused on the open ocean, with limited application to coastal regions and other
areas with elevated Fe concentrations (> 1 nM) (Caprara et al., 2016). Ligand data is
underrepresented in important areas near key Fe sources to the ocean. Relatively few CLE-
ACSV studies have examined ligand concentrations and binding strengths near the margins
(Ardiningsih et al., 2021; Bundy et al., 2015; Gerringa et al., 2008; Hopkinson and Barbeau,
2007) and hydrothermal environments (Bennett et al., 2008; J. A. Hawkes et al., 2013; Hoffman
et al., 2023; Kleint et al., 2016; Wang et al., 2021, 2019), and these studies have limited spatial
coverage. Siderophore data is even more sparse, and only two studies to date have identified
siderophores in Fe-rich regions including a benthic boundary layer (Boiteau et al., 2019) and one
study that examined siderophores in several hydrothermal vent sites along the Mid-Atlantic
Ridge (Hoffman et al., 2023).

This thesis expands organic Fe-binding ligand studies to include a broader range of
oceanic environments that encompass a larger Fe gradient. By choosing study regions near
important Fe sources, including continental margins and hydrothermal vents, these ligand
measurements can be used to examine the effects of ligands on Fe speciation and subsequent
transport of Fe from the source and into the ocean interior. This thesis combines LC-MS and
CLE-ACSYV methods to offer unprecedented insight into the complex dynamics of the ligand
pool near important Fe sources to the deep Pacific Ocean, including the continental margin
bordering the Eastern Tropical North Pacific oxygen deficient zone and the hydrothermal
systems along the Southern East Pacific Rise. Furthermore, this is one of the first times that
combined LC-MS and CLE-ACSV techniques have successfully been applied to a large dataset.

Finally, this thesis expands LC-MS siderophore identification studies into the deep ocean ( >
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1,500 m) and presents some of the first evidence for microbial siderophore production in oxygen

deficient zones and hydrothermal vents.

1.4  THESIS ORGANIZATION

Chapter 2 focuses on combining CLE-ACSV measurements of the total ligand pool and LC-MS
identification of siderophores to characterize the Fe-binding ligand pool at an inshore-offshore
transect of the Eastern Tropical North Pacific Oxygen Deficient Zone (ODZ) near the Mexican
margin. This chapter has been published in Marine Chemistry in 2021 (Moore et al. 2021).

Chapter 3 describes the spatial and temporal chemical variability of hydrothermal venting
systems along the 16-18°S sector of the Southern East Pacific Rise (SEPR). CLE-ACSV
measurements of the total ligand pool are combined with dissolved Fe (dFe) size fractionation
data to assess the impact of organic ligands on the physicochemical stabilization of dFe.

Chapter 4 uses LC-MS techniques to identify and quantify siderophores across a diverse
array of venting systems along the SEPR and combines these data with CLE-ACSV
measurements from Chapter 2 to assess the impact of siderophores on the total Fe-binding ligand
pool.

Chapter 5 summarizes the findings of this thesis on the roles of organic ligands in
facilitating Fe transport near Fe sources to the deep Pacific Ocean and the novel insights
provided by combining CLE-ACSV and LC-MS analyses. The potential for future research

endeavors is then discussed within the context of these results.



Chapter 2. ORGANIC COMPLEXATION OF IRON BY STRONG
LIGANDS AND SIDEROPHORES IN THE
EASTERN TROPICAL NORTH PACIFIC
OXYGEN DEFICIENT ZONE

*This chapter is modified from the version published in Marine Chemistry (Moore et al. 2021).
Author list below. See 2.8 for detailed author contributions.

Laura E. Moore, Maija 1. Heller, Katherine A. Barbeau, James W. Moffett, Randelle M. Bundy

2.1 ABSTRACT

Continental margins are an important external source of dissolved iron to the marine
environment. However, the mechanisms responsible for the offshore transport of dissolved iron
is impacted by the resulting iron speciation. We characterized the iron speciation in the Eastern
Tropical North Pacific (ETNP) oxygen deficient zone (ODZ), including dissolved iron, organic
iron-binding ligands, and reduced iron. Organic iron-binding ligands were measured using both
competitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-ACSV) and liquid
chromatography electrospray ionization mass spectrometry (LC-ESI-MS) in order to explore the
impact of organic ligands on dissolved iron and iron(II) biogeochemistry in the region. Organic

ligands were present in high concentrations (1.06-5.30 nmol L) and exceeded dissolved iron

cond
KFeL,Fe

concentrations (0.36-4.52 nmol L) at all locations. Iron-binding strengths (log r) ranged
11.22 to 12.75 and were elevated in the ODZ layer relative to the oxygenated water column. LC-
ESI-MS revealed the presence of siderophores, or bacterially-produced organic ligands with high
Fe-affinity, in all samples analyzed, suggesting these compounds may be produced by microbes

in the ODZ despite high ambient dFer concentrations. This study is the first to characterize

siderophores in an ODZ environment to date, and the three siderophores found (amphibactin B,
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synechobactin ¢9, synechobactin c10) could contribute to the observed elevated log K ﬁgfﬁ ot of

Kcond

reL re' Values in other low

ligands in the ODZ. Comparative analysis of organic ligand log

oxygen environments suggests that strong ligands, including siderophores, could be present in
other low oxygen regions. In a simple model of the shelf-to-offshore iron transport mechanism,
strong organic iron-binding ligands had a large impact on the longevity and transport of iron in
the ODZ. These results suggest that organic ligand composition can have an impact on iron

distributions in the ETNP ODZ and regulate the offshore transport of iron to the open ocean.

2.2  INTRODUCTION

Iron (Fe) is an essential life-supporting element across the global ocean. As an important
cofactor in cellular processes ranging from photosynthesis to nitrogen fixation, Fe exerts control
on CO» uptake, macronutrient availability, and primary production (Morel and Price, 2003).
Although one of the most abundant elements on earth, Fe is a limiting nutrient in an estimated
30-40% of the ocean and rarely exceeds 1 nmol L! in concentration (Moore et al., 2013).
Characterizing Fe biogeochemistry is therefore crucial for understanding and predicting biomass
distributions and climate impacts. Despite large advances in scientific understanding of the Fe
cycle (Tagliabue et al., 2017), the key sources and sinks of Fe are still not well understood. For
example, a comparison across thirteen global biogeochemical models that include Fe
biochemistry show almost a two order of magnitude range in the total Fe inputs in the models
(Tagliabue et al., 2016). The thirteen models also have dissolved Fe residence times ranging
from 5 to greater than 500 years, and three of the models do not contain any sediment Fe sources
despite the documented impact of margins on Fe biogeochemistry (Johnson et al., 1999; Lam et

al., 2006; Lam and Bishop, 2008).
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Models that do include sediment sources estimate that sediments are the most important
Fe source in approximately 74% of the ocean by area (Tagliabue et al., 2014). This sedimentary
Fe can be upwelled at eastern boundary margins and help to drive the high productivity
commonly associated with coastal regions (Johnson et al., 1999). However, the effects of the
sedimentary Fe flux extend far beyond local impacts. Sediment-sourced Fe has been tracked as
far as 1,000 km from the nearest margin, and this Fe contributes to phytoplankton blooms in the
North Pacific HNLC region (Lam et al., 2006; Lam and Bishop, 2008), highlighting the
downstream biological impacts of this important Fe source. Relatively higher concentrations of
Fe have been found in the pore waters of sediment cores underlying oxygen minimum zones
(OMZs; <90 uM O2), corresponding with higher observed benthic Fe fluxes and elevated
concentrations of reduced Fe (Fe(Il)) (Elrod et al., 2004; Lohan and Bruland, 2008). Margins
with low bottom water oxygen content, but are not yet sulfidic, have been shown to have the
most efficient export of Fe from the margin (Scholz et al., 2014). These studies suggest that
continental margins associated with OMZs, and by extension oxygen deficient zones (ODZs; < 2
uM O3), might play a disproportionally large role in Fe supply to the ocean and may further
enhance the export of Fe from margin sediments to the open ocean.

The Eastern Tropical North Pacific (ETNP) near the southwestern Mexican coast, is one
potentially important coastal margin. Here, highly productive surface waters resulting from
strong coastal upwelling drive the formation of the world’s largest permanent ODZ (Horak et al.,
2016). Organic matter degradation combined with low water column ventilation result in layers
of suboxic (<20 uM O,) and anoxic (< 2 uM O») waters (Fiedler and Talley, 2006). Under these
conditions, Fe can exist in both its oxidized (Fe(IIl)) and reduced (Fe(Il)) states (e.g. Moffett et

al., 2007), unlike the oxygenated ocean in which Fe is almost exclusively Fe(III) (Millero et al.,
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1995). The presence of Fe(II) introduces additional reaction pathways for both biotic and abiotic
processes and likely plays an important role in Fe biogeochemistry in the ODZ. For instance,
anaerobic Fe-oxidizing bacteria have been proposed as an important mediator of Fe oxidation
reactions in ODZs (Croot et al., 2019). On a global scale, ODZs in particular may facilitate the
transport of Fe from the continental shelf to the open ocean (Scholtz et al., 2014). In shelf
systems with an oxygenated water column, soluble Fe(II) is released from reducing sediments
into the water column, and is then rapidly oxidized to insoluble Fe(III), effectively “trapping” Fe
on the shelf (Vedamati et al., 2014). In an ODZ, low O; increases the longevity of Fe(II) released
from the margin (Kondo and Moffett, 2013), possibly providing a mechanism by which Fe can
escape the shelf. Observations along the Peru margin in the ODZ suggest that the long-range
transport of Fe off the shelf is not in the core of the ODZ, but below the Fe(II) max on the shelf
slope (Lam et. al 2020). Therefore, the mechanism for transport of total dissolved Fe (dFer) off
the shelf in low oxygen systems remains unclear. It appears that inorganic and redox properties
of Fe alone, are insufficient to describe the complicated dynamics of off shelf transport of dFer
in these systems.

Although Fe redox reactions in the ODZ are suspected to be the primary driver for Fe
transformations in the ODZ, an estimated > 99% of the dFer in the ocean is bound to organic
ligands (Rue and Bruland, 1995), an observation that has been supported in ODZ environments
as well (Glass et al., 2015; Hopkinson and Barbeau, 2007; Kondo and Moffett, 2015; Witter et
al., 2000b). These organic Fe-binding ligands increase the solubility of Fe(III) in seawater and
help govern the bioavailability, reactivity and transport of dFer (Buck et al., 2018; Gledhill and
Buck, 2012; Hunter and Boyd, 2007; Rose and Waite, 2003). Previous studies in the ETNP,

Eastern Tropical South Pacific (ETSP), and the Arabian Sea found elevated organic ligand
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concentrations in the ODZ and noted the high conditional binding strengths (log K Ifgzlg o) of

these ligands (Hopkinson and Barbeau, 2007; Kondo and Moffett, 2015; Witter et al., 2000b). It
has been hypothesized that the high ligand concentrations and strong stability constants in low
oxygen regions result from the increased remineralization of organic matter, which is suspected
to be a source of ligands (Boyd and Ellwood, 2010; Witter et al. 2001). Hopkinson and Barbeau
(2007) suggested that the strong ligands observed in the ODZ are potentially the result of ligand
production by organisms living in low oxygen regimes, some of which may have high iron
requirements (e.g. Saito et al., 2020). However, the source of these ligands and the specific roles
they play in Fe biogeochemistry in the ODZ environment remain elusive, largely because ligand
identities are unknown. Recent advances in liquid chromatography coupled to inductively
coupled plasma mass spectrometry and electrospray ionization-mass spectrometry (LC-ICP/ESI-
MS) have enabled the ability to identify Fe-binding organic ligands (Boiteau and Repeta, 2015;
Mawji et al., 2011, 2008; Velasquez et al., 2011). These analyses target the identification of
siderophores, or small Fe-binding ligands with extremely high Fe-binding affinities.
Siderophores are thought to be most often produced by bacteria under Fe-limiting conditions as a
competitive method of Fe acquisition and solubilization (Kramer et al., 2019). The stability
constants of siderophores generally overlap with the conditional binding strengths of the L class
of natural ligands that have been broadly observed in the marine environment via voltammetric
methods, and with the ligands found in previous studies in the ETNP ODZ (Glass et al., 2015;
Gledhill and Buck, 2012; Hopkinson and Barbeau, 2007). This suggests the possibility of
siderophores contributing to the ligand pool in this region, though their presence may be
surprising given the generally high Fe concentrations. To our knowledge however, no organic

ligand characterization analyses targeting siderophores have been performed in any ODZ
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environments to date. The presence of such strong ligands in ODZs may have important
implications for Fe reactivity and bioavailability in these regions, and may also play a role in the
off-shelf transport of Fe from coastal margins.

In this paper, we investigate the speciation of dFer in the ETNP ODZ to elucidate the
complex processes impacting Fe biogeochemistry in this and other similar regions. We combine
measurements of dFer, Fe(Il) and organic Fe-binding ligands using both targeted mass
spectrometry approaches and traditional voltammetric characterization of the organic ligand
pool. Together, these approaches provide an important step forward in understanding the role
and identities of organic ligands in ODZs, and the role of organic ligands in ODZ Fe

biogeochemistry.

2.3 METHODS

2.3.1 Sample collection and storage

Samples in this study were collected from two Lagrangian stations and one regular station in
March and April 2012 aboard the R/V Thomas G. Thompson. Lagrangian stations were sampled
by deploying a free-floating surface-tethered sediment net trap array and tracking the array for
the duration of the station (5 days each) to ensure sampling of the same water mass. Samples
were collected using 5 L Teflon-coated external-spring Niskin-type bottles (Ocean Test
Equipment) mounted on a trace metal clean rosette (Sea-Bird Electronics). The trace metal
rosette was lowered over the side of the ship on a Kevlar line and the bottles were
preprogrammed to trip on the upcast at specified depths with an autofire module (Sea-Bird
Electronics). The trace metal rosette was equipped with temperature, conductivity, and

fluorescence sensors, while the ship’s rosette was additionally equipped with oxygen and
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transmissivity sensors. Once on board, Niskin bottles were quickly retrieved and mounted on a
rack within a positive pressure Class-100 clean van. Bottles were pressurized with filtered Na
gas, and samples were filtered through acid-cleaned 0.2 pm Acropak 200 capsule filters (Pall
Corporation). All sample bottles were cleaned according to GEOTRACES “cookbook” protocols
(Cutter et al., 2017). Samples were collected in 250 mL low-density polyethylene bottles (LDPE)
bottles (Nalgene) for total dissolved metals, 500 mL fluorinated LDPE bottles for speciation
analyses, and Teflon bottles for Fe(Il) measurements. Total dissolved Fe (dFer) samples were
acidified to pH < 1.7 via the addition of trace metal grade HCI (Optima, Fisher) then stored for at
least one month prior to analysis. Speciation samples were stored at -20°C until analysis in the
lab. Nutrient samples were directly collected from the Niskin bottles deployed from the ship’s
CTD rosette and subsequently filtered through GF/F glass fiber filters and refrigerated prior to

analysis.

232 0,, nitrate and nitrite measurements

The ship’s CTD was equipped with a standard Seabird oxygen sensor (SBE43) that was
calibrated using Winkler titrations carried out during the first leg of the cruise. All CTD data was
then corrected using this calibration. The limit of detection was ~1 pmol kg™! and was frequently
reached in the ODZ. A Switchable Trace Oxygen (STOX) amperometric microsensor was then
used to make additional oxygen measurements in the ODZ (Revsbech et al., 2011, 2009; Tiano et
al., 2014) to define the anoxic layer. Details on these measurements are explained in detail
elsewhere (Tiano et al., 2014). NO3™ and NO>™ concentrations were measured following standard
JGOFs (United Nations Educational Scientific and Cultural Organization, 1994) protocols
onboard with a Technicon Autoanalyzer using the Griess-Ilosvay colorimetric method

(Strickland and Parsons, 1972) modified from the Armstrong procedure (Armstrong et al., 1967).
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Briefly, NO;™ in water samples was diazotized with sulfanilamide and reacted with N-(1-
naphthyl)-ethylenediamine to form an azo dye with a maximum absorbance at 540 nm. A
spectrophotometer equipped with a 15 mm flow cell was used to measure absorbance and
quantify NO>". Samples for NO;™ analysis were first passed through a cadmium column to reduce
NO;3™ to NO;  then analyzed in the same manner. The NO;™ concentration is defined as the excess

of NO;™ determined from the cadmium column method over the original NO>" measurement.

233 Reagents

All reagents were prepared in a HEPA-filtered laminar-flow space or a Class-100 clean room.
All samples and standards for Fe(II) analysis were stored in acid-cleaned Teflon bottles. For
Fe(IT) measurements, a 0.004 mol L! luminol stock solution was prepared in a 4 mol L! NHy4
and 0.5 mol L' HCI (Optima, Fisher Scientific) with luminol sodium salt (Sigma Aldrich). The
stock solution was diluted to a working solution concentration of 0.001 mol L'! and the pH was
adjusted to 10.25-10.34. Working solutions were stored in the refrigerator and were allowed to
sit for a minimum of 10 hours prior to use. All luminol solutions were prepared in 1 L amber
high-density polyethylene (HDPE) bottles (Nalgene). Ferrous sulfate (Sigma Aldrich) was
dissolved in pH 2 MilliQ (Optima HCI, Fisher Scientific) to prepare a 0.01 mol L' Fe(II)
primary standard solution. 100 nmol L' secondary solutions were then prepared daily by diluting
the primary standard in pH 2 MilliQ. For total dissolved Fe analysis, a 0.1 mol L"! ammonium
acetate buffer was prepared using equivalent parts 0.1 mol L' ammonium hydroxide (NH4OH;
Optima, Fisher Scientific) and 0.1 mol L™ acetic acid (CH3COOH; Optima, Fisher Scientific).
Nitrilotriacetatic acid (NTA) Superflow chelating resin (Qiagen) was cleaned and conditioned
prior to use according to Lee et al. (2011). Briefly, the NTA resin (25 mL) was first washed five

times with MilliQ, followed by five washes of 1.5 mol L'! trace metal grade HCI (Optima, Fisher
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Scientific), concluding with several more MilliQ washes to ensure the removal of HCI from the
solution. Following cleaning, the resin was then conditioned with 0.5 mol L™! trace metal grade
HCI and refrigerated for 4-5 days at ~4°C. As a final cleaning step, the resin was then washed
five times with 0.5 mol L! trace metal grade HNO; (Optima, Fisher Scientific) and five times
with MilliQ water to ensure removal of HNO3. The resin was then diluted two-fold with 25 mL
MilliQ and stored in the refrigerator as the primary resin. Working resin suspensions were
prepared using a 1:50 dilution of primary resin to MilliQ. All voltammetry reagents
(salicylaldoxime, boric acid buffer, and Fe standards) were prepared in acid-cleaned Teflon
bottles. A 4 mmol L! salicylaldoxime (SA) solution was prepared by dissolving SA (Fluka, >
98% assay) in methanol (CH3OH, Optima Fisher). Boric acid (Alfa Aesar, 99.99% metals basis)
was dissolved in 0.4 N NH4OH (Optima, Fisher) to prepare a 1.5 M boric acid buffer. A 2 mM
Fe primary standard was prepared by diluting Fe AA standard with pH 2 MilliQ. Four secondary
Fe standards were made from the primary standard to final concentrations 100 nmol L!, 200

nmol LY, Tpmol L1, and 2 pmol ¥! in pH 2 MilliQ.

2.3.4  Fe(ll) measurements

Fe(Il) concentrations were determined shipboard using a luminol-based chemiluminescence
technique adapted from (King et al., 1995) and modified according to Vedamati et al., (2014).
An FeLume flow injection analysis (FIA) system (Waterville Analytical) was set up in
continuous flow mode (see Hopkinson and Barbeau, 2007; Kondo and Moffett, 2013) such that
sample and luminol were mixed at a constant 1:1 ratio in the flow cell. Both the luminol and
sample were maintained at a pH between 10.25 and 10.34. The FIA system was calibrated using
Fe(II) standard additions (0.5-1 nmol L!) to seawater taken at depth and stored for several days

in the dark. The detection limit, defined as 3 times the standard deviation of blank seawater
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measurements (n = 3), was 16 pmol L. All Fe(II) measurements were completed immediately

after sampling to avoid oxidative loss of Fe(II).

2.3.5 Total dissolved Fe analyses

Using a method adapted from (Lee et al., 2011), dFer concentrations were determined using a
single batch NTA resin extraction followed by isotope dilution and subsequent ICP-MS analysis
on an Element 2 (Thermo Scientific). Samples were prepared in 15 mL polypropylene (VWR)
acid-cleaned tubes. Prior to analysis, tubes were rinsed seven times with MilliQ and at least once
with the sample. Tubes were filled with ~7.5 mL sample (exact volume determined
gravimetrically) and spiked with a sufficient >’Fe-enriched spike (BDH Aristar Plus, VWR) to
bring the final [*’Fe] to ~1 nM (exact concentrations were calculated using the gravimetrically
determined volume for each sample). The pH was increased to at least 4 with the addition of 1.5
mL of 0.1 mol L"! ammonium acetate buffer (Lee et al., 2011). For the dFer measurements, 0.1
mL of 1.5 mol L! trace metal grade hydrogen peroxide (Optima, Fisher Scientific) was also
added to each sample (Lohan et al., 2005). Samples were then left to equilibrate for at least an
hour at room temperature to ensure the complete oxidation of Fe(II) to Fe(Ill) (Lee et al., 2011).
Following equilibration, 200 pL of the working resin suspension was added to each
sample and the tubes were placed on a shaker for 4-5 days. The samples were then centrifuged
for 10 min at 4000 rpm, and the seawater was carefully decanted to leave only the resin beads at
the bottom. The beads were washed with 3 mL MilliQ to remove salts and the tubes were once
again centrifuged using the same settings. This step was repeated twice more to ensure total salt
removal. After the final wash, 1 mL of 5% HNO3 (Optima, Fisher Scientific) was added to each
tube and samples were left on the shaker for 1-2 days, after which they were centrifuged and the

carefully decanted sample was ready for analysis.
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The isotope ratio (*’Fe:>’Fe) was determined on an Element 2 in medium resolution
mode. Procedural seawater blanks were prepared the same way using ~0.2 mL low-metal surface
seawater from the 2009 Pacific GEOTRACES intercomparison cruise. All samples were
analyzed in triplicate. The Sampling and Analysis of [ron (SAFe) reference standards S1 and D1
(Johnson et al., 2007) were measured alongside the samples to assess the accuracy of the method.
The resulting concentrations were 0.091+ 0.007 nmol L! (z = 3) and 0.595 = 0.029 nmol L'! (n =
3) for S1 and D1, respectively. These values are within the range of consensus values for S1
(0.093 £ 0.008 n nmol L") and somewhat lower than D1 consensus values (0.67 £+ 0.04 nmol L-

1); http://www.geotraces.org/science/intercalibration).

2.3.6 Voltammetric determination of the ligand pool

Competitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-ACSV) was used
to determine the concentration and strength of natural Fe-binding organic ligands. The theory is
described in detail elsewhere (Abualhaija and van den Berg, 2014; Rue and Bruland, 1995).
Briefly, an artificial ligand, in this case salicylaldoxime (SA), of known Fe-binding and
equilibrium properties was added to samples to compete with the natural ligands. The Fe(SA)
complex is electroactive and adsorbs onto the mercury drop during the deposition step. Then, a
voltammetric signal is generated proportional to the amount of Fe that is stripped from the
surface of the mercury drop during a linear cathodic voltage sweep. By titrating the sample with
increasing Fe at a constant artificial ligand concentration, the concentration and binding strengths
of natural ligands can be calculated via chemical equilibria and mass balance. We assume that all
dFer in the samples is exchangeable with SA over the timescale of equilibration (overnight),
although we acknowledge that some species of particularly strong ligands or inorganic colloids

may not be consistent with this assumption. In addition, all dFer was assumed to be present as
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Fe(IIT) because samples were collected and stored under oxic conditions; any Fe(II) present
would have oxidized prior to the time of analysis.

For CLE-ACSV analyses, 15 separate 10 mL aliquots of each sample were transferred to
acid-cleaned and conditioned Teflon vials (Savillex Corporation). Each aliquot was buffered to a
pH of 8.2 (NBS scale) via addition of 50 uL of 1.5 mol L! boric acid-ammonia buffer. 25 pL of
4 mmol L' SA was pipetted into each aliquot for a final concentration of 10 pmol L', Linear Fe
additions were added to the aliquots ranging from 0 to 10 nmol L'!. Samples were equilibrated
overnight prior to analysis on a BASi hanging mercury drop electrode with a platinum auxiliary
electrode and Ag/AgCl reference electrode (Bioanalytical Systems Incorporated). Samples were
analyzed using differential pulse stripping voltammetry with a linear sweep of 0 to -800 mV,
following a deposition step of 120 s at 0 volts (with stirring), and 15s of quiet time. Peak heights
were calculated in ECD-SOFT using a curved baseline and ligand concentrations and strengths

were then fitted using ProMCC (Omanovi¢ et al., 2015). The conditional stability constants used

were logK2td . /= 6.5 and logBlﬁggjz ror = 10.2 for the respective mono and bis complexes of

SA, along with an inorganic side reaction coefficient loga,r = 10 (Abualhaija and van den
Berg, 2014). The conditional stability constants refer to the binding strength of Fe to SA relative
to inorganic Fe (Fe') while a,+ refers to the relative abundance of inorganically complexed Fe
to free Fe. Only one ligand class was detected in the samples, based on visual inspection and
error analysis in ProMCC. An initial internal sensitivity was calculated using the last 3 points of

the titration curve and then adjusted based on visual inspection of the data.

2.3.7 Characterization of the ligand pool with mass spectrometry

In order to determine the identity of the Fe-binding organic ligands, the organic matter in our

samples was extracted using solid phase extraction techniques followed by mass spectrometric
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analysis. To provide sufficient volume for these analyses, samples were pooled from the volume
remaining from the voltammetric samples, resulting in pooled sample volumes ranging from 750
— 1650 mL. Samples were pooled according to 7 groups named for their location and average
depth: LS1-33m, S107-137m, S107-325m, LS2-85m, LS2-350m, LS2-600m, and LS2-1217m. A
MilliQ process blank was also extracted and analyzed to account for potential bottle effects from
fluorinated LDPE bottles. To extract organic molecules from our samples, Bond-Elut ENV solid
phase extraction (SPE) columns (1000 mg, 6mL; Agilent Technologies) were activated with 2
column volumes of distilled MeOH and rinsed with two column volumes of MilliQ prior to use.
The pooled samples were then pumped onto the SPE columns and columns were then rinsed with
MilliQ for 2-3 minutes following sample extraction to remove salts. Following preconcentration,
columns were frozen at -20°C until analysis. Columns were later thawed and eluted using 13 mL
of distilled or Optima grade methanol into acid-cleaned 15 mL falcon tubes. Sample extracts
were dried down on a Speed-Vac concentrator (Thermo Scientific) system to ~0.5 mL and frozen
until analysis. Extracts were weighed to determine extraction volume.

To identify organic ligands in our extracts, the samples were analyzed via liquid
chromatography coupled to electrospray ionization mass spectrometry (LC-ESI-MS). Samples
were injected and separated on a polyetheretherketone (PEEK)-lined C18 column using a Dionex
Ultimate 3000 RSLCnano system in nanopump mode. We used a 5 mmol L' ammonium
formate dissolved in both distilled methanol (solvent B) and in MilliQ water (Solvent A) gradient
with a flow rate of 50 pL/min. The gradient starts at 5% B for 1 minute, followed by a 20 minute
ramp from 5% to 90% B, then a 10 minute isocratic elution at 90% B, a 5 minute ramp from 90%
to 95% B, a 5 minute isocratic elution at 95% B, before an 11 minute column conditioning step

of 5% B for a total run time of 52 minutes. The LC flow was connected directly to a Q-Exactive
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HR mass spectrometer (Thermo Scientific). The sample was introduced using a HESI ion source
with spray voltage of 3.5 kV, temperature of 320 °C, sheath gas of 16, sweep gas of 1, and
auxiliary gas of 3 (arbitrary units). The auxiliary gas heater was set to 90 °C, and the S-lens RF
level to 65.0. Scans were collected in positive ion mode with a m/z range of 200-2000 at 120,000
resolution and a maximum injection time of 50 ms. High-energy collision-induced dissociation
MS? data were collected at 30,000 resolution targeting the most abundant ions and specific
known siderophores (Baars et al., 2014a) with an inclusion list using an isolation window of 1.0

m/z. A collision energy of 35% was used for fragmentation.

2.3.8  Siderophore identification

The LC-ESI-MS data were analyzed using an in-house R-code modified from that of Boiteau et
al. (2016) and Bundy et al., (2018). First, ESI data was converted to an open source format
(mzXML) using MS Convert (Proteowizard). The ESI-MS data was then mined for “targeted”
compounds using a database of more than 300 known siderophores (Baars et al., 2014a).
Extracted ESI traces corresponding to the masses of the unbound “apo” form, >*Fe form, and
%Fe-bound form of each siderophore were then plotted for visual inspection. Only siderophores
showing aligned peaks for all three forms were considered as putatively identified siderophores.
Putative siderophores were then further examined based on MS? fragmentation data. Only
putative siderophores with available MS? data and consistent fragmentation patterns across
samples were continued to be considered putative siderophores. MS? spectra were compared to
the literature when possible, but fragmentation data is often unavailable for these compounds. In
the absence of existing MS? data, and to increase our confidence in the putative identification, in-
silico fragmentation experiments were also performed on the likely siderophore candidates using

publicly available CFM-ID 3.0 (https://cfmid.wishartlab.com).
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2.4 RESULTS

24.1 Regional hydrography

Two Lagrangian stations (see section 2.3.1) were examined in this study: one coastal near shore
station (LS1) and an offshore station (LS2) (Figure 2.1A). Two casts from an additional station
(S107) were also examined (Figure 2.1A). LS1, located 40 km off of the Southwestern coast of
Mexico, was primarily influenced by warm (~21 °C), high-salinity (~35) Subtropical Underwater
(STUW) at depths below 20 m, while surface samples were dominated by high-temperature (>
24°C), relatively salty (> 34) Equatorial Surface Water (ESW) (Figure 2.1B). The oxygen
deficient layer, as defined by [02] <2 umol kg'!, spanned from 35 m to 800 m depth in the
nearshore LS1 (Figure 2.1C). A primary NO,” maximum of 4.9 umol kg'! was detected at the top
of the oxygen deficient layer (50 m), and a secondary maximum of 4.9 umol kg! occurred at 150
m depth (Figure 2.1E). The surface chlorophyll maximum (2.5 umol kg'') was observed along
with a secondary chlorophyll maximum (15.7 umol kg!) at 15 m (Figure 2.1E). S107 was
located 5 km Northeast of LS1 and shared similar features. STUW dominated below 20 m at
S107, while ESW was the dominant water mass in the surface (Figure 2.1B). The oxygen
deficient layer at S107 stretched from 50 m to 800 m and contained a single NO>” maximum of
6.2 umol/kg at 100 m along with a single chlorophyll maximum (14.1 umol kg™!) at 10 m (Figure
2.1C-D). LS2 was located approximately 400 km offshore and slightly southwest of the
nearshore stations. STUW dominated below 50 m, while surface waters were influenced by a
band of high-temperature (> 25°C), low-salinity (< 34) Tropical Surface Water (Figure 2.1B).

The oxygen deficient layer at LS2 began at 100 m and extended to 800 m, and the primary NO>
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maximum was located at 65 m (1.6 umol kg'!), and the secondary NO, maximum (6.0 umol kg
1 was present at 150 m (Figure 2.1C,F). The chlorophyll maxima were present at 60 m (3.0
umol kg'!) and at 110 m (3.6 umol kg!; Figure 2.1F). All three stations are dominated by STUW

below 50 m depth and share identical oxygen profiles below 100 m depth.

2.4.2 Dissolved iron distributions

The dFer at LS1 ranged from 1.42 nmol L! to 4.45 nmol L! with a prominent maximum at 30 m
directly above the top of the ODZ, and a minimum of 1.42 nmol L' at 150 m coincident with the
secondary NO> maximum (Figure 2.2A, Figure 2.1E). Despite its close proximity to LS1, S107
had a much narrower range of dFer (1.08-1.48 nmol L") and showed little to no change with
depth (Figure 2.2B). LS2 had dFer concentrations ranging from 0.62 nmol L™! to 3.66 nmol L'!
with a primary dFer maximum of 2.06 nmol L-! at 90 m coincident with the top of the ODZ and
a secondary maximum of 3.66 nmol L' at 400 m (Figure 2.2C). The dFer concentrations were
found to be higher inshore at stations LS1 and S107 relative to the offshore LS2 station (Table
2.1). Offshore, average [dFer]| was elevated in the ODZ relative to the oxygenated water column,
while average inshore [dFer] was to be higher in the oxygenated region as a result of the primary
dFer maximum at LS1 (Table 2.1). Although LS1 and LS2 were Lagrangian, there was
considerable variability between casts (Figure 2.2A, C), suggesting a dynamic environment.

S107 did not exhibit noticeable variability between casts (Figure 2.2B).

2.43  Fe(ll) distributions

Fe(IT) at LS1 had an Fe(II) maximum of 1.83 nmol L' at 30 m (range 0.01-1.83 nmol L'!)
(Figure 2.2D), while LS2 had a maximum of 0.53 nmol L at the surface and a secondary

maximum of 0.16 nM between 150 and 200 m (range 0.06-0.53 nmol L") (Figure 2.2E). Unlike
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dFer, Fe(Il) showed relatively little variability between casts at LS2. Fe(Il) at LS1, however,

exhibited similar variability between casts as dFet. The Fe(Il) maximum at LS1 was coincident
with the primary NO>™ maximum, while the Fe(II) maximum at LS2 was coincident with the
secondary NO>" maximum (Figure 2.2D-E, Figure 2.1E-F). Fe(Il) was enriched in LS1 relative to
LS2 for the majority of sampling depths. Similarly, the percentage of total Fe(Il) (%Fe(Il) =
([Fe(I)]/[dFer]) x 100 ) was higher inshore (range < 1 — 78%) compared to offshore (range 3 —
48%) for the majority of sampling depths (Figure 2.2F). Below the Fe(II) maximum and within
the ODZ (from 200-800 m at LS1 and 400-800 m at LS2), %Fe(II) remained relatively stable,
averaging 10.2+2.4% for LS1 and 4.7£1.6% for LS2 (Figure 2.2F). For both stations, %Fe(II)

was greatest in the NO;” maxima. Fe(II) was not measured at S107.

244 Voltammetric determination of Fe-binding organic ligands

All samples contained a single ligand class whose concentration exceeded that of dFer at all
sampling depths (Figure 2.3F), resulting in a pool of excess ligands ([eL] = [L] — [dFer])

throughout the water column. Although only a single ligand class was resolved per sample, the

ligand binding strengths (log K ;gzlﬁ .) across the three stations ranged from a binding strength
typical of the moderately strong L, class (log K ;gzlﬁ o= 11.0-12.0), to the strong L class (log

K™ > 12.0) based on the definitions suggested by Gledhill and Buck (2012) (Figure 2.3).

FeL,Fe

cond

Samples from LS1, the station closest to shore, contained only Li type ligands (log Ky, .=

12.09-12.75) (Figure 2.3G). S107 samples contained slightly weaker ligands (log K£°"¢ ,=

FeLFe' ™

11.42-12.13), likely comprising a mixture of L; and L, ligands (Figure 2.3H). Samples from LS2

Kcond

also contained ligands with log Fel Fe

» spanning the range encompassed by both L1 and Lx-type
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K Ifgfg o= 11.22-12.26). The strongest ligands at LS2 occurred within the oxygen

ligands (log
deficient layer coincident with both elevated dFer and ligand concentrations (Figure 2.3C, I).

Ligand concentrations ([L]) at LS1 (2.75-5.04 nmol L"), S107 (2.17-3.23 nmol L"), and
LS2 (1.06-5.30 nmol L") closely resembled the depth distributions for dFer (1.63-4.45, 1.08-
1.49, 0.62-3.66 nmol L™ respectively; Figure 2.3A-C). Excess ligand ([eL]) at LS1 (0.52-1.61
nmol L") and LS2 (0.17-3.13 nmol L") displayed a maximum at the upper ODZ boundary, while
[eL] at S107 (1.09-1.88 nmol L!) showed a maximum somewhat below the ODZ boundary
(Figure 2.3D-F). Table 2.1 describes ligand characteristics for four different environments:
Inshore ODZ, Inshore Oxygenated, Offshore ODZ, and Offshore Oxygenated. Offshore station
LS2 had higher average [L] in both the oxygenated and ODZ environments when compared to
the corresponding inshore (LS1, S107) environments. Oxygenated areas had comparatively

higher average [L] overall than their ODZ counterparts, but the [L] in the ODZ exhibited

considerably more variability. Inshore [eL] were elevated in the oxygenated environment relative

Kcond

to the ODZ, while the opposite occurred offshore. The log Ki,, -,

» similarly demonstrated

Kcond

opposing patterns inshore and offshore, with higher log Ky, -,

» values in the inshore oxygenated

Kcond

environment and lower log K., =,

» values in the offshore oxygenated environment relative to

the corresponding ODZ values.

2.4.5 Characterization of the ligand pool using LC-ESI-MS

LC-ESI-MS analyses revealed the presence of identifiable siderophores, or Fe-binding organic
ligands, in all samples. These samples were only searched for known siderophores, with a total
of 3 putative siderophores being identified: Amphibactin B, synechobactin ¢9, and synechobactin

c10. All samples contained one or more of the putatively identified siderophores (Table 2.2). The
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retention time and neutral losses corresponding with amphibactin B match those found in a suite
of closely related amphibactins (Bundy et al., 2018). Synechobactin c10 displayed one matching
fragment (m/z 288) to an existing published spectrum and a retention time close to that published
using a similar experimental procedure (Boiteau and Repeta, 2015). In addition, good MS! peak
alignment for the three forms of synechobactin ¢10 (Fe-free “apo” form, **Fe-bound, and **Fe-
bound) was demonstrated in all samples containing this putative siderophore. Based on similar
MS! peak alignment, we also putatively identified synechobactin ¢9 but MS? spectra were
inconclusive.

Due to limited sample volumes, we were unable to quantify the identified siderophores
using LC-ICP-MS as in previous work (Boiteau et al., 2013; Bundy et al., 2018). Instead,
siderophore relative abundances are expressed in terms of the intensity (peak height) of the MS!
peak normalized to sample volume (Table 2.2, Figure 2.4). Amphibactin B was detected in LS1-
33 m, S107-325 m, LS2-350 m and LS2-1217 m, which included environments both inshore and
offshore, and within and outside the ODZ (Figure 2.4). Synechobactin c10 was detected in LS1-
33 m, S107-137 m, LS2-350 m, LS2-600 m, and LS2-1217 m. While synechobactin c¢10 did not
have any apparent pattern inside or outside the ODZ, it had a higher relative abundance inshore
(Figure 2.4A). Synechobactin c9 was detected in all seven samples and its relative abundance
increased with depth offshore (LS2) and peaked in abundance near the top of the ODZ inshore.
No putatively identified siderophore demonstrated a distinct pattern based on oxygen
concentrations. The small sampling volumes and the conservative definition of putative
siderophores employed in this study suggest that these data are minimum estimates for the

diversity of siderophores in this region.
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2.5 DISCUSSION

2.5.1  Dissolved iron dynamics inside and outside the ODZ

Both dFer and Fe(Il) followed patterns typical in ODZ environments, with higher concentrations
closer to shore and lower concentrations offshore (Johnson et al., 1997). The region was also
highly dynamic, as evidenced by large differences between casts within a single Lagrangian
station (Figure 2.2). Comparisons of hydrography within a single Lagrangian station show no
indication of changing water masses between casts. Therefore, the observed inter-cast variability
is likely due to internal processes in the region, rather than an error in Lagrangian sampling. This
is consistent with other observations from the ETNP, which also show a high degree of
variability (K. Bolster pers. comm.). Both the dFer and Fe(II) displayed maxima at the top of the
ODZ and near the NO> max, which is consistent with other ODZ studies (Kondo and Moffett,
2015; Moffett et al., 2007). While the mechanisms producing the Fe maxima in the ODZ remain
uncertain, possibilities include microbial Fe(IIl) reduction, remineralization of Fe on or
incorporated into particles, or lateral advection from sediments (Kondo and Moffett, 2015;
Vedamati et al., 2014). Although both Fe(II) and dFer displayed maxima in similar locations in
the water column, the ratio of Fe(Il) to dFer decreased offshore, suggesting the processes acting
on the two Fe pools are decoupled (Figure 2.2). Here, we address three hypotheses to explain the
patterns between inshore and offshore seen in our study site, as well as the origin of the dFer and
Fe(II) maxima within the top of the ODZ. The first hypothesis (1) is that Fe(II) is primarily
produced in situ via reduction of the dFer pool. The second hypothesis (2) is that Fe(II) and dFer
patterns in the ODZ are driven by remineralization of sinking organic matter. Finally, the third

hypothesis (3) is that the majority of the observed Fe(Il) and/or Fe(Ill) is released from the
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sediments and are gradually oxidized via inorganic or organic reaction pathways, biologically
removed, or abiotically scavenged as waters are advected offshore.

According to hypothesis 1, if we assume in situ reduction of the dFer pool is the source
of Fe(II), we would expect [Fe(II)] to be proportional to its [dFer] source. However, the
Fe(Il):dFer ratio decreased between the inshore and offshore stations. Furthermore, redox
conditions in the ODZ were not sufficiently reducing to inorganically reduce Fe(III) to Fe(II) on
a reasonable timescale, particularly in the presence of the known Fe oxidizers NO>", NO3", and
organic ligands (Hopkinson and Barbeau, 2007). As such, any reduction of the dFer pool must
be microbially mediated. While anammox performing bacteria such as Candidatus Scalindua
profunda demonstrate Fe(III) reduction in culture (Van de Vossenberg et al., 2013), the majority
of known microbial Fe reducers are associated with anoxic sediments (Crosby et al., 2007;
Thamdrup, 2000). It is possible that dFer is sourced from margin sediments and is slowly
reduced as it is advected away from the margin, but due to the reducing nature of the sediments
in this region it is more likely that a diffusive flux of dFer from sediments would be in the form
of Fe(Il). Therefore, it is unlikely that hypothesis 1 is the primary driver for the dFer and Fe(II)
distributions observed in this study.

Hypothesis 2 is more difficult to address because we lack some important data in order to
fully explore this hypothesis (e.g. particulate Fe and carbon measurements). However, evidence
from isotope studies in the OMZ associated with the Senegalese margin found a heavy isotopic
dFer signature, suggesting that remineralization is a significant processes in controlling dFer,
particularly further away from the margin (Klar et al., 2018). To examine this mechanism, we
used apparent oxygen utilization (AOU) as a proxy for remineralization. If the majority of dFer

is being produced via remineralization, [dFer] should exhibit a positive linear correlation to
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AOU. Examination of this proxy indicated that AOU and dFer are correlated below the oxycline,
and an alternative process must be driving dFer distributions at the surface. Below the oxycline,
AOU can account for between 38% (LS1) and 74% (S107) of the variance in dFer (data not
shown), suggesting that remineralization of organic matter provides an important, but variable
source of dFer in the ODZ. AOU, however, cannot account for Fe(Il) distributions. AOU
exhibits no correlation to Fe(Il) at LS1 and can only account for 28% of the variance in Fe(Il)
below the oxycline at LS2 (data not shown). Therefore, we propose that hypothesis 2 can
partially explain vertical dFer distributions, but that remineralization of organic matter is
unlikely to be the source of the observed Fe(Il) distributions both within and above the ODZ.
Hypothesis 3 suggests that the majority of the Fe observed in this region, and particularly
the reduced Fe, is advected offshore from reducing sediments within the ODZ. This hypothesis
has been proposed in the ETSP, and several lines of evidence suggest its importance. Lam et al.
(2020) found that advection offshore was responsible for Fe transport from the sediments to open
ocean off the Peru margin particularly from the slope, but that much of the dFer was lost via
precipitation. Heller et al. (2017) proposed that Fe(II) maxima in the ETSP ODZ arose from an
advected sedimentary source, based on Fe and radium isotope patterns (Heller et al., 2017).
Unfortunately, no isotopic data is available for the present study, but the offshore decrease in
[dFer] and [Fe(II)] is consistent with an advected signal. In addition, the decreasing Fe(II):dFer
ratio between inshore and offshore can be accounted for if we assume an initial sediment source
for the two species and different rates of loss as they are advected offshore. The anoxic
conditions in the ODZ would help to stabilize Fe(II) against oxidation, while conversely the high
concentrations of strong organic ligands (such as siderophores) that we identified in the region

would likely enhance Fe(Il) oxidation. Additionally, the organic ligands present are expected to
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prevent Fe(IIl) from precipitating. The presence of inert colloidal forms of Fe(III), although not
measured in this study, would also likely stabilize Fe(IIl) against precipitation. As such, we
propose that Fe(Il) released by the sediments (hypothesis 3) is the driving mechanism behind
lateral changes in Fe(Il) and dFer, while the vertical patterns of dFer in the two profiles are a
result of remineralization (hypothesis 2). The vertical patterns in Fe(II) may also be primarily
explained via hypothesis 3. The hypothesis governing horizontal variations in Fe distributions
from inshore to offshore will be further explored in section 2.5.4 in the context of the observed
patterns in organic Fe-binding ligands, as the reactivity and redox behavior of Fe is likely

strongly impacted by ligand processes in these coastal margins.

2.5.2  Evidence for in-situ siderophore production in high Fe environments

The voltammetry results indicated that strong Fe-binding ligands are present both inside and

outside the ODZ, based on the observed log K ;g?g o (Figure 2.3G-I). Strong L1 Fe-binding

ligands have been found throughout the global ocean, both in high and low Fe environments
(Gledhill and Buck, 2012). The similar conditional stability constants of siderophores and L;
ligands suggests that siderophores could possibly be present in many regions of the ocean.
Siderophores were observed in all of our pooled samples from this work, despite the relatively
high ambient dFer concentrations (Figure 2.4). Siderophores are common in terrestrial soil
environments (Baakza et al., 2004; Guerinot, 1994; Kraemer, 2004; Sandy and Butler, 2009),
and one study found siderophores in the marine benthic boundary layer (Boiteau et al., 2019).
The measured siderophores in our samples therefore may have been advected along with the Fe
from coastal sediments, or they may have been produced in situ. However, the types of
siderophores we identified suggest they were likely produced by microbes in the water column

rather than advected from the reducing sediments. All three identified siderophores were
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amphiphilic, or containing a polar headgroup and fatty acid tail (Figure 2.4C). Amphiphilic

siderophores are found almost exclusively in aquatic environments, where the tail is thought to
anchor the molecule to the cell and prevent diffusive loss (Kramer et al., 2019). This contrasts to
soil environments where diffusive loss is minimal and most local siderophores lack the fatty acid
tail. The amphiphilic characteristics of the siderophores found in the ODZ therefore support
active in situ production. /n situ production of siderophores could be a result of high Fe
requirements for organisms living in low oxygen environments (Saito et al., 2020), intense
competition for Fe resources (Boiteau et al., 2016a), or the presence of a relatively strong inert
pool of FeL or particulate Fe such that siderophores are needed to access bioavailable Fe (Hogle
et al. 2016; Bundy et al., 2018). Previous work shows that amphiphilic siderophores are
generally found in regions where Fe is limiting, in contrast to suites of hydrophilic siderophores
(not detected in this study) that have been found in more Fe-replete environments (Boiteau et al.,
2016a; Mawji et al., 2011). It is important to note, however, that the LC-ESI-MS method used to
characterize siderophores is somewhat biased toward the detection of amphiphilic compounds
based on the chromatography and solid phase extraction methods used (McCormack et al.,
2003). As such, there remains the possibility of uncharacterized hydrophilic siderophores in this
region. The presence of siderophores in our samples is perhaps surprising, and suggests there is
either competition for Fe or Fe has limited bioavailability in this region despite its high total
concentrations. Boiteau et al. (2019) noted that amphibactins in particular have only been found
in environments with low [dFer] (<0.3 nmol L") despite the presence of known amphibactin-
producing bacteria in Fe-rich regions. The presence of amphibactin B in our samples therefore
suggests that Fe stress might have triggered the production of this siderophore. Siderophore

contribution to the ligand pool in ODZ environments may also contribute to the elevation in log
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reL o' Values in this region. In addition, the oxidizing capacity of siderophores will result in

rapid oxidation of Fe(II) despite low oxygen concentrations, thereby shortening the half-life of
Fe(I) in the ODZ environment. The presence of such strong microbially-produced ligands in the
ODZ has implications for Fe cycling and bioavailability in these important regions and will be

important to explore further in future studies.

2.5.3  Distinct ligand characteristics in worldwide ODZs

Our data show that ligand strengths in the ODZ are stronger than those outside the ODZ in

oxygenated waters (Figure 2.3). The presence and likely in situ production of siderophores

cond
KFeL,Fe'

within the ODZ suggest that siderophores might be contributing to the elevated log
observed. Although siderophores have not been previously measured in any ODZs or OMZs to
our knowledge, a comparative examination of ligand parameters inside and outside of low-
oxygen regions in other studies suggest that siderophores or other very strong ligands might be
ubiquitous in these environments (Figure 2.5). We chose to use OMZ regions for our
comparative study as these data are more widely available than for ODZs. Data were compiled
for the three largest permanent OMZs in the ocean: Arabian Sea (Witter et al., 2000b), ETNP
(present study, Hopkinson and Barbeau, 2007), and Eastern Tropical South Pacific (ETSP)
(Buck et al., 2018; Kondo and Moffett, 2015). Additional results from two smaller OMZs, the
Western Atlantic (Gerringa et al., 2015) and Cape Verde (Buck et al., 2015), were included as
well. A summary of voltammetry variables for the seven studies used in the comparison can be
found in Table 2.3. In order to compare regions, an oxygen cutoff of 20 umol kg™! was applied as
the OMZ boundary for the three major OMZs, while the Western Atlantic OMZ was defined as
depths ranging 150-1000 m (consistent with original paper) and the Cape Verde OMZ had a 40

umol kg! oxygen cutoff. With the exception of the Arabian Sea, the data indicate that the
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average log K, 7.

» could be stronger in low oxygen regions of the water column when
compared to the oxygenated regions (Figure 2.5). However, the relative changes in log KS2r%

between the two oxygen regimes are small enough that random variability in the ligand pool
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cannot be ruled out. The relatively small elevation in log K, 7.

» might be expected for our
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siderophore hypothesis, however, because measured siderophore concentrations are typically low
(~10 pmol L") compared to the concentrations of the total ligand pool (1-5 nmol L'!; Boiteau et

al., 2016, 2019; Bundy et al., 2018). Even a small additional input of very strong ligands such as

Kcond

FeLFe! found in the

siderophores could plausibly be responsible for the slightly elevated log

majority of OMZ regions. It is important to note, however, that the studies compared here all use
slightly different methods for characterizing the ligand pool (e.g. variation in analytical window
and equilibration parameters), thereby making the comparison challenging. To address this, the
analytical window and added ligand used by each study considered in this paper are reported in
Table 2.4.

The analytical window influences the type of ligands detected by CLE-ACSV, such that

higher windows are more likely to capture strong ligands, while lower windows are more likely
to capture weaker ligands (Bundy et al., 2014; Laglera and Filella, 2015). As such, caution must
be applied when comparing studies performed under different analytical windows. While there is

large variation in analytical window applied in the studies compared here, there is no correlation

Kcond

cond . Furthermore, we compare log KS2r% ./ values

between the analytical window and log Fel Fe

within each study such that the analytical window is consistent for each oxygenated/ OMZ pair

(e.g. oxygenated log K ;gzlﬁ . and OMZ log K Ifeofg . for Western Atlantic derive from same

analytical window). Therefore, we conclude that the results are unlikely to be an artefact of CLE-
ACSV methodological variation. An additional challenge in interpretation arises from variation

in [dFer] between studies and oxygen conditions. While OMZs tend to have higher [dFer] than
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their oxygenated counterparts (Table 2.3), log Kz, 7,

+ for the compiled dataset shows no
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dependence on [dFer]. Therefore, log Kz, 7,

+ differences between oxygenated and OMZ

regions cannot be attributed simply to dFer variation.
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In addition to the subtle differences in log Ky, 'z,

» between OMZs and oxygenated

environments, other distinct characteristics of the ligand pool were observed between regions in
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this work (Figure 2.6). Apparent clusters in the ligand parameters were observed between the
offshore and inshore ODZ, and the inshore and offshore oxygenated water column (Figure 2.6).
Overall though, the data exhibit trends consistent with data found in the majority of open ocean

ligand studies (Caprara et al., 2016). While [dFer] in our study is higher than the majority of

Kcond

samples in the ligand database, log K, LFe

» and [eL] still fall within the average range

encountered for the majority of ligand studies (Figure 2.6). This consistency suggests that
ligands in the ODZ share fundamental similarities in terms of their composition and behavior to
those in the rest of the ocean, despite the higher [dFer] environment. Thus, theoretical models
about ligand cycling derived from open ocean samples can likely be broadly applied to the ODZ
region. However, the four environments sampled in our study occupy distinct regions within the
overall trend, suggesting subtle differences in their respective ligand pools. The environmental
variation becomes important for addressing smaller-scale ligand dynamics and the role they play
in regional Fe speciation. While it is important to acknowledge that biases in the CLE-ACSV
technique could contribute to these small differences, the observed variation is potentially an

indicator of ligand pool distinctions between environments that are worth exploring further.

254 Understanding the role of ligands in Fe cycling in the ODZ margin environment

The ligand pool in the ODZ margin environment has been shown to both have characteristics
that are similar to other ligands present globally, and to also have unique features within the
ODZ such as an elevated presence of particularly strong ligands, or siderophores. Previous work
has explored Fe cycling in low oxygen regions largely in the context of inorganic redox
processes, but this work has identified the potentially important role of ligands in facilitating off-
shelf transport of dFer. To explore the impact of ligands on the observed Fe distributions and test

the advection hypothesis (hypothesis 3), we developed a simple one-dimensional model of key



36

processes involved in ODZ Fe speciation. The model is designed to predict changes in the
speciation of Fe during lateral transport away from the shelf in the ODZ environment as a
function of time. The model includes three species of Fe such that dFer = FeLL + Fe’ + Fe(Il)
where FeL is organically-bound Fe and Fe' is all inorganic species of Fe(Ill). These species are
exchanged according to four major processes: oxidation of Fe(II), scavenging of Fe’,
complexation of oxidizing Fe(II) by L, and biological uptake of FeL (Figure 2.7A). Colloidal
processes were omitted from the model, despite a possible role in dFer transport, because these
data were not collected for this study. Additional processes (dust deposition and FeL reduction)
were deemed insignificant on the timescale of interest and as such were left out. Vertical mixing
processes were also omitted from the model in the interest of simplicity and a focus on lateral
transport.

The model (2.1) takes initial inputs of Fe(II) and FeL, the two dominant Fe species in this
region based on the measurements of Fe(II) and the presence of excess ligands. Fe' was excluded
from the initial conditions because of its short residence time in the ODZ (~9-77 hrs; Witter et
al., 2000) relative to transport offshore (~200 days, Margolskee et al., 2019) and its low
concentrations in seawater (< 1% of [dFer]; Rue and Bruland, 1995). Therefore, initial FeLL
conditions were calculated as dFer — Fe(Il) = FeL. Fe(Il) oxidizes to Fe(IIl) in the model
according to an adjustable half-life, ti>. Fe that leaves the Fe(II) pool as Fe(III) is partitioned into
either the FeL pool or the Fe’ pool according to an adjustable fraction, y. The vy is a simplified
proxy for the capacity of organic ligands to bind additional inputs of Fe(Ill), ranging from 0

(cannot bind any additional Fe(III)) to 1 (binds all additional Fe(Ill)). The large measured excess

cond
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ligand (eL) concentrations and high binding strengths (log 1) of the ligand pool in the

region (Figure 2.3) indicate that most, if not all of the free Fe(III) should be immediately bound
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to ligands, therefore bringing the predicted y closer to 1. However, the model allows for variation
in y to account for oxidation pathways that bypass the stage in which ligands can easily bind
Fe(III) such that some Fe(IlI) may go into the Fe' pool. Examples of this mechanism would be
the formation of insoluble Fe(IIl) oxyhydroxides or nanoparticles. Any Fe(III) that is passed to
the Fe’ pool is assumed to be scavenged and leave the dissolved phase (Heller et al., 2017; Liu
and Millero, 2002). Fe(III) that enters the FeL pool is modified according to a biological uptake
rate, m, that affects the entire FeL pool. Because FeL in the ODZ has a residence time on the
order of 23-250 yrs (Witter et al., 2000b), FeL decay is not considered an important sink in this
model. The equations guiding this model (2.1) are written recursively to facilitate more complex
modifications in the future (e.g concentration dependent loss rates).

The FeL and Fe(II) profiles from inshore station LS1 were used as inputs in the model
and run for t = 5,000 hours to generate theoretical LS2 profiles. 5,000 hours is the predicted
transport time from LS1 to LS2 based on modeled zonal velocities for the region (Margolskee et
al., 2019). Results were depth-adjusted to account for deepening isopycnals offshore and then
compared to the measured LS2 data. While it is unknown the extent to which LS1 and LS2 can
be considered representative profiles of the region, they provide an important foundation for

examining transport processes occurring there.



38
( t1:0

[Fe(ID], = [Fe(ID]init
[FeL]l; = [FeL]in;t

th =th_g +1
9 2.1

el = [FetDlne (O'S n/t%)‘(()-s " /> t [Fe(D]ns

[FeLl, = [FeLln_1 + [Fe(ID]ini X yX (O'S n_l/t%) B (0-5 n/t1/2> -1

\

In order to test the hypothesis that Fe distributions can be explained by release of Fe from
sediments within the ODZ combined with the oxidation of Fe(Il) as waters were advected
offshore, we tested different theoretical Fe(II) half-lives and compared the predicted profiles
with the data (Figure 2.7B). Half-life measurements for Fe(Il) under several different ambient
conditions were used. Two theoretical half-lives measured under 30 nmol L' O, (Millero et al.,
1987) and 30 umol L' NO;5™ (Ottley et al., 1997) were compared with half-lives predicted from
in situ measurements in the Peruvian OMZ (Croot et al., 2019). The theoretical half-lives for the
30 nmol L' O and the 30 pmol L' NOs~ experiments (16,000 hrs and 130,000 hrs respectively)
were much longer than those predicted from in situ measurements (200-2,900 hrs). The shorter in
situ half-lives suggest that something other than simple inorganic oxidation is occurring in ODZ
environments. In our model, the 2,900 hour half-life was best able to predict the ODZ LS2
profile, consistent with in sifu measurements in the ETSP and indicating the presence of
additional oxidation pathways—possibly microbially-mediated Fe(II) oxidation or organic
ligand-assisted oxidation. Above 200 m but still within the ODZ, a 1500 hr half-life best fits the

LS2 profile, suggesting that Fe(II) in the upper part of the ODZ has an almost 50% shorter half-
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life compared to the heart of the ODZ, although it is still consistent with measured half-lives in
the region (K. Bolster pers. comm.). This change in half-life is coincident with the onset of the
oxycline and both the Fe(Il) and dFer maxima. Additional factors that may be responsible for the
predicted half-life discrepancy between upper and lower parts of the ODZ are pH and
temperature. Cooler temperatures will result in slower Fe(Il) oxidation, which is consistent with
the slower half-life predicted for the deeper ODZ. Lack of pH measurements associated with our
samples make it harder to account for this variable, but ODZs have lower pH, which will also
slow Fe(II) oxidation, perhaps partially explaining the slower oxidation rates observed there
(Millero et al., 1987).

The second stage of the model was to assign a reasonable FeL uptake rate, n (Figure
2.7C) in order to test whether changes in Fe speciation during advection could be due to
biological uptake of Fe. Although Fe uptake rates in ODZ environments are not well known,
microbes in these regions are thought to have high Fe requirements compared to their
counterparts in oxygenated regions (Glass et al., 2015; Hutchins et al., 2002). A range of FeL
uptake rates were estimated based on literature values, and microbes were assumed to be able to
access organically-bound Fe (FeL), but the mechanism was not specified. An Fe uptake rate
measured in heterotrophic bacterial isolates under Fe-limiting conditions, 27 fmol Fe L*! hr!,
was established as the lower limit (Tortell et al., 1996). An upper limit of 500 fmol L-! hr'! was
calculated using an average steady-state Fe uptake rate from six bacterial strains under Fe-
limiting conditions, 3.37 x 102* mol Fe cell"! min™! (Granger and Price, 1999) and applying the
uptake rate to cell abundances found in the ETSP OMZ core (1-25 x 10° cells mL!) (MaBmig et

al., 2020). An uptake rate of 200 fmol L! hr! generated the best modeled prediction of the LS2
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profile as indicated by analysis of least squares of the predicted data compared to the observed
profile.

In order to determine the impact of organic Fe-binding ligands on Fe speciation of the
ODZ, the final stage of model testing was to examine the effects of the organic ligand pool on
the observed FeL concentrations (Figure 2.7D). This was done by adjusting the ligand binding
capacity, y, while maintaining the 2,900 hour Fe(II) half-life and a constant 200 fmol L-! hr'! FeL
uptake rate, determined from the preceding model results. Variability in y is used to reflect
differences in ligand strength and concentration, as well as the manner by which Fe(Il) is
oxidized. For instance, Fe-oxidizing bacteria, known to reside in OMZs, oxidize Fe(II) and
precipitate Fe(Ill) in the same step (Emerson et al., 2010; Scholz et al., 2016), thereby effectively
sequestering the resultant Fe(Ill) from rapid ligand uptake. In addition, y may also reflect pH
variability in the region as lower pH values are associated with a lower ligand binding capacity.
While y adjustments did not alter the predicted LS2 profile to the degree that the Fe uptake rate
and Fe(II) half-life did, it did significantly change the proportion of the dFer that was comprised
of [FeL]. At individual depths, the difference in FeL between y=0 and y=1 range from 0 to 1.3
nmol L!, changing the [FeL] by up to 60 % on average. Thus, changes to the ability of natural
ligands to bind additional Fe inputs can have a large impact on the observed dFer. The
effectiveness of ligand binding in the ODZ can therefore significantly impact the longevity, and
potentially the ultimate bioavailability, of Fe sourced from margins within the ODZ. The ligand
binding capacity, or v, that best fit the measured profile changed with depth, suggesting a
dynamic environment consistent with the inter-cast variability in dFer. Differences in vy, and by

extension the ligand pool, may account for some of the observed variability in dFer. This was
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also supported by the Fe(II) profiles, since Fe(Il) was unaffected by y in our model, and the
Fe(Il) profiles were not nearly as variable as the dFer.

Overall, the simple model results (Figure 2.7) demonstrated a reasonable qualitative and
quantitative prediction of the offshore depth profiles below 200 m and within the ODZ, thereby
suggesting that the simple Fe speciation in our model accounts for the major processes affecting
dFer as waters are advected from the margin offshore. Although it is probable that many
processes are occurring to some degree, our model indicates that advection and ligand-mediated
oxidation of Fe(II) are among the driving forces behind the observed Fe distributions offshore.
The facility with which ligands can complex this oxidized Fe(II) is likely key to understanding
the transport efficiency of Fe from the margin offshore. Variability in the ligand pool is shown in
the model to have a large impact on observed dFer, and, by extension, the efficiency of shelf to

offshore Fe transport. When examining characteristics of the ODZ ligand pool, analysis of log

cond
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» differences between oxygenated and OMZ regions (section 2.5.3) suggests the presence
of a “background” ligand pool in the ODZ that is similar to ligands globally. This is supported by
the similarities between this study’s dataset and the global ligand database (Figure 2.6) and

suggests that the fundamentals of this model can be applied to other OMZ or nearshore

environments. However, the log K ;Zz’f, o+ for ligands in the ETNP ODZ and other OMZ locations

is consistently higher than that of corresponding oxygenated areas, possibly as a result of
siderophore production in the low oxygen regions (Figure 2.7). This manifests as an
environmentally-specific ligand signature (Figure 2.6) that could be a source of variability in the
ligand pool as the production rates and residence times of siderophores are poorly constrained.
Thus, small changes in the ligand pool, particularly in the strong ligand pool, may have large

impacts on dFer transport.
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2.6 CONCLUSIONS

Organic Fe-binding ligands play a fundamental role in Fe cycling in the ETNP ODZ. Our model
shows that the degree to which ligands bind Fe after oxidation of Fe(Il) modulates the size of the
offshore dFer pool. Furthermore, based on the modeled half-life of Fe(Il), it is likely that organic
ligands facilitate Fe(Il) oxidation, shortening its half-life from predicted inorganic oxidant based
values. The identity of organic ligands in the ODZ has additional implications for Fe
biogeochemistry in the region. Here, we present the first evidence for siderophore production in
an ODZ environment. Their presence suggests the possibility of Fe competition in the ODZ,
despite high ambient [dFer]. Siderophore production may also be a source of the stronger ligand
signatures found in ODZs/OMZs relative to oxygenated areas, possibly elevating the average
ODZ/OMZ ligand binding strengths beyond a universal background pool of ligands and
increasing the longevity of dFer. Overall, the presence and composition of organic Fe-binding
ligands in the ETNP ODZ facilitate offshore Fe transport and can account for many of the

observed patterns in dFet and Fe(II).

2.7  ACKNOWLEDGEMENTS

We thank the captain and crew of the R/V Thomas G.Thompson and Chief Scientist Allan Devol.
Thank you to Rachel Horak and Carolyn Buchwald for nutrient analyses and to Yang Han for
shipboard work. Thank you to Charles C. Lanfear for assistance in coding the model. We also
thank Joe Resing and Kenny Bolster for their helpful comments on the manuscript. This work
was supported by NSF-OCE #1029316 to Allan Devol and NSF-OCE #1756402 to Laura Moore

and Randelle M. Bundy.



43

2.8  AUTHOR CONTRIBUTIONS

LM did the ligand measurements and analyses, developed the model and drafted the manuscript.
RB designed the study, performed shipboard analyses and helped draft the manuscript. MH
performed dFer and Fe(Il) analyses and edited the manuscript. JM and KB edited the

manuscript.



2.9

35°N

30°N

25°N

20°N

15°N

Depth (m)

500 4

600 4

400 1

FIGURES AND TABLES
b. C. O, (umol kg™')
30 0 50 100 150 200 250
0 4 ~
.Y
=
25 ® os & 200
ol \ ® 400 . 0 50 100 150 200 250
% @ e rg 600 20
é Al 40
s 15 A i
g 'i 800 ”
9 5}
=] (s} 80
8 1000
10 4
5107 100
oLsl 1200
oLS2 —s107
*1 1400 —Ls1
® —LS2
0 r - 1600
335 34 345 35
Salinity
c. 0 2 4 6 8 f. 0 2 4 6 8
0 0
100 4 100
200 o 200 4
300 A 300 A1
400 4 400 4
——o— Nitrite
(l.lml kg-l) 500 500 1
Chlorophyll
(mg m-3) 600 4 600 4
0 10 20 0 10 15 0 1 4
mg m

44

Figure 2.1. Station map and chemical characteristics.

A) The three major stations are LS1 (red) located 40 km off of the Mexican coast, S107 (yellow)

located 5 km Northeast of LS1, and LS2 (blue) located 400 km off of the Mexican coast. B)

Temperature-Salinity plot for S107 (black), LS1 (red), and LS2 (blue). C) Oxygen profiles for

S107 (black), LS1 (red) and LS2 (blue). Inset zooms in on upper 100 m. D-F) Nitrite (purple)

and chlorophyll (green) profiles for D) LS1, E) S107, and F) LS2.
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Figure 2.2. Dissolved iron redox speciation.

A-C) dFerprofiles at A) LS1, B) S107, and C) LS2. Line styles and symbols refer to different
casts in a Lagrangian station. Grey bars denote ODZ boundaries. D-E) Fe(II) profiles for D) LS1
and E) LS2. Fe(II) was not collected for S107. Line styles indicate different casts in a Lagrangian

station. Grey bars denote ODZ boundaries. F) Fe(I) : dFer ratio for LS1 (purple) and LS2

(green).



LS1 S107 LS2

nM nM nM
a. 0 2( ) 4 6 b. 0 2 ( )4 6 c. 0 2 ( )4 6
0 1 1 0 0
] 200 4
100 50
100 4 400 -
200
600 -
_ 150 4
é 300 800
g 200
& 400 1000 4
a 250 4
1200 -
500
300 1 1400
—&— [L] (nM)
600
350 1600 -
—ae— [dFey] (nM)
700 400 1800
(nM) (nM) (nM)
d e. f.
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
0 \ X ; o 0
200 -
100 o 50 4
100 1 400 1
200
600
= 150
E 300 - 800
-‘.g' 200 4
2 400 4 1000
(o]
250
1200 -
500 - 200
) 1400 -
0 —8— [cL] (M) 350 1 1600 4
700 400 1800
& s 115 125 135 h. 10.5 115 125 135 L jos 115 125 135
° \ X 0 \ X 0
| 200 A
100 - 50
100 400 -
200
150 600 4
~~ -
E 300 | 800 4
.% 200 A
5 400 4 1000
(o]
250
1200 -
500
300 1400
600 |
—— logk 350 1600
700 400 1800

Figure 2.3. Dissolved iron-binding ligands.
A-C) dFer (red) and L (purple) profiles at A) LS1, B) S107, and C) LS2. D-F) Excess ligand

([eL] = [L] — [Fe]) profiles at D) LS1, E) S107, and F) LS2. G-I) Ligand binding strength (log

Ko ) profiles at G) LS1, H) S107, and I) LS2. Grey bars denote ODZ boundaries.
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peak corresponding to the siderophore. Grey bars denote ODZ boundaries. C) Synechobactin c9,

c10 structures. D) Amphibactin B structure.
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Figure 2.5. Comparison of ligand binding strengths (log

oxygen deficient portions of the water column.

The seven different OMZ studies, include: Two studies from the ETNP (this study; magenta, and
Hopkinson and Barbeau; green), two studies from the ETSP (Kondo and Moffett 2015; light
blue, and Buck et al. 2018; yellow), an Eastern Atlantic (Cape Verde) study (Buck et al. 2015;
blue), a Western Atlantic study (Gerringa et al. 2015; brown), and a study from the Arabian Sea

(Witter et al. 2000; coral).
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A) Ligand binding strength (log 1) plotted against excess ligand concentrations ([eL] =

[L]—[dFer]). B) log K Ifgzlg ./ Plotted against total iron concentration ([dFer]). C) Total ligand

concentration ([L]) plotted against [dFer]. Colors refer to sampling environment: yellow =
offshore oxygenated, green = inshore oxygenated, blue = offshore ODZ, red = inshore ODZ.

Grey symbols are from the compiled ligand database (Caprara et al., 2016).
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Figure 2.7. Iron transport model.

A) Model Scheme. B) Variation in modeled Fe(II) offshore profiles as a function of half-life.
Compared to measured LS2 profile (black). C) Variation in modeled FeL offshore profiles as a
function of FeL uptake rate, . Compared to measured LS2 profile (black). D) Variations in
modeled FeL offshore profiles as a function of the ligand binding capacity, v (the percent of

oxidizing Fe(II) entering the FeL pool). Compared to measured LS2 profile (black).
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Table 2.1. Voltammetry data summary by sampling environment, including [dFer], [Fe(I)], [L],

[eL], and log K™%

FeL,Fe

r. Errors are shown as & 1 standard deviation.

Inshore ODZ |Inshore Oxygenated| Offshore ODZ Offshore
Oxygenated
[dFer] (nmol 2.93+0.98 _ _ _
k') (n=15) 2.45+1.11 (n=8) [ 1.54£1.04 (n=15) [ 1.09+£0.51 (n=9)
[Fe(ID)] (nmol 0.69+0.41 _ _ _
k') (n=15) 0.47+0.64 (n=8) | 0.12+0.03 (n=15) | 0.18+0.20 (n=9)

[L] (nmol kg)

2.65+0.37 (n=7)

3.55+0.01 (n=2)

3.27+1.67 (n=6)

3.66+£0.49 (n=5)

[eL] (nmol kg"
D)

1.35+0.33 (n=7)

0.65+0.18 (n=2)

1.20+0.68 (n=6)

2.1120.74 (n=5)

cond
log Ky, el

11.76+0.28
(=7)

12.53+0.13 (n=2)

12.07£0.21 (n=6)

11.48+0.20 (n=5)
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Table 2.2. Siderophore identifications, with siderophore name, neutral mass, precursor ion,

average retention time, apo peak mass (iron free), >°Fe bound mass, and major MS? fragments.

Neutral Preaslz‘ sor Ion Retention| Apo |5 Dominant
. Fe . Fe mass
Siderophore Mass . . Time Mass fragments
(g/mol) monoisotopic (min) /s m/z /s
[M + H]* m/;
Svncchobact 133.09, 205,
YReenobactin 1 516 795 572.21 2255 |519.303| 572.214 | 317.12, 361.07,
C9
405.02
Svnechobactin 117.07, 229.02,
y 6%100 I 1535311 586.23 27.03 [533.318 586.229 | 289, 291.02,
307.01, 327.15
Amphibactin B | 847.490 901.41 19.14 | 848.498 | 901.409 | 596, 624, 683




Table 2.3. Summary of voltammetry variables used in the interstudy comparison, including [dFer], [L], [eL], and log

are shown as + 1 standard deviation.
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. Errors

Current study H"pki"s‘";(;'(;‘f Barbeau |y o and Moffett 2015|  Buck et al. 2018 Buck et al. 2015 Gerringa et al. 2015 |  Witter et al. 2000
Oxygenated OMZ Oxygenated OMZ Oxygenated OMZ Oxygenated OMZ Oxygenated | OMZ | Oxygenated | OMZ | Oxygenated | OMZ
m=2) (n=23) m=38) m=29) m=38) m=4) m=77) (n=063) (n=65) (n=38) (n=54) m=21) m=4) n=26)
[dFer] f;‘m"l L1 1182013 [1.95+1.05] 0.15+0.08 [0.800.25| 028046 [0.70-051| 0.78 0,64 |1.36= 1.81] 0.95+0.38 1(')?2641 0.57+0.29 0(‘;_3;)1* 1.70 £ 0.63 167;;
[L] (amol L) | 3424025 [3.37+1.17| 0.80+0.31 [1.13+0.28[ 1.03+£048 [1.20+0.89 1.30+0.77 [2.30+2.53 1.74 045 1(.3; 1.14+0.38 163:71 292+ 1.64 4;_‘58*
[eL] (mmol L[ 2.24+0.12 |1.41 +0.68| 0.65+0.29 [0.32+0.31| 0.75+0.34 [0.50+0.50| 0.52+0.48 [0.95+0.92| 0.79 +0.26 O(fg)oi 0.57 + 0.42 0(‘)5_56; 122+ 1.58 217.13;
log ket [ 11aao010 | MO [ iiezeos0 [ E fiessos7 | 10T [12sssos0 | 2OE 1230008 | 1) 2aa 050 [ BV F f1205 w004 | 108
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Table 2.4. Summary of added ligands (identity and concentration) and analytical windows

(g’ 41,) used by the studies in the log

cond
KFeL,Fe

1, and ; intercomparison.

SA refers to salicylaldoxime, TAC refers to 2-(2-Thiazolylazo)-p-cresol, and NN refers to 1-

nitroso-2-napthol.

Current |Hopkinson and| Kondo and [Buck et al.| Buck et |Gerringa et al.[ Witter et
study Barbeau 2007 [Moffett 2015 2018 al. 2015 2015 al. 2000
Added Ligand SA TAC TAC SA SA TAC NN
Concentration
Added Ligand 10 10 7.3 25 25 10 20
(umol L)
Analytical window| 53 250 134 60 60 250 1096
Are’ AL
A@ded nganq Overnight 1 hr 12-17hrs | 215 min |> 15 min > 6 hrs 16 hrs
Equilibration Time
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Chapter 3. HYDROTHERMAL VENTING ALONG THE 16-18°S

SECTOR OF THE SOUTHERN EAST PACIFIC
RISE: SPATIAL AND TEMPORAL
VARIABILITY CONTRIBUTE TO COMPLEX
PHYSICOCHEMICAL IRON STABILIZATION
MECHANISMS

*This chapter will be submitted to a journal with the following author list. See 3.8 for detailed
author contributions.

Laura E. Moore, Joseph A. Resing, Peter N. Sedwick, Christopher R. German, Bettina M. Sohst,

Nathaniel J. Buck, Colleen L. Hoffmann, Tamara Baumberger, Tara E. Williams, Anson M.
Antriasian, Matthew A. Charette, Sharon Walker, Randelle M. Bundy

3.1 ABSTRACT

The Southern East Pacific Rise (SEPR) is the fastest spreading ridge in the world with the
highest spatial frequency of hydrothermal venting yet recorded. This ridge is responsible for an
exceptionally stable neutrally-buoyant plume that stretches for thousands of kilometers into the
western Pacific Basin. Due to its remote location, hydrothermal activity along the SEPR ridge
axis is highly understudied. We visited the 16°-18°S sector of the SEPR for the first time since
1995 to explore the diversity of venting systems along the ridge axis and examine their
contributions to the stabilization of the essential micronutrient dissolved iron (dFe). We found
the ridge crest to be dominated by low-temperature or “diffuse” venting with occasional high-
temperature chimneys and fresh lavas. The diffuse venting sites varied chemically, but could best
be distinguished by enrichments in total particulate sulfur, total dissolvable manganese,
dissolved methane, and dissolved hydrogen, and a high proportion of the dissolved iron in the

truly soluble size fraction (< 0.02 um). Above the seafloor, the study region was covered by a



56

near-continuous yet chemically heterogenous neutrally buoyant plume that varied spatially and
temporally. Overall, the venting systems along this sector appear to have aged and moved
northwards since 1995, as evidenced by the comparatively low dCH4:tdMn ratios in this study,
particularly in the southern stations. The variety of venting sites resulted in a large range of
dissolved iron concentrations (0.5-345 nM) with complex physical and chemical speciation that
varied by sampling site. Most of the dissolved iron in the neutrally buoyant plume (~90%) was in
the colloidal (0.02 pm < cFe < 0.2um) size fraction, while dissolved iron from diffuse venting
and background environments contained on average 50% colloidal iron. Measurements of the

total organic iron-binding ligand pool showed that ligands near both high temperature and low

Kcond

temperature vents were relatively weak (logKy i z,,

< 12) and variable between sampling

locations. Thermodynamic calculations suggest that all of the soluble iron and most (> 75%) of
the colloidal iron is chemically stabilized by organic ligands irrespective of sampling
environment, suggesting that organically-bound colloids are important for stabilizing dissolved
iron from hydrothermal systems along the SEPR, and that they may help facilitate long-distance

transport of dissolved iron into the ocean interior.

3.2  INTRODUCTION

Hydrothermal circulation is an important process that impacts global seawater chemistry via the
exchange of elements between oceanic crust and overlying seawater (Tivey, 2007). There are a
diverse array of seafloor hydrothermal venting systems along plate boundaries that emit
chemically altered fluid at temperatures ranging from just above ambient seawater to over 400°C
(Baker et al., 2016; Beaulieu et al., 2015). These systems are associated with several geologic
features, including underwater volcanoes and back arc systems, but the most common

hydrothermal setting is along mid-ocean ridge (MOR) spreading centers (Beaulieu et al., 2015).
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It has been shown that the spatial frequency of hydrothermal activity along MOR tectonic
boundaries is proportional to their spreading rates, which range from ultraslow (10 mm/yr) to
ultrafast (150 mm/yr) (Baker and German, 2004; Beaulieu et al., 2015). The fastest spreading
ridge in the world, the Southern East Pacific Rise (SEPR), is predicted to have vents spaced as
closely as one site per 25 km (Beaulieu et al., 2015).

Despite being the most hydrothermally active ridge, the SEPR is largely understudied due
to its remote location. The few previous expeditions to the region however, confirmed the high
spatial frequency of hydrothermal sites and identified a wide diversity of venting types along a
relatively small section of ridge crest near 17°S (Auzende et al., 1996; Charlou et al., 1996;
Embley et al., 1998; Renard et al., 1985). Notably, most of these sites were characterized as low-
temperature “diffuse” flow, although several high-temperature chimneys were also found.
Concurrent with the high incidence of seafloor venting, was a pervasive neutrally buoyant plume
that covered nearly 100% of the ridge axis between 17°25” and 18°40” S (Baker and Urabe, 1996;
Feely et al., 1996; Ishibashi et al., 1997; Urabe et al., 1995). The relative contributions of diffuse
and high-temperature fluids to the neutrally buoyant plume are unknown, but important to
constrain. For example, although individual diffuse sites have lower metal concentrations like
iron (Fe) and lower fluid fluxes than their high-temperature counterparts (Baker et al., 2016;
Bemis et al., 2012), the majority of axial flow and heat flux passes through diffuse systems
(Elderfield and Schultz, 1996; German et al., 2016). Therefore, a ridge sector primarily
comprised of diffuse venting sites may have a disproportionate impact on the formation of the
neutrally buoyant plume. The neutrally buoyant plumes produced along the SEPR are
particularly notable because due to the bathymetry, they escape the ridge axis and deliver

hydrothermally altered seawater into the Western Pacific Basin (Lupton and Craig, 1981; Resing



58

et al., 2015). Unlike slow- to intermediate- spreading ridges, the SEPR does not have a
pronounced axial valley (Charlou et al., 1996), allowing the plumes to spread laterally instead of
being solely funneled along the ridge crest.

The observation of laterally spreading plumes from the SEPR into the western Pacific
Basin has long been recorded. A large hydrothermal plume centered on 15°S and stretching over
2,000 km from the ridge was first documented in 1981 based on *He anomalies (Lupton and
Craig, 1981). Later, in 2013 this same plume was traced further, and found to extend over 4,000
km from the axis (Resing et al., 2015). Notably, this second study found that bioactive dissolved
metals of hydrothermal origin, such as Fe and manganese (Mn), also persisted for thousands of
kilometers in the plume. The transport of hydrothermal Fe is of particular interest because Fe is
an essential nutrient for biological activity, facilitating nitrogen fixation, DNA synthesis, cellular
respiration, and other key cellular processes (Morel and Price, 2003). Furthermore, Fe is a
limiting nutrient in much of the surface ocean (Johnson et al., 1997; Moore et al., 2013), so
understanding how sources of hydrothermal Fe impact the inventory of dissolved Fe (dFe) in the
ocean is important for understanding long term changes in productivity and therefore
atmospheric COsz.

Although hydrothermal Fe is an important source for the global Fe inventory, the
mechanism that stabilizes Fe in the dissolved phase to allow for long distance transport into the
ocean interior is uncertain. Inorganic Fe is very insoluble in seawater (Liu and Millero, 2002)
and must be stabilized either physically or chemically to maintain significant dissolved
concentrations. Most dFe in the ocean is chemically stabilized via complexation by organic
ligands (Gledhill and Buck, 2012; Gledhill and van den Berg, 1994; Rue and Bruland, 1995).

These organic ligands are a heterogeneous mixture of microbially-synthesized compounds likely
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produced to maintain dFe in solution at biologically viable concentrations (Christel S. Hassler et
al., 2011; Shaked et al., 2020). The Fe affinities of these compounds vary widely (Gledhill and
Buck, 2012), from weakly binding humic-like substances (Laglera et al., 2011) and
exopolysaccharides (Norman et al., 2015), to extremely strong siderophores produced
specifically for microbial Fe acquisition (Boiteau et al., 2016a; Bundy et al., 2018). The
composition and concentration of ligands play a large role in governing Fe biogeochemistry, and
in most of the open ocean, organic ligands are thought to bind up to 99.9% of dFe (Rue and
Bruland, 1995).

Although complexation to organic ligands is very important in the open ocean, their role
in vent systems is understudied (Bennett et al., 2008; Hawkes et al., 2013; Hoffman et al., 2023;
Kleint et al., 2016). Hydrothermal vents input Fe at concentrations up to one million times that of
background seawater (Von Damm, 1990), far exceeding the available background organic ligand
concentrations. Thus, it is thought that near venting systems, most of the Fe rapidly precipitates
(Mottl and McConachy, 1990) and only a small portion remains as physically stabilized
inorganic colloidal nanoparticles in the dissolved phase (Fitzsimmons et al., 2014; Gartman et
al., 2014; Yiicel et al., 2011) or is chemically stabilized by organic ligands (Bennett et al., 2008;
Lough et al., 2019; Sander and Koschinsky, 2011). These colloids and ligand-bound Fe may be
stable enough to escape the ridge and persist for long distance transport away from the vent
source (Fitzsimmons et al., 2017; Resing et al., 2015; Tagliabue et al., 2016; Tagliabue and
Resing, 2016). The relative contributions of inorganic colloids and ligand-bound Fe however,
largely remain unknown and the complex interactions between the physical and chemical

speciation of dFe in venting systems are still being disentangled (Lough et al., 2019).



60

While dFe stabilization has been studied in the distal plume of the SEPR, it has not been
examined directly at hydrothermal sites along the ridge. This is a critical gap, because the
chemistry of the distal plume and Fe stabilization mechanisms likely depend on immediate on-
axis processes (Gartman and Findlay, 2020). Furthermore, understanding Fe stabilization at the
SEPR is made especially challenging due to the diversity of venting systems and the prevalence
of diffuse venting, which are more difficult to locate and are therefore more poorly understood
(Baker et al., 2016; Chen et al., 2021). In this paper we tested two sets of hypotheses. In the first,
we focused on diffuse venting and tested the assumptions that (1) diffuse venting systems are
widespread on the SEPR and stable over decadal timescales and (2) diffuse venting contributes
meaningfully to the pervasive neutrally buoyant plume in the region. Next, we focused on the
stabilization of dFe and tested whether (3) organic dFe-binding ligands are an essential piece of
the physical-chemical stabilization of dFe in venting environments and whether (4) Fe
stabilization mechanisms vary between different types of venting (e.g. high-temperature vs.
diffuse). To examine the variety of venting systems along the SEPR and their impact on Fe
stabilization and plume formation, we visited the 17°S sector of the SEPR. We chemically
characterized nine on-axis sites and, when possible, compared them to the systems observed
thirty years ago. We particularly focused on the identification of diffuse venting systems to better
constrain their chemistry and to assess their impact on the pervasive neutrally buoyant
hydrothermal plume in the region. Finally, we examined the physical and chemical speciation of
dFe at each of the vent sites visited. We sought to determine how the size fractionation and
chemical stabilization mechanisms of dFe on the ridge connect to the mechanisms controlling the

stabilization of the larger plume in the western Pacific.
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3.3 METHODS

3.3.1 Seawater collection

Samples were collected during the PLUME RAIDERS cruise (RR2106) on the R/V Roger
Revelle from 18 September — 6 November 2021. The main study area was located along the 16-
18°S section of the Southern East Pacific Rise (SEPR, Figure 2.1), with additional crossover
stations at 9°N and U.S. GEOTRACES GP16 Station 18. Seawater was collected using 12 L
Teflon-coated GO-Flo bottles (General Oceanics) on the U.S. GEOTRACES trace metal rosette
(Cutter and Bruland, 2012). The rosette was additionally outfitted with a miniature autonomous
plume recorder (MAPR;(Baker, 1997) from the National Oceanic and Atmospheric
Administration Pacific Marine Environmental Laboratory (NOAA PMEL) including oxidation
reduction potential (ORP) and light scattering sensors, and an ultra-short baseline (USBL)
transponder to ensure precise site locations on repeat casts. Two bottles were tripped at every
depth to ensure adequate volumes of seawater were obtained for sample analysis. Samples for
dissolved gases, total dissolvable Fe (dtFe) and total dissolvable Mn (tdMn), dFe and dissolved
Mn (dMn), soluble Fe (sFe) and soluble Mn (sMn) and total suspended particle analysis were
collected from even numbered bottles, while dissolved aluminum (dAl) and total organic dFe-
binding ligand samples were collected from odd numbered bottles. All cleaning and sampling
procedures were modeled off of the GEOTRACES cookbook protocols (Cutter et al., 2017;
Cutter and Bruland, 2012).

Dissolved gases hydrogen (dHz) and methane (dCH4) were sampled on deck by collecting
100 mL bubble-free seawater in a syringe via trace metal clean tubing connected to the GO-Flo
bottle. GO-Flo bottles were then transported into a class 100 clean container and pressurized to

10 psi with High Efficiency Particulate Air (HEPA) filtered compressed air for further
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subsampling. Samples for tdFe, tdMn, dFe, dMn, dAl, sFe, and organic ligands were filtered

through a 0.2 um polyethersulfone (Supor) membrane filter (Acropak 200, Pall Corporation).
Acropak filters were cleaned with dilute ultrapure HCI (10% trace metal grade, Fisher Scientific)
prior to use and rinsed with sample three times before subsample collection. The tdFe, tdMn,
dFe, dMn, and dAl samples were collected into 100 mL acid-washed low-density polyethylene
(LDPE) bottles then acidified within one hour of sampling with 0.5 mL sub-boiled quartz
distilled 6 N HCI to pH 1.7. Organic ligand samples were collected into acid-washed 500 mL
fluorinated high-density polyethylene (FLPE) bottles and stored frozen at -20°C. The sFe and
sMn samples were collected in 125 mL acid washed bottles then filtered a second time through a
0.02 pm Anotop syringe filter (Ussher et al., 2010) prior to acidification to pH 1.7 and storage in
60 mL LDPE bottles. Unfiltered samples for tdMn and tdFe analyses were collected into 125 mL
acid-washed LDPE bottles and acidified to pH 1.7 with ultrapure HCI. Remaining seawater was
then filtered onto 47 mm, 0.2 um polycarbonate track etched filters (Whatman) backed with
cellulose ester filters (Whatman) to obtain total suspended particulate samples. Filters were then
rinsed under low vacuum with approximately 15 mL of MilliQ water adjusted to pH 8 with
ultrapure ammonium hydroxide (Optima, Fisher Scientific) to remove excess sea salt. Samples

were then stored in a desiccator until the end of the cruise.

3.3.2  Dissolved methane and hydrogen analyses

Samples for dH; and dCH4 were measured shipboard following the method of Kelley et al.,
(1998) and Baumberger et al., (2014). Following sample collection, 40 mL of ultrapure helium
(He) was added to the syringe of 100 mL bubble-free seawater. Syringes were then shaken
vigorously and left to warm at room temperature for approximately 30 minutes to allow the gases

to equilibrate between the seawater and headspace. The headspace was then injected into an
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SDRI 8610 gas chromatograph equipped with a 30 m long 50 um Molecular Sieve SA column to

separate the dCH4 and dH: using ultrapure He as a carrier gas. The dH> was detected with a He-
pulsed discharge detector and dCH4 was detected with a flame ionization detector powered by
ultra-zero air from a gas cylinder and hydrogen from a Vici DMS PG Plus hydrogen generator.
Standards were diluted from 100 ppm CHs in N> and 100 ppm H» in N». Analytical precision was
determined by replicate draws and was the greater of > 2.5% of measured concentrations or +
0.1 nM (Baumberger et al., 2014). The detection limit for both dCH4 and dH> was 0.2 nM and

0.3 nM, respectively.

3.3.3  Dissolved and total dissolvable iron and manganese analyses

All samples for tdFe, dFe, tdMn, dMn, and dAl were measured shipboard using flow injection
analysis (FIA) and analyzed within 6-8 hours of sample collection. The dFe, tdFe, dMn, and
tdMn samples were measured using direct injection FIA with spectrophotometric detection
modified from Measures et al., (1995) and detailed in Sedwick et al., (2008) for Fe and from
Resing and Mottl, (1992) for Mn. Detection limits for Mn and Fe were 1 nM and 1.5 nM,
respectively. The percentage of tdFe in the dissolved phase was then calculated (%dFe = 100 X

dFe/tdFe)

3.3.4  Dissolved aluminum analyses

The dAl sample concentrations were measured at-sea by Tara Williams (Old Dominion

University) using direct flow-injection analysis with micelle enhanced fluorometric detection
with Brij-35 as the surfactant (Resing and Measures 1994, Brown and Bruland 2008), with a
detection limit of 0.24 nM (based on 3-sigma for repeat analyses of reference seawater GSP).

The accuracy of the FIA methods were assessed via separate periodic analyses of GEOTRACES
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reference seawater GSP, which yielded a concentration of 1.3 £0.08 nM (n = 11). There is
currently no consensus value for dAl in the GSP seawater, however the measured average
concentration is similar to the consensus value reported for SAFe S, which was collected at the

same location as GSP.

3.3.5  Soluble iron and manganese analyses

The 0.02 pm-filtered, acidified samples for sFe and sMn were analyzed at Old Dominion
University by Bettina Sohst using a sector-field inductively-coupled plasma mass spectrometer
(Thermo Fisher Scientific ElementXR) with an in-line separation-preconcentration system
(Elemental Scientific SeaFAST SP3). Calibration standards were prepared in filtered, acidified
low-iron and low-manganese seawater, for which initial Fe and Mn concentrations were
determined using the method of standard additions, using yttrium as an internal standard.
Analytical blank concentrations were assessed by applying the in-line separation-
preconcentration procedure including all reagents and loading air in place of the seawater sample
(air blank), yielding mean blank concentrations of 0.06 + 0.01 nM Fe and 0.004 + 0.001 (n = 13).
The mean Fe concentration for separate determinations of the SAFe D2 and
GEOTRACES GSP seawater consensus materials were 0.98 = 0.04 nM (n=5) and 0.15 £ 0.06
nM (n = 2), respectively, which are within the one-sigma analytical uncertainty of the current
consensus values of 0.93 = 0.02 nM dFe for SAFe D2 and 0.16 + 0.05 nM dFe for GSP. The
mean Mn concentration for separate determinations of the GEOTRACES GSP seawater
consensus materials was 0.79 = 0.01 nM (n = 4), which is within the one-sigma analytical
uncertainty of the current consensus value of 0.78 + 0.03 nM dMn for GSP. These results yield
detection limits of 0.15 nM Fe and 0.03 nM Mn, based on 3-sigma for repeat analyses of

reference seawater GSP. The colloidal fraction (0.02-0.2 pm) of dFe and dMn were calculated by
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difference from the dissolved and soluble measurements. In a few cases, sFe > dFe, likely a
result of the more sensitive ICP-MS method when compared to FIA. For these cases, all dFe is
assumed to be soluble with no colloidal contributions. The percentages of dFe in the soluble

phase and colloidal phase were then calculated (%sFe = 100 X sFe/dFe; %cFe = 100 — %sFe).

3.3.6 Total suspended particulate analyses

Analyses for suspended particulate matter were performed at NOAA PMEL by Nathaniel Buck
following the method of Buck et al., (2021) using energy dispersive X-ray fluorescence (ED-
XRF) on a Quant’X (Thermo Fisher) fitted with a rhodium target X-ray tube and lithium-drifted
solid-state detector. Sample filters were run using thin film techniques due to the low quantities
of suspended matter in the deep ocean. Elements analyzed included sodium (Na), magnesium
(Mg), aluminum (Al), silica (Si), sulfur (S), chlorine (Cl), potassium (K), calcium (Ca), titanium
(Ti), vanadium (V), chromium (Cr), Mn, Fe, nickel (Ni), copper (Cu), zinc (Zn), arsenic (As),
bromine (Br), strontium (Sr), tungsten (W), and lead (Pb). Calibrations were performed using
commercially available thin-film standards (MicroMatter). Additional standards of Fe and Mn,
prepared by quantitatively precipitating metals from a solution of known concentration
(Holynska and Bisiniek, 1976) and loading onto a filter, were utilized to lower the detection
limits for these elements. Reference standard NIST 2798 was periodically analyzed to monitor
elemental recovery and acid washed blank filters were analyzed to determine background
elemental concentrations. Detection limits for all elements were < 0.1 nM, except Al, which had

a detection limit of 0.54 nM.
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3.3.7  Organic iron-binding ligand analyses
Samples for dFe-binding organic ligands were measured using competitive ligand exchange
adsorptive cathodic stripping voltammetry (CLE-ACSV) (Abualhaija and van den Berg, 2014;
Rue and Bruland, 1995). All titrations were performed on a controlled growth drop mercury
electrode (CGME, Bioanalytical Systems Incorporated) equipped with an Ag/AgCl reference
electrode and platinum auxiliary electrode, with a mercury drop size of 14 and acid-cleaned
Teflon analytical cell (Bioanalytical Systems Incorporated). Samples for which dFe
concentrations were less than 10 nM were first analyzed using the forward titration method using
a 5 uM salicyladoxime analytical window (Abualhaija and van den Berg, 2014). Briefly, samples
were thawed, and 10 mL were aliquoted into each of 15 acid-cleaned and conditioned Teflon
vials (Savillex Corporation). Then, 10 uL of 1.5 M boric acid buffer (boric acid, Alfa Aesar
99.99% metals basis, in 0.4 N Optima NH4OH, Fisher Scientific) was added to each vial for a
final concentration of 5 uM to achieve a pH of 8.2. Next, 12.5 pL of 4M salicylaldoxime (Fluka
> 98% assay in Optima MeOH, Fisher Scientific) was then added to each vial for a final
concentration of SuM. The dFe standards (Diluted from SpexCertiPrep in pH 2 HCI) were then
added to each vial, ranging 0-10 nM for final concentrations. Aliquots were then equilibrated
overnight prior to electrochemical analysis using differential pulse stripping voltammetry (0 to -
800 mV), with a 120-180s deposition period with stirring at 0 mV. After the final aliquot was
analyzed, 5 nM of dFe standard was added and the aliquot was re-measured to ensure complete
titration of the ligands. Peak heights were obtained using ECD-Soft and ligand concentrations
and binding strengths were calculated using ProMCC (Omanovi¢ et al., 2015) with an inorganic

side reaction coefficient of logar. = 10 (Abualhaija and van den Berg, 2014).
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For samples where forward titrations showed no curvature, indicating no excess ligands
were present or in the case where dFe in the sample was > 10 nM, reverse titrations were
completed, employing 1-nitroso-2-naphthol (NN) as the competing ligand. The procedure and
theory are described in detail elsewhere (Hawkes et al., 2013; Hawkes et al., 2013). Briefly,
samples were thawed, and 10 mL were aliquoted into each of 10, 30 mL acid-cleaned and
conditioned Teflon vials (Savillex Corporation). Then, 10 puL of boric acid buffer was added to
each vial for a final concentration of 5 uM and pH of 8.2. NN standard (Sigma Aldrich) prepared
in methanol (Optima, Fisher Scientific) was then added to each vial to achieve final
concentrations ranging 0-40 uM, and aliquots were left to equilibrate overnight. After
equilibration, samples were analyzed electrochemically using linear sweep voltammetry (-150 to
-650 mV) after a 5-minute nitrogen purge (ultra high purity, Airgas) and a 120 s deposition time
at -50 mV. Three standard additions of dFe standard were added to the final aliquot and analyzed
to calculate the amount of dFe that was exchangeable with NN under the analytical conditions.
The estimates of exchangeable dFe often exceeded the ambient dFe concentrations in the
samples. In these cases, all ambient dFe was assumed to be exchangeable. Peak heights were
obtained using ECD-Soft, and ligand concentrations and binding strengths were calculated using
publicly available R code (Hawkes et al., 2013) with the unsaturated Fe fit with logar. = 9.8 as
the inorganic side reaction coefficient.

Thirteen samples were analyzed using both forward and reverse titrations, and estimated
ligand concentrations calculated between the two titration types agreed within 15 + 9% and were
not statistically different (Grubbs test outlier 116%, p < 1E-5). In the case where both a forward
and reverse titration were completed on a given sample, the reverse titration data was assumed to

be more reliable in the case where dFe was very similar to the calculated ligand concentrations,
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and therefore the reverse titration results were used. A total of 79 organic dFe-binding ligand
samples were analyzed, 34 of which were analyzed shipboard and 45 were analyzed in the lab.
Intercomparisons of fresh versus frozen analyses for CLE-ACSV show that the results compare

very well (Buck et al., 2016, 2012).

3.3.8 Characterization of sampling environments

Samples were grouped by sampling environments in order to explore geochemical characteristics
across different sites. Samples were grouped by first performing a principal component analysis
(PCA) of all the particulate variables on the entire dataset (Supplementary Figure 3.11,
Supplementary Table 3.1-Supplementary Table 3.2). The particulate dataset was chosen for PCA
analysis because it had the best sampling coverage and because plumes have historically been
structurally characterized using particle intensity (ANTU). A subset of five major particulate
variables that were found to explain the majority of the variance in the dataset (pFe, pP, pSi,
pMn, and pSit) were then chosen (Supplementary Figure 3.11). These variables were chosen
carefully such that the sample variance in the PCA was largely unchanged and the explanation
power of the combination of the variables was greatly improved. For example, elements that are
major components of seawater were removed (Na, Mg, Ca, K, Br, Cl) as were elements that were
only abundant (> 1 nM) in less than 25% of samples (Cu, Ni, Cr, Ti, Pb, W, Sr, Zn, As, V, Al).
Using the five chosen particle variables, a separate PCA was performed on each of the 10 major
sampling stations to assess sample groupings within each site.

Samples were then assigned to a specific environment by comparing visual sample
grouping results within the initial PCA analysis to plume structures characterized by dNTU data
(Figure 3.2). Samples at least 40 m above the seafloor were assigned to four different

environments: shallow, deep background, center neutrally buoyant plume, and fringe neutrally
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buoyant plume. Briefly, “shallow” refers to samples from a depth between 2,090 and 2,350 m.
“Deep background” samples were those that contained no noticeable particles (a particle
anomaly (ANTU) < 0.0075). “Neutrally buoyant plume” samples were those that also had
noticeable particles (ANTU > 0.0075). The neutrally buoyant plume was further divided into the
“center plume” and “fringe plume” based on further criteria. Samples with a ANTU > 50% of the
maximum dNTU value for their corresponding station were considered part of the center of the
neutrally buoyant plume, while those with ANTU < 50% of the maximum dNTU value were
considered to be on the “fringe” or edge of the neutrally buoyant plume. In 91% of the samples
(71 out of the 78 samples > 40 m above seafloor), the visual PCA groupings could be accurately
assigned to environments defined by the dNTU criteria. The remaining six samples were grouped
according to the nearest samples in the PCA analysis (sample #: M0081, M0083, M0137,
MO165, M0183, M0245 and M0249).

Samples within 40 m of the seafloor were first grouped based on the PCA and then were
assessed on a station-by-station basis using additional geochemical data and categorized into
further environmental groupings as needed, because particulate data were insufficient for
defining near-seafloor environments. We sampled a rising high-temperature buoyant plume at
stations Lava and Macro based on temperature and ORP anomalies, and high dMn
concentrations (Supplementary Table 3.1). These samples within the buoyant plume were
classified as “buoyant high temperature.” Station Bio had high particulate and dissolved metals
signatures, but no associated ORP or temperature anomalies (Supplementary Table 3.1). This,
combined with the INTU plume structure, indicated that the neutrally buoyant plume extended
all the way to the seafloor and samples were classified as “fringe neutrally buoyant.” Stations

North, Purple Haze, and Flo all had ORP anomalies, elevated pSiot, low particulate metals, and/or
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elevated dissolved gases (Supplementary Table 3.1). All samples from these stations were
classified as low-temperature “diffuse” venting. Based on the temperature anomaly observed at
North, it is likely that some amount of buoyant fluid was sampled here, but the dissolved metal
concentrations were not high enough to characterize North as “high temperature venting”.
Stations Bart, 16°43°, and Micro did not show the ORP anomalies and elevated pSi that
characterized the diffuse flow in North, Purple Haze, and Flo (Supplementary Table 3.1).
However, they did have low particle concentrations and other features characteristic of diffuse
flow. Station Bart and Micro has elevated dMn concentrations and 16°43” had a high percentage
of dFe relative to tdFe. One of the samples at Micro also had an unusually high dH>
concentration. These samples were therefore classified as “diffuse”. Additional PCA analyses
were then performed on individual environmental groupings, to explore further how additional
variables (e.g. dissolved metals and gases) explained the variance between samples within

groupings (see section 3.4).

3.4 RESULTS

This section first discusses the physical structure of the neutrally buoyant hydrothermal plumes
and venting features observed at each station, as described by ORP, temperature, and particle
(nepheloid turbidity unit, ANTU) anomalies (section 3.4.1). Next, the chemical characteristics of
the neutrally buoyant plume at each site are described including tdFe, dFe, pFe, tdMn, and dCH4
(section 3.4.2). Additional anomalies in other particulate metals (see section 3.3.6 for full list) are
discussed as applicable. Finally, the last section describes near-seafloor features, including high
temperature venting and low temperature “diffuse” venting. Variables tdFe, tdMn, pFe, dCH4

and dH; are discussed, as well as additional particulate variables as needed (section 3.4.3).
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Finally, the physical and chemical speciation of Fe is discussed as it relates to the geochemial

characteristics of the sampling environments (section 3.4.4).

3.4.1  Physical structure of the neutrally buoyant plume

Two trace metal rosette casts were performed at each sampling location (Figure 3.1), except at
station Micro which only had a single cast. There was high spatial and temporal variability
observed in the physical characteristics of the neutrally-buoyant plumes sampled at each station.
To address and synthesize this variability, each site and its associated casts are discussed

individually in the following section (Figure 3.2).

3.4.1.1 Station Macro

Station Macro was located on-axis at 113° 10' W, 17° 20' S. Two trace metal rosette casts,
M21A-14 and M21A-15, were completed 24 hours apart (Figure 3.2A). M21A-14 encountered a
large plume stretching from 2,538 m to the seafloor with a single maximum particle anomaly
(ANTUmax = 0.04) at 2,580 m. This plume corresponded with a strong ORP decrease in the depth
range of 2,530-2,583 m (AORP = -129) and a temperature anomaly (max +0.1°C, 25 m above
seafloor) from 2,541-2,585 m, suggesting the influence of buoyant higher temperature fluid.
Above this plume, there were two smaller particle anomaly maxima (ANTUmax = 0.01, 0.01) that
possibly corresponded to additional neutrally buoyant plumes at 2,438 m and 2,487 m,
respectively. The second cast, M21A-15, sampled a small neutrally buoyant plume with a single
maximum particle anomaly (ANTUmax = 0.01) at 2,560 m. A possible second plume (ANTUpax =
0.01) was located above the first at 2,450 m. No ORP or significant temperature anomalies were

found during the second cast.
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3.4.1.2 Station North

Station North was located on-axis at 113° 8' W, 17° 10' S. Two trace metal rosette casts, M21A-
10 and M21A-11, were completed 23 hours apart (Figure 3.2B). M21A-10 sampled a neutrally
buoyant plume spanning the depth range of 2,475-2,550 m, with a single particle anomaly
maximum (ANTUmax = 0.06) at 2,540 m. There was a small ORP decrease (AORP = -4) in the
plume core. A near seafloor particle anomaly (ANTU = 0.04) was found coincident with a strong
ORP decrease (AORP = -41) between 2,573 and 2,581 m. This ORP drop corresponded to a
near-seafloor (0-10 m) maximum temperature anomaly of +0.09 °C, and likely captured a
buoyant plume. During the second cast, M21A-11, we observed a neutrally buoyant plume
stretching from 2,500 m to the seafloor with a single particle anomaly maximum (ANTUmax =
0.03) at 2,530 m. A dramatic decrease in ORP (AORP = -103) was observed from 2,530 m to the
seafloor on the downcast, with a further 31-unit ORP drop as the CTD moved back through the
plume to 2,530 m on the upcast. No significant temperature anomaly was associated with cast

M21A-11.

3.4.1.3 Station Lava

Station Lava was located on-axis at 113° 16' W, 17° 44' S. Two trace metal rosette casts, M21A-
21 and M21A-22, were completed 19 hours apart (Figure 3.2C). M21A-21 encountered a large
neutrally buoyant plume extending 2,400 m to 2,600 m with maximum particle anomalies
(ANTUmax = 0.10, 0.09) at 2,490 m and 2,535 m, respectively. This cast also detected a near-
bottom particle feature (ANTUmax = 0.09) at 2,620 m. This feature corresponded with a large
ORP decrease (AORP = -137) and a temperature anomaly extending up to 2,613 m (ATmax =
0.23°C). The second cast, M21A-22, encountered a neutrally buoyant plume extending 2,425-

2,555 m with two particle anomaly maxima (ANTUmax = 0.10, 0.11) at 2,427 m and 2,493 m,
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respectively. A small ORP drop was detected in the plume (AORP = -2) and near the seafloor

(AORP = -1). There were no significant temperature anomalies detected in M21A-22.

3.4.1.4 Station Micro

Station Micro was located on-axis next to station Macro at 113° 10' W, 17° 20' S. One trace
metal rosette cast, M21A-16, was taken at this location (Figure 3.2D). A small plume was
observed extending 2,400 to 2,480 m with a single maximum particle anomaly (ANTUmax = 0.01)
at 2,450 m. A deeper secondary plume stretching between 2,450 and 2,590 m was observed with
a larger particle maximum (ANTUmax = 0.02) at 2,560 m. ORP signal decreases (AORP = -8, -26
for the upcast and downcast respectively) were found in the deeper plume. No significant

temperature anomalies were observed.

3.4.1.5 Station Bart

Station Bart was located on-axis at 113° 15' W, 17° 37' S. Two trace metal rosette casts, M21A-
17 and M21A-18, were completed 12.5 hours apart (Figure 3.2E). M21A-17 sampled a single
plume extending from 2,425 m to the seafloor, with two particle anomaly maxima (ANTUmax =
0.06, 0.05) at 2,458 m and 2,497 m, respectively. No ORP anomalies were observed. Cast
M21A-18 encountered a large plume stretching 2,400 m to the seafloor, with a shallow particle
anomaly maximum (dNTUmax = 0.06) at 2,424 m and a deeper particle maximum (ANTUpax =
0.03) at 2,540 m. An ORP drop was observed for the lower particle maximum (AORP =-11) on

the upcast. No significant temperature anomalies were found on either cast.

3.4.1.6 Station Bio

Station Bio was located on-axis at 113° 12' W, 17° 25' S. Two trace metal rosette casts, M21A-
12 and M21A-13, were completed 21 hours apart (Figure 3.2F). M21A-12 encountered a large

neutrally buoyant plume stretching from 2,260 m to the seafloor with a single particle anomaly
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maximum (ANTUmax = 0.12) at 2,390 m. M21A-13 observed a similar large neutrally buoyant

plume extending from 2,300 m to the seafloor. Two particle anomaly maxima (ANTUmax = 0.12,
0.08) were located at depths 2,425 m and 2,525 m, respectively. No ORP or significant

temperature anomalies were observed on either cast.

3.4.1.7 Station Flo

Station Flo was located on-axis at 113° 18' W, 17° 53' S. Two trace metal rosette casts, M21A-19
and M21A-20, were completed 11 hours apart (Figure 3.2G). M21A-19 sampled an
asymmetrical plume extending from 2,330 m to the seafloor, with a maximum particle anomaly
(ANTUmax = 0.03) at 2,587 m. There was a small ORP decrease (AORP = -1) between 2,580 m
and the seafloor. The second cast, M21A-20, encountered a plume with two particle anomaly
maxima (ANTUmax = 0.02, 0.02) at 2,590 and 2,510 m, respectively. The main plume spanned
2,480-2,610 m, but extended to depths as shallow as 2,350 m. No ORP anomalies were detected

in M21A-20 and no significant temperature anomalies were detected in either cast.

3.4.1.8 Station Purple Haze

Station Purple Haze was located on-axis at 113° 4' W, 16° 51' S. Two trace metal rosette casts,
M21A-25 and M21A-26, were completed 12 hours apart (Figure 3.2H). M21A-25 observed a
plume stretching from 2,300 to 2,600 m with particle anomaly maxima at 2,400 m (ANTUmax =
0.08), 2,475 m (ANTUmax = 0.06), and 2,500 m (ANTUnmax = 0.08). There was a small ORP drop
on the downcast between 2,575 m and the seafloor (AORP = -1) and on the upcast between 2,595
and 2,550 m (AORP = -4). No significant temperature anomalies were observed for this cast.
M21A-26 encountered a plume stretching from 2,300-2,600 m with a clearly defined plume
centered from 2,420-2,480 m and an associated particle anomaly maximum (ANTUmax = 0.08) at

2,460 m. No ORP or significant temperature anomalies were observed for this cast.
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3.4.1.9 Station 16°43°

Station 16° 43° was located on-axis at -113° 3' W, 16° 43' S. Two trace metal rosette casts,
M21A-08 and M21A-09, were completed 17 hours apart (Figure 3.2I). M21A-08 encountered a
large particle-rich plume stretching 2,370 to 2,540 m with a single maximum particle anomaly
(ANTUmax = 0.3) at 2,418 m. A gradual decrease in the ORP signal was observed in the plume
core (2,400-2,470 m) on both the downcast (AORP = -10) and upcast (AORP = -21). Cast M21A-
09 sampled a more complex plume structure stretching from 2,300 m to the seafloor. There were
five particle anomaly maxima at 2,350 (ANTUmax = 0.01), 2,410 (ANTUnax = 0.03), 2,440
(ANTUmax = 0.08), 2,475 (ANTUmax = 0.12) and 2,525 m (ANTUmax = 0.10). A small ORP signal
decrease was encountered in the lower parts of the plume (2,475-2,530 m and 2,510-2,560 m;
AORP = -2, -5) for the downcast and upcast, respectively. Neither cast observed significant

temperature anomalies.

3.4.1.10 Station PJ

Station PJ was the only station that was sampled off axis of the ridge, and it was located 11 km
west of station Bio at 113° 23' W, 17° 25' S. Two trace metal rosette casts, M21A-23 and M21A-
24, were completed 17 hours apart (Figure 3.2J). M21A-23 encountered a large neutrally
buoyant plume extending 2,300-2,700 m with a maximum particle anomaly (ANTUmax = 0.08) at
2,500 m depth. M21A-24 encountered a neutrally buoyant plume from 2,300-2,600 m, which
was the maximum depth of the cast. The maximum particle anomaly (ANTUmax = 0.09) was

located at 2,475 m. Neither cast observed ORP or significant temperature anomalies.

3.4.1.11 Repeat occupation of U.S. GEOTRACES (GP16) Station 18
Station 18 was a repeat occupation of US GEOTRACES (GP16) Station 18, located on the ridge

axis at 112°45' W, 14° 59' S. Two trace metal rosette casts, M21A-04 and M21A-05, were
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completed 15.5 hours apart. M21A-04 encountered a large neutrally buoyant plume stretching
from 2,350 m to the seafloor with a single maximum particle anomaly (ANTUnax = 0.05) at 2,473
m. M21A-05 observed a similar large neutrally buoyant plume extending from 2,320 m to the
seafloor. Two particle anomaly maxima (ANTUmax = 0.06, 0.04) were located at 2,406 m and
2,541 m, respectively. No significant temperature or ORP anomalies were observed on either

cast.

34.2 Chemical characteristics of the neutrally buoyant plume

A neutrally buoyant plume was observed at all sampling sites. These plumes were spatially
diverse in their vertical structures, chemical make-up, and intensity. To best describe the
variability in plume chemistry, on-axis sites were first grouped based on plume intensities into
high, medium, and low particle concentration categories as defined by the average ANTUmax
observed at each site (section 3.4.1). In the following sections, the general chemical
characteristics (tdFe, dFe, pFe, tdMn, and dCHa) at the center of the neutrally buoyant plumes
are discussed in the context of these groupings (see section 3.3.8 for sample groupings), as well
as any additional chemical features unique to a given site (Supplementary Table 3.2).

The chemistry of the on-axis samples that were grouped as “neutrally buoyant plume”
samples was visualized in PCA space using the variables tdMn, dCHa, tdFe, pCu, pSiot, and Ha
(section 3.3.8; Figure 3.3A). The first two principal components (PC1 and PC2) describe 64.4%
of the variance in these samples. Samples clustered by site, highlighting the unique chemical
characteristics of each plume. The tdMn, dCH4, and tdFe contributed the most to PC1, while
pSiot, H2, and pCu contributed the most to PC2. The high particle plumes (Lava, Bio and 16°43”)
all grouped together in PCA space, driven largely by high tdMn, dCH4, and tdFe concentrations

in these neutrally buoyant plumes. The medium particle plumes (Bart and Purple Haze) cluster
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together, driven by their moderate tdMn, dCH4 and tdFe concentrations and low pSit. Two of the
lower particle plumes, Micro and Flo, also cluster with Bart and Purple Haze. The other two low-
particle plumes, North and Macro, cluster in the upper right corner of the PCA space due to their
high pSi:t and Hz, and low tdMn, dCHa4, and tdFe concentrations. The neutrally buoyant plume
from Station PJ and Station 18 were not included in the PCA because they were very distinct
from the on-axis plumes, and likely represent composite plumes from many of the vents in the

sampling region (Jenkins et al., 2018; Lupton and Craig, 1981).

3.4.2.1 High particle plumes: Lava, Bio, 16°43°

Three sites had intense, high particle plumes with ANTUmax > 0.1, including Lava, Bio and 16°
43’ (Figure 3.2). These plumes had the highest plume-core Fe concentrations observed in the
dataset, with tdFe concentrations averaging 419 + 145 nM, 274 + 42 nM, and 239 + 62 nM at 16°
43’, Bio, and Lava, respectively. Most of the Fe was in the particulate phase (pFe; 479 + 203 nM
16°43°, 315+ 66 nM Bio, 227 + 28 nM Lava), although substantial dFe concentrations were also
present in all three plumes (dFe; 71 + 36 nM 16° 43°, 12 = 10 nM Bio, 29 + 11 nM Lava; Figure
3.4C, F, I). The three plumes were also characterized by high tdMn concentrations (51 +£ 7 nM
16°43°, 53 + 13 nM Bio, 45 = 9 nM Lava), and dCH4 concentrations (dCH4; 3.7 £ 1.1 nM 16°
43°,4.1 £0.4 nM Bio, and 4.7 + 1.6 nM Lava).

Site 16° 43 had the highest tdFe, pFe and dFe concentrations of the high-particle plumes.
This site was also enriched in pSiot, with concentrations ranging from 89-179 nM compared to
Bio (29-69 nM) and Lava (58-86 nM). The neutrally buoyant plume at Lava was notable for high
concentrations of several other particulate trace elements (Supplementary Table 3.2). These high
concentrations were observed in samples from both casts at the site and were likely a result of

proximity to the buoyant plume. Bio did not have any notable elemental particulate enrichments
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and had comparatively low %dFe (dFe = dFe/tdFe X 100; 4 + 3%) when compared to 16° 43’ (16

+4%) and Lava (13 £ 5%).

The variance in the three high-particle sites was largely explained by their high dCHa,
tdFe, and tdMn concentrations (PC1, Figure 3.3A). The variance in Lava was driven by pCu
(PC2), likely due to the site’s proximity to buoyant fluids enriched in minor particulate elements.
The vertical separation of the sites along PC2 is primarily due to pSit, with minor contributions
from pCu and dH». Bio was accordingly on the bottom in the PCA space with the lowest pSiot

concentrations.

3.4.2.2 Medium particle plumes: Bart, Purple Haze

Bart and Purple Haze had medium particle concentrations in the neutrally buoyant plume, with
dNTUmax of 0.06 and 0.08, respectively. Plume core tdFe concentrations ranged from 7.8-225
nM (Purple Haze) and 95-204 nM (Bart). The dFe concentrations at Purple Haze (11 + 5 nM)
and Bart (9 £ 4 nM) were comparable to those at Bio (12 + 10 nM) but much lower than dFe
concentrations in the other high particle plumes at Lava and 16° 43’ (Figure 3.4). The pFe
concentrations at Purple Haze (302 + 81 nM) were comparable to those of the higher particle
plumes, although pFe concentrations at Bart (193 + 66 nM) were somewhat lower (Figure 3.4).
The tdMn concentrations were lower than those of the high particle plumes at both Purple Haze
(40 = 6 nM) and Bart (29 + 8 nM) as were dCH4 concentrations (2.7 £ 1.0 nM, 2.5 £ 0.7 nM;
Purple Haze and Bart, respectively).

Purple Haze was enriched in pSiot (72 £+ 38 nM) compared to Bart (24 = 8 nM) and was
comparable to the pSiw: at Lava. Both Purple Haze and 16° 43’ (section 3.4.2.1) showed
enrichment in pSi relative to plumes of similar intensity and were notably the only two sites

north of 17° S. Purple Haze was also high in other particulates (Supplementary Table 3.2),
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suggesting the nearby presence of a vent. Bart showed no notable elemental enrichments or
depletions. Both Purple Haze and Bart cluster toward the bottom center of the PCA (Figure
3.3A). The two stations are at similar positions along the PC1 because of their moderate tdMn,
tdFe, and dCH4 concentrations, while Purple Haze falls above Bart on the PC2 axis due to its

higher pSit concentrations.

3.4.2.3  Low particle plumes: Macro, Micro, Flo, North

The neutrally buoyant plumes at Macro, Micro, Flo, and North had relatively low particle
concentrations (ANTUmax = 0.01, 0.02, 0.02, 0.06, respectively). Plume core tdFe concentrations
were similarly low (37-41 nM Macro, 34-110 nM Micro, 74-90 nM Flo, and 45-52 nM North).
The dFe concentrations at North (2.1 £ 0.5 nM) and Macro (5.6 = 0.9 nM) were lower compared
to dFe concentrations at other stations with medium or high particle plumes (Figure 3.4).
However, dFe concentrations at Micro (38 £ 52 nM) and Flo (13.5 £ 5 nM) were the third and
fourth highest observed across all the neutrally buoyant plumes in the dataset (Figure 3.4). The
pFe concentrations for Macro (43 + 20 nM), Micro (68 + 37 nM), Flo (98 = 25 nM), and North
(56 nM, n = 1) were the lowest observed in the dataset (Figure 3.4). The center plume at North
only had one particulate sample associated with it, but it was similar, while North had
insufficient particulate data to assess. Similarly, the tdMn concentrations at these stations were
also the lowest of the neutrally buoyant plumes (6.4 = 0.75 nM Macro, 15.9 + 14.9 nM Micro,
25.1 = 8.5 nM Flo, 13.6 £ 2.4 nM North). The dCH4 concentrations however, (1.8 £ 0.1 nM
Macro, 2.2 = 0.1 nM Micro, 3 £ 1.6 nM Flo, 2 £ 0.1 nM North), were similar to the
concentrations in the medium particle plumes (section 3.4.2.2).

The neutrally buoyant plumes at Flo, Micro, and Macro had high dissolved gas

concentrations for both dCH4 (Flo; maximum concentration 4.3 nM) and dH» (maximum
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concentration 67.2 nM at Micro, maximum concentration 9.3 nM at Macro). Macro and North
both also had elevated concentrations of other minor particulate elements (Supplementary Table
3.2), likely due to their proximity to buoyant fluids (sections 3.4.1.1-3.4.1.2). North also had
comparatively low %dFe (5 + 1%) with respect to the other sites (15 + 4% Macro, 37 + 46%
Micro, 16 £ 5% Flo).

Macro, Micro, and North all cluster to the far right of the PCA (Figure 3.3A) driven by
their low dCHj4, tdMn, and tdFe concentrations. The variance in Flo, however, was more similar
to Purple Haze and Bart. The variance in Macro and North was mostly explained by PC2,
resulting from high dH» and pSi: concentrations (Supplementary Table 3.2). While one sample
from Micro did have a high dH> concentration (Supplementary Table 3.2), insufficient

particulate data prevented inclusion of this sample in the PCA.

3.4.2.4 Off axis: PJ, Station 18

PJ had a large neutrally buoyant plume with a particle intensity similar to the “high-particle” on-
axis plumes. The tdFe concentrations in the core of the plume ranged from 238-318 nM and were
comparable to on-axis station Bio (227-318 nM) located 11 km east of PJ. The pFe
concentrations (830 + 427 nM; Figure 3.4)) and the tdMn concentrations (65.0 = 27.5 nM) were
the highest observed in the dataset. The dFe concentrations (10.1 + 5.1 nM) were also similar to
Bio (11.5 £ 9.5 nM) and were relatively low considering the intensity of the plume (Figure 3.4).
PJ was enriched in dCH4 (4.3 + 0.4 nM) with concentrations similar to those in the high particle
plumes (section 3.4.2.1).

The neutrally buoyant plume at Station 18 was less intense (ANTUmax = 0.06) than that at
PJ. Although concentrations of tdFe were not measured for all samples, tdFe concentrations in

the center of the lower plume on cast M21A-05 (86-94 nM) were comparable to sites Micro and
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Flo. Concentrations of pFe, dFe and tdMn were measured in all plume core samples (pFe 141 +
72 nM; dFe 6.4 + 2.9 nM; tdMn; 19.1 + 6.4 nM) and were relatively low compared to PJ. The
pFe and dFe concentrations at Station 18 were most similar to those at Bart, but tdMn was
similar to the neutrally buoyant plumes at Micro and Flo. Neither dCH4 nor dH> were sampled at

Station 18.

343  Near seafloor features

Both high-temperature and low-temperature “diffuse” hydrothermal venting systems were
encountered in this dataset, and both strongly influenced the near-seafloor chemical signatures
we observed. Below, we describe the defining characteristics observed for each type of system as
well as site-specific observations for individual venting locations. Diffuse venting
(Supplementary Table 3.1) was split into two categories, sulfur-rich (section 3.4.3.2) and sulfur-

poor (section 3.4.3.3) based on the degree of sulfur enrichment in the particulate fraction.

3.4.3.1 High temperature venting

Two high-temperature buoyant plumes were observed near the seafloor and below the neutrally
buoyant plume at sites Macro (number of samples, n = 4) and Lava (n = 3). Both sites had large
temperature anomalies (ATmax; +0.1°C Macro, +0.2°C Lava, sections 3.4.1.1, 3.4.1.3) with
corresponding negative density anomalies. There were large ORP anomalies (AORP; -129
Macro, -137 Lava) at both stations as well that coincided with near-seafloor particle anomalies
(ANTUmax= 0.04 Macro, 0.08 Lava). The tdMn concentrations observed in the buoyant plumes at
Lava (122-216 nM) and Macro (87-123 nM) were the highest observed in the dataset. Similarly,
tdFe at Lava (458-652 nM) and Macro (354-556 nM) were higher in concentration than all other
samples except for the center of the neutrally buoyant plume at 16° 43’ (518-569 nM). Both

buoyant plumes had high pFe concentrations (199-2530 nM Lava; 284-557 nM Macro; Figure
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3.4A, C) and were also enriched in several other trace particulate metals (Supplementary Table
3.1).

Both Macro and Lava had high concentrations of dissolved gases, indicative of recent
magmatic activity. Macro had higher concentrations of dH> (7.4-28.5 nM) compared to Lava
(0.7-32.7 nM), while Lava had higher concentrations of dCH4 (2.1-31.3 nM) than Macro (3-6.3
nM). The dCH4 measured at Lava is the highest in the dataset by a large margin, and the next
highest value (13.3 nM) was measured in a diffuse sample at North. In contrast with dCH4, dH>

values of comparable magnitude to those observed here were found elsewhere in the dataset.

3.4.3.2 Diffuse venting: sulfur-rich

Three sulfur-enriched diffuse venting sites were visited, including Flo (n = 5), Purple Haze (n =
3) and North (n = 5; Supplementary Table 3.1). The unique chemistry at each site was visualized
using PCA, with background samples plotted for comparison (Figure 3.3B). Variables dHo>,
dCHas, tdMn, tdFe, and pSi: were chosen to characterize the three sites and highlight their
features with respect to background samples (section 3.3.8). The first two principal components
(PC1 and PC2) describe a total of 71.6% of the variance in the dataset. All sites clearly separated
from the background samples (Figure 3.3B). The variance in samples at North were largely
explained by dCH4 and tdMn, while the variance in the samples at Flo were largely explained by
dH> and pSit. The samples from Purple Haze were somewhat less distinct from the background
samples, but the variance in those samples was largely driven by differences in dH> and pSiot.
Background samples clustered in the upper left corner and the variance was driven by their
higher tdFe concentrations, and lower tdMn, pSi, dH> and dCH4 concentrations.

Each of the sites with high amounts of particulate sulfur had an associated near seafloor

ORP anomaly (AORP; -1 Flo, -4 Purple Haze, -103 North. North also had a temperature anomaly
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of +0.09 °C (section 3.4.1.2) that corresponded with a negative density anomaly, suggesting that
buoyant fluids were sampled there. All three sites were low in particulates and were low in tdFe
(12.6-23.0 nM North, 10.2-35.3 nM Purple Haze, 11.0-34.2 nM Flo). The tdMn was high
however, (3.2-45.0 nM North, 2.4-7.6 nM Purple Haze, 3.7-12.8 nM Flo), supporting the
hydrothermal origin of the fluids.

Near seafloor samples at Flo, Purple Haze, and North showed elevated pSiot
concentrations when compared to deep background samples with similar particle anomalies.
Samples collected near the seafloor from Flo (pStt= 53.6-223.7 nM) and North (pSiot = 38.3-
98.2 nM) were the most sulfur enriched, while Purple Haze (pSiot; 18.4-70.8 nM) was slightly
lower. By comparison, pSi in background samples ranged from 15.4-32.6 nM (n = 15) with an
outlier of 64.4 nM belonging to North. North, Flo, and Purple Haze were also enriched in several
other particulate trace metals (Supplementary Table 3.1). Both North and Flo had elevated
dissolved gases. Flo had a stronger dH; signature (1.8-3.9 nM) than North (1.1-1.8 nM), while
North had a stronger dCH4 signature (2.5-13.3 nM) than Flo (1.2-2.5 nM). Purple Haze was only
slightly enriched in dCH4 (1.2-1.8 nM) compared to background (0.37-2.1 nM, 1.0 + 0.6 nM n =

14; Figure 3.3B).

3.4.3.3  Diffuse venting: sulfur-poor

Near seafloor samples at Bart (n = 2), 16° 43 (n = 3) and Micro (n = 2) did not show the same
degree of pSiwt enrichment as Flo, Purple Haze and North, but did contain features that suggested
an influence from diffuse flow (Supplementary Table 3.1). The chemistry of the three sites were
visualized in a third PCA (Figure 3.3C), with background samples for comparison. Similar
variables to the sulfur-rich diffuse PCA (dH2, dCHa4, tdMn, and pSit) were chosen. However,

tdFe was replaced by %dFe (section 3.3.3) because it explained more of the variance in samples



84

from 16°43°. The first two principal components described 61.1% of the variance in these
samples. The separation between sites from background samples and the diffuse flow samples
was also less clear than for the pSi-enriched sites, suggesting that diffuse flow was weaker or
less distinct at Bart, Micro, and 16°43°. Bart and 16° 43° had no observed ORP anomaly, but
Micro had a AORP of -26. All three sites were low in particulates (ANTUmax; Bart 0.01, 16° 43°
0.00, and Micro 0.01), and had low tdFe (32.2-34.2 nM Bart, 16.8-22.5 nM 16° 43°, 33.4-35.8
nM Micro). The tdMn concentrations were high enough to distinguish these samples from
background samples however, with values ranging 9.0-10.6 nM, 3.0-6.9 nM, and 7.4-8.1 nM for
Bart, 16°43°, and Micro, respectively.

There were very few trace elements enriched in the particulate phase for these sites, in
contrast with Flo, North, and Purple Haze. The dCH4 was higher than background
concentrations, ranging from 1.5-1.9 nM across the three sites. Micro also had extremely high
dH> (70.1 nM), the highest in the dataset, while 16° 43° had more modest concentrations (1.4
nM). The final line of evidence suggesting an influence of diffuse venting on these samples was
the %dFe, because we expected diffuse samples to have a greater proportion of Fe in the
dissolved phase compared to the particulate phase (Lough et al., 2019). 16° 43 had particularly
high %dFe (29-40%), although Bart and Micro also had elevated values (%dFe; 12-16% and
10%, respectively). Each site separated slightly from background in PCA space, driven by
different variables (Figure 3.3C). The variance in samples from 16°43’ was largely driven by the
%dFe and the variance in samples from part was largely explained by dCH4. Micro had slightly
elevated dH> concentrations that were responsible for explaining most of the variance in those
samples. It’s important to note however, that the Micro sample with the highest dH»

concentration could not be used in this PCA due to lack of particulate data.
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3.4.4  Physical and chemical speciation of dissolved iron
To understand how vent chemistry influenced the stabilization of dFe, we further explored the
physical and chemical speciation of dFe at each site. In this section, we first present the physical
speciation of dFe (section 3.4.4.1) expressed as %cFe. Next, we describe the dFe-binding organic

ligand data (section 3.4.4.2), including conditional stability constants (logK ;Z?ﬁe ,) and ligand

concentrations (L). The samples had complex speciation that varied widely between type of
hydrothermal environment. As a result, both subsections are discussed in the context of the
distinct environments that were sampled, including the center neutrally buoyant plume, diffuse,
and buoyant high temperature samples. However, we combined sampling environments “Deep
Background” and “Shallow” into a single “Background” environment throughout section 3.4.4 to
increase statistical power. These environments were statistically indistinguishable (Mann—
Whitney U-Test, p > 0.35) for the variables discussed in this section. Off-axis sites PJ and

Station 18 are discussed separately from the on-axis sites.

3.4.4.1 Physical speciation of dissolved iron

There was a large colloidal fraction of dFe in all environments sampled (Supplementary Table
3.1Supplementary Table 3.2), particularly in the neutrally buoyant plume (Figure 3.5F). Overall,
there was little variability in the colloidal fraction at the center of the neutrally buoyant plume
(90 + 8%, n =27, Figure 3.5F) despite large inter-site differences in dFe concentrations (Figure
3.4, Figure 3.5A; Supplementary Table 3.2) and particle composition (Figure 3.3, Supplementary
Table 3.2). Three sites stood out however, including site 16° 43°, a high particle plume (section
3.4.2.1) with an unusually high colloidal fraction (98 + 1%) and sites Macro and North with
somewhat lower colloidal fractions (80 £ 21% Micro, 75 + 3% North). Collectively, the center of

the neutrally buoyant plume had a significantly higher colloidal fraction than background
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samples (Mann—Whitney U-Test, p = 0.001) and diffuse samples (Mann—Whitney U-Test, p =

0.006). Off-axis, the colloidal fraction for the center of the neutrally buoyant plume at PJ (93 +
3%, n = 3) and Station 18 (92 + 1%, n = 4) were similar to the on-axis neutrally buoyant plumes.

There was much larger variation in the %cFe for diffuse samples (70 + 35%, n = 20)
compared to the neutrally buoyant plume samples (Figure 3.5F). The %cFe at sites 16°43, Flo,
and Purple Haze were comparable to the neutrally buoyant plume samples (90 + 2% 16°43°, 90
+4% Flo, 90 + 5% Purple Haze), while Bart and Micro had somewhat lower colloidal fractions
(84 £ 1% Bart, 81 = 1% Micro). North was a notable low outlier, with a colloidal fraction
averaging just 15 £+ 27%. Although North was a large factor in lowering the average %cFe across
all of the diffuse samples, removing North from the dataset still results in a significantly smaller
colloidal fraction in diffuse samples when compared to the neutrally buoyant plume (Mann—
Whitney U-Test, p = 0.03). The colloidal fraction of diffuse samples was not, however,
statistically different from background samples (%cFe Background, 62 + 37%, n = 17, Mann—
Whitney U-Test, p = 0.66).

Of the two buoyant high temperature plumes we sampled, Macro had a very high
colloidal fraction (98 + 1%, n = 4) comparable to the neutrally buoyant plume at 16°43°. Lava
however, had a much lower %cFe (88 + 8%, n =3) that was closer to the average neutrally
buoyant plume value and several of the diffuse sites. Notably, the colloidal fraction in the
buoyant plume at Lava decreased with height above the seafloor (from 96% to 80%) likely due
to dilution with background seawater. The colloidal fraction at Macro, however, remained

similar across all four buoyant plume samples.
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3.4.4.2  Chemical speciation of dissolved iron

Organic dFe-binding ligands were heterogeneous across the dataset (n = 68) varying widely in

concentration (0.3-202.2 nM) and binding strength (logK<°"? | 9.4-12.7; Figure 3.5D-E). On-

Fe' FeL’

axis, ligand concentrations were less than dFe in 68% of samples and primarily belonged to the

weakest L3 ligand class (logK<%"% < 11; Gledhill and Buck 2012). Off axis, 91% of samples

Fe'Fel
from PJ (n = 11) had [L] < [dFe]. At Station 18 however, only 29% of samples (n = 7) had dFe in
excess of organic ligands.

On-axis, samples from the center of the neutrally buoyant plume (» = 11) had large
variability in ligand concentrations (7.4 + 6.8, 1.7-22.6) with 82% of these samples having [L] <
[dFe]. The stability constants of these ligands, however, were very similar (10.5 + 0.4; Grubbs
test outlier 11.96, p = 0.02) despite the variability in concentrations. Most of the ligands in the
neutrally buoyant plume were fairly weak, and primarily in the L3 class. Only two samples were

in the L, (12 > logK FCfogeL > 11) class, and none belonged to the strongest L (logK lfg?geL >12)

class (Gledhill and Buck, 2012).
Samples from diffuse vents (n = 13) were distinct from the neutrally buoyant plume

samples. Unlike the neutrally buoyant plume, ligand concentrations from diffuse sites were fairly

constant (2.9 + 2.0, 0.3-6.7 nM), but with a much wider range in binding constants (logK Ifgf’ge L

11.0 + 1.0, 9.4-12.7). Indeed, the highest (logK<°"'? == 12.7) and lowest (logK "% = =9.4)

Fe'Fel Fe'Fel
binding constants of the dataset were both found in diffuse samples from North. Most diffuse
samples belonged to the L3 class, but three samples from North belonged to the L; class and one
sample each from Bart and Micro were in the L, class. Approximately 69% of diffuse samples
had [L] <[dFe]. Only three high-temperature buoyant plume samples were analyzed for ligands,

all of which were from Lava. Ligand concentrations in the high-temperature buoyant samples
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were highly variable (4.1-202.2 nM), but the logK Ifgf’ge , values were remarkably consistent
(10.26 + 0.02). All high-temperature buoyant plume samples had [L] < [dFe].

Background samples differed considerably from hydrothermally-influenced samples.
Only one background sample (n = 9) had [L] < [dFe], a considerably smaller proportion of
samples (11%) compared to diffuse (69%), neutrally buoyant plume (85%) and high temperature
buoyant plume samples (100%). Ligand concentrations in background samples (2.4 + 1.2, 0.8-
4.1 nM) were comparable to diffuse samples, but significantly lower than concentrations of

ligands in the center of the neutrally buoyant plume (Mann—Whitney U-Test, p = 0.03). The

binding strengths of background samples (logK2re,, 10.93 +0.64, 9.96-11.91) however, had a

e’ Fel
similar range to those in the neutrally buoyant plume and were less variable than the diffuse
samples. Ligands measured in background samples belonged to the L3 (n = 6) and Lo (n = 3)
classes.
The ligands measured off-axis at PJ were different from those at the on-axis stations.

Background samples off-axis had relatively constant ligand concentrations (2.1 + 0.5 nM, 1.75-

2.91 nM, n = 5) and stronger binding strengths (logK<°"%  12.0 + 0.2; Grubbs test outlier 10.0,

Fe' FeL
p <0.01) than on-axis background samples. 80% of background off-axis samples had [L] <

[dFe]. Ligand concentrations in the center of the neutrally buoyant plume at PJ (5.4 £ 0.5 nM, n

=4) were relatively high, but they had the weakest binding strengths (logK <% 10.0 = 0.0;

Fe'Fel
Grubbs test outlier 11.1, p < 0.01) of any sampling environment in the dataset, three of which
were L3 and one of which was L,. All four PJ center plume samples had [L] < [dFe].
At Station 18 (Figure 3.6) we had samples (» = 7) with mild to moderate plume

influence. Ligand concentrations averaged 3.2 + 1.1 nM (1.7-4.89 nM) with a moderate

logk ;Z?geL (11.5+0.5, 10.6-12.0). The binding strengths at Station 18 were significantly greater
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than those found in the neutrally buoyant plume at either Station PJ or the on-axis sites (Mann—
Whitney U-Test, p < 0.03). One sample belonged to the L; class, four samples were L, and two

were L3. Only one sample had [L] < [dFe].

3.5 DISCUSSION

In this work, we were focused on understanding how the fast-spreading SEPR impacts the
stabilization and dispersal of hydrothermal Fe throughout the Pacific Ocean basin. To explore
this, we concentrated on the 16.5°-18°S section of ridge crest that had been previously been
shown to host a high density of vents, including many sites with diffuse flow (Auzende et al.,
1996; Charlou et al., 1996; Embley et al., 1998; Renard et al., 1985). We hypothesized that these
diffuse sites might be playing an important role in the long-range transport of dFe, and thus have
an outsized impact on the deep ocean Fe inventory. The high frequency of diffuse venting
discovered along this ridge sector in the 1990’s led us to return in 2021 with goals to (1) assess
the changes in the region from previous expeditions, (2) chemically characterize diffuse flow and
improve water column identification of diffuse venting, and (3) examine the contributions of the
highly varied venting systems to the stabilization of Fe and the formation of the large
hydrothermal plume of dFe observed thousands of kilometers into the Western Pacific basin

(Fitzsimmons et al., 2017, 2014; Resing et al., 2015).

3.5.1 Chemical characteristics of the SEPR over time

Our main study area (Figure 3.1) was previously explored during three expeditions between 1993
and 1994 (Auzende et al., 1996; Charlou et al., 1996; Embley et al., 1998; Urabe et al., 1995). In
November and December of 1993, a joint U.S. Japanese expedition surveyed the 13°30°-18°40 S

sector of the SEPR using a combination of tow-yos and vertical CTD casts to characterize the
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water column (Baker and Urabe, 1996; Feely et al., 1996; Ishibashi et al., 1997; Urabe et al.,

1995). That same December, the French NAUDUR expedition conducted 23 dives with
submersible Nautile between 17° and 19°S (Auzende et al., 1996; Charlou et al., 1996). Finally, a
joint Japanese (Japanese Ridge Flux program) and American (NOAA VENTS program)
expedition visited the 17°22°-17°35” S sector of the ridge from September-December 1994 and
conducted eight dives with the Japanese submersible Shinkai 6500 (Embley et al., 1998). The
combination of water column and submersible studies revealed a dynamic ridge crest with
chemical and geological features that varied widely along the ridge.

The 17°S-18°S sector was found to be of particular interest in all three expeditions. Here,
the ridge crest is highly inflated and controlled primarily by magmatic rather than tectonic
processes (Scheirer and Macdonald, 1993; Urabe et al., 1995). Furthermore, hydrothermal
plumes are nearly continuous along this section (Baker and Urabe, 1996; Feely et al., 1996),
resulting from the high density of seafloor venting features (Auzende et al., 1996; Embley et al.,
1998). Submersible observations confirm that much of the hydrothermal activity in this section is
low temperature or diffuse venting (Auzende et al., 1996; Charlou et al., 1996). The high density
and diversity of venting systems observed on the ridge in 1993 and 1994 (Figure 3.7D) suggested
that extensive hydrothermal activity should still be present thirty years later. However, we
expected there to be potentially significant changes in the locations and chemistry of the venting
features. The magmatically-driven system along the 16°-18° S sector of the SEPR is
characterized by shallow, less stable vents with shorter lifetimes as the magma supply is rapidly
exhausted (Baker and Urabe, 1996; Charlou et al., 1996; Sinton et al., 1991). This is a significant
departure from the more stable systems along slow-spreading ridges like the Mid Atlantic Ridge,

where vents can be stable for tens of thousands of years (Frith-Green et al., 2003). While
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individual vent sites may fluctuate along the SEPR, the fast-spreading rates results in the highest
spatial frequency of hydrothermal activity along any ridge axis in the world (Baker and German,
2004; Beaulieu et al., 2015). The high density of vents along the SEPR may therefore
compensate for variability in the location and chemistry of individual sites. Thus, the composite
hydrothermal plume originating at the SEPR and extending deep into the Western Pacific Basin
(Resing et al., 2015) may be quite temporally stable (Lupton and Jenkins, 2017). In this section
we discuss the on-axis neutrally buoyant plumes (section 3.5.1.1) and individual seafloor venting

features (section 3.5.1.2) in the context of the previous work performed in this region.

3.5.1.1 Changes in the neutrally buoyant plume at the SEPR over time

The 1994 expedition to the SEPR observed a nearly continuous neutrally-buoyant plume over the
16.5°-18°S sector of the ridge crest (Baker and Urabe, 1996). However, the intensity and
chemical composition of this plume changed across relatively short spatial scales (Figure 3.7A-
C) (Feely et al., 1996; Ishibashi et al., 1997; Urabe et al., 1995). We observed similar spatial
heterogeneity along this section of ridge crest. The ANTUmax varied from 0.01-0.34 (Figure 3.2)
and particulate elemental composition similarly fluctuated between sites (section 3.4.2; Figure
3.3). A strong linear correlation between pFe and ANTU at all sites (R? = 0.81, n = 55) suggested
that most plume particles were primarily pFe species, in agreement with results from 1994 (Feely
et al., 1996). We did not however, observe the previously-recorded dramatic increase in plume
intensity south of 17°S.

Plume intensity remained relatively similar between 1993 and 2021 when considering the
entire 16.5°-18°S section of ridge (Baker and Urabe, 1996; Embley et al., 1998; Feely et al.,
1996; Ishibashi et al., 1997). Temperature anomalies (AT; 0 - +0.05 °C) and particle anomalies

(dANTU; 0-0.12, outlier cast M21A-08 dNTUmax = 0.34) in the neutrally buoyant plumes had
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ranges comparable to previous results (AT; 0-0.04 °C, ANTU 0-0.08) (Feely et al., 1996). The

tdMn concentrations were also comparable between our study (5-67 nM) and previous data (5-
100 nM; Figure 3.7C) (Ishibashi et al., 1997). These three metrics are good indicators of
hydrothermal activity (Charlou et al., 1991; Elderfield and Schultz, 1996), and the similarity in
ranges between the two studies suggests that the ridge sector as a whole has retained a
comparable degree of venting activity. The large, Fe-rich plumes located at sites 16°43” and
Purple Haze were particularly consistent with previous results from the ridge sector north of
17°20°. This agrees with the assessment of Feely et al. (1996) that the hydrothermal activity at
these latitudes is highly evolved and therefore more stable.

South of the 17°20° we saw evidence that hydrothermal activity has changed in the past
thirty years. We measured far lower dCH4 concentrations in the neutrally buoyant plume (1.3-6.5
nM) when compared to 1993 (1-40 nM; Figure 3.7B) (Ishibashi et al., 1997). We can infer by the
equally high tdMn concentrations (Figure 3.7C) to previous studies that this is not due to less
venting, but rather a result of an aging system. Younger vents are more gas rich, while more
evolved venting systems are primarily rich in metals (Baker and Urabe, 1996; Charlou et al.,
1991; Feely et al., 1994). We found that the sites with the highest dCH4:tdMn (nM:nM) ratios
(North 0.77, 16° 43” 0.53, Purple Haze 0.50, and Micro 0.41), were likely indicative of more
vigorous magmatic activity. These dCH4 enriched systems have moved northwards since 1993
from 17°30-17°45°S to 17°10-17°20’S (Figure 3.7A, Ishibashi et al. 1997). This shift is consistent
with the instability of hydrothermal systems on ultrafast spreading ridges (Baker and Urabe,
1996; Charlou et al., 1996) and suggests that the most active part of the ridge has also moved
northwards. However, the maximum dCHa4:tdMn measured in this study are slightly lower than

the most active systems in 1993 (~1-2; Figure 3.7A; Ishibashi et al. 1997). Furthermore, the
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higher dCH4:tdMn ratios in our dataset primarily result from low tdMn rather than high dCHa.

The maximum dCH4 concentrations in our dataset at North (13.3 nM), Micro (2.2 nM), and
Macro (6.3 nM) are low compared to the 1993 dCH4 maximum (40 nM; Figure 3.7B; Ishibashi et
al. 1997). Only one sample from the buoyant plume at Lava (dCH4 = 31.3 nM) reached
concentrations characteristic of the southern portion of the ridge in 1993. The overwhelmingly
lower dCH4 concentrations measured in this study compared to 1993 suggests that this entire
section of ridge has aged.

The pSioi:pFe ratios measured throughout the region also support an aged system relative
to 1993. The pSwt:pFe ratio is a good indicator of recent magmatic activity, because younger
systems will be enriched in sulfur relative to Fe (Feely et al., 1996, 1994; Von Damm et al.,
1995). We found that pSii:pFe (nM:nM) followed a similar north-south spatial pattern as
dCH4:tdMn, with the highest values at Macro (8.2), North (5.7), and Purple Haze (4.4), although
with a notably large outlier at Flo (20.4). While the spatial trends between the two variables are
similar, we did not see the tightly coupled relationship between pSi:pFe and dCH4:tdMn noted
in Ishibashi et al. (1997). This may be either a result of an aging system, changes in the way pSit
is measured (Feely et al., 1991), or some other mechanism.

There is some debate on the temporal stability of hydrothermal plumes on this section of
the SEPR. Based on pMn comparisons to 1980 (Shimmield and Price, 1988), Feely et al. (1996)
suggested that the SEPR plumes are stable over decadal timescales. However, Embley et al.
(1998) demonstrated that plume structure can vary significantly on an annual basis, shown by a
repeat site comparison at 17°28’S and 17°34” S in 1993 and 1994. While we cannot infer the
relative stability of plumes over longer (months-years) timescales from our dataset, we can

assess short term (hours-days) variability. We found that plume structures were often temporally
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unstable over time scales as short as hours (Figure 3.2), likely a result of tidal flow or internal
waves (Rudnicki and German, 2002). It is difficult to know if the plume differences observed by
Embley et al. (1998) were a function of tidal variation rather than a truly altered plume source.
Although on-axis plumes appeared unstable over hourly timescales in our study, the average
plume intensity and structure, especially slightly off-axis, may be more stable when averaged
over a daily tidal cycle. West of the ridge axis, the neutrally buoyant plumes are likely comprised
of several individual plume signals that advected northwestwards from the ridge axis and
represent a spatially and temporally averaged hydrothermal signal (Jenkins et al., 2018; Lupton
and Craig, 1981). Station PJ, located eleven kilometers west of the ridge axis, and Station 18
sampled by the U.S. GEOTRACES program (Moffett and German, 2018), likely captured this
composite plume (Jenkins et al., 2018). We observed that the plume structure and intensity was
stable between casts at PJ and plume intensity was stable at Station 18 although the vertical
structure was somewhat different from when it was first measured on GEOTRACES (Buck et al.,
2018), possibly as a result of shifting tides or currents (Figure 3.6). The stability observed at both
stations, though, suggests that off-axis and older plumes may be temporally stable.

Overall, the composite chemical characteristics of the neutrally buoyant plume over the 16.5°-
18°S section of ridge remained very similar to what was observed 30 years ago. The ranges in
temperature and particle anomalies, as well as tdMn concentrations were consistent between
studies. We also observed a similar degree of plume heterogeneity along the axis that suggests a
comparatively diverse and high density of vents as encountered in previous expeditions (Figure
3.7A-C). However, the younger, more magmatically-active vents have shifted northwards when
compared to 1994 (Figure 3.7A), and the lower dCH4 concentrations throughout the survey area

(Figure 3.7B) suggests many of the sites have aged over time
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3.5.1.2 Changes in near seafloor features over time

Our 16°30-18°S survey region overlapped with previous submersible expeditions by Nautile
(17°08°-17°12°S and 17°21°-17°28’S) and Shinkai (17°24°-17°35’S; Figure 3.7D) (Auzende et al.,
1996; Embley et al., 1998). Using ORP, light-scattering, and temperature sensors on AUV
Sentry, we were able to identify hydrothermal seafloor features along the full survey section,
including those that had been previously explored. Similar to the prior expeditions, most of the
venting that we encountered was diffuse, and only four out of forty hydrothermally-active sites
identified by Sentry could be confirmed to have active high-temperature chimneys (German et al.
in prep). We also encountered fresh lava flows, a feature that was previously observed at several
locations (Auzende et al., 1996; Charlou et al., 1996). While we observed similar hydrothermal
features as earlier studies, there was significant variation in the locations (Figure 3.7D). The
similarity of venting features suggests that there are characteristic venting environments found
along this section of ridge crest, likely a function of the local ridge morphology. The temporal
changes in vent location however, may be a feature of unstable venting conditions on an
ultrafast, magmatically-controlled spreading center (Baker and Urabe, 1996). These conditions
provide for a high spatial density of hydrothermal venting (Baker and German, 2004; Beaulieu et
al., 2015), but may result in shorter lifetimes for individual sites.

Several of the venting fields first identified in 1993 and 1994 appear to have been
relatively stable over the past thirty years (Figure 3.7D). Nautile first identified a large system of
diffuse and high temperature flow along the 17°24°-17°28’S sector of the ridge in 1993 (Auzende
et al., 1996). Shinkai observed a similarly extensive region of hydrothermal activity along the
same section in 1994 (Embley et al., 1998), and we presumably encountered the same system
near site Bio based on the strong ORP and particle anomalies recorded by Sentry (German et al.

in prep). We also encountered hydrothermal activity near the locations of diffuse systems first
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documented by Nautile at 17°12°S (Auzende et al., 1996) and by Shinkai at 17°32’S (Embley et

al., 1998), although we did not designate these sites as major stations. These results suggest that
some of the hydrothermal features along this portion of ridge crest are stable over decadal
timescales. Other hydrothermal features appear to be more short-lived. We did not observe any
indication of seafloor hydrothermal activity at 17°22.43’S, a formerly focused flow feature
identified in 1993 (Charlou et al., 1996). The large diffuse field at 17°34’S documented in 1994
(Embley et al., 1998) also does not appear active anymore based on the data from Sentry. We
did, however, identify a few new venting fields in the previously-explored sectors. Site North at
17°10°S was previously identified as having only minimal hydrothermal activity (Charlou et al.,
1996), and a second, likely diffuse, site was found at 17°31°S although it was not chosen as a
major station. Thus, this section of ridge crest appears to be relatively dynamic, with some
temporal variability in sites in addition to the more stable features. We note however, that it is
possible we missed some of the previously-documented sites, because indicators of hydrothermal
flow can be both subtle and spatially confined.

We were unable to explore all of the hydrothermal features indicated by Sentry data, and
of the nine on-axis sites we visited, only two were previously explored by Nautile, including
North and Bio (Figure 3.7D). These sites showed significant changes compared to their first
documentation in 1993 (Auzende et al., 1996). North was previously characterized as a mostly
inactive field with some diffuse fluids present (Charlou et al., 1996). Our exploration measured a
buoyant fluid signal rich in dCHy4 and pSiot (sections 3.4.2.3, 3.4.3.2). While metal concentrations
were low and characteristic of diffuse flow, the buoyant fluid combined with high dCH4 and
sulfur concentrations suggests fresh hydrothermal activity and a more recent magma intrusion

since it was last visited in 1993. Conversely, Bio was similar to when it was last sampled.
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Previous reports described a mature biological community and a highly active hydrothermal site
with active chimneys, fresh lava, and high gas content (Auzende et al., 1996; Charlou et al.,
1996). We similarly saw active chimneys and a robust biological community. However, no fresh
lava was observed in the photo surveys by Sentry, and dCH4 concentrations over the site (2-4
nM) were lower than those measured previously (19-43 nM, 17°29’S; Figure 3.7B) (Ishibashi et
al., 1997). This suggests that the vent system has either aged and/or has not had a recent
eruption. The system appears quite stable however, having been documented first in 1984 by
researchers in the submersible Cyana (Renard et al., 1985).

While we did not see new lava flows at Bio, we did find fresh lavas further south at the
eponymous site Lava (17°44°S). There, we found recent lava engulfing preexisting biological
communities, as well as slightly older lava with yellow staining that could be due to biological
activity (German et al. in prep). The trace metal CTD cast targeting this site captured a large
temperature anomaly (ATmax = +2°C, 0.34 m above seafloor) that did not extend 10 m above the
lava flow. This was similar to the observations of Nautile, which encountered a temperature
anomaly of +2.5°C hugging the seafloor 2-3 m above fresh lava at 18°37°S (Auzende et al.,
1996). Although Sentry photographed an active chimney near Lava (German et al. in prep), the
temperature anomaly observed in the cast appears to be a result of diffuse flow around the new
lava field rather than the chimney. The temperature anomaly did not extend upwards into the
water column as would be characteristic of buoyant chimney fluid, although the plume chemistry
at the site (Figure 3.3A; Supplementary Table 3.1-Supplementary Table 3.2) appears to be
dominated by the nearby chimney.

The chimney found at Lava was one of four we observed via Sentry photographic surveys

between 16.5° and 18°S. Two chimneys, located at 17°27°S and 16°53°, were not explored in
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favor of focusing on diffuse sites, and the fourth chimney was located near Bio. Of the two
chimneys we explored, we were only able to capture buoyant fluid from Lava as confirmed by
the extremely high metal concentrations (section 3.4.3.1, Supplementary Table 3.1), and large
negative density anomalies. However, we appeared to have captured buoyant fluid from a fifth
unidentified chimney near Macro. While we have no photographic evidence, this site had
negative density and positive temperature anomalies that extend 40 m above the seafloor, a
strong ORP anomaly, and high metal concentrations characteristic of focused high-temperature
flow or possible un-focused pervasive high-temperature diffuse venting. Additionally, Macro
also had a moderately high dCH4:tdMn ratio that suggested recent magmatic input (Figure 3.7A).
Because Sentry had a limited view, it is likely that we missed photographing the feature
contributing to this buoyant signal. The frequency with which we documented chimneys was
similar to previous results along the ridge. Nautile recorded two sites with active chimneys along
their 17°-17°12 and 17°20-17°30 surveys (Charlou et al., 1996), Shinkai found one chimney
along their 17°24°-17°35’°S survey (Embley et al., 1998), and we found four chimneys along our
16°30-18°S survey (Figure 3.7D). Notably, the chimney we identified at 17°27° was not recorded
in the previous surveys, although the area was described as hosting diffuse flow (Charlou et al.,
1996). We did not encounter the Nautile-identified chimney near 17°25.8” nor the small chimney
at 17°26.18’ located by Shinkai (Auzende et al., 1996; Charlou et al., 1996). We did however,
encounter water column anomalies characteristic of hydrothermal activity near those sites
(German et al. in prep).

Comparison between our dataset and the expeditions in 1993 and 1994 indicate that
hydrothermal vents along the SEPR share similar features, but change spatially and temporally

(Figure 3.7D). Venting was dominated by diffuse flow with occasional instances of fresh lava or
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high temperature chimneys. Some venting fields, such as that stretching from 17°24’ to 17°28’S
seemed to be stable over decadal time scales. Others however, appeared to be more ephemeral
such as the venting signals that disappeared from 17°22’S and 17°34’S. Even the systems that
were more stable, such as those at Bio, exhibited chemical changes as they evolved from
younger, gas-rich systems to more metal dominated fluids. Fresh lava flows were similarly
transient, erupting sporadically before being rapidly cooled and colonized by microbes (Auzende
et al., 1996; Charlou et al., 1996, German et al. in prep). Together, these features create a
dynamic ridge crest characterized by diffuse venting and a rapidly changing hydrothermal

landscape.

3.5.2  Identifying diffuse systems

Low-temperature diffuse venting accounts for an estimated 50-90% of hydrothermal flow
(German et al., 2016) and up to 90% of axial heat flux (Elderfield and Schultz, 1996). Despite its
geochemical importance, defining and locating diffuse flow remains difficult (Baker et al., 2016;
Bemis et al., 2012; Chen et al., 2021; Lough et al., 2019). Diffuse venting is broadly classified as
low-temperature (< 50 °C), low-velocity fluids with a decreased metal and particulate content
than their high temperature counterparts (Baker et al., 2016; Bemis et al., 2012). These broad
metrics unsurprisingly, cause a wide range of chemical and geological variability across diffuse
systems (e.g. Bemis et al. 2012 and references therein). Diffuse low-temperature flow has been
identified in hydrothermal systems as shimmering water within and above cracked lava and
rubble (e.g. Butterfield et al., 2004; Humphris et al., 2002), associated with sulfide mounds (e.g.
Tivey and Johnson, 2002), and even in more focused flows associated with “beehive” chimneys
(e.g. Tivey, 1995) or lava pillars (e.g. Butterfield et al., 2004). Diffuse venting is usually found in

conjunction with higher temperature fields due to the difficulties in locating isolated diffuse
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systems without strong particle anomalies (Baker et al., 2016; Bemis et al., 2012). However,
diffuse venting without associated high temperature features is likely common, particularly on
fast to ultrafast spreading ridges (Auzende et al., 1996; Baker et al., 2016; Charlou et al., 1996;
Chen et al., 2021).

Recent studies have demonstrated that diffuse fluid is out of redox equilibrium with the
surrounding seawater, helping to improve the identification of isolated diffuse systems (Baker et
al., 2016; Chen et al., 2021). A study along the 2°N-5°S sector of the EPR used towed ORP
arrays in conjunction with turbidity sensors to infer locations of diffuse flow sites (Chen et al.,
2021). Locations with an ORP anomaly in conjunction with low turbidity were classified as
diffuse sites (Chen et al., 2021). However, there were no photographic or additional chemical
surveys to confirm the putative diffuse flow. Here, we expand on this by adding photographic
surveys using Sentry and chemical sampling with CTD casts to confirm putative diffuse sites
initially identified by an ORP and turbidity sensor survey. We found that the ORP-turbidity
method was excellent at identifying many diffuse sites, but might have missed more subtle sites
that were characterized only by chemical anomalies. Here, we discuss the chemical
characteristics of the sites associated with an ORP anomaly as well as those without.

Four of the diffuse sites we sampled (Flo, Purple Haze, Micro, and North) showed a near-
seafloor ORP anomaly coincident with low particle anomalies. Of the four, Flo, Purple Haze, and
North were enriched in pSio: and had high pSiw:pFe ratios (Figure 3.3B; Supplementary Table
3.1). These sites also had tdMn concentrations above background values and high dCH4:tdMn,
suggesting recent volatile-rich magmatic activity. These sites are therefore likely examples of
younger diffuse sites. Interestingly, they were found in very different locations along the ridge

axis (Figure 3.1). The chemical similarity between these sites despite the spatial separation
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indicates that similar processes are influencing diffuse venting along the ridge. Despite
similarities, each site also retained some distinct chemical features (Figure 3.3B; sections
3.4.3.2-3.4.3.3). This is much like the differentiation between high temperature venting systems.
High temperature vents are often categorized by their geological setting (Beaulieu et al., 2015),
which gives the vent systems certain shared features, although each vent site retains a unique
fluid chemistry even when hosted by a similar geological formation (Beaulieu et al., 2015; Von
Damm, 1990).

While the combined ORP and particle anomaly method is very useful for identifying
diffuse venting, it cannot capture all types of diffuse systems. Diffuse venting can be very subtle,
particularly if the flow is low and fluids are cool enough that they do not rise high above the
seafloor. In these instances, diffuse systems must be identified either photographically or by
additional chemical characterization. Bart and 16° 43’ were two such sites in this study. While
these sites were originally chosen based on ORP anomalies from a Sentry survey, the additional
trace metal casts in the area did not encounter any ORP anomalies, suggesting that we were
perhaps over a slightly different area or that the sites had high temporal variability. Both sites
had low particle anomalies near the seafloor and tdMn concentrations above background (Figure
3.3C). Site 16° 43° was further notable for having a high %dFe (section 3.4.3.3). While Bart did
not show a high %dFe, samples had comparatively high dCH4 concentrations relative to
background values (Supplementary Table 3.1), suggesting hydrothermal influence on the sample.

Based on our observations, we can make a few recommendations for identifying diffuse
systems in the future. We verified based on submersible photography and chemical analysis that
the presence of a near seafloor ORP anomaly coincident with low particulate anomalies is an

accurate indicator of diffuse hydrothermal flow along the SEPR. Further chemical analysis
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identified pSiot, dCH4, dHz, tdMn, and %dFe as good indicators of diffuse fluids, even in the

absence of an ORP signal. We conclude that diffuse venting along the SEPR is abundant, and
that it can be readily identified using both sensor and chemical methods. It is likely that these
methods can be used to identify diffuse venting along other ridges as well, although the chemical

variation between ridge axes cannot be underestimated.

3.5.3  Stabilization of dissolved iron

The high density and diversity of diffuse flow systems along this section of ridge likely has a
significant impact on the long-range transport of dFe from the EPR. Here, we discuss the
implications of the heterogeneity of the neutrally-buoyant plumes and diffuse flow systems along
the ridge axis. Ultimately, we find that all systems appear to undergo similar Fe stabilization
mechanisms to reach a stable neutrally-buoyant plume that can be observed west of the ridge and

into the Pacific Basin.

3.5.3.1 Dissolved iron concentrations exceed those of organic ligands in most samples

The binding of dFe by organic ligands has been hypothesized as a major stabilization mechanism
for hydrothermal Fe (Bennett et al., 2008; Buck et al., 2015; Lough et al., 2019; Resing et al.,
2015; Sander and Koschinsky, 2011; Tagliabue et al., 2017, 2010). Indeed, studies of organic
ligands near vents have consistently found ligands to be a critical contributor to dFe chemistry in
these regions (Bennett et al., 2008; Hawkes et al., 2013; Hawkes et al., 2013; Hoffman et al.,
2023; Kleint et al., 2016; Wang et al., 2021, 2019). We similarly found organic ligands that
varied widely throughout the SEPR study area. Most of the ligands in our study were weaker and

belonged to the L, (11 <log K ;gzlﬁ o <12) and L; (log K ;gzlﬁ o < 11) operationally defined

ligand classes (Gledhill and Buck, 2012). This result is consistent with the relatively weak
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ligands measured in hydrothermal systems along the East Scotia Ridge, Southwest Indian Ridge
and Mariana back-arc, although studies in other hydrothermal systems identified somewhat
stronger ligands (Bennett et al., 2008; Hawkes et al., 2013; Hoffman et al., 2023; Kleint et al.,
2016; Wang et al., 2021, 2019). Ligand concentrations in our study were highly variable (0.3-
202.2 nM), likely related to the wide range of dFe concentrations (0.3-344.5 nM). Previous
studies found a strong correlation between the strongest class of ligands (L1) and dFe
concentrations (Buck et al., 2018; Hoffman et al., 2023). While we only had 7 samples that could
be classified as L and therefore could not adequately assess the correlation between L
concentrations and dFe, we still observed a strong correlation between fotal ligand
concentrations and dFe (R’ = 0.86, Figure 3.8A). The slope of this relationship (m = 0.55) was
considerably lower than the 1:1 L;:dFe ratio found in previous studies however, likely a result of
the weaker ligands sampled in this study and differences in the proximity to vents across
previous studies.

A notable feature shared by the majority (39 out of 48) of the hydrothermally-influenced
samples was that dFe concentrations exceeded ligand concentrations. This differs from most
open ocean environments where [L] is consistently found in excess of [dFe], resulting in up to
99.9% of the dFe pool stabilized by organic ligands (Buck et al., 2018, 2015; Rue and Bruland,
1995). These organic ligands are essential to maintaining water column dFe concentrations
above the low Fe(Ill) inorganic solubility limit (Liu and Millero, 2002). Hydrothermal vents
however, expel large quantities of soluble reduced Fe, up to over one million times the
concentration in background seawater (Von Damm, 1990). This large excess of Fe in close
proximity to hydrothermal vents causes these environments to be one of the few oceanic

environments where [dFe] exceeds [L]. Previous ligand studies in hydrothermal systems along
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the East Scotia Ridge (Hawkes et al., 2013), Southwest Indian Ridge (Wang et al., 2019),

Mariana back-arc (Wang et al., 2021) and the MidAtlantic Ridge (Hoffman et al., 2023) found
that once ambient [dFe] exceeded ~10 nM (ESR, SWIR, MBA) or ~20 nM (MAR), ligand
concentrations were no longer equal to or in excess of dFe. Along the SEPR, however, we found
that dFe exceeded ligand concentrations at ambient dFe concentrations as low as 0.5 nM. To
explain the unusually low dFe excess threshold, we examined the physical size fractionation of
dFe.

The dFe concentrations in excess over L (Figure 3.8B) in our dataset was largely matched
by a high colloidal contribution to the dFe pool. In the deep ocean, cFe comprises ~50% of the
dFe pool (Fitzsimmons et al., 2015; Roshan et al., 2020). In our samples however, the cFe
fraction was much higher, comprising an average of 80% of dFe in the buoyant and neutrally
buoyant plume and 60% of dFe in diffuse samples (Figure 3.9). Samples with higher colloidal
content were clearly associated with larger disparities between ligand and dFe concentrations,
which can be expressed as excess ligand ([eL] = [L] — [dFe]). As the relative contribution of the
colloidal fraction to the dFe pool increased, [eL] dropped precipitously (Figure 3.8B).
Conversely, when more of the dFe was in the truly soluble fraction (< 80% cFe), most samples
had a positive eL, which is more typical for open ocean environments (Buck et al., 2018, 2015).

It is perhaps unsurprising that a large colloidal fraction of dFe was associated with
samples in which dFe exceeded ligand concentrations, because inorganic Fe is very insoluble in
seawater (Liu and Millero, 2002). Therefore, in the cases where dFe concentrations were high
and ligands are in insufficient supply, Fe likely aggregates into colloids or particulates (Lough et
al., 2019). Over time, Fe colloids may precipitate further into a particulate phase that is either

scavenged or settles to the seafloor. The precipitation process may also eventually bring both
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ligand concentrations and the fraction of colloidal Fe closer to what is observed in the open
ocean. The total amount of ligands available to bind dFe in hydrothermal systems may be limited
due to biological constraints. Ligands are produced either actively or passively by the microbial
community, likely to maintain dFe in solution at biologically viable concentrations (Christel S.
Hassler et al., 2011; Shaked et al., 2020). All of the dFe-binding ligands that have been identified
thus far (e.g. siderophores) are ultimately biologically produced, and these ligands have an
energetic cost to the cell for their production (Kramer et al., 2019), which likely limits their
concentrations to certain thresholds. This, combined with lower cell counts in hydrothermal
environments when compared to the surface ocean (Moore et al. in prep), likely explains why

ligands do not keep pace with dFe concentrations in hydrothermal systems.

3.5.3.2  The role of ligands in the physical and chemical speciation of dissolved iron

Organic ligands are likely playing an important role in the physical partitioning of Fe between
the colloidal and soluble phases (Lough et al., 2019), despite the fact that dFe exceeded the
ligand concentrations in the majority of our samples (Figure 3.8). Ligands are expected to be
particularly important to stabilizing the sFe pool (Lough et al., 2019) because sFe from vents in
the form of Fe(II) has a short residence time in oxic seawater and once oxidized is insoluble if
not associated with organic ligands (Field and Sherrell, 2000; Liu and Millero, 2002). Although
there is evidence for inorganic sFe even in the presence of organic ligands (Wang et al., 2019), in
our dataset [L] > [sFe] in 65 out of 68 samples, and thus we would thermodynamically expect
that all of the sFe in these samples is associated with organic ligands. If we assume that any
remaining ligands not bound to sFe are next complexed to cFe, we can further split the cFe pool
into organic colloids (cFeorg), which includes ligand-bound cFe, and inorganic colloids (cFeinorg),

which includes any remaining dFe that exceeds ligand concentrations. Using these definitions,
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we can make a mass balance such that dFe = cFeorg + cFeinorg + sFe. We assumed all ligands were
bound to Fe when [dFe] > [L] due to the rapid formation kinetics of Fe-organic ligand complexes
(Rose and Waite, 2003). While it is possible for some ligands to remain unbound in the presence
of dFe if some portion of the dFe is unexchangeable with ligands, we do not anticipate this
fraction to be major, because the reverse titrations used to calculate [L] for the cases in which
[dFe] > [L] also provided an independent estimate of the portion of dFe that was exchangeable
with the added organic ligand (Hawkes et al., 2013), and this was always greater than calculated
ligand concentrations.

While there is considerable variation in the physical and chemical dFe speciation between
individual samples and sites, there were also notable patterns between distinct hydrothermal
environments (Figure 3.9). Outside of the plume, the colloidal fraction averaged ~50% of the
dFe pool, which is consistent with other studies of background deep ocean water (Fitzsimmons et
al., 2015; Roshan et al., 2020). In hydrothermally influenced environments however, most dFe
was in the colloidal form. Based on our calculations under the above assumptions, we predict
that ~70% of colloidal hydrothermal Fe was associated with organic ligands, with only a small
(15-25%) portion of the dFe likely to be inorganic. We predict a considerably higher organic cFe
fraction than was measured in the Longqi hydrothermal plume (~14%), but this might be a result
of variation in plume sulfur content, such that higher sulfur would lead to more FeS nanoparticle
formation and fewer organic colloids (Wang et al., 2019). Notably in the current study, there was
virtually no inorganic cFe in the background samples. This implies that cFeinorg is formed close to
the vent and is lost from the dFe pool as the plume ages, likely from aggregation and subsequent
precipitation. We conclude that organic ligands are important for stabilizing both the soluble and

colloidal fractions of dFe in all environments that we studied. The impact of organic ligands on
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the colloidal pool is of particular interest because little is known about organic colloids (Wells
and Goldberg, 1992), particularly in vent environments.

Organic ligands appeared to be important for complexing both colloidal and soluble dFe
and thus may be impacting the physical partitioning of dFe, particularly for samples influenced
by hydrothermal venting. In on-axis background samples, where ligand concentrations were
overwhelmingly in excess of dFe when measured, sFe and dFe have a tight relationship (R? =
0.96; Figure 3.10), where the sFe averages ~40% of the dFe pool. This consistent relationship
implies that most of the dFe is labile and that exchange is occurring between the sFe and cFe
phases, resulting in a steady state partitioning of sFe and cFe, which is likely mediated by the
organic ligand pool (Fitzsimmons et al., 2015). This contrasts with the hypothesis that dFe
concentrations are primarily driven by the cFe pool on top of a fixed background of sFe, and
instead supports results from Fitzsimmons et al. (2015) who found a strong steady state
relationship governing the 50:50 sFe:cFe ratio of the dFe pool in the deep Atlantic. They posited
that active exchange between cFe and sFe via adsorption/desorption or
aggregation/disaggregation is responsible for maintaining the near constant percentage of soluble
deep Atlantic dFe (Fitzsimmons et al., 2015). Indeed, the average sFe:cFe ratio for background
samples along the SEPR is approximately 50:50 (Figure 3.9). In the on-axis neutrally buoyant
plume and diffuse venting samples however, the dFe pool no longer appears to be fully
exchangeable between the sFe and cFe pools. Indeed, as the influence from hydrothermal fluids
grows, dFe becomes increasingly less correlated to sFe, reflected by the progressively lower
slopes from background, to the neutrally buoyant plume, to diffuse vent sampling environments

(Figure 3.10).
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Fitzsimmons et al. (2015) suggested that the lack of a relationship between sFe and dFe
results from the inputs of inorganic cFe that cannot exchange with organic ligands and is thus not
able to reach a steady state between the sFe and cFe pools. This reflects a lack of steady-state
conditions and subsequent deterioration in the sFe and dFe relationship, because most dFe must
be labile to exchange between the cFe and sFe pools in order to achieve steady state. Therefore, a
non-labile inorganic cFe fraction of dFe (e.g. fresh hydrothermal input) implies that there are
non-steady-state processes occurring (e.g. aggregation and precipitation) and that some portion
of cFe is in disequilibrium with the in-situ ligand pool. We can test this hypothesis in this dataset
by subtracting out the inorganic fraction of the dFe (cFeinorg) and plotting only the ligand-bound,
organic fraction of the dFe pool (dFeorz = sFe + cFeorganic). In the neutrally buoyant plume, a
significant correlation is observed between dFeor and sFe (R? = 0.46; Figure 3.10B), and the
slope (m = 0.07) is similar to the background samples (m = 0.06). This implies that only the
fraction of dFe that is stabilized by available organic ligands is in steady state and labile to
exchange between the sFe and cFe pools, and that this relationship may be relatively constant in
a given environment, assuming it is being governed by similar exchange processes (Fitzsimmons
et al., 2015). The remaining inorganic colloidal fraction of dFe is likely out of equilibrium with
the available ligands and therefore is more likely to undergo rapid transformations that are not
mediated by organic ligands. An example of these disequilibrium processes was also seen in the
buoyant plume samples, where the buoyant fluids similarly had an inorganic cFe fraction that
was not well correlated with dFe (data not plotted, n = 3).

Notably, the diffuse samples did not have significant correlation between sFe and dFe, or
sFe and dFeorg, unlike the neutrally-buoyant plume samples. Interestingly, the lack of a

correlation is driven by a few datapoints with anomalously high sFe concentrations at low dFe
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concentrations (Figure 3.10) and not due to high concentrations of cFeinorg. These samples also

had unusually strong ligands. Three of these samples have an average log K Fczz’ﬁ o > 12,

including the two strongest conditional stability constants measured in the entire dataset (log

K lfeofg . = 12.68 and 12.56). Strong ligands are generally assumed to be siderophores, small dFe-

binding molecules produced by microorganisms for facilitating Fe acquisition (Gledhill and
Buck, 2012; Kramer et al., 2019). Siderophores, or similarly strong ligands, may
disproportionally partition dFe into the soluble phase (Kraemer et al., 2005; Leventhal et al.,
2019; Velasquez et al., 2016), which could explain the high sFe concentrations observed here.
Indeed, we found relatively high concentrations (1.6-15.8 pM) of siderophores in these samples
(Moore et al. in prep) that suggests siderophores might have a disproportionate impact on the
speciation of dFe in some diffuse environments. Thus, it appears that the type of organic ligands,
in addition to the total concentration, influences the partitioning of dFe between the cFe and sFe

size fractions.

3.5.3.3  Organic colloids facilitate the stabilization of dissolved iron

Our results offer further insight into some of the hypothesized mechanisms for the long-distance
transport of dissolved hydrothermal dFe across the western Pacific Basin. Originating at the
SEPR axis, this large plume of dFe stretches over 4,000 km westwards and was studied
extensively as part of the U.S. GEOTRACES GP16 transect (Fitzsimmons et al., 2017; Moffett
and German, 2018; Resing et al., 2015; Roshan et al., 2020). Based on the size fractionation
results, Fitzsimmons et al. (2017) concluded that the colloidal size fraction of dFe was the most
important phase at the ridge axis and Roshan et al. (2020) further establish that dFe is primarily
in the colloidal size fraction as the plume develops. Our results agree with a predominately

colloidal phase at the ridge axis (Figure 3.9), but this study provides additional detailed data on
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the chemical speciation of this size fraction. Fitzsimmons et al. (2017) hypothesized that most
cFe near the ridge axis was inorganic oxyhydroxides, based on a light (-0.19%o) §°°Fe signature,
and Roshan et al. (2020) further proposed that this inorganic cFe is gradually transformed into
organic cFe as the plume develops. The ligand results of our study however, suggest that the
majority of cFe near the ridge axis is likely in an organically-bound phase (Figure 3.9; section
3.5.3.2).

Several lines of evidence support the assertion that most of the colloidal fraction is bound
to organic ligands in the SEPR region. For instance, imaging of Fe bearing particles in the SEPR
plume found that Fe was embedded in an organic matrix (Fitzsimmons et al., 2017; Hoffman et
al., 2020, 2018). The colloidal fraction could have a similar organic speciation, particularly
because organic colloidal Fe phases have been documented in several oceanic environments
(Boye et al., 2010; Cullen et al., 2006; Thuroczy et al., 2010; Wells and Goldberg, 1992). In
particles, the organic matrix is thought to slow the settling of inorganic Fe through the water
column (Hoffman et al., 2020, 2018) and is used to partially explain the persistence of pFe so far
from the ridge crest in the SEPR hydrothermal plume (Fitzsimmons et al., 2017). Similarly, an
organic colloidal phase may enable dFe to resist settling or aggregation processes leading to
precipitative loss. Although the ability of the organic cFe pool to exchange with sFe is poorly
constrained (Lough et al., 2019), the correlation between sFe and dFeor in our data suggest that
the constant portion of cFe that remains is stable, and there are sufficient dFe-binding ligands
available to suggest that this cFe is indeed organic. An organic cFe phase would be consistent
with ligand-mediated reversible scavenging processes governing the Fe dynamics of the SEPR
plume. Reversible scavenging has been used to explain the descent of the dFe plume across the

basin as a product of adsorption/desorption and aggregation/disaggregation processes
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(Fitzsimmons et al., 2017). The organic colloidal fraction may act as a crucial intermediate
between the carbon matrix associated pFe fraction and truly soluble organic Fe (Fitzsimmons et
al., 2015; Honeyman and Santschi, 1989).

The light isotopic signature of dFe near the ridge axis does not preclude an organic
colloidal phase. While organic ligands have been shown to preferentially bind heavier isotopes
(Dideriksen et al., 2008; Morgan et al., 2010), these studies focus on siderophores in a model
system. Siderophores are the strongest natural Fe-binding ligands identified to date, and are
therefore likely to demonstrate the most dramatic size and isotopic fractionation (Morgan et al.,
2010). The ligands in our study, however, are primarily weaker L, and L3 type ligands and may
be expected to have less fractionation. It is also possible that any organic ligand fractionation
signal in the SEPR is obscured by other hydrothermal fractionation factors (Bennett et al., 2009).
The isotopic fractionation of dFe near individual vent sites is also still largely unconstrained, so
is difficult to predict whether the measured -0.19 §°°Fe along the SEPR is solely a result of
inorganic oxyhydroxide particle formation or a combination of several processes or endmembers
(Bennett et al., 2009). It is also possible that the light isotopic signature of the dFe source at the
ridge crest is still reflecting a heavy fractionation signature, but if the dFe source is very light this
instantaneous fractionation when the dFe associates with the available ligands would not be
discernable. We therefore conclude that organic ligands, and particularly organic colloids, are the
primary mechanism for stabilizing dFe along the SEPR.

A comparison between the southern on-axis sites and older plumes we sampled further
north at 9°N and Station 18 (Figure 3.6) additionally support that organic Fe colloids might be
particularly stable as the composite plume develops. Although a large fraction of hydrothermal

dFe that is expelled close to the ridge crest binds to available ligands, these ligands rapidly



112

become saturated, leaving the remaining dFe to form inorganic colloids or precipitate. However,
as the plume ages and moves off-axis, it appears that these inorganic colloids are quickly
removed, while the organic colloidal and soluble fractions remain behind (e.g. Fitzsimmons et al.
2017). Ligand and dFe data from stations further north support this conclusion. We sampled
older hydrothermal plumes at Station 18 (aged ~ 1 month) and near 9°N, which we assume to be
similarly aged on the basis its location 100 km west of the ridge axis and low particle intensity
(ANTUmax = 0.01) while we await more precise radium dating. At these stations, we found that
83% of plume samples (n = 12) had [L] > [dFe], compared to only 19% of the on-axis, fresher
plume samples (n = 48). The excess of ligand over dFe in these more aged plumes implies that
there are few inorganic colloids present, and that ligands are likely produced over time within the
neutrally-buoyant plume (Mellett et al. submitted). It is likely that inorganic colloids have been
preferentially removed in the plume while the organic ligand phases are more long-lived. Station
PJ was not included as an aged plume in this analysis, because it is likely a relatively young
plume based on its high particle intensity (ANTUmax = 0.09) and large dCH4 content (dCHamax =

4.8 nM), despite its location 11 km west off the ridge axis.

3.5.3.4 Contributions of individual sites to iron stabilization

While there is compelling evidence that the stabilization of dFe along the SEPR is facilitated by
organic ligands, the role of different venting environments remain uncertain. Our reoccupation of
the composite plume at U.S. GEOTRACES Station 18 suggests that this ~1 month old plume is
relatively stable in terms of trace metals (Figure 3.6; dFemax 10-14 nM), despite temporal

changes in the locations of individual vent sites and a slight a slightly shallower plume maximum
compared to 2013 (Buck et al., 2018; Kipp et al., 2018; Resing et al., 2015). Thus, it is possible

that changes in the dFe flux from individual venting locations may not significantly impact the
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overall flux of stabilized dFe into the western Pacific, provided the net venting output of the
ridge crest remains similar over time. This scenario is plausible if we assume a relatively
constant average spatial density of hydrothermal sites, maintained by a constant rate of ridge
spreading (Baker and German, 2004; Beaulieu et al., 2015). Furthermore, the specific type of
vent site does not appear to impact the proportion of dFe stabilized near the source.
Proportionally, diffuse vents input more sFe than do the high temperature vents (Figure 3.9), but
both systems averaged an equal fraction of organically stabilized dFe (dFeorz = sFe + cFeorg). The
neutrally buoyant plume also contained a similar fraction of dFeors compared to both the diffuse
and high temperature vent samples (Figure 3.9), despite representing a more aged signal. The
comparable dFeor fraction between the neutrally buoyant plume and younger diffuse and high
temperature vent samples implies that dFe is likely stabilized by ligands very close to the vent
site, which then remain stable in the older neutrally-buoyant plume. This is consistent with the
rapid kinetics of ligand-dFe equilibration (Rose and Waite, 2003), which should occur on the
timescale of seconds after leaving the vent, provided sufficient organic ligands are present.
Although the organic fraction of dFe was similar across the different hydrothermal
environments, the overall physical speciation of dFe varied among sampling sites. Diffuse
venting samples had an sFe fraction that was 2-3 times greater than either the neutrally buoyant
or buoyant plume, and was close to the 50:50 sFe:cFe ratio observed in background samples
(Figure 3.9). It is possible that the lower metal content of diffuse fluids helps prevent inorganic
colloid formation or that the ligands near diffuse vents are disproportionally in the soluble size
fraction (e.g. siderophores). The disproportionately high sFe fraction from diffuse vents was not
apparent once these fluids were presumably entrained into the neutrally buoyant plume. The

elevated fraction of sFe from diffuse vents was likely either diluted with high cFe signatures
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from nearby buoyant and/or neutrally buoyant plumes or the sFe from diffuse vents aggregated
into a colloidal form upon entrainment into the rising plume. Despite changes in the sFe fraction
from diffuse sites near the seafloor and into the neutrally buoyant plume, the overall dFeor
fraction appeared to be set close to the vent sites and maintained in the neutrally buoyant plume.
Inorganic colloidal Fe however, was likely removed from the neutrally buoyant as it aged, a
conclusion supported by the nearly entirely organic signal measured at Station 18 (Figure 3.6).

The similarities in the dFeor, composition between vent types and the neutrally buoyant
plume imply that venting environment does not significantly impact the amount of organic
ligands available to stabilize dFe. This differs from previous hypotheses that posited the lower
temperatures and higher organic content of diffuse fluids would contribute to greater organic
stabilization of dFe than high temperature venting environments (Lough et al., 2019; Sander and
Koschinsky, 2011). We, however, find no evidence that diffuse venting is more efficient at
stabilizing dFe along the SEPR, in terms of the overall proportion of organically-stabilized dFe
in the composite neutrally-buoyant plume. Despite lack of evidence for more efficient
stabilization, the net stabilized dFe output of all diffuse venting systems may still be greater than
that of high temperature systems. Although high temperature vents have higher dFe
concentrations, a larger volume of axial hydrothermal flow is estimated to circulate through
diffuse vents (Elderfield and Schultz, 1996; German et al., 2016). Therefore, the combined
output of all diffuse flow could contribute a larger amount of stabilized Fe to the composite
neutrally buoyant plume than the net output of high temperature flow. The high spatial frequency
of diffuse venting along the SEPR when compared to high temperature sites (Figure 3.7)

suggests that this is a plausible scenario for this study region.
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We conclude that organic ligands are a very important mechanism for stabilizing
dissolved hydrothermal Fe along the SEPR. A significant fraction of both the soluble and
colloidal size fractions of dFe were organically-bound, with higher concentrations of organic cFe
than organic sFe. We also found a significant inorganic colloidal fraction over the ridge axis that
appeared to be rapidly lost as the plume aged. Finally, although high temperature and diffuse
venting had similar proportions of organically-complexed dFe, diffuse venting may ultimately
contribute more stabilized Fe to the composite neutrally buoyant plume due to the higher flux of

fluids circulating through diffuse systems.

3.6 CONCLUSIONS

The 16-18°S sector of the SEPR is a dynamic system characterized by diverse
hydrothermal venting systems with a high degree of spatial and temporal chemical variability.
Low-temperature diffuse venting systems were the main type of vent encountered on the ridge,
although several high temperature chimneys and fresh lavas were also found. We were able to
successfully locate diffuse systems through a combination of AUV Sentry, ORP anomalies and
low particle anomalies. We further determined that the best chemical indicators of low
temperature venting were enrichments in dCHas, dH», tdMn, %dFe, and pSit. We suggest these
metrics for identifying low temperature systems in the future, particularly when AUV work is
not possible.

In addition to examining the overall chemical diversity in venting systems along the
SEPR, we specifically examined the stabilization of dFe. Fe in close proximity to vents along the
ridge crest was found to have a complex chemical and physical speciation that varied greatly
between sampling environments and sites. Most dFe was chemically stabilized by organic Fe-

binding ligands that varied greatly in concentration and binding strength. The dFe was
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predominately in the colloidal fraction, most of which we predict was in the form of organic
colloids rather than inorganic nanoparticles. We found that although chemical and physical Fe
speciation was spatially and temporally variable along the ridge crest, a stable composite plume
forms west of the ridge axis. Organic ligands likely stabilize a large fraction of dFe during the
development of the stable plume and thereby help facilitate long distance Fe transport off the
ridge and into the ocean interior. We conclude that on-axis Fe stabilization is highly variable and
that characterizing the near-vent environment is critical for understanding and predicting the

chemical development of young hydrothermal plumes.
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Left: Station locations along the 16-18°S sector of the Southern East Pacific Rise (SEPR). Right:

Larger area encompassing the SEPR. Map created using GeoMapApp.
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Figure 3.2. Particle anomaly (AINTU) profiles for each station.

A) Macro, B) North, C) Lava, D) Micro, E) Bart, F) Bio, G) Flo, H) Purple Haze, 1) 16° 43°, and

J) PJ. Note the separate depth axis on Station PJ (j). Sites in the first column (panels a, d, g) have

an x-axis range from 0-0.05 (unitless). Sites in the second column (panels b, e, h) have an x-axis

range of 0-0.08. Sites in the third and fourth columns (panels c, f, i, j) have an x-axis range from

0-0.125. Note that the first row (panels a-c) had samples containing a near seafloor particle
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feature and a buoyant plume. Solid lines refer to the first cast at a station while dashed lines

denote the second cast.
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Figure 3.3. Principal Component analyses of sampling sites.
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A) The center of the neutrally buoyant plume for on-axis sites. Variables include pCu, dCHa,

tdFe, tdMn, dH», and pSi. The first two principal components (PC1 and PC2), describe 64.4%

of the variance in the dataset. The third component, PC3 (not plotted) describes an additional

16.3% of the variance. B) Sulfur-enriched diffuse venting samples compared to background.

Variables include dCHg, tdFe, tdMn, dH>, and pSio:. The first two principal components, PC1 and

PC2 describe 71.6% of the variation in this dataset. The third component, PC3 (not plotted)

describes an additional 19.1%. C) Sulfur-poor diffuse venting samples compared to background.

Variables include dCHa4, %dFe, tdMn, dH», and pSiot. The first two principal components, PC1

and PC2, describe 61.1% of the variation in this dataset. The third component, PC3 (not plotted)

describes an additional 21.9%.
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Figure 3.4. Dissolved iron, soluble iron, and particulate iron profiles for each station.

A) Macro, B) North, C) Lava, D) Micro, E) Bart, F) Bio, G) Flo, H) Purple Haze, I) 16°43° and
J) PJ. Note the variation in depth and concentration axes between stations. For each station, the
left panel shows the dFe concentration profile with sFe concentrations depicted as the width of

the line. Right panels show dFe (solid circles) and pFe (open diamonds).
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Figure 3.5. Dissolved iron speciation across latitude.

A) Dissolved iron (dFe < 0.2 um) concentrations, B) soluble iron (sFe < 0.02 pm)
concentrations, C) colloidal iron (0.02 pm < cFe < 0.2 um) concentrations, D) ligand (L)
concentrations, E) conditional stability constants (logK chflge .), F) fraction colloidal (cFe/dFe) of
on-axis stations. Points refer to individual samples and lines depict site-based averages. Sites
Macro and Micro were combined due to proximity, and high temperature samples were excluded

from averaging due to the low (n = 2) number of sites. Note the y-axes in A-D are logarithmic.



1900

2000 -

2100 -

2200 -

Depth (m)

2400 -

2500 -

2600 -

2700

Figure 3.6. Chemical speciation of dissolved iron at repeat occupation of U.S. GEOTRACES

Station 18.
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Figure 3.7. Comparison of the current study (red) to 1993 and 1994 surveys.
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A) dCH4:tdMn (nM:nM), B) dCH4 and C) tdMn with cyan representing Ishibashhi et al. (1997)
and red representing this study. Symbols refer to individual samples taken during a CTD cast and
lines connect the average value for each CTD station. All samples plotted are those containing
hydrothermal influence (neutrally buoyant plume, diffuse, and buoyant). D) Diagram showing
study areas and type of hydrothermal activity found along the 16.5-18°S sector of the SEPR.
Blue lines refer to the survey area of the submersible Nautile in 1993 (Auzende et al., 1996;
Charlou et al., 1996). Brown lines refer to the region surveyed by submersible Shinkai 6500 in
1994 (Embley et al., 1998). Green lines are the area surveyed by AUV Sentry (German et al., in
prep) in the current study. Purple plus signs are regions of diffuse hydrothermal activity and red
triangles are high temperature hydrothermal vents. Black labeled dots refer to the sites chosen for

CTD sampling in the current study.
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Figure 3.8. Relationships between organic iron-binding ligands and dissolved iron.

A) Ligand concentration ([L]) versus dissolved iron concentration ([dFe]), R? = 0.86. Dashed

line denotes the 1:1 line. B) Excess ligand concentration ([eL] = [L] — [dFe]) versus fraction of

the sample in the colloidal phase (Fraction cFe = [cFe]/[dFe]). Yellow dots refer to samples for

which a reverse titration was performed, dark blue dots refer to samples run using forward titrat

ion.
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Average composition of the dissolved iron (dFe) pool

Buoyant high temperature ~ Center neutrally buoyant Fringe neutrally buoyant
(n=3) (n=11) (n=14)
Diffuse Outside Plume
(n=10) (n=9)

B inorganic colloidal iron
@ organic colloidal iron

@soluble iron (organic)

Figure 3.9. Physical speciation of dissolved iron on-axis.

Blue solid refers to organic colloidal iron, gold solid refers to organic soluble iron, red stripes
refer to inorganic colloidal iron. Pie size is not scaled. Environments were defined as described
in section 3.3.8, except “Outside Plume.” “Outside Plume” combined “Shallow” and “Deep
Background” samples to increase statistical power. Samples where sFe > dFe were considered

100% soluble.
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Figure 3.10. Relationships between soluble Fe and dissolved Fe.

Correlations between soluble iron (sFe) and dissolved iron (dFe) in the background (white), the
neutrally buoyant plume (blue), and diffuse venting samples (grey). All fits are linear
regressions. A) sFe versus dFe. Cross indicates a background sample outlier. B) sFe versus

organic dissolved iron (dFeqre = sFe + cFeor).
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3.10 SUPPLEMENTAL FIGURES AND TABLES

a ° 2
Site Name -
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Q 4 -
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2 pv 021 0.28 -0.11
I~ pCr 0.20 0.25 0.12
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% pre 0.25 0.29 -0.01
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S pCu 0.21 0.13 0.24
pZn 0.18 0.10 0.43
pAs 0.15 0.20 -0.09
pBr 0.23 -0.28 -0.05
pSr 0.11 0.03 -0.28
pW 0.02 0.09 -0.02
pPb -0.02 -0.06 -0.34

Supplementary Figure 3.11. Principal component analysis of particulate variables.

A) All particulate variables (see corresponding table for list). The first two principal components
(PC1 and PC2), describe 63% of the variance in the dataset. The third component, PC3 (not
plotted) describes an additional 7% of the variance. B) Select particulate variables (see

corresponding table for list). The first two principal components (PC1 and PC2), describe 90% of
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the variance in the dataset. The third component, PC3 (not plotted) describes an additional 9% of

the variance. Only the contributions to PC1-PC3 are described in the tables.
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Supplementary Table 3.1. Averages, standard deviations, and ranges of key variables for the seafloor features at each station and

combined background samples for comparison.

Deep Background Diffuse (sulfur-poor) Diffuse (sulfur-rich) High Temperature
Deep Background 16° 43' Bart Micro Purple Haze Flo North Macro Lava
Latitude 16°43'-17°53' 16°43' 17°37' 17°20' 16°51' 17°53' 17°10' 17°20' 17°44'
Depth (m) 2526.57+180.85 2608.41+11.38 2580.98+12.59 2586.55+9.31 2606.62+5.49 2639.01+7.77 2563.46x14.37 2567.3£18.56 2612.17+9.24
P 2327.61-2950.2 | 2600.73-2621.48 | 2572.08-2589.88 | 2579.97-2593.13 | 2600.38-2610.71 2629.6-2648.3 2545.36-2580.25 | 2546.22-2591.46 | 2601.86-2619.71
Temperature (°C) 1.85+0.01 1.83£0 1.84£0 1.83£0 1.83+0.01 1.842£0.01 1.85+0.03 1.85+0.02 1.89+0.05
P 1.83-1.87 1.83-1.83 1.84-1.84 1.83-1.83 1.83-1.84 1.83-1.84 1.83-1.89 1.83-1.86 1.85-1.94
Salinity (PSU) 34.67+0 34.68+0 34.67+0 34.67+0 34.68+0 34.68+0.01 34.67+0 34.67+0 34.68+0.01
v 34.66-34.67 34.68-34.68 34.67-34.67 34.67-34.67 34.68-34.68 34.67-34.68 34.67-34.67 34.67-34.68 34.67-34.68
Theta 1.66+0.02 1.64+0 1.65+£0 1.64=0 1.64+0.01 1.64+0.01 1.66+0.02 1.67+0.02 1.7+£0.05
1.64-1.71 1.64-1.64 1.65-1.65 1.64-1.64 1.64-1.65 1.64-1.65 1.64-1.7 1.64-1.68 1.66-1.75
Sioma Theta 27.73+£0.01 27.74+0 27.74+0 27.74+0 27.74+0 27.74+0 27.74+0 27.74£0 27.74+0.01
g 27.72-27.74 27.74-27.74 27.74-27.74 27.74-27.74 27.74-27.74 27.74-27.74 27.73-27.74 27.74-27.74 27.73-27.74
Height above 169.01£157.49 21.08+11.84 18.53£12.89 14.56+9.91 11.65+5.57 16.06+7.48 18.98+13.12 34.9+18.39 15.42+9.23
seafloor (m) 6.83-673.03 7.62-29.92 9.41-27.64 7.55-21.56 7.51-17.99 7.16-25.11 3.3-35.6 11-55.85 7.82-25.69
dNTU 0.010.01 0£0 0.01£0 0.01+0 0+0.01 0£0.01 0.02+£0.01 0.02+0.01 0.03+0.03
0-0.01 0-0 0.01-0.01 0.01-0.01 0-0.01 0-0.01 0-0.02 0-0.03 0.01-0.06
tdFe (nM) 29.09+21.01 19.11£3.03 33.21£1.43 34.62+1.73 19.39+13.8 22.74+9.62 17.59+4.63 344.08+191.51 405.26+276.91
0.87-93.43 16.79-22.54 32.2-34.22 33.4-35.84 10.18-35.25 11.04-34.19 12.62-22.99 90.97-555.92 105.68-651.85
dFe (nM) 6.22+9.49 6.24+1.26 4.51+0.71 3.25+0.28 7.69+4.48 6.84+3.22 0.83+0.63 180.74+109.43 155.04+173.18
0.14-35.68 4.83-7.27 4-5.01 3.05-3.45 3.23-12.19 3.19-11.47 0.34-1.8 62.74-315.19 4.92-344.5
tdMn (nM) 4.73£2.69 4.42+1.61 9.79+1.17 7.2240.16 4.18+2.96 8.29+3.45 14.79+14.92 80.55+46.92 126.1£91.05
0.12-9.75 3.03-6.18 8.96-10.61 7.1-7.33 2.41-7.6 3.67-12.83 2.99-39 19.07-133.06 28.51-208.76
dMn (aM) 4.07+2.69 4.25+2.3 8.49+0.76 7.75+0.56 4.54+2.62 7.59+2.97 16.37+17.27 71.43+63.5 154.96+53.24
0.08-10.27 2.46-6.85 7.95-9.03 7.35-8.14 2.07-7.28 3.66-10.88 3.23-45.08 14.23-128.95 122.3-216.4
H: (nM) 0.83+0.32 0.98+0.56 1.9 35.35+49.14 0.93+0.21 2.76x0.75 1.48+0.24 18+8.62 12.7+17.44
20 0.38-1.3 0.58-1.37 (n=1) 0.6-70.1 0.7-1.1 1.8-3.9 1.14-1.8 7.4-28.5 0.7-32.7
CH, (aM) 0.98+0.6 1.56+0.08 1.0 1.75+0.21 1.4+0.35 1.64+0.53 5.77+4.57 4.98+1.48 14.07£15.3
4 0.37-2.1 1.5-1.61 (n=1) 1.6-1.9 1.2-1.8 1.2-2.5 2.5-13.3 3-6.3 2.1-31.3
dAl (nM) 6.59+2.57 9.1+1.03 10.14£1.91 9.9+0.02 9.61+2.64 8.66+0.29 9.16£0.59 9.4+1.63 8.66+0.13
1.81-9.95 8.12-10.17 8.79-11.49 9.88-9.91 6.62-11.61 8.3-9.07 8.45-9.91 7.86-11.66 8.58-8.81
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Deep Background Diffuse (sulfur-poor) Diffuse (sulfur-rich) High Temperature
Deep Background 16° 43' Bart Micro Purple Haze Flo North Macro Lava
sFe (nM) 0.61+0.36 0.56+0.01 0.73+0.04 0.61+0.01 0.65+0.12 0.61+0.13 0.67+0.2 3.7+2.02 9.31+7.27
0.3-1.91 0.55-0.57 0.7-0.76 0.6-0.61 0.53-0.76 0.48-0.77 0.47-0.98 0.83-5.55 0.98-14.35
cFe (nM) 6.16+£9.26 5.68+1.26 3.78+0.67 2.64+0.29 7.04+4.37 6.23+3.13 0.64+0.7 177.04+108.47 145.73+168.43
0.48-33.78 4.27-6.72 3.3-4.25 2.43-2.84 2.7-11.43 2.67-10.76 0.14-1.13 61.91-311.09 3.94-331.9
fraction sFe 0.34+0.57 0.1£0.02 0.16+0.01 0.19+0.02 0.1£0.05 0.1+0.04 1.09+0.47 0.02+0.01 0.12+0.08
(sFe/dFe; nM:nM) 0.05-2.19 0.08-0.12 0.15-0.17 0.17-0.2 0.06-0.16 0.06-0.16 0.37-1.52 0.01-0.04 0.04-0.2
sMn (nM) 6.33+3.26 4.2+0.32 9.35+0.18 8.9+0.64 5.93+2.62 6.99+3.5 12.08+14.18 74.88+50.76 174.64+141.79
0.75-14.77 4.02-4.57 9.22-9.47 8.45-9.35 3.56-8.75 4.15-11.28 4.78-37.42 8.74-130.66 12.48-275.25
fraction dFe 0.1+0.05 0.33+0.06 0.14+0.03 0.1+0.01 0.42+0.15 0.34+0.22 0.05+0.03 0.58+0.26 0.28+0.24
(dFe/tdFe; nM:nM) 0.02-0.19 0.29-0.4 0.12-0.16 0.09-0.1 0.32-0.6 0.19-0.7 0.02-0.08 0.34-0.89 0.05-0.53
Total siderophore 6.18+5.91 10.05+4.5 7.33£1.37 14.49+4.08 0.96+1.66 3.76+2.47 5.4+591 1.46+1.05 1.56+2.71
(pM) 0-18.32 7.23-15.23 6.37-8.3 11.61-17.38 0-2.87 1.89-7.8 1.6-15.81 0-2.36 0-4.69
ICP Organic Iron
Concentrations 338.64+67.29 609.32+44.25 551.04+39.14 456.19+81.67 281.09+60.04 295.5+37.55 311.12+39.06 294.61+60.76 231.89+112.19
M) 220.29-429.24 581.32-660.34 523.36-578.71 398.44-513.94 219.65-339.64 251.41-355.39 260.27-351.93 237.4-372.08 164.99-361.42
2.14+0.59 1.84 3.12+0.82 5.5+1.79 3.19+0.74 1.27+1.08 100.81+99.14
L (aM) 1.55-3.1 NA (n=1) 2.54-37 3.44-6.68 2.66-3.71 0.3-2.87 NA 41-202.22
logK 11.26+0.86 NA 11.88 11.1240.21 10.21+0.19 10.36+0.08 11.56+1.4 NA 10.26+0.02
g 10.05-12.32 (n=1) 10.97-11.26 10.01-10.39 10.3-10.42 9.36-12.68 10.24-10.28
0.35+0.77 -2.16 -0.13+0.54 -2.19+£2.97 -0.64+0.16 0.44+1.17 -54.23+76.83
eL (aM) -0.58-1.41 NA (n=1) -0.51-0.25 -5.51-0.21 -0.75—0.53 -0.19-2.53 NA -142.28—0.82
alpha 1344.15+1550.71 NA 1399.93 403.01+84.97 103.08+64.75 72.3£2.72 1287.49+1830.91 NA 1770.39+1753.25
P 25.76-4133.56 (n=1) 342.93-463.09 35.28-164.27 70.37-74.22 6.61-4470.67 78.72-3579.33
number unique 4.76£1.09 5.33+0.58 3.5+0.71 60 2.67+0.58 4.8+1.1 5+1 4.25+0.96 4.33£1.53
siderophores 3-6 5-6 34 6-6 2-3 3-6 4-6 3-5 3-6
Na (nM) 21.87+34.53 4.71+8.15 13.84+2.98 BDL 76.38+68.33 191.77+135.7 46.39+27.06 312.66+44.82 360.85+171.39
p BDL-121.63 0-14.12 11.73-15.94 BDL-131.71 92.47-391.4 17.68-79.61 273.86-364.41 241.73-557.27
Mg (nM) 6.86+4.3 4.19+1.34 6.47+0.83 7.32+5.41 13.8+8.06 27.45+16.91 8.77+3.75 77.08+10.18 109.8+108.11
pYig 2.59-19.59 3.23-5.72 5.88-7.05 3.49-11.14 5.08-20.99 14.96-52.41 4.34-12.6 65.83-86.33 40.93-234.41
0.22+0.54 1.66+1.44 3.42+2.06 0.86+0.9 1.89+0.47 1.65+2.86
PAL (aM) BDL-2.01 BDL BDL BDL BDL-2.54 2.21-6.49 BDL-2.12 1.56-2.58 BDL—4.95
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Deep Background Diffuse (sulfur-poor) Diffuse (sulfur-rich) High Temperature
Deep Background 16° 43' Bart Micro Purple Haze Flo North Macro Lava
Si (M) 7.242.67 5.29+0.61 8.26+2.95 11.66+5.01 5.54+1.82 5.72+0.82 5.36+0.58 53.54+13.95 127.05+164.53
P 2.11-12.07 4.76-5.95 6.17-10.34 8.11-15.2 4.4-7.64 4.91-6.56 4.68-6.24 39.48-72.72 8.84-314.96
P (aM) 3.95+3.44 1.81+0.53 7.22+5.99 7+2.72 1.47+£2.54 0.79+1.1 1.19+0.34 90.42+29.05 219.23+301.08
P BDL-12.22 1.32-2.37 2.98-11.45 5.07-8.92 BDL-4.4 BDL-2.34 0.9-1.72 62.6-131.29 BDL-562.52
Seor (AM) 24.67£11.8 19.84+5.18 19.78+0.78 25.65+8.92 47.09+£26.55 103.24+80.58 60.82+25.8 148.02+21.38 142.26+37.43
POt 12.55-64.04 14.47-24.81 19.23-20.33 19.34-31.96 18.4-70.8 53.61-223.67 38.28-98.18 136.52-180.08 99.92-170.96
Sxy (nM) 8.46+11.32 4.49+3.25 7.67+0.88 2.1+0.46 0+0 78.41+60.49 49.71£25.91 124.94+44.16 113.99+33.03
PONv 0-46.37 2.42-8.24 7.04-8.29 1.77-2.42 0-0 40.52-168.77 25.81-86.89 63.22-166.39 76.21-137.42
Sy (nM) 15.12£3.07 15.35+2.89 12.12+1.66 23.56+8.46 NA 24.834+20.11 11.11+0.83 32.42+36.47 28.28+12.7
pdv 9.67-21.14 12.05-17.43 10.94-13.29 17.57-29.54 13.09-54.9 10.36-12.48 9.13-74.45 18.49-42.63
Cl (M) 176.88+185.31 96+42.79 127.5+6.36 74+4.24 558+453.39 1319+1054.41 294+180.48 1063.75+161.38 1377.67+1335.2
P 21-788 66-145 123-132 71-77 61-949 6502893 99-522 910-1253 457-2909
K (nM) 3.09+3.18 1.67+0.8 2.28+0.04 1.18+0.13 9.27+7.48 21.73£17.53 5.35+3.34 19.65+£2.79 31.49+18.1
P 0.34-13.54 1.11-2.59 2.25-2.31 1.08-1.27 1.02-15.62 10.59-47.88 1.89-9.68 17.03-22.71 16.27-51.51
Ca (nM) 16.8+4.31 13£1.18 14.96+4.09 23.88+10.08 23.89+8.15 43.28+28.34 17.4+4.23 77.33£12.53 165.52+147.45
P 11.87-29.21 11.93-14.26 12.07-17.85 16.75-31.01 14.78-30.47 25.57-85.61 12.6-22.17 61.94-91.88 77.28-335.75
Ti (nM) 0.18+0.15 0.19+0.06 0.32+0.19 BDL 0.12+0.21 0.13+0.09 0.14+0.16 0.32+0.08 19.29+25.31
P BDL-0.37 0.13-0.25 0.18-0.45 BDL-0.37 BDL-0.19 BDL-0.38 0.2-0.39 0.9-48.16
0.08+0.1 0.07+0.13 0.09+0.19 0.1£0.1 1.28+0.32 6.28+5.99
PV (M) BDL-0.27 BDL BDL BDL BDL-0.22 BDL-0.37 BDL-0.22 0.97-1.71 BDL-11.92
0.06+0.08 0.03+0.05 0.06+0.08 0.14+0.11 0.43+0.18 42.75+48.06
pCr (aM) BDL-0.18 BDL-0.09 BDL-0.11 BDL BDL BDL-0.27 BDL 0.23-0.62 3.04-96.18
Mn (aM 0.82+0.65 0.85+0.25 1.2+0.23 1.18+0.6 0.98+0.26 0.85+0.09 1.07+£0.12 0.83+0.22 112.13+100.13
PMn (nM) 0.17-2.81 0.61-1.11 1.03-1.36 0.75-1.6 0.75-1.26 0.73-0.93 0.88-1.19 0.62-1.14 2.12-197.94
Fe (nM) 30.52+15.2 17.59£1.25 36.39+15.22 51.39£17.89 21.63£11.15 20.71+8.82 18.6+£3.11 395.21£115.43 1023.22+1309.4
P 2.24-65.11 16.58-18.99 25.63-47.15 38.74-64.04 14.22-34.46 10.98-30.81 16.58-24.04 284.02-557.34 199.48-2533.1
" 0.02+0.04 0.01£0.02 0.03+0.04 112.63+108.67
PNi (nM) BDL-0.09 BDL BDL BDL BDL BDL-0.04 BDL-0.1 BDL BDL-216.86
Cu (M) 0.21+0.29 0.14+0.1 0.12+0.08 0.25+0.09 0.15+0.19 0.21+0.17 2+1.17 2.89+0.56 16.44+11.73
P BDL-1.27 0.07-0.26 0.06-0.18 0.18-0.31 BDL-0.36 0.05-0.45 0.07-3.07 2.36-3.68 3.29-25.82




Supplementary Table 3.1 continued.

134

Deep Background Diffuse (sulfur-poor) Diffuse (sulfur-rich) High Temperature
Deep Background 16° 43' Bart Micro Purple Haze Flo North Macro Lava
Zn (nM) 0.1+0.2 0.04+0.06 0.07+0.09 0.16+0.01 0.08+0.02 0.01+0.03 0.05+0.03 12.95+3.44 18.94+10.45
P BDL-0.8 BDL-0.11 BDL-0.13 0.15-0.16 0.06-0.09 BDL-0.05 BDL-0.07 8.32-16.29 12-30.95
0.06+0.15 0.06+0.08 0.05+0.06 0.05+0.04 0.01+0.03 0.51+0.52 1.5+1.58
pAs (aM) BDL-0.59 EDL BDL-0.12 BDL-0.09 BDL-0.08 BDL-0.05 BDL BDL-1.24 BDL-3.15
0.26+0.61 0.97+0.86 2.3+1.93 0.76+0.89 1.97+0.27 6.24+4.69
pBr (nM) BDL-2.11 BDL BDL BDL BDL-1.65 0.92-5.15 BDL-2.04 1.69-2.33 1.09-10.27
Sr (nM) 0.29+0.55 0.06+0.05 0.11+0 0.17+0.03 0.21+0.02 0.35+0.16 1.83+1.78 0.96+0.24 4.942.35
P BDL-2.21 BDL-0.09 0.11-0.11 0.15-0.19 0.2-0.23 0.24-0.58 BDL-4.12 0.72-1.26 2.63-7.32
0.01+0.02 0.02+0.03 0.01+0.02 0.01+0.02 0.02+0.05
pW (aM) BDL-0.05 BDL-0.05 BDL BDL BDL-0.04 BDL BDL-0.05 BDL-0.09 BDL
Pb (nM) 0.61+1.23 0.02+0.04 0.01+0.01 0.12+0.06 0.04+0.06 0.08+0.07 1.67+1.3 0.06+0.12 3.21+4.06
P BDL-3.75 BDL-0.07 BDL-0.02 0.07-0.16 BDL-0.11 0.02-0.17 BDL-3.46 BDL-0.23 BDL-7.77
pP:pFe ratio 0.12+0.04 0.1£0.03 0.18+0.09 0.14+0.01 0.13 0.05+0.03 0.07+0.02 0.23+0.01 0.25+0.04
(nM:nM) 0.07-0.20 0.08-0.14 0.12-0.24 0.13-0.14 (n=1) 0.03-0.08 0.04-0.1 0.22-0.24 0.22-0.28
tdMn.a: (@M) 4.89+2.66 4.65+1.98 9.82+1.12 7.75+0.56 4.76+2.63 8.65+3.49 16.39+17.26 91.14+51.71 159.91+49.81
Adjusted 0.12-10.27 3.03-6.85 9.03-10.61 7.35-8.14 2.41-7.6 3.67-12.83 3.23-45.08 19.07-133.06 122.3-216.4

Stations are grouped by type of feature. Samples that were below detection limit are denoted as “BDL” in the ranges. BDL samples

were input as zeros when calculating averages and standard deviations. NA means a sample was not taken. N = 1 indicates that only

one sample from that station had that variable measured.
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Supplementary Table 3.2. Averages, standard deviations, and ranges of key variables for the center of the neutrally buoyant plume at

each station.

High particle plumes Medium Particle Plumes Low Particle Plumes Off-Axis
16°43' Bio Lava Purple Haze Bart North Macro Micro Flo PJ
Latitude 16°43' 17°25' 17°44' 16°51' 17°37' 17°10' 17°20' 17°20' 17°53" 17925
Depth (m) 2466.47+51.53 2448.11£45.71 2499.48+31.36 2476.21+18.44 2462.19+26.38 2514.09£5.06 2462.82+34.58 2510.04+70.11 2555.03£40.36 2466.88+48.38
P (i 2396.74-2520.6 | 2399.47-2505.09 | 2474.62-2534.71 | 2458.67-2495.44 | 2440.45-2499.41 | 2510.51-2517.66 | 2438.36-2487.27 | 2460.46-2559.61 | 2511.88-2591.84 | 2396.81-2499.71
Temperature (°C) 1.86+0.01 1.87+0.01 1.86+0 1.85+0.01 1.86+0.01 1.84+0 1.85+0.01 1.84x0 1.85+0.01 1.87+0
P 1.85-1.86 1.86-1.87 1.86-1.86 1.85-1.86 1.85-1.86 1.84-1.84 1.84-1.85 1.84-1.84 1.84-1.85 1.87-1.88
Salinity (PSU) 34.68+0.01 34.67£0 34.67+0 34.67+0 34.67+0 34.67+0 34.67+0 34,670 34.67+0 34.67+0
34.67-34.68 34.67-34.67 34.67-34.67 34.67-34.67 34.67-34.67 34.67-34.67 34.67-34.67 34.67-34.67 34.67-34.67 34.67-34.67
Theta 1.68+0.01 1.69£0.01 1.680 1.68+0.01 1.68+0.01 1.66+0 1.67£0.01 1.66+0.01 1.66+0 1.7£0.01
1.67-1.69 1.68-1.7 1.68-1.68 1.67-1.68 1.67-1.68 1.66-1.66 1.66-1.67 1.65-1.67 1.66-1.66 1.69-1.7
Sioma Theta 27.74:0 27730 27.7320 27.73+0 27.73£0 27.74£0 27.73£0 27.74£0.01 27.74x0 27.73£0
g 27.73-27.74 27.73-21.73 27.73-21.73 27.73-21.73 27.73-21.73 27.74-27.74 27.73-21.73 27.73-21.74 27.74-27.74 27.73-21.73
Height above 163.5+50.79 129.19+46.05 127.454£31.28 142.81£17.47 137.77£28.27 65.89+5.13 139.12+34.58 91.46+70.17 97.37+40.36 533.76+48.38
seafloor (m) 110.23-232.37 71.65-178.13 92.31-152.26 124.27-158.97 98.37-162.97 62.26-69.52 114.66-163.57 41.84-141.07 60.56-140.52 500.93-603.83
ANTU 0.14£0.06 0.09£0.02 0.09+0.02 0.07+0.01 0.05+0.01 0.06£0.01 0.01£0 0.02+0.01 0.02£0.01 0.08+0.01
0.09-0.2 0.06-0.11 0.07-0.1 0.06-0.08 0.04-0.06 0.05-0.06 0.01-0.01 0.01-0.02 0.01-0.02 0.07-0.09
tdFe (nM) 418.91+145.45 274.41+42.34 238.67+61.79 142.45+123.24 147.84+44.67 48.59+4.49 38.91+£3.27 71.67£53.87 83.3£8.23 282.86+31.71
¢ 290.27-569.07 227.28-318.02 168.3-284.05 0.83-225.35 95.19-203.98 45.41-51.76 36.59-41.22 33.57-109.76 74.31-90.48 238.3-313.07
dFe (aM) 71.47£35.67 11.52£9.54 29.09+11.2 11.13+4.56 8.62+3.74 2.08+0.54 5.56+0.86 38.33+52.43 13.54+4.95 10.14£5.14
32.92-111.19 3.9-25.29 20.58-41.78 7.8-16.33 3.23-11.57 1.69-2.46 4.95-6.16 1.25-75.4 9.02-18.83 6.55-17.76
tdMn (nM) 49.86+7.09 52.48+12.76 45.3548.6 38.94£5.89 27.9£9.42 12.48+1.53 6.39£0.75 15.71+14.62 25.07+8.48 18.25+2.6
42.56-56.71 39.86-65.27 35.42-50.57 34.42-45.6 16.07-37.62 11.4-13.56 5.86-6.92 5.37-26.05 18.14-34.53 14.68-20.9
dMn (aM) 51.03£7.36 51.79+15.26 37.41£18.94 38.33£6.92 27.4245.74 13.61£2.4 6.08+0.83 15.76+15.1 21.29+7.27 65+27.53
43.37-58.04 35.01-66.52 15.6-49.73 31.21-45.04 20.12-33.29 11.91-15.3 5.49-6.66 5.08-26.44 16.51-29.65 45.15-105.74
H: (nM) 1.22+0.42 2.63+2.19 4,134 1.33£0.75 0.65£0.1 1.45£0.07 34+46.95 4.95+6.15 1.5+1.04 1.05£0.17
: 0.68-1.56 1.05-5.86 1.1-7.8 0.6-2.1 0.6-0.8 1.4-1.5 0.8-67.2 0.6-9.3 0.8-2.7 0.9-1.2
CH, (aM 3.66£1.06 4.13£0.37 4.73£1.55 2.73£1.02 2.53+0.69 2.05+0.07 1.75£0.07 2.154£0.07 3.03£1.55 432036
4 (aM) 2.55-5.1 3.58-4.39 3.6-6.5 2-39 153 221 17-18 21-22 1343 448
dAI (nM) 8.05+1.03 7.88+0.36 7.73x0.47 7.31£1.56 4.58+1.08 5.842.21 497 8.25+2.02 7.28+1.86 5.72+1
6.88-8.84 7.46-8.31 7.39-8.27 5.57-8.59 3.04-5.45 4.24-7.36 (n=1) 6.82-9.67 5.98-9.41 4.66-7.03
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High particle plumes Medium Particle Plumes Low Particle Plumes Off-Axis
16° 43' Bio Lava Purple Haze Bart North Macro Micro Flo PJ
SFe (ab) 1.6£0.21 1.2£1.08 1.96+0.93 0.93+0.15 0.8£0.21 0.5120.08 0.69+0.19 1.992.18 0.84+0.09 0.62+0.03
1.43-1.9 0.61-2.81 1.26-3.01 0.77-1.07 0.57-1.02 0.45-0.56 0.55-0.82 0.45-3.53 0.75-0.93 0.59-0.65
cFe (D) 69.87+35.56 10.32+8.49 27.13+10.35 10.2+4.47 7.8243.55 1.57£0.47 4.87+1.05 36.34+50.25 12.7+4.86 9.5245.16
31.49-109.64 3.27-22.48 18.97-38.77 6.84-15.27 2.66-10.55 124-19 4.13-5.61 0.81-71.87 8.27-17.9 591-17.17
fraction sFe 0.030.01 0.11£0.04 0.07+0.02 0.09+0.03 0.1140.05 0.25+0.03 0.13+0.06 0.21£0.22 0.070.02 0.07+0.03
(sFe/dFe; nM:nM) | 0.01-0.04 0.07-0.16 0.05-0.08 0.07-0.12 0.07-0.18 0.23-027 0.09-0.17 0.05-0.36 0.05-0.08 0.03-0.1
Ma (aM) 63.13£18.36 50.43£12.73 48.21+9.68 44374175 25.58+9.89 10.27+6.57 7.81£0.99 15.82+13.42 23.88+6.69 57.29+6.75
45.17-88.41 38.29-61.88 37.21-55.46 36.1-51.47 10.94-31.76 5.62-14.91 7.11-8.51 6.33-25.31 18.84-31.47 48.1-64.1
fraction dFe 0.16£0.04 0.04+0.03 0.13£0.05 3.16£5.37 0.070.04 0.05:0.01 0.15£0.04 0.37+0.46 0.16£0.05 0.04+0.02
dFe/tdFe; nM:nM)|  0.11-0.2 0.01-0.08 0.07-0.16 0.04-9.36 0.02-0.12 0.04-0.05 0.12-0.17 0.04-0.69 0.12-0.22 0.02-0.06
Total siderophore 8.84%7.1 0.56£0.89 2.63£3.39 231£1.35 6.96:4.31 1.09+1.53 7.34+0.82 21.01£3.85 0£0 2.09+1.61
(pM) 0-16.95 0-1.87 0.5-6.55 1.05-3.74 2.16-11.95 0-2.17 6.76-7.92 18.29-23.73 0-0 0-3.63
'(épr?'ﬁ‘t‘r“;:i':"“ 261.47+140.75 311.71449.31 321.7420.89 279.37+61.36 392.43£176.51 341.19+53.82 529.18+38.21 449.39+82.91 238.75+5.02 228.09+60.2
o °:pM) ons 135.3-416.24 259-364.59 303.83-344.66 | 208.62-318.12 | 266.38-653.91 303.13-379.24 502.16-556.2 390.77-508.02 | 235.53-244.53 167.28-311.16
3.11 16.8+5.92 6.17+0.74 2.69 1.78£0.1 2.60 5.44£0.51
L @M NA (n=1) 10.74-22.56 532-6.69 (0=1) 1.71-1.85 NA (0=1) NA 5.03-6.15
10.24 10.240.16 10.64£0.17 11.96 10.940.42 10.67 10.3240.52
logk NA (n=1) 10.04-10.36 10.53-10.84 (n=1) 10.64-11.24 NA (0=1) NA 10.04-11.1
0.79 -12.29:8.04 4.96+4.26 -0.54 -0.3+0.64 135 4.745.4
eL (aM) NA (@=1) 41922347 -9.64-13 (n=1) 0.75-0.16 NA (@=1) NA 1273109
aloha NA 53.82 301.69+201 291.01:150.61 245227 197.224172.62 NA 121.89 NA 208.194290.61
P (n=1) 118.19-516.52 182.02-462.87 (0=1) 75.16-319.28 (n=1) 55.28-644
number unique 5.2540.96 475171 4£1.73 4.672.08 3754171 4£1.41 54141 4+0 51 5.5:1.91
siderophores 46 37 3-6 37 2-6 3-5 46 44 46 4-8
Na M) 298.12+263.91 41.8+13.43 78.74+70.61 173.31£102.92 10.488.79 691.41 519.18+496.03 17.06:24.13 54.5484.13 744.49+638.07
P 127.86-602.13 30.3-58 15.66-155.01 55.18-243.6 0-19.96 (=1 168.43-869.92 BDL-34.12 BDL-151.4 137.13-1409.38
Mg (M) 69.98+30.6 31.29+8.23 29.95+10.57 48.18+4.23 20.7745.29 13735 6145.25 11.26+3.45 18.27+13.78 176.43£161.05
pYe 40.8-101.82 23.54-42.84 18.33-39 43.31-50.91 13.62-26.33 (=1) 29-93 8.82-13.7 9.62-34.16 36.56-352.5
2.1743.76 1284111 11.38 5.82+4.6 0.941.63
PAl (nM) BDL-6.51 BDL BDL BDL-1.93 BDL (n=1) 2.57-9.07 BDL BDL-2.82 BDL
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High particle plumes Medium Particle Plumes Low Particle Plumes Off-Axis
16° 43' Bio Lava Purple Haze Bart North Macro Micro Flo PJ
Si (nM) 64.67+29.88 52.74+9.16 44.31+13.67 49.23+15.24 34.76+10.64 11.1 8.61+4.82 13.31+4.28 18.41+4.48 136.83+78.59
P 45.44-99.09 46.42-65.94 28.54-52.82 36.68-66.19 21.75-46.43 (n=1) 5.2-12.01 10.28-16.33 14.01-22.97 70.17-223.49
P (M) 107.1+54.06 70.86+14.7 59.5+22.76 69.84+18 43.8+17.08 1.08 4.15+5.87 11.42+£8.97 19.57+£5.47 131.1+155.45
P 73.19-169.44 60.85-92.2 33.25-73.75 55.57-90.06 22.93-62.22 (n=1) BDL-8.3 5.07-17.76 13.42-23.89 BDL-302.83
Stor (M) 163.04+95.88 40.41£19.33 72.8+14.13 71.88+38.48 24.35+7.83 317.77 157.54+111.78 33.6£11.71 35.83+26.01 559.71+786.5
POt 89.34-271.44 29.25-69.34 57.66-85.64 31.75-108.46 17.04-33.26 (n=1) 78.5-236.58 25.32-41.88 18.64-65.76 64.2-1466.58
S M 118.05+139.71 22.9+17.93 56.03+£14.46 0+0 8.01+4.57 284.61 129.29+93.27 16.82+16.04 19.69+22.63 00
PSxv (M) 0-272.3 11.13-49.47 40.66-69.35 0-0 4.18-14.62 (n=1) 63.34-195.24 5.48-28.16 5.37-45.78 0-0
Sv (nM) 7.5 17.51£2.22 16.77+£0.41 NA 16.35+4.45 33.16 28.26+18.52 16.78+4.33 16.15+3.46 NA
pSv (n=1) 14.54-19.87 16.29-17.01 12.4-21.49 (n=1) 15.16-41.35 13.72-19.84 13.27-19.98
Cl (M) 1117.67+1424.39 171.75+29.39 675+97.62 667+444.26 87.25+45.71 3979 2340.5+1911.31 90+39.6 317.67+384.96 3934+5363.47
P 237-2761 137-199 563-742 166-1013 42-143 (n=1) 989-3692 62-118 51-759 507-10115
K (nM) 19.41+23.51 3.81+0.88 14.83+2.89 13.03+8.81 1.98+0.88 99.61 38.85+31.42 2.71£1.25 5.42+6.53 68.58+92.05
P 4.94-46.54 2.69-4.58 11.55-17.02 3.03-19.62 0.87-2.9 (n=1) 16.63-61.06 1.82-3.59 0.79-12.88 8.7-174.58
Ca (nM 80.98+24.64 45.98+8.46 55.69+13.52 52.88+0.43 35.95+10.64 98.32 59.8+31.4 18.92+0.64 27.98+11.92 186.21x111.94
pCa @M) 52.54-95.89 39.27-58.04 40.33-65.79 52.45-53.3 22.24-47.95 (n=1) 37.6-82 18.47-19.37 20.01-41.68 65.94-287.36
Ti (nM) 0.28+0.25 0.16+0.19 11.7+12.9 0.26+0.3 0.05+0.1 BDL 0.09+0.13 0.11+0.16 0.09+0.16 5.18+8.32
P BDL-0.45 BDL-0.38 BDL-25.54 BDL-0.59 BDL-0.2 BDL-0.18 BDL-0.22 BDL-0.27 BDL-14.78
V (M) 1.27£1.05 0.98+0.18 14.99+18.23 1.33+0.3 0.66+0.42 BDL 0.42+0.11 0.15+0.21 0.39+0.1 2.03+£2.37
P 0.25-2.34 0.75-1.14 BDL-35.28 1.13-1.67 0.29-1.21 0.34-0.49 BDL-0.29 0.3-0.49 BDL-4.64
Cr (aM) 0.41+0.43 0.3+0.08 43.03+11.81 0.2+£0.22 0.19+0.09 BDL 0.1£0.13 0.06+0.08 0.11+0.11 0.68+0.69
prin BDL-0.86 0.21-0.39 29.71-52.21 BDL-0.44 0.11-0.32 BDL-0.19 BDL-0.12 BDL-0.21 BDL-1.37
Mn (nM) 2.32+0.79 5.32+0.95 81.17+14.41 4.32£1.73 4.92+1.71 2.12 1.41£0.65 0.94+0.23 1.07+0.13 12.19+4.71
P 1.6-3.17 4.58-6.7 72.81-97.81 3.02-6.29 2.97-7.12 (n=1) 0.95-1.87 0.77-1.1 0.97-1.22 9.47-17.63
Fe (nM) 478.7+203.59 315.11+66 226.78+28.17 302.08+81.81 193.17£65.54 55.97 42.9+19.73 67.92+£36.57 98.44+25.19 829.89+472.37
pre(n 345.72-713.07 267.98-409.75 197.32-253.46 234.61-393.07 119.75-267.39 (n=1) 28.95-56.85 42.06-93.78 72.72-123.07 436.13-1353.64
. 95.54+10.46 0.11£0.05
pNi (nM) BDL BDL 83.76-103.72 BDL BDL BDL BDL 0.07-0.14 BDL BDL
Cu (nM) 2.88+0.89 1.27+1.05 13.03+4.33 0.78+0.14 0.52+0.02 1.14 0.19+0.02 0.9+1.16 0.24+0.05 3.542.42
P 2.26-3.9 0.62-2.84 8.22-16.63 0.62-0.87 0.49-0.54 (n=1) 0.17-0.2 0.08-1.72 0.18-0.27 1-5.83
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High particle plumes Medium Particle Plumes Low Particle Plumes Off-Axis
16° 43" Bio Lava Purple Haze Bart North Macro Micro Flo PJ
0.98+0.33 0.29+0.28 3+2.83 0.21+0.03 0.23+0.03 0.5+0.49 0.16+0.02 0.35+0.37
pZn (nM) 0.79-1.36 0.12-0.7 BDL-5.63 0.19-0.24 0.2-0.26 BDL BDL 0.15-0.85 0.15-0.18 BDL-0.73
As (nM) 0.71+0.32 0.34+0.28 0.46+0.8 0.43+0.11 0.31+0.21 BDL 0.06+0.08 0.24+0.16 0.14+0.08 0.97+1.42
P 0.48-1.07 BDL-0.58 BDL-1.38 0.31-0.52 BDL-0.48 BDL-0.12 0.13-0.35 0.06-0.22 BDL-2.6
Br (nM) 2+2.69 0.21£0.26 1.73+1.66 1.14=0.94 0.03£0.05 5.15 4.47+4.26 0.87+1.23 0.4+0.69 5.53+7.26
P 0.37-5.11 BDL-0.54 BDL-3.31 0.07-1.8 BDL-0.1 (n=1) 1.45-7.48 BDL-1.74 BDL-1.19 0.46-13.84
Sr (nM) 1.13£0.34 1.03£0.51 3.45+3.51 0.81+0.07 0.49+0.13 1.13 0.63+0.42 0.28+0.06 0.24+0.12 4.09+3.96
por(n 0.78-1.45 0.56-1.64 BDL-7.01 0.75-0.89 0.3-0.6 (n=1) 0.33-0.93 0.23-0.32 0.15-0.37 0.85-8.51
0.01+0.03 0.35+0.61 0.06+0.05 0.04+0.04
pW (M) BDL BDL-0.05 BDL-1.06 BDL BDL-0.13 BDL BDL BDL BDL-0.08 BDL
Pb (nM) 0.05+0.06 0.26+0.37 3.46+1.31 0.07+0.04 0.1+0.13 2.59 0.03+0.04 BDL 0.01+0.01 0.16+0.16
P BDL-0.11 BDL-0.81 2.31-4.88 0.03-0.11 BDL-0.3 (n=1) BDL-0.05 BDL-0.02 BDL-0.31
pP:pFe ratio 0.22+0.02 0.22+0 0.26+0.08 0.23+0 0.22+0.02 0.02 0.15 0.16+0.05 0.2+0.02 0.22+0.01
(nM:nM) 0.19-0.24 0.22-0.23 0.17-0.32 0.23-0.24 0.19-0.24 (n=1) (n=1) 0.12-0.19 0.18-0.21 0.21-0.22
aM M 51.03+7.36 53.11£13.48 45.35+8.6 39.59+5.64 29.11+7.68 13.61+2.4 6.39+0.75 15.91£14.9 25.07+8.48 65+27.53
Dadjused (1M) 43.37-58.04 39.86-66.52 35.42-50.57 34.42-45.6 20.12-37.62 11.91-15.3 5.86-6.92 5.37-26.44 18.14-34.53 45.15-105.74

Stations are grouped by plume intensity (left: high particles, middle: medium particles, right: low particles, far right: off axis. Samples

that were below detection limit are denoted as “BDL” in the ranges. BDL samples were input as zeros when calculating averages and

standard deviations. NA means a sample was not taken. N = 1 indicates that only one sample from that station had that variable

measured.
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Chapter 4. SIDEROPHORES ARE UBIQUITOUS IN
HYDROTHERMAL SYSTEMS ALONG THE
SOUTHERN EAST PACIFIC RISE AND
CONTRIBUTE TO IRON STABILIZATION
NEAR THE RIDGE CREST

*This chapter will be submitted to a journal with the following author list. See 4.8 for detailed
author contributions.

Laura E. Moore, Randelle M. Bundy, Joseph A. Resing, Peter N. Sedwick, Jiwoon Park, Bettina
M. Sohst, Nathaniel J. Buck, Dylan Vecchione, Robert M. Morris

4.1 ABSTRACT

Siderophores are low molecular weight, iron-binding ligands produced by microbes to obtain
scarce iron resources. Despite their critical importance to microbial iron acquisition, oceanic
siderophore studies are sparse and primarily focus on the surface and mesopelagic ocean. Here,
we quantify and identify siderophores in diverse hydrothermal venting systems below 2,200 m
along the 16°-18°S sector of the Southern East Pacific Rise (SEPR). Siderophore concentrations
ranged from 0-41 pM and were ubiquitous throughout the dataset, which is the first evidence for
widespread siderophore production in deep ocean environments. We identified eight unique
siderophores that were commonly detected in multiple hydrothermal environments and across
large dissolved iron gradients (0.5-345 nM). Several of these siderophores, including hyalachelin
A and talarazine C, have not previously been detected in the ocean. We additionally assessed the
impacts of siderophores on the total iron-binding ligand pool, and for the first time demonstrate

that siderophores contribute significantly to the total iron-binding ligand pool, elevating the
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average binding strength and enhancing the complexation capacity of the entire ligand pool. We
propose that despite the low concentrations, the strong iron-binding properties of siderophores
may have a disproportionate impact on local iron stabilization in hydrothermal environments,

with potential impacts on long-term iron stability in the neutrally-buoyant plume.

4.2 INTRODUCTION

Iron (Fe) is an essential nutrient for life in the ocean, facilitating key cellular processes such as
DNA synthesis, nitrogen fixation, and cellular respiration (Morel and Price, 2003). However,
oceanic dissolved Fe (dFe) concentrations are very low (Moore et al., 2013; Tagliabue et al.,
2017), and only a small fraction of the total Fe pool is accessible to marine microorganisms
(Christel S. Hassler et al., 2011; Lis et al., 2015; Rich and Morel, 1990; Shaked et al., 2020). The
dFe pool (< 0.2 um) is considered the most biologically labile (Morel et al., 2008), but inorganic
dFe solubility in seawater is quite small (~0.02 nM) (Liu and Millero, 2002) and several orders
of magnitude lower than the concentrations required for sustaining phytoplankton growth
(Johnson et al., 1997; Moore et al., 2013). Instead, dFe is primarily stabilized by organic dFe-
binding ligands that bind more than 99% of the dFe throughout much of the ocean (Gledhill and
Buck, 2012; Gledhill and van den Berg, 1994; Rue and Bruland, 1995). These organic ligands
are a heterogeneous mixture of biologically-produced compounds that help maintain dFe in
seawater at concentrations above the inorganic solubility limit (Gledhill and Buck, 2012; Hunter
and Boyd, 2007). As a result, characterizing the organic dFe-binding ligands in seawater is
essential to understanding Fe biogeochemistry, particularly with regards to bioavailability and
stability of dFe.

Most organic ligand studies focus on bulk electrochemical measurements that determine

the concentration and average binding strengths of the ligand pool (Buck et al., 2015, 2012;
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Bundy et al., 2015; Gerringa et al., 2015; Gledhill and van den Berg, 1994). These studies have

found that ligand concentrations exceed dFe in most of the ocean, except in areas of extremely
high Fe concentrations (dFe > 10 nM) such as in hydrothermal vents (Buck et al., 2015, 2018;
Hawkes et al., 2013; Kleint et al., 2016). While electrochemical methods thus confirm the
ubiquity of organic ligands and recognize their importance as a dFe stabilization mechanism,
these methods cannot identify the specific types of dFe-binding molecules present beyond
operational definitions based on dFe binding strength (Bundy et al., 2015; Gledhill and Buck,
2012; Hunter and Boyd, 2007). Electrochemical methods can also be used to measure specific
classes of ligands such as humic-like substances and exopolysaccharides (C. S. Hassler et al.,
2011; Laglera et al., 2007; Norman et al., 2015). However, these studies are somewhat limited in
that the ligand classifications from these methods are still operational and do not allow for the
identification of specific compounds. More recent ligand identification studies use mass
spectrometry to identify known and unknown dFe-binding compounds by molecular weight.
These studies focus largely on identifying siderophores (Boiteau et al., 2019; Bundy et al., 2018;
Mawji et al., 2008; Park et al., 2023), low molecular weight dFe-binding ligands produced by
microbes to obtain scarce or inaccessible Fe resources (Kramer et al., 2019; Neilands, 1981).

Siderophores have the strongest dFe-binding constants of any natural molecule identified

to date, with conditional stability constants (K Ifgzlg o) ranging from 12-14.5 (Bundy et al., 2018;

Witter et al., 2000a). The unusually high binding constants help siderophore-producing microbes
to maintain competitive advantage over their neighbors by sequestering Fe from organisms
without the necessary receptors to take up the siderophore complex (Kramer et al., 2019). While
over 500 siderophores have been identified to date, most were isolated from terrestrial bacterial

and fungal cultures (Hider and Kong, 2010; Sandy and Butler, 2009). There are still relatively
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few studies of oceanic siderophores (Boiteau et al., 2016a, 2019; Bundy et al., 2018; Mawji et
al., 2008, 2011; Park et al., 2023; Vraspir and Butler, 2009), but most have noted the importance
of siderophores in Fe cycling. Siderophores are thought to have important impacts on both the
physical and chemical speciation of Fe in the ocean (Bundy et al., 2015; Kraemer et al., 2005;
Kiigler et al., 2020; Manck et al., 2022; Vraspir and Butler, 2009). Hydrophilic siderophores are
small and polar, and therefore likely primarily reside in the dissolved and perhaps even the
soluble (< 0.02 um) phase. Amphiphilic siderophores however, contain a fatty acid tail that could
anchor the Fe-binding head group to a cell membrane or a particle (Martinez et al., 2003), and
thus some siderophores could also be found in the particulate phase (> 0.2 um). Siderophores
have also been shown to be used by heterotrophic bacteria to transform particulate Fe (pFe) in
dust, solubilizing the Fe into the dissolved phase (Kraemer et al., 2005; Manck et al., 2022).
Chemically, the extremely high binding constants associated with siderophores suggest that they
may disproportionately impact Fe complexation and could be important for overall Fe
stabilization in the water column depending on their concentrations in the ligand pool (Buck et
al., 2018; Bundy et al., 2018; Tagliabue et al., 2017; Vraspir and Butler, 2009).

Despite the importance of siderophores to oceanic Fe biogeochemistry, measurements are
still sparse. The majority of the measurements thus far have been focused on the upper and
mesopelagic ocean (< 1,500 m) (Boiteau et al., 2016a, 2019; Bundy et al., 2018; Park et al.,
2023), but very few studies have examined deeper regions, where sedimentary and hydrothermal
Fe sources are prominent and Fe concentrations are elevated relative to surface waters (Hoffman
et al., 2023; Hunter and Boyd, 2007; Tagliabue et al., 2014). The importance of siderophores in
the deep ocean has previously been assumed to be negligible, since they are largely used by

bacteria to facilitate Fe uptake when Fe is scarce (Leventhal et al., 2019). However, active
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uptake of siderophore-bound Fe in the upper mesopelagic (Bundy et al. 2022), the presence of

siderophores in high Fe coastal benthic boundary layers (Boiteau et al., 2019) and oxygen
minimum zones (Moore et al., 2021) suggests that siderophore Fe acquisition might be a
common strategy throughout the water column. Indeed, a laboratory study using a model
heterotrophic bacteria showed that the siderophore petrobactin was being used in order to make
refractory sources of Fe such as pFe more accessible (Manck et al., 2022). Thus, siderophores
might also be important in the deep ocean despite higher Fe concentrations, if only a portion of
this Fe pool is biologically accessible for uptake.

Hydrothermal vents are one such high Fe environment where siderophore production and
uptake might be influential to Fe cycling. Although hydrothermal venting inputs Fe at high
concentrations, up to over 1 million times that of background seawater (Von Damm, 1990), not
all of this Fe is readily accessible. Much of the Fe is immediately precipitated from hydrothermal
fluids upon contact with oxic seawater (Mottl and McConachy, 1990), and the remaining dFe is
likely primarily in the colloidal size fraction (0.02 um < cFe < 0.2 um) (Fitzsimmons et al.,
2017; Gartman et al., 2014; Moore et al. in prep, Yiicel et al., 2011). Colloidal Fe is less
bioavailable than truly soluble Fe, particularly if the colloids are inorganic (Chen et al., 2003;
Morel et al., 2008; Wang and Dei, 2003). Thus, siderophores’ production may be triggered in
hydrothermal environments to access more refractory colloidal or particulate Fe pools, despite
ostensibly high Fe concentrations. Indeed, a study at Guaymas Basin hydrothermal field found
that bacterial transcripts corresponding to siderophore uptake, regulation, and synthesis comprise
~50% of all Fe-uptake system transcripts (Li et al., 2014). A more recent study focusing on the
Mid-Atlantic Ridge also identified siderophores at several hydrothermal sites (Hoffman et al.,

2023), and electrochemical results from the GEOTRACES GP16 transect indicated particularly
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strong ligands near the hydrothermally-active Southern East Pacific Rise (SEPR), which could

be a sign of local siderophore production (Buck et al., 2018; Vraspir and Butler, 2009). The
presence of siderophores in hydrothermal systems might therefore be an essential Fe uptake and
stabilization mechanism near vents, with possible long-term impacts on dFe transport away from
the immediate vent vicinity.

To explore the impact of siderophores in hydrothermal settings, we sampled
hydrothermal systems along the ultrafast spreading SEPR. The SEPR has the highest spatial
frequency of hydrothermal venting of any ridge system in the world and hosts a diverse array of
venting sites (Auzende et al., 1996; Beaulieu et al., 2015; Charlou et al., 1996; Moore et al. in
prep). The site variability allows us to examine siderophore impact on Fe biogeochemistry under
different hydrothermal conditions and across a wider range of Fe concentrations than has
previously been examined. Furthermore, the SEPR produces a large plume of stabilized dFe that
extends over 4,000 km westwards into the Pacific Basin (Fitzsimmons et al., 2017; Moffett and
German, 2018; Resing et al., 2015), making it critical to understand Fe biogeochemistry at its
source on the ridge axis.

In this study, we identified and quantified siderophores in diverse hydrothermal vent
systems along the SEPR. We examined site and environmental variation in siderophore identity
and concentration, and compared siderophore distributions to bacterial cell counts to assess the
relationship between siderophores and the in-situ microbial community. Additionally, we discuss
the role of siderophores in altering the physical and chemical speciation of Fe and speculate on
siderophore contribution to the stabilization of dFe as the neutrally-buoyant plume ages. Finally,
we compared siderophore concentrations to electrochemical measurements of the total organic

ligand pool and find for the first time in any region studied so far, that siderophores are
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disproportionate contributors to the overall Fe-binding capacity of the ligand pool in

hydrothermal systems.

4.3 METHODS

4.3.1 Seawater collection

Samples were collected on the R/V Roger Revelle during the 18 September — 6 November 2021
PLUME RAIDERS cruise (RR2106). The main study area was located along the 16-18°S sector
of the Southern East Pacific Rise (SEPR, Figure 4.1), with an additional crossover station at U.S.
GEOTRACES GP16 Station 18 (15°S). Seawater was collected on the U.S. GEOTRACES trace
metal rosette (Cutter and Bruland, 2012) equipped with 12 L Teflon-coated GO-Flo bottles
(General Oceanics). The rosette was additionally outfitted with a miniature autonomous plume
recorder (MAPR) from the National Oceanic and Atmospheric Administration Pacific Marine
Environmental Laboratory (NOAA-PMEL) equipped with oxidation reduction potential (ORP)
and light scattering sensors, and an ultra-short baseline (USBL) transponder to ensure precise site
location during repeat casts. To ensure adequate volumes of seawater were obtained for sample
analysis, two bottles were tripped at every depth. Samples for total dissolvable Fe and
manganese (tdFe and tdMn), dissolved Fe and Mn (dFe and dMn), and soluble Fe (sFe) were
collected from even numbered bottles, while total organic dFe-binding ligand and siderophore
samples were collected from odd numbered bottles. The GEOTRACES cookbook protocols
(Cutter and Bruland, 2012) were followed for all sampling and cleaning procedures and all
subsampling was performed in a Class-100 clean container.

Samples for tdFe, tdMn, dFe, dMn, sFe, organic ligands, and siderophores were filtered
under pressure (10 psi, High Efficiency Particulate Air (HEPA) filtered) through a 0.2 uym

polyethersulfone (Supor) membrane filter (Acropak 200 capsule filter, Pall corporation). Filters
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were cleaned with dilute ultrapure HCI (Trace Metal Grade, Fisher Scientific) before use and
rinsed with sample prior to subsample collection. The tdFe, tdMn, dFe, and dMn samples were
collected into 100 mL acid-washed low-density polyethylene (LDPE) bottles then acidified with
0.5 mL sub-boiled quartz-distilled 6 N HCI (Optima, Fisher Scientific) to pH 1.7 within one hour
of sampling. Organic ligand samples were collected into acid-washed 500 mL fluorinated high-
density polyethylene (FLPE) bottles and stored frozen (-20°C). The sFe samples were collected
in 125 mL acid washed bottles prior to a second filtration step through a 0.02 um syringe filter
(Anotop filter, Ussher et al., 2010), then acidified to pH 1.7 within one hour of sampling and
stored in 60 mL LDPE bottles. Siderophore samples were collected into 4 L acid-washed
polycarbonate bottles and extracted onboard within 5 hours of sampling (section 4.3.4).
Unfiltered samples for tdMn and tdFe analyses were collected into 125 mL acid-washed LDPE
bottles and acidified to pH 1.7 within one hour of sampling.

Samples for bacterial abundance were taken from the standard CTD rosette and fixed
with 0.25% glutaraldehyde. Samples were stained with SYBR Green I (Invitrogen, Carlsbad,
CA) diluted in TRIS buffer for a final concentration of 1/2000 then analyzed on a Easyflow

Guava flow cytometer as described in Spietz et al. (2019).

4.3.2  Iron and manganese analyses

All samples for tdFe, dFe, tdMn, and dMn were analyzed shipboard within 6-8 hours of sample
collection using Flow Injection Analysis (FIA). The dFe, tdFe, dMn, and tdMn samples were
measured using direct injection FIA with spectrophotometric detection modified from (Measures
et al., 1995) and detailed in (Sedwick et al., 2008) for Fe and from (Resing and Mottl, 1992) for
Mn. Detection limits for Mn and Fe were 1 nM and 1.5 nM, respectively. The sFe samples were

analyzed using a sector-field inductively coupled plasma mass spectrometer (Element XR,
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Thermo Fisher Scientific) with an in-line separation-preconcentration system (SeaFAST, SP3,
Elemental Scientific) at Old Dominion University. To ensure method accuracy, SAFe D2 and
GEOTRACES GSP seawater consensus materials were analyzed and are reported elsewhere
(Moore et al. in prep). The detection limit was 0.15 nM Fe. The colloidal fraction (0.02-0.2 um)
of Fe was calculated by difference from measurements of dFe and sFe (cFe = dFe-sFe). In a few
cases, sFe > dFe, likely as a result of the more sensitive ICP-MS method when compared to FIA.
For these cases, all dFe was assumed to be soluble. The percentage of dFe in the soluble fraction
was then calculated as %sFe = 100 X sFe/dFe with the remaining percentage as the colloidal
contribution (%cFe = 100 — %sFe). Similarly, the percentage of the tdFe pool in the dissolved

fraction was calculated as %dFe = 100 x dFe/tdFe.

433 Organic iron-binding ligands

The total pool of dFe-binding organic ligands were measured using competitive ligand exchange
adsorptive cathodic stripping voltammetry (CLE-ACSV) (Abualhaija and van den Berg, 2014;
Hawkes et al., 2013; Rue and Bruland, 1995). Methods are described in detail elsewhere (Moore
et al. in prep), but are briefly as follows. All analyses were performed on a controlled growth
mercury drop electrode (CGME, Bioanalytical Systems Incorporated) equipped with a platinum
auxiliary electrode and an Ag/AgCl reference electrode. Samples for which dFe concentrations
were less than 10 nM were first analyzed using a forward titration method (Abualhaija and van
den Berg, 2014; Rue and Bruland, 1995) in differential pulse stripping voltammetry mode with 5
uM salicyladoxime as the analytical window. For those samples in which forward titrations
showed no curvature or when dFe > 10 nM, reverse titrations were performed (Hawkes et al.,
2013) with 1-nitroso-2-naphthol (NN) as the competing ligand and analyzed using linear sweep

voltammetry. All peak heights were obtained using ECD-Soft and ligand concentrations and
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binding strengths were calculated using ProMCC (Omanovi¢ et al., 2015) for forward titrations
and code from Hawkes et al. (2013) for the reverse titrations. Data from forward and reverse
titrations could be accurately compared (Moore et al. in prep) and as such are pooled in the

following sections.

4.3.4  Siderophore analyses

At sea, four liters of 0.2 um filtered seawater (Acropak 200, Pall Corporation) were collected for
siderophore analyses. Prior to solid phase extraction, columns were activated with 2 column
volumes of ultrapure methanol (Fisher, Optima grade) and rinsed with 2 column volumes of
ultrapure Milli-Q water. Filtered seawater samples were then pumped continuously (~15-18 mL
min'") onto a Bond Elut solid phase extraction column (1g ENV, 6 mL, Agilent Technologies).
After solid phase extraction, columns were again rinsed with at least 2 column volumes of Milli-
Q water to flush remaining sea salts then stored frozen at -20°C prior to analysis. In the
laboratory, columns were thawed in the dark at room temperature and then rinsed with 2 column
volumes of Milli-Q water to remove any additional salts. Columns were then eluted with 12 mL
ultrapure methanol into 15 mL acid-washed and methanol-rinsed falcon tubes. Eluent was then
concentrated to ~0.5 mL on a vacuum concentrator with a refrigerated vapor trap (SpeedVac,
Thermo Scientific) and transferred to clean 2 mL low density polyethylene vials. Extracts were
weighed to determine exact volumes then frozen at -20°C until analysis.

Samples were analyzed using liquid chromatography (LC) coupled to an inductively
coupled plasma mass spectrometer (ICP-MS) and an electrospray ionization mass spectrometer
(ESI-MS). For each analysis, 100 puL of sample was combined with a spike of 15 pL of 5 uM
cyanocobalamin internal standard then injected and separated using a Dionex 3000 LC system

equipped with a ZORBAX-SB C18 trap column (0.5x35 mm, 3.5um, Agilent technologies) and
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a ZORBBAX-SB C18 working column (0.5x150 mm, 5 um, Agilent technologies) after the

method of (Li et al., 2021). For each sample, a 62.5 pL injection was loaded onto the trap
column at 25 pL/min with a 5-minute isocratic elution of solvent C (5% Optima methanol in
95% Milli-Q water, with 5 mM ammonium formate). Samples were then separated on working
column using a flow rate of 40 uL/min at 30°C beginning with a 5-minute isocratic elution of
95% solvent A (Milli-Q water with 5 mM ammonium formate) and 5% solvent B (Optima
methanol with 5 mM ammonium formate buffer) followed by a 20 minute gradient from 95%
solvent A to 90% solvent B, then a 10-minute isocratic elution at 90% solvent B, followed by a 5
minute gradient from 90% solvent B to 95% solvent B, then a 5-minute isocratic elution at 95%
solvent B and a 13 minute conditioning step at 5% solvent B prior to the next injection. The
same chromatography structure was used for both LC-ICP-MS and LC-ESI-MS (Boiteau et al.,
2016a; Bundy et al., 2018; Park et al., 2023).

Samples were introduced from the LC to the ICP-MS (iICAP-RQ; Thermo Scientific) via
a PFA-ST nebulizer (Elemental Scientific) and spray chamber cooled to 2.7°C. The ICP-MS was
equipped with platinum sample and skimmer cones and a 10% oxygen flow was added to the
sample chamber to prevent organic matter precipitation on the cones. Analyses were made in
kinetic energy discrimination (KED) mode with a helium collision flow rate of 4.0-4.2 mL/min.
>%Fe peaks were identified using an in-house R code with a peak threshold of 700 counts above
the large background of non-chromatographically resolved dFe-binding organic matter (Figure
4.4A). All identified >°Fe peaks were considered putative siderophores. The large “background”
of unresolved dFe-binding organic matter was also quantified and used to estimate the Fe-
binding ligand extraction efficiency by comparing the result to CLE-ACSV ligand

concentrations (section 4.3.3). We operationally defined this mixture as “humic-like” based on
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its similarity to a Suwannee River Humic Acid standard analyzed under the same instrument
conditions. Putative siderophore and humic-like substances concentrations were calculated using
a standard curve of ferrioxamine E (25-200 nM) (Boiteau et al., 2016a; Bundy et al., 2018; Park
et al., 2023). A 50 nM ferrioxamine E standard followed by a MilliQ blank were analyzed every
six samples to adjust for instrument drift and ensure minimal carryover between samples.

To identify putative siderophores, samples were then analyzed using ESI-MS with an
Orbitrap (Q-Exactive HF, Thermo Scientific) under the following settings: 3.5 kV spray voltage,
320°C capillary temperature, 90°C auxiliary gas heater temperature, S-lens RF level 65, 16
sheath gas, 3 auxiliary gas, and 1 sweep gas (arbitrary units). MS' scans were collected in
positive mode with a 120,000 mass resolution, a 200-2000 m/z range, 1E6 AGC target, and a 100
ms maximum injection times. MS? scans were taken in data dependent mode with a 30,000 mass
resolution, 2E4 AGC target, 1.0 m/z isolation window, 100 ms maximum injection time and a
35% collision energy. An inclusion list of known m/z of 530 siderophores was used for MS? data
collection. Resultant scan data were converted into open source mzXML format using MS
Convert (Proteowizard). Data were processed using in-house R-scripts using the XCMS (Boiteau
et al., 2016a; Bundy et al., 2018) and RaMS package (Kumler and Ingalls, 2022). Processing was
performed using a targeted approach of the 530-siderophore inclusion list, and siderophores were
identified using the exact m/z matches of known siderophores from MS! (+ 0.005 Da) and further
identified with associated MS?. This process generated a list of 25 putative siderophores totaling
1,022 features across the 125 samples.

To increase confidence in the putative siderophore list, select samples were brought to the
National High Field Magnetic Lab to examine on the 21 Tesla Fourier Transform-Ion Cyclotron

Resonance-Mass Spectrometer (FT-ICR-MS, Briiker) (Hendrickson et al., 2015). Samples were
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introduced to the FT-ICR-MS using the facility’s Dionex 3000 LC system under the conditions

described earlier with a few small changes. Due to a smaller required injection volume (25 pL),
samples were further concentrated on the vacuum concentrator and were prepared by spiking 30
uL of sample with SuL of 2.5uM cyanocobalamin standard. Additionally, the trap column could
not be connected, so samples were immediately sent to the working column and the 5-minute
trap column loading step was eliminated from the chromatography. The FT-ICR-MS was run
under the following settings: 3.5k spray voltage, 350°C capillary temperature, 75°C auxiliary gas
heater temperature, S-lens RF level 40, 15 sheath gas, 5 auxiliary gas, and 0 sweep gas. MS!
scans were collected in positive mode with a 600,000 mass resolution, a 230-1450 m/z range,
1E6 AGC target, and a 500 ms maximum inject time. An inclusion list of only the 25 putative
siderophores resulting from the Orbitrap analyses was applied. Samples were analyzed directly
in Thermo Fisher’s XCalibur software. Under the higher resolution of the FT-ICR-MS, only
compounds with exact m/z within = 0.0002 Da of known siderophores could be reasonably
included. Only 11 of the original 25 putative siderophores fit this criterion, totaling 606 features
across the 125 samples. The 11 remaining compounds were then further checked for
reasonability of retention times and carbon series, resulting in a final list of 8 putative
siderophores, totaling 561 features across the dataset. MS! scans from FT-ICR-MS analyses were
aligned with Orbitrap scans using the internal standard cyanocobalamin peaks.

Following the FT-ICR-MS analyses, the ESI-MS data was filtered to include only the 8
putative siderophore identities determined reasonable under the stricter m/z and carbon series
criteria. These ESI-MS data were then used to assign confidence levels to the remaining 561
features associated with the 8 putative siderophores using a combination of MS! and MS? scans.

Although all features associated with the 8 putative siderophores were considered high
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confidence due to the more rigorous m/z criteria provided by FT-ICR analysis, individual
confidence levels were assigned to features based on Park et al. (2023), previously modified
from (Sumner et al., 2007) to maintain consistency with other siderophore studies. Level one
confidence was assigned to peaks with at least one of the 5 most abundant fragments in the MS?
scan matching literature spectra (55 compounds). Level two confidence was assigned to peaks
that had retention time within + 30 seconds and m/z within + 0.0015 Da of a level one peak in
another sample (12 compounds). Level three confidence was assigned to peaks with at least one
of the 5 most abundant fragments in the MS? scan matching in-silico fragmentation predictions
(CFMID and MetFrag; 96 compounds). Level four confidence was assigned to either features
with a m/z within £ 0.0015 Da and a retention time within & 30 seconds of a level three feature in
another sample (excepting broad peak hyalachelin where criterion was + 90 seconds) or features
belonging to putative siderophores with no associated MS? data or no fragments matching
literature spectra (398 compounds). Scans were aligned between samples using internal standard
cyanocobalamin peaks.

For each sample, MS! scans from the ESI-MS were aligned with the >°Fe trace from the
ICP-MS using the internal standard cyanocobalamin. Peaks within & 15 seconds were considered
a match and the °Fe peak areas were used to quantify the putative siderophores identified using

ESI-MS. 37 features could be matched to a >°Fe peak.

4.4 RESULTS

This section first defines the different types of environments that were sampled along the axis
and characterizes the samples found at each cast site accordingly (section 4.4.1). Refer to Moore
et al. (in prep) for a more detailed discussion of the sampling designations. Flow cytometry

results of bacterial cell counts are then presented (section 4.4.2), followed by the physical and
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chemical speciation of Fe, including size fractionation and organic dFe-binding ligand data
(section 4.4.3). Finally, a summary of the concentration and identities of siderophores found in

the dataset (section 4.4.4) is presented.

4.4.1 Oceanographic setting

Ten sites were visited between 16°S and 18°S near the SEPR ultrafast spreading center (Figure
4.1D). Nine of these sites were located on-axis, while PJ was located 11 km off-axis west of Bio
to examine the development of the distal plume. An additional station, Station 18, was also
sampled slightly outside this section of ridge crest at 15°S. This station was revisited from a
previous U.S. GEOTRACES GP16 expedition as an example of an aged composite plume (Kipp
et al., 2018; Moffett and German, 2018). Sites along the main study region were chosen to
capture a wide range of hydrothermal environments including high-temperature venting, low-
temperature “diffuse” venting, and sites containing a neutrally buoyant plume (Table 4.1).
Criteria for environmental designations and sample classifications are presented in detail
elsewhere (Moore et al. in prep), but are briefly as follows. High-particle environments,
including high temperature venting and the neutrally buoyant plume, were defined using a
combination of particle anomalies (ANTU) and principal component analysis of select chemical
variables that were found to contribute the most to the variance between samples and stations.
These variables included total particulate sulfur (pSit), particulate copper (pCu), dissolved
hydrogen (dH>), dissolved methane (dCHs), tdFe and tdMn. Low-particle environments,
including diffuse vents and deep background seawater, were similarly classified using principal
component analysis, although pCu was removed as a variable. Deep background samples were

those considered to have minimal hydrothermal influence, although the pervasiveness of
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hydrothermal activity along this ridge largely prevents true on-axis background samples (Moore
et al. in prep).

The sampling sites along axis exhibited a high degree of spatial and temporal variability
(Figure 4.1A-C, Moore et al. in prep). A neutrally buoyant plume overlayed all sampling sites,
although it varied widely in intensity and vertical extent (Figure 4.1A-B). Near the seafloor, sites
Flo, Bart, North, Purple Haze, and 16°43” had evidence of diffuse flow, while sites Lava and
Macro showed evidence of high-temperature flow (Moore et al. in prep). Sites North, Macro, and
Lava were particularly notable for their large near seafloor ORP anomalies, suggesting very fresh
hydrothermal fluid (Figure 4.1C). Sites PJ and Station 18 did not have associated near-seafloor

anomalies, but did contain well-defined neutrally buoyant plumes.

442  Flow cytometry

Flow cytometry samples (Figure 4.2G) were taken using the standard CTD rosette on separate
casts from the trace metal and ligand samples. As a result, the flow cytometry dataset has a
different spatial coverage than the samples that were obtained from the trace metal rosette. 42 of
the 64 total flow cytometry samples were aligned with samples from the trace metal rosette
based on depth and tdFe and dMn concentrations. Only samples for which the percent error was
less than 50% between the measured concentrations of tdFe and dMn in the standard and trace
metal rosettes at comparable depths were considered a reasonable match. For Station 18, tdMn
was evaluated instead of dMn because dMn was not measured on the Station 18 flow cytometry
cast. Depths and ANTU values were also compared to ensure similar plume environments were
matched between samples and casts.

The flow cytometry dataset was classified into broad environmental groups, including the

neutrally buoyant plume, background, buoyant fluid, and non-buoyant near seafloor samples.
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Bacterial cell abundances were highest in the neutrally buoyant plume (5.4 x 10*+3.3 x 10*
cell/mL) and buoyant fluid (4.6 x 10* + 1.6 x 10* cells/mL), both of which had significantly
greater cell counts (Mann—Whitney U-Test, p < 0.02) than the background (2.0 x 10* + 5.4 x 103
cells/mL) and near seafloor samples (2.6 x 10* + 8.0 x 10° cells/mL). Cell counts in samples
from the neutrally buoyant plume at PJ were not significantly different from the on-axis neutrally
buoyant plume samples (Mann—Whitney U-Test, p = 0.53). However, cell counts in the neutrally
buoyant plume from Station 18 (8.5 x 10* = 2.2 x 10* cells/mL) were significantly higher than

those from the on-axis neutrally buoyant plume (Mann—Whitney U-Test, p = 0.02).

4.4.3  Physical and chemical iron speciation

There was large variability in dFe and pFe concentrations that could be attributed to the diversity
and density of vent sites along the ridge axis and their heterogeneous contributions to the
overlying neutrally buoyant plume (Figure 4.1A-C). The pFe concentrations (Figure 4.2A)
ranged from 199.5-2533.1 nM in high temperature sites (n = 7), 11.0-64.0 nM (n = 19) in diffuse
sites, and 29.0-713.1 nM (n = 25) in the center of the neutrally buoyant plume across all on-axis
sites. The pFe concentrations in the neutrally buoyant plume at PJ (192.1-1353.6 nM, n = 5) and
Station 18 (40.0-211.3 nM, n = 9) were in a similar range to those of the on-axis plumes.
However, pFe concentrations at Station 18 were somewhat lower than those at PJ.

The dFe concentrations (Figure 4.2B) were also highly variable, ranging from 4.9-344.5
nM (n = 7) in high-temperature samples, 0.3-12.2 nM (n = 20) in low temperature samples, and
1.3-111.2 nM (n = 27) in the center of the on-axis neutrally buoyant plume. The dFe
concentrations at PJ (6.6-17.8 nM, n = 5) and Station 18 (1.0-1.9 nM, n = 9) were within the
range of dFe measured in the on-axis neutrally buoyant plumes, although dFe concentrations at

Station 18 were generally low.
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The majority of the dFe was in the colloidal fraction (Figure 4.2C). On-axis, cFe
contributed 84 =+ 38% (n = 96) of dFe with the remaining fraction as sFe. The colloidal fraction
varied between environments however, comprising only 70 + 35% of dFe (n = 20) in diffuse
samples compared to 90 + 8% of dFe (n = 27) in the center of the on-axis neutrally buoyant
plume and 94 + 7% of dFe (n = 7) in high-temperature samples. The colloidal fraction of dFe in
the neutrally buoyant plume at PJ was high (92 + 2%, n = 5) compared to Station 18 (88 + 4%, n
= 9), although both stations had similar values to the on-axis plumes.

Dissolved organic Fe-binding ligand concentrations (L, Figure 4.2F) and average

K™ | Figure 4.2G) also showed a high degree of variation.

conditional stability constants (log K, 7.’

On axis, ligand concentrations ranged from 4-202 nM in high temperature samples (n = 3), 0.3-

6.7 nM in low temperature samples (n = 13), and 1.7-22.6 nM in the center of the neutrally-
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ligands (10.2 <log K ;gzl;i o < 10.3), while samples from low-temperature (9.4 < log K, Ifgz‘g ol <

Kcond

reL o' < 12.0) environments spanned

12.7) and the center neutrally buoyant plume (10.0 < log
the full L;-L3 operational ligand class range. The neutrally buoyant plumes at PJ and Station 18
had similar ligand concentrations (PJ = 2.4-6.2 nM, Station 18 = 1.7-4.9 nM) and conditional
stability constants (PJ = 10.0-11.1, Station 18 = 10.6-12.0) as the on-axis neutrally buoyant

plumes.
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4.4.4  Siderophore distributions

4.4.4.1 Siderophore concentrations

Total dissolved siderophore concentrations varied considerably in samples collected on-axis
(Figure 4.2H). Dissolved siderophore concentrations ranged from 0-41 pM with an average of
4.7+ 5.1 pM in all on-axis samples (n = 101). Average siderophore concentrations did not differ
significantly (Mann—Whitney U-Test, p > 0.05) between most sampling environments despite
significant differences in dFe and pFe. The exception was for high temperature samples (average
total siderophore concentrations = 1.5 &+ 1.7 pM), which had significantly lower siderophore
concentrations (Mann—Whitney U-Test, p < 0.03) than either diffuse samples (6.1 = 5.3 pM) or
background samples (5.7 + 6.0 pM). The neutrally buoyant plume samples exhibited the highest
variation in siderophore concentration, averaging 4.9 = 7.1 pM.

Differences in siderophore concentrations were primarily driven by site rather than vent
environment (Figure 4.2E). For example, siderophore concentrations at Micro (19.5 + 12.4 pM)
were significantly higher than any other site (Mann—Whitney U-Test, p < 0.03). Siderophore
concentrations at Bart (5.2 + 3.4 pM) and 16°43’ (7.9 + 5.8 pM) were only significantly higher
(Mann—Whitney U-Test, p < 0.03) than Bio (2.1 £2.1 pM), Lava (2.3 + 2.3 pM), and Purple
Haze (1.6 = 1.7 pM). Purple Haze had the lowest average siderophore concentrations in the
dataset, significantly lower (Mann—Whitney U-Test, p < 0.04) than those at Micro, Bart, 16°43°,
North (4.9 + 4.7 pM), and Macro (5.2 £ 5.3 pM). Siderophore concentrations at Bio, Macro,
Lava, North, and Flo (4.4 = 5.0 pM) were statistically indistinguishable (p > 0.05). Siderophore
concentrations at PJ (2.1 + 1.8 pM) were significantly lower than those measured at Micro, Bart,
and 16° 43’ although siderophore concentrations at Station 18 (6.0 = 10.4 pM) were only

significantly less than Micro (Mann—Whitney U-Test, p < 0.02).
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4.4.4.2  Siderophore identities

Eight unique siderophores were detected with high confidence (Levels 1-4; section 4.3.4) in the
dataset (Figure 4.3-Figure 4.4). Of these, tenacibactin C, synechobactin C11, and hyalachelin A
were found most often (in 100%, 98% and 86% of samples (n = 125), respectively). These
siderophores were ubiquitous, and showed no specific pattern with environment or site, and were
found exclusively in their apo, or Fe-free form. A fourth siderophore, acremonpeptide B was also
identified exclusively in the apo form. Like the other apo siderophores, acremonpeptide B was
not unique to certain environments or sites, although it was found less frequently (35% of
samples).

In addition to this suite of Fe-free siderophores, several Fe-bound siderophores were
detected including oxahomorhizoferrin, avenic acid, and aspergillic acid. Unlike the apo
siderophores, the Fe-bound siderophores had specific patterns with site and/or vent
environments. Oxahomorhizoferrin was the most frequently observed Fe-bound siderophore, and
was detected in 54% of samples. Oxahomorhizoferrin was particularly prevalent in the low-
temperature environment, detected in 75% of those samples (n = 20), and at sites 16°43°, North,
Flo, Bio, and Station 18. Avenic acid was detected in 41% of samples, and was primarily found
at sites 16°43°, PJ, and Station 18. Although avenic acid was detected across several
environments, it was particularly prevalent in the deep background, found in 71% of background
samples (n = 17). Aspergillic acid was detected less often (31% of samples) but was identified
most often at sites Bio and Flo. Fe-talarazine was also detected infrequently, identified in only 7

samples across the dataset (Figure 4.3).
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4.5 DISCUSSION

4.5.1 Siderophore distributions

This dataset greatly expands existing siderophore distribution data beyond the more extensively
studied upper ocean (< 1,500 m; (Boiteau et al., 2016a, 2019; Bundy et al., 2018; Mawji et al.,
2011; Moore et al., 2021; Park et al., 2023) and extends the measurements into the higher-Fe
deep ocean (2,200 — 2,650 m). Siderophores were detected in every sample, with an average
concentration of 4.9 + 6.4 pM (0-41 pM) across all sites. These results are comparable to and
often exceed siderophore concentrations that have been measured in the upper ocean (<400 m,
3.4+43 pM, 0-21.1 pM, Park et al., 2023). Unlike the surface ocean however, we sampled
across a much larger dFe gradient, ranging from < 1 nM to 345 nM, which is over 1000x more
concentrated than typical surface ocean measurements (0.1-1 nM) (Hatta et al., 2015; Park et al.,
2023). The percentage of dFe bound to siderophores was therefore smaller in this dataset
([siderophore]/[dFe] X 100 = 0.24 £+ 0.72%, range 0 - 4.9%) when compared to the surface ocean
(average 2.4 + 5.4%, range 0 — 30%; Park et al., 2023). However, this is likely a low estimate of
siderophore impact because the solid phase extraction method used to concentrate siderophores
only captured 11.9 = 13.0% (0.1 - 86.7%, n = 62) of the total Fe-binding ligands measured in this
dataset (Moore et al. in prep). The ~10% extraction efficiency typical for this method (Bundy et
al., 2018) makes it likely that siderophore concentrations are consistently underestimated.

We were able to quantify a total of 321 discrete *°Fe peaks above the large complex
background of uncharacterized Fe-binding organic ligands present at each site (Figure 4.4A).
However, only 37 of these *Fe peaks could be identified with high confidence using ESI-MS
and the remaining unidentified peaks from ICP-MS were classified as putative siderophores.

Because all known siderophores bind a single Fe atom (Hider and Kong, 2010), >°Fe peaks
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representing putative siderophores can be quantified and translated into the siderophore
concentrations reported here. However, siderophores identified using ESI-MS without a
corresponding ICP-MS 3Fe peak cannot be accurately quantified. Ionization efficiencies vary
widely by compound in ESI-MS, and very few (< 10) siderophores are commercially available
for use as standards. Thus, the putative siderophores we quantify via ICP-MS (Figure 4.2E) and
the siderophores we qualitatively identified with high confidence in the ESI-MS (Figure 4.4)
represent different but overlapping pools.

We found many more putative siderophores by ICP-MS than were identified by ESI-MS.
Although we performed a wide targeted search for 530 known siderophores using ESI-MS, it is
highly likely that deep sea and hydrothermal microbial communities produce suites of novel
siderophores that have not yet been molecularly characterized. These unknown compounds may
therefore manifest as unidentified putative siderophores in the **Fe ICP-MS trace. Future work
may be able to use untargeted mass spectrometry strategies to identify these compounds (e.g.
Baars et al., 2014). However, previous studies using this strategy have relied on natural
abundance Fe isotope patterns to identify compounds (e.g. Boiteau et al., 2019; Boiteau and
Repeta, 2015; Velasquez et al., 2011, 2016). In this dataset, complex isotope fractionation by
hydrothermal processes (Bennett et al., 2009) or siderophore complexation (Morgan et al., 2010)
may complicate the use of the natural abundance method.

The presence of so many unidentified putative siderophore peaks cannot, however,
explain why so few of the ESI-MS identified peaks appear on the *Fe ICP trace. The mismatch
is instead largely because most siderophore peaks identified by ESI-MS in this dataset (71%)
were in their Fe-free, or apo form. It is unclear why so many of the detected siderophores were

Fe-free. These compounds may naturally be Fe-free in the samples, but it could also be a result
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of Fe-loss during sample processing or ionization. Interestingly, 34 apo-form peaks (18
synechobactin C11 and 16 tenacibactin C) identified by ESI-MS could be matched to Fe peaks in
the ICP-MS dataset. This could occur if the corresponding Fe-bound form of the siderophore was
also present and detected via ICP-MS, but was too low in concentration for ESI-MS detection.
Only three Fe-bound siderophores detected by ESI-MS (1 aspergillic acid and 2
oxahomorhizoferrin) were successfully matched to peaks in the >Fe ICP-MS trace. It is likely
that the large background of uncharacterized Fe-binding organic compounds masks individual

peak signals in the >Fe ICP-MS trace, preventing further matches to the ESI-MS peaks.

4.5.2  Environmental and regional provenance of siderophores

The suite of siderophores identified in this dataset was notably different from what has been
documented in most previous siderophore studies to date (Boiteau et al., 2016a, 2019; Bundy et
al., 2018; Mawji et al., 2008; Moore et al., 2021; Park et al., 2023; Velasquez et al., 2011).
Indeed, all compounds identified in this study except one have either never been detected in the
ocean before or have only been found in the single other hydrothermal siderophore study
(Hoffman et al., 2023). Synechobactin C11, detected in nearly every sample in this dataset, was
the sole exception. Synechobactins were first structurally characterized in a Synechococcus sp.
PCC P7002 culture, originally isolated from marine mud (Ito and Butler, 2005). Since then, six
variants of synechobactin have been identified and detected in several oceanic environments
(Boiteau and Repeta, 2015), including the surface Pacific (< 150 m) (Bundy et al., 2018; Park et
al., 2023), an oxygen deficient zone (Moore et al., 2021), a nepheloid layer along the California
Current (Boiteau et al., 2019), and Broken Spur hydrothermal field on the Mid-Atlantic Ridge
(Hoffman et al., 2023). Several of these environments share key characteristics with the sampling

locations in this study, so the ubiquitous presence of synechobactin C11 in our dataset is perhaps
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unsurprising. Both the Broken Spur hydrothermal field and the nepheloid layer in the California

Current have high concentrations of dFe (1-21 nM and 10-17, nM respectively) that are within
the range of several hydrothermal environments sampled in this study (Boiteau et al., 2019;
Hoffman et al., 2023). Conversely, the oxygen deficient zone study found synechobactins C9 and
C10 in an environment with a lower dFe range (1-5 nM) (Moore et al., 2021), which was similar
to many background samples in this dataset. It has also been proposed that synechobactins might
be more common in the deep ocean (Boiteau et al., 2019), where they are not subject to
photodegradation.

The other siderophores in this dataset showed a high degree of similarity to those
identified in hydrothermal systems along the Mid-Atlantic Ridge (Hoffman et al., 2023).
Common siderophores in our dataset, including acremonpeptide B, avenic acid,
oxahomorhizoferrin, and aspergillic acid were also detected along the Mid-Atlantic Ridge.
Additionally, members of the tenacibactin siderophore family were found in both studies,
although the variants differed slightly (e.g. tenacibactin B vs. tenacibactin C). Only hyalachelin
A and talarazine C were unique to the SEPR, and of these hyalachelin alone was widespread.
The high degree of similarity in siderophores between the two ridge systems suggests an overlap
in microbial community taxonomy or similarly evolved Fe acquisition strategies for
hydrothermal bacteria. Notably, both tenacibactins and acremonpeptide B were originally
isolated from marine cultures, a marine bacterium Tenacibaculum sp. A4K-17 (Jang et al., 2007)
and marine fungus Acremonium persicinum SCSIO 115 (Luo et al., 2019), respectively.

Most siderophores isolated from marine bacteria are amphiphilic (Sandy and Butler,
2009), containing a polar head group with one or more fatty-acid side chains that can be tethered

to the cell membrane (Martinez et al., 2003) to prevent diffusive loss of the siderophore in the
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dilute marine environment (Vraspir and Butler, 2009). This contrasts with terrestrial systems,
where hydrophilic and non-amphiphilic siderophores are more common (Sandy and Butler,
2009). Nevertheless, seven of the eight siderophores identified in this study were hydrophilic
(Figure 4.4C-G). A hydrophilic suite of siderophores is consistent, however, with previous work
that found a greater abundance of hydrophilic siderophores in Fe-rich coastal regions while
amphiphilic siderophores were more strongly associated with lower Fe systems (Boiteau et al.,
2016a). The prevalence of hydrophilic siderophores in the SEPR samples suggests that diffusive
loss of siderophores may not be a critical cost to microbial communities living in hydrothermal
environments, especially considering that hydrophilic siderophores appear to have the advantage
of possessing stronger Fe-binding constants when compared to their amphiphilic counterparts
(Bundy et al., 2018). Stronger binding constants may be particularly beneficial in the high-
particle environments of hydrothermal systems, in which siderophores with particularly strong
binding constants may be capable of solubilizing Fe from particles (Kraemer et al., 2005; Manck
et al., 2022). While hydrophilic siderophores were overwhelmingly the most common type of
siderophore encountered along the SEPR, accounting for 78% of the identified features, only
62% of identified features in hydrothermal samples along the Mid-Atlantic Ridge were
hydrophilic (Hoffman et al., 2023). Therefore, despite similarities in siderophore identities
between the two ridge sectors, there is a larger preference for hydrophilic siderophores along the
SEPR.

In addition to varied hydrophilicity, the eight siderophores identified in this study had diverse
Fe-binding functional groups including five hydroxamate siderophores (Figure 4.4C-E, H and
talarazine c), two carboxylate siderophores (Figure 4.4F-G), and one mixed-group compound

(Figure 4.41). Hydroxamate siderophores are the most common siderophore identified in the
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ocean to date (e.g. ferrioxamines and amphibactins) (Boiteau et al., 2019; Bundy et al., 2018;
Park et al., 2023), and they were found in every sample in this dataset, with no pattern based on
site or environment. However, the two carboxylate compounds, avenic acid and
oxahomorhizoferrin, were associated primarily with background and low-temperature venting
environments, respectively. This is consistent with siderophore results from the Mid-Atlantic
Ridge (Hoffman et al., 2023) in which carboxylate compounds were primarily identified in low-
temperature venting environments. Carboxylate siderophores therefore seem to be a preferred
microbial Fe-acquisition strategy under the low-Fe conditions in background and low-
temperature environments, particularly in comparison to their high-Fe neutrally buoyant and
buoyant plume counterparts. Carboxylate siderophores are also far more prevalent in the
hydrothermal datasets than the surface ocean (Boiteau et al., 2019; Bundy et al., 2018; Park et
al., 2023), possibly due to their photo reactivity. Carboxylate siderophores readily photolyze,
weakening their Fe-binding capacities in the sunlit surface ocean (Barbeau et al., 2001; Butler et
al., 2021; Vraspir and Butler, 2009). In the deep ocean however, these siderophores will be far

more stable, perhaps contributing to their greater prevalence in the hydrothermal datasets.

4.53  Siderophores and the in-situ microbial community

The high concentrations of siderophores measured in this dataset suggest that siderophores are an
important microbial Fe acquisition strategy throughout the deep ocean, independent of dFe
concentration or amount of hydrothermal influence. Indeed, there were no significant differences
in siderophore concentrations between diffuse, neutrally-buoyant plume, and background
samples (section 4.4.4.1). This suggests that in-situ dFe concentration is not the only driver of
siderophore concentration despite its role in the regulation of siderophore biosynthesis pathways

(Miethke and Marahiel, 2007; Troxell and Hassan, 2013). This observation was also noted across
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a dFe gradient in the upper ocean of the North Pacific, where no correlation between siderophore
and dFe concentrations was observed (Park et al., 2023). Thus, siderophore production is likely a
common microbial Fe acquisition strategy across many oceanic environments spanning a large
range of dFe concentrations (Boiteau et al., 2019; Bundy et al., 2018; Li et al., 2014; Moore et
al., 2021; Park et al., 2023). Indeed, (Garber et al., 2020) examined metagenomes from marine
organisms across the surface, deep ocean, and groundwater environments and found siderophore
biosynthesis pathways in all marine environments examined.

Siderophore concentrations varied more significantly between stations than between
environments defined by hydrothermal influence (section 4.4.4.1). This suggests that the
variation in siderophore concentration may be the result of factors other than dFe, such as
changes in the microbial community. Sites Micro, 16° 43’ and Bart had the highest average
siderophore concentrations of the dataset (Micro 19.5 + 12.4 pM, 16°43” 7.9 + 5.8 pM, Bart 5.2 +
3.4 pM) when averaged across the full cast (2,200 m — seafloor). While these sites were neither
chemically similar nor co-located, all three sites were associated with low-temperature venting in
their deepest samples (section 4.4.1, Moore et al. in prep). Low-temperature venting has been
shown to support robust and diverse biological communities with connections to the subseafloor
(Butterfield et al., 2004; Friih-Green et al., 2022; Opatkiewicz et al., 2009; Perner et al., 2010).
These communities have higher bacterial abundances than background seawater or high-
temperature fluids (Butterfield et al., 2004), which could lead to greater local siderophore
production. Additionally, entrainment of bacteria present near low-temperature vents into the
neutrally buoyant plume (e.g. Jackson et al., 2010) could potentially stimulate siderophore

production shallower in the water column.
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While average cell abundances in low-temperature samples (3.2 x 10*+ 7.0 x 103
cells/mL, n = 10) were higher than those in the background (2.1 x 10* + 5.7 x 103 cells/mL, n =
4, Mann—Whitney U-Test, p = 0.08), cell abundances in low-temperature samples were
significantly less (Mann—Whitney U-Test, p < 0.002) than those in the center of the neutrally
buoyant plume (6.1 x 10* + 2.4 x 10* cells/mL, n = 14). Furthermore, there was no correlation
between cell abundances and siderophore concentrations for any site or environment in this
dataset. As a result, increased microbial activity associated with low-temperature venting cannot
adequately explain the unusually high siderophore concentrations observed throughout the deep
water column at Micro, 16°43°, and Bart.

This result does not however, preclude a microbial explanation for the high siderophore
concentrations at these sites, or conversely, the very low siderophore concentrations at a different
low-temperature site, Purple Haze (1.6 £ 1.7 pM). Distinct community structures could result in
variable rates of siderophore production or different compounds being produced. Microbial
communities in low-temperature venting habitats exhibit large spatial variability, even within the
same venting site (Fortunato et al., 2018; Perner et al., 2010), and vent chemistry has a large
impact on microbial community structure and metabolism (Frith-Green et al., 2022).
Additionally, siderophores may be cycled rapidly in a microbial community (Bundy et al. 2023),
leading to only small measurable quantities of siderophores in the dissolved phase that are
largely independent of total bacteria abundances. Finally, the flow cytometry and siderophore
measurements were taken from separate sampling casts. As a result, only 42 of the 125
siderophore samples could be matched to flow cytometry data, and it is likely that different
communities were sampled on each cast due to the high temporal variability of on-axis

hydrothermal activity.
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Determining the distribution of siderophore identities is particularly important because
siderophores are microbially-produced and can be tied back to the specific communities that
produced them (e.g. Park et al., 2023). Siderophores thus provide insight into the Fe acquisition
strategies of the microbial community, particularly if siderophore uptake and biosynthesis genes
are known (Garber et al., 2020; Li et al., 2014; Park et al., 2023). While genomic data is not yet
available for our dataset, previous taxonomic (Zeng et al., 2021 and references therein) and
genomic results (Connell et al., 2009; Homann et al., 2009; Li et al., 2014) from a diverse array
of venting systems suggest that siderophores are a common Fe acquisition strategy in
hydrothermal systems. For instance, work identifying Fe uptake and storage genes in bacterial
communities from Guaymas Basin show ample evidence for both siderophore production and
siderophore transport in that hydrothermal system (Li et al., 2014). On a broader level,
taxonomic results for a diverse array of venting systems consistently identify clades of bacteria
and fungi that contain known siderophore-producers (Burgaud et al., 2009; Connell et al., 2009;
Zeng et al., 2021; Zhou et al., 2022).

Many of the siderophore-producing clades identified previously in hydrothermal systems
(Zeng et al., 2021) contain bacteria known to produce the siderophores identified in our dataset.
Myxococcales, for instance, are frequently a component of hydrothermal microbial communities
(Li et al., 2014; Zhou et al., 2022) and contain members capable of producing hyalachelin A
(Nadmid et al., 2014), one of the most common siderophores observed in our dataset. Similarly,
Flavobacteria have been identified in vent sites, members from which the siderophore
tenacibactin C has been isolated (Hoffman et al., 2023; Jang et al., 2007; Li et al., 2014).

Interestingly, several of the identified siderophores, including aspergillic acid, talarazine

C, oxahomorhizoferrin, and acremonpeptide B, were first isolated from fungi. Fungal production
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of siderophores near hydrothermal systems has precedent, having been documented in fungal
isolates from Vailulu’u Seamount in Samoa, although they have not been structurally
characterized (Connell et al., 2009). Additionally, several fungal strains belonging to the
siderophore-producing orders Eurotiales and Hypocreales were previously identified in
hydrothermal systems, including members of Hypocreales at site Elsa along the Northern East
Pacific Rise 13°N (Burgaud et al., 2009). Members of Hypocreales have been shown to produce
acremonpeptide B (Luo et al., 2019), while members of Eurotiales have been associated with the
production of aspergillic acid (Lebar et al., 2018) and talarazine C (Kalansuriya et al., 2017).
Indeed, members of the Aspergillius genus, the main genus associated with aspergillic acid
producers (Lebar et al., 2018), have been identified in hydrothermal systems (Pang et al., 2020)
as have members of the Acremonium genus, the primary genus associated with acremonpeptide
production (Le Calvez et al., 2009). This raises the intriguing possibility for fungi to be
impacting Fe speciation in hydrothermal vents. The producers of these compounds are not,
however, limited to fungi because siderophores are frequently identified in very different
organisms than those from which they were first isolated. Several siderophores originally
isolated from fungi (e.g. ferrichromes) have later been shown to be biosynthesized by marine
bacteria, and this may be the case here (e.g. Winkelmann and Braun, 1981). Several of the
siderophores identified in this study have not yet been isolated from members of clades found
near hydrothermal vents. These include oxahomorhizoferrin, avenic acid, and synechobactin
C11, first isolated from Mucorales fungi (Drechsel et al., 1995), plant root washings (Tsednee et
al., 2012), and cyanobacteria (Ito and Butler, 2005), respectively. It is possible that these clades
haven’t been identified yet or are being produced by different organisms from which they were

first isolated.
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Identifying siderophores in such a high Fe environment and finding siderophores that
have never been found in the ocean before is an exciting result, and points to unique processes
occurring in hydrothermal systems with respect to Fe cycling. The measured concentrations of
siderophores in this study likely only offer a snapshot in time of multiple complex processes, and
yet the concentration of siderophores in this dataset were on par and exceeded those from surface
ocean studies (Boiteau et al., 2016a, 2019; Bundy et al., 2018; Park et al., 2023). It is also
notable that bacteria abundances in the hydrothermal samples were an order of magnitude lower
(~1x10*-1x10° cells/mL) than those in the surface ocean (> 1x10° cells/mL) (Park et al., 2023).
This suggests that deep sea microbial communities either produce more siderophores on a per
cell basis than surface communities, or that siderophores are cycled less rapidly, yielding larger
standing stocks of dissolved siderophores. Regardless, the high siderophore concentrations
relative to bacteria abundances are compelling, and highlight the importance of siderophores as a

microbial Fe uptake strategy in hydrothermal environments and the deep ocean.

4.5.4 The role of siderophores in the physical and chemical speciation of dissolved iron

The dFe concentrations in this study span a much larger range (0-345 nM) than most siderophore
studies performed in the low Fe surface ocean (< 0.5 nM). Despite this, siderophore
concentrations were comparable between the two environments, which is incongruous with the
expectation of siderophore production mechanics. Siderophore production is regulated by
cellular Fe concentrations such that siderophore synthesis is downregulated under Fe replete
conditions (Miethke and Marahiel, 2007; Troxell and Hassan, 2013). Therefore, the ubiquity of
siderophores in this study, even in the high Fe concentrations found in hydrothermal plumes, is
unanticipated and suggests a few possible explanations. The first is that Fe requirements may be

exceptionally high for microorganisms in hydrothermal environments, necessitating the need for
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competitive Fe acquisition. However, the competition for Fe by bacteria is somewhat unlikely in
our dataset, given the relatively low abundances of bacteria. A second possibility is that despite
high dFe concentrations, most of the dFe in hydrothermal plumes is not readily accessible,
necessitating siderophore production to obtain scarce bioavailable Fe resources. Size
fractionation data of the dFe pool supports this second explanation.

Most samples in this dataset are considered Fe replete from a microbial standpoint based
on dFe concentrations alone (21.6 + 51.9 nM, n = 109). However, the size fractionation data
suggests that much of this dFe may not be microbially accessible. The dFe pool can be divided
into the sFe, which is considered the most biologically labile source of Fe (Morel et al., 2008),
and cFe, which is anticipated to be somewhat less bioavailable (Chen et al., 2003; Rich and
Morel, 1990). Along the SEPR, cFe dominated the dFe pool, accounting for 82 + 23% (n = 107)
of dFe (Figure 4.2C). The remaining sFe averaged only 18% or 1.22 + 1.91 nM. The low
proportion of the more labile sFe pool relative to cFe might help explain the presence of
siderophores in the ostensibly Fe-rich hydrothermal environments. Bacteria may only have
access to a very small proportion of the dFe pool, necessitating siderophore production to
maintain an adequate bioavailable Fe fraction.

The cFe pool is unlikely to be entirely inaccessible to microbial uptake though. Indeed,
studies from the same region estimate that approximately 70% of cFe is organic (Moore et al. in
prep), thereby enhancing its lability (Chen et al., 2003). Organic cFe is still considered less
bioavailable than sFe (Chen et al., 2003; Morel et al., 2008), so siderophore production may be
an essential strategy for accessing organic cFe. Model marine heterotrophic bacteria have been
shown to use siderophores to transform otherwise refractory Fe pools into more accessible forms,

including cFe (Manck et al., 2022). In the high colloidal and particulate Fe environments of
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hydrothermal systems, siderophores could be used to maintain an adequate sFe fraction by
solubilizing the larger cFe or pFe fractions. The small, hydrophilic siderophores identified in this
study (Figure 4.4C-G) support this explanation because they are likely components of the sFe
pool. Furthermore, when compared to the surface ocean, the cFe fraction in this dataset is much
larger (%cFe; surface Pacific ~50%, >2000 m SEPR 82%) (Roshan et al., 2020). This results in
more comparable sFe concentrations between the surface (0.1-0.3 nM; Roshan et al., 2020) and
deep ocean environments (sFe; ~1 nM). Thus, it is possible that the similar siderophore
concentrations between the surface and deep ocean are helping to maintain a relatively steady

consistent bioavailable sFe pool.

4.5.5  Siderophores and the bulk ligand pool

In addition to potentially stabilizing a consistent concentration of sFe, siderophores also have a
measurable impact on the total organic Fe-binding ligand pool. Organic Fe-binding ligands are
the primary Fe stabilization mechanism in much of the ocean, maintaining dFe concentrations
above the small (~0.02 nM) inorganic solubility limit (Gledhill and Buck, 2012; Gledhill and van
den Berg, 1994; Liu and Millero, 2002; Rue and Bruland, 1995). The organic ligands are
heterogeneous and span both the soluble and colloidal size fractions as a function of their relative
sizes and polarities (Boye et al., 2010; Gledhill and Buck, 2012). In hydrothermal systems
however, inputs of Fe up to one million times more concentrated than background seawater (Von
Damm, 1990) outpace available organic ligands, even when in-situ microbial production of
ligands is considered. As a result, only a fraction of dFe is bound to organic ligands while the
remainder is likely stabilized as inorganic colloids (Fitzsimmons et al., 2017; Moore et al. in
prep). In this dataset, organic ligands stabilized an average of 83 + 17% (46-100%, n = 13) of

dFe in low-temperature hydrothermal samples and 70 + 22% (41-100%, n = 11) of dFe in



172

neutrally buoyant plume samples. In on-axis background samples where dFe was lower in
concentration, an average of 98 + 5% of dFe (83-100%, n = 9) was bound to organic ligands.
Notably, organic ligands stabilized ~100% of sFe regardless of environment.

Siderophores account for only a small fraction of this total ligand pool (0-1.9%, n = 63).

Kcond

However, the extremely high Fe affinities of siderophores (log Ky, .,

» > 12) have long been

hypothesized to disproportionately impact the average binding strength of the entire organic
ligand pool, particularly in the case where the other ligands present are relatively weak (Bundy et
al., 2014; Gledhill and Buck, 2012; Vraspir and Butler, 2009). A major limitation that can
obscure the connection between siderophore concentrations and the bulk ligand pool though, is
the low efficiency of the solid phase extraction method. Solid phase extraction only captures a
fraction of the total dFe-binding organic ligands detected using bulk electrochemistry methods
(Bundy et al., 2018), or approximately 10.4 + 8.4% (< 0.1%-35.3%, Grubbs Test outliers 44.6%,
86.8%, p < 0.005, n = 64) of total ligands for this dataset. Despite this limitation, we present for
the first time a positive correlation between the relative contribution of siderophores to the total
ligand pool (siderophore:L) and the average conditional stability constant of the total ligand pool

(log K Ifeofg ./» Figure 4.5). This correlation suggests that siderophores meaningfully impact the

total Fe-binding ligand pool in hydrothermal samples from the SEPR.

Kcond

The correlations between siderophore:L and log K., "z,

» are best explained by

logarithmic fits. This is consistent with a log-scaling binding constant and with a theoretical
maximum of siderophore Fe-binding constants that might be observed in the environment. The
strongest siderophores documented to date have conditional stability constants of ~14 (Bundy et
al., 2018), and thus we would expect average binding constants of the heterogeneous ligand

mixtures in environmental samples to be below that limit. A notable feature of these trends,
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though, is that they differ between sampling environment and are only significant for
hydrothermally-influenced samples. The variation in correlation is likely because the average
strength of the ligand pool also depends largely on the composition of other, non-siderophore
ligands. The ligand composition is expected to change between environments in response to
variables such as microbial community or chemical composition (Boiteau et al., 2019; Gledhill
and Buck, 2012; Moore et al., 2021). These environmental changes are likely particularly
dramatic in the highly variable vent settings. With this in mind, the correlation for the low-
temperature venting environment has a comparatively small slope with respect to the neutrally
buoyant plume environment. This might be explained by the presence of strong non-siderophore

ligands such that siderophore contributions do not disproportionately impact the overall log

Kcond

reL o' Of the ligand pool as significantly, similar to what has been observed in surface waters

(Bundy et al., 2018). Alternatively, the siderophores present in low-temperature settings might be

Kcond

weaker and therefore not exert as large an impact on log K, -,

. We observed some slight

differences in siderophore composition between environments that could affect log KS2r'¢ ./, but

the Fe-binding strengths of the siderophores identified along the SEPR are unknown. The low-
temperature vents do, however, have different chemistry (e.g. lower metal concentrations) than

high-temperature venting or neutrally buoyant plumes in this study region (Moore et al. in prep),

Kcond

which could impact the correlation between L:siderophore and log K., ..

Samples from the neutrally buoyant plume had a much steeper relationship between

Kcond

L:siderophore and log FeL Fe

» than samples from low-temperature sites, suggesting that

Kcond

siderophores have a greater measurable impact on total average log K, 7,

s in the neutrally

buoyant plume. This is likely a result of the comparatively weaker overall ligand pool found in

the neutrally buoyant plume. The environmental variability in correlation suggests that the
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impact of siderophores on the associated bulk ligand pool greatly depends on the other, non-

siderophore ligands in the samples. The presence of siderophores should generally increase the

Kcond

el re' Measured by voltammetry, but the influence of siderophores on the overall

average log

Fe-binding capacity of the ligand pool might not be as significant in environments where other
non-siderophore strong ligands are present, such as in the surface ocean. However, it appears that
siderophores contribute meaningfully to the average Fe-binding capacity of the ligand pool in

hydrothermal systems despite their relatively small total concentrations.

4.5.6  Siderophores and iron transport

Siderophores are a small but integral component of the organic Fe-binding ligand pool in our
dataset, which is important when considering the stability and longevity of Fe in these systems.

In this study, the ratio of siderophore concentrations to total ligand concentrations was directly

Kcond

related to the average log K 7,

rof the organic Fe-binding ligand pool, suggesting that

siderophores play an outsized role in complexing Fe in low-temperature and neutrally buoyant
plume environments. Increased stabilization capacity of the ligand pool in plumes along the ridge
crest may in turn allow a greater proportion of hydrothermal Fe to persist in the dissolved phase
and resist precipitative loss during plume advection.

We examined off-axis station PJ and a composite on-axis plume at Station 18 (previously
recorded aged ~ 1 month; Kipp et al., 2018) to determine how siderophores and organic Fe-
binding ligands might impact stabilization during plume development. Interestingly, the
siderophores identified at these sites were the same as those found throughout the fresher, on-
axis plumes (Figure 4.3), and the siderophore concentrations were also very similar (younger
plumes 4.7 £ 5.1 pM, Station 18 & PJ, 4.0 £ 7.4 pM). This similarity could arise from a few

possible scenarios: (1) The microbial communities and amount of siderophore production are
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similar between the fresh and aged composite plumes, or (2) The siderophores are produced by
bacteria at the ridge axis and advected westward with the plume, independent of further
microbial production within the aging plume. Option (2) is less likely because recent evidence
suggests that siderophores are rapidly cycled in microbial communities. Park et al. (2023) found
that transcripts for siderophore uptake were highly active in microbial communities in the
surface Pacific (< 500 m), suggesting that siderophores are quickly assimilated into local
bacteria. Indeed, Bundy et al. (2023) measured turnover rates of Fe-siderophore complexes on
the order of 10 days to months. Thus, siderophores may accumulate in the young plume, but are
unlikely to advect over long distances without significant turnover or additional microbial
synthesis. Option (1) is far more likely because despite large chemical changes during the
evolution of the neutrally buoyant plume, most of the plume microbial community is entrained
from background seawater (Dick and Tebo, 2010; German et al., 2010; Lesniewski et al., 2012).
Thus, the microbial community and its associated siderophores may remain similar as the plume
ages. The large overlap in siderophores detected in the background and neutrally buoyant plume
supports this explanation. However, microbial cell abundances were far higher in the neutrally
buoyant plume than background seawater (e.g. Dick and Tebo, 2010; German et al., 2010,
current study). It is possible that microbes are taking advantage of the additional chemical
resources provided by the plume and altering their metabolisms accordingly (e.g. Anantharaman
et al., 2013). It remains unknown if siderophore production is impacted by this process, but
siderophores have been proposed to be an essential mechanism for solubilizing hydrothermal
metals and thereby facilitating microbial access to Fe in the neutrally buoyant plume (Dick,

2019; Li et al., 2014).
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Siderophores may also help maintain a consistent sFe fraction as the plume develops (A.
J.M. Lough et al., 2019). Station PJ showed evidence of precipitative Fe loss in the center of the
plume based on decreases in the dFe fraction (%dFe) compared to on-axis sites (off-axis 4% +
2% n =3, on-axis 10% £ 6% n =25, Mann—Whitney U-Test, p = 0.072). However, the sFe
fraction (%sFe) at PJ remained similar to the on-axis stations (PJ 7% + 3% n = 3, on-axis 10% =+
6% n =26, Mann—Whitney U-Test, p = 0.47). A stable sFe fraction as the plume ages has also
been recorded in a plume over the Mid-Cayman Rise (A. J.M. Lough et al., 2019). The consistent
sFe fraction as the plume ages, along with similar siderophore compositions and concentrations
between the fresher and more developed hydrothermal plumes, suggest that siderophores occupy
a critical role throughout the lifetime of the plume and possibly help facilitate long-distance dFe

transport away from the ridge axis.

4.6 CONCLUSIONS

We found that siderophores were ubiquitous throughout diverse hydrothermal systems
and chemical gradients along the 16-18°S sector of the SEPR. These siderophores were similar in
concentration to those found in surface ocean environments, suggesting that siderophores are an
essential microbial Fe acquisition strategy in hydrothermal systems. The identified siderophores
represent a diverse array of structures, many of which have never been encountered in the ocean
before. We suggest that in the high-Fe environments of hydrothermal vents, siderophores may be
utilized to transform biologically inaccessible Fe pools into a more bioavailable form, possibly
via an Fe solubilization mechanism. By comparing siderophore concentrations to
electrochemical measurements of the entire Fe-binding organic ligand pool, we were able to
demonstrate for the first time that an increasing siderophore fraction (siderophore: ligand) results

in a higher average binding strength of the total ligand pool. We conclude that siderophores
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likely have a disproportionate impact on Fe stabilization in these systems, and that siderophore-
mediated stabilization of Fe may be an important process throughout the development of the

neutrally buoyant plume.
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Figure 4.1. Station map and physical characteristics.
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Station 18 and PJ. The bar below panels A-C indicates site names and casts at the same site are

offset slightly to show inter-cast variation.
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Figure 4.2. Chemical and biological parameters for all sampling sites.
A) particulate iron (pFe) concentrations, B) dissolved iron (dFe) concentrations, C) percentage of
dFe in the colloidal fraction (%cFe = 100 X cFe/dFe), D) total dissolvable manganese (tdMn)

concentrations, E) total siderophore concentrations, F) total ligand concentrations, G) organic Fe-

binding ligand conditional stability constants (log K Fczz’? »'), and H) bacteria cell counts. Grey bar
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separates the on-axis sites in the main 16.5°-18°S study region (left) and sites PJ and Station 18

(right). PJ is located 11 km west of the axis at 17.4°S and Station 18 is located on-axis at 15.0°S.
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A)>%Fe trace from ICP-MS. Peaks are denoted as vertical dashed lines. B) Scaled ion intensities

from ESI-MS for the seven most abundant siderophores detected in the dataset. Scale factors are

expressed in the legend. Letters refer to siderophore structures C-G at right. All data shown

except peak c¢ are from sample 077, which was from the center of the neutrally buoyant plume at

site 16° 43’. Peak c is from sample 109, taken from the edge of the neutrally buoyant plume at

site Bio. C-G) Siderophore structures including C) aspergillic acid, D) tenacibactin C, E)

synechobactin C11, F) avenic acid, G) oxahomorhizoferrin, H) acremonpeptide B, and I)

hyalachelin A.
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Table 4.1. Summary of sampling environments by site.
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Environment
e Diffuse High};l“::;g:;ature Neutral Plume
16° 43° Seaﬂo(c:lr:— 32)600 m NA 260(211_ 3;())0 -
Purple Haze Seaﬂ"(‘!’:; 32)600 m NA 260(211— jgo m
North Seaﬂ"(‘::— 3)540 m NA 254(:11— =23())0 m
Macro NA Seaﬂo((r)lr=— 3)540 m 254(zn— =2:;())0 m
Micro Seaﬂo(c:lrz— 22)570 m NA 25?2 ; 5;130
Bio NA NA Seaﬂ?:r= —1%;50 m
Bart Seaﬂo((:lr; 22)570 m NA 257(zn— =2?;())0 m
Lava NA Seaﬂo(c:lr; :;2)600 m 260(zn— =2:;§)0 m
Flo Seaﬂo((r)lrz— 52)625 m NA 2625(n— 32?0 m
(Offiixis) NA NA 275(211— =2§é§0 m
O NA NA [ St o

The “n” refers to the number of samples in each category. NA indicates the environment was not

encountered at that site.
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Chapter 5. CONCLUSIONS

Iron (Fe) is an essential nutrient for the oceanic microbial community, and is responsible
for facilitating critical cellular processes such as respiration, photosynthesis, and nitrogen
fixation (Morel and Price, 2003). Dissolved Fe (dFe) is the most biologically labile form of Fe in
the ocean (Morel et al., 2008), and most of this Fe (> 99%) is chemically stabilized by a
heterogeneous pool organic Fe-binding ligands (Gledhill and Buck, 2012; Gledhill and van den
Berg, 1994; Rue and Bruland, 1995). The concentrations and identities of these ligands exert key
controls over the stability, bioavailability and biogeochemical cycling of Fe. Indeed, modeling
studies have demonstrated that doubling the ligand concentration in the ocean has a greater
impact on total primary productivity than increasing Fe sources alone (Tagliabue et al., 2014).
Thus, measuring the quantities and diversity of organic Fe-binding ligands is essential for
understanding the Fe biogeochemical cycle and the resulting impacts on CO: uptake, primary
productivity, and climate (Moore et al., 2013; Tagliabue et al., 2017, 2014).

Despite the widely acknowledged role of ligands in mediating Fe cycling, there are
critical gaps in ligand characterization studies. While electrochemical measurements of Fe-
binding ligands such as competitive ligand exchange-adsorptive cathodic stripping voltammetry
(CLE-ACSYV) are widespread (Caprara et al., 2016), studies have focused primarily on the open
ocean and often lack detail in important environments near Fe sources such as continental
margins and hydrothermal vents (Buck et al., 2018, 2015; Gerringa et al., 2015). Studies using
liquid chromatography-mass spectrometry (LC-MS) techniques to identify specific ligands are
even more limited, and are largely confined to the surface and mesopelagic ocean (>1,500 m)
(Boiteau et al., 2019, 2016a; Bundy et al., 2018; Mawji et al., 2011, 2008; Park et al., 2023;

Velasquez et al., 2011). These LC-MS studies primarily focus on identifying siderophores, small



186

Fe-binding molecules produced specifically for microbial Fe acquisition, because they are
thought to disproportionately impact dFe bioavailability relative to the larger ligand pool (Bundy
et al., 2018, 2015; Gledhill and Buck, 2012; Vraspir and Butler, 2009). However, siderophore
identification studies are rarely combined with CLE-ACSV measurements of the total ligand
pool (Bundy et al., 2018), thereby limiting the scope of interpretation.

This thesis addresses the environmental gap in ligand measurements by expanding
studies into the Eastern Tropical North Pacific Oxygen Deficient Zone (ETNP ODZ) near the
Mexican margin and into diverse hydrothermal venting systems along the 16-18°S sector of the
Southern East Pacific Rise (SEPR). The novel combined application of CLE-ACSV
measurements of the total ligand pool and LC-MS siderophore identification analyses offers
unprecedented insight into the impact of ligand composition and concentration on dFe speciation
and transport in these regions. Furthermore, this thesis presents the largest siderophore dataset to
date and identifies siderophores for the first time in an ODZ and in high Fe hydrothermal vent
systems. This thesis adds significant contributions of ligand concentration and identity data in
understudied Fe-rich environments to the existing body of work and paves the way for future
studies using combined CLE-ACSV and LC-MS techniques.

Chapter 2 expanded Fe-binding ligand characterization studies into the ETNP ODZ to
test the hypothesis that organic ligands contribute significantly to the stabilization and transport
of Fe in an ODZ margin. Ligands within the ODZ were found to be stronger and in higher
concentrations than those in the surrounding oxygenated waters, and siderophores were
identified for the first time within the bounds of an ODZ. Ligand results were incorporated into a
1-dimensional model demonstrating that organic ligands help facilitate Fe transport along an

inshore-offshore transect. This represents one of the first studies to combine siderophore and



187

bulk ligand measurements and demonstrates the critical role of organic ligands in mediating Fe
stabilization near a Fe-rich margin and within the oxygen-poor redox conditions of an ODZ.
Chapter 3 explored the spatial and temporal chemical variability in hydrothermal venting
sites along the 16-18°S sector of the SEPR, an ultrafast spreading ridge with the highest spatial
frequency of hydrothermal vent systems in the world (Beaulieu et al., 2015). This chapter tested
the hypothesis that organic Fe-binding ligands stabilize significant amounts of hydrothermal dFe
along the ridge crest. CLE-ACSV analyses revealed that organic ligands were the primary
stabilization mechanism for hydrothermal dFe across a diverse array of venting systems and dFe
concentrations. Ligands were found to be particularly important to the stabilization of colloidal
Fe (0.02 < cFe < 0.2 um) and had an essential role in mediating the physical partitioning of dFe
between the soluble Fe (sFe < 0.02 um) and cFe pools. Ligands were also hypothesized to be a
critical stabilization mechanism that allows transport of dFe away from the ridge axis and into
the ocean interior. This study is the first comprehensive ligand study of multiple venting systems
along a ridge crest and one of the few that combine dFe size fractionation and ligand data.
Chapter 4 quantified and identified siderophores along the SEPR using LC-MS to test the
hypothesis that siderophores are an important component of the Fe-binding ligand pool near
hydrothermal vents and potentially a key Fe-acquisition strategy for local microbial
communities. Siderophore presence was ubiquitous across diverse physical and chemical
gradients in venting systems, and eight unique siderophore structures were identified with
widespread distribution across the dataset. Combining siderophore concentration data with CLE-
ACSV results from Chapter 3 revealed the measurable impact of siderophores on the average Fe-
binding strength of the ligand pool. This confirmed for the first time the long-held hypothesis

that siderophores contribute meaningfully, and possibly disproportionally, to the total Fe-binding
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ligand pool despite low individual siderophore concentrations. This study represents the largest
siderophore dataset to date and is among the first siderophore characterization studies in the deep
ocean.

This thesis applied a novel combination of LC-MS and CLE-ACSV approaches to
characterize ligands near understudied Fe sources to the deep Pacific Ocean. Future work could
extend the application of these techniques to other hydrothermally active regions and continental
margins to examine the impact of ligands on Fe stabilization in response to diverse chemical
regimes. Further work identifying siderophores in a wider range of oceanic environments would
also be invaluable, because the diversity of siderophores in the ocean is not well understood.
This endeavor would be improved by use of an untargeted LC-MS approach that could be used
to identify novel siderophores, which may be unique to individual environments. Finally, by
extensively characterizing Fe-binding ligands near Fe sources, this work provides a basis for
future modeling studies that require better constraints on ligand parameters near these
understudied regions. Overall, this thesis expanded the coverage of both the total ligand pool and
siderophore studies into critical regions of the deep ocean. CLE-ACSV and LC-MS techniques
were combined for one of the first times, offering unprecedented insights into Fe-binding ligand
dynamics in these regions and paving the way for future studies using these complementary

ligand measurement methods.
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