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A B S T R A C T   

Processes active within buoyant hydrothermal plumes are expected to modulate the flux of elements, such as Fe, 
to the deep ocean; however, they are yet to be described in a comprehensive manner through observations or 
models. In this study, we compare observed particulate Fe (pFe) speciation with thermodynamic (equilibrium) 
reaction path modeling for three vent fields in the Eastern Lau Spreading Center (ELSC). At each site, particles 
were collected from the buoyant rising portion of hydrothermal plumes using in situ filtration with a Remotely 
Operated Vehicle. Filter bound particles were analyzed by synchrotron micro-probe X-ray fluorescence mapping 
(XRF), X-ray diffraction (XRD), XRF spectroscopy, and X-ray absorption near edge structure (XANES) spectros
copy at the Fe 1 s edge, as well as XRF-based chemical speciation mapping for Fe. For buoyant plumes of the 
ELSC, diversity in solid-state chemistry was high, and poorly crystalline, meta-stable phases were common. We 
demonstrate that to fully describe the crystalline-to-noncrystalline character of plume pFe, a multi-modal XRD- 
XANES analytical approach is needed. We found that an equilibrium modeling approach worked well for pyrite 
but performed poorly for important families of meta-stable pFe, namely Fe (oxyhydr)oxides and monosulfides. 
Based on our findings, we recommend future field expeditions strategically explore sites representing a diversity 
of site-specific conditions to better capture the full range of processes active in plumes. We also recommend 
development of kinetic models, as well as expansion of thermodynamic databases to better reflect the solid-state 
composition of plumes. These steps should allow oceanographers to understand the processes controlling Fe 
speciation in plumes well enough to create realistic models of hydrothermal fluxes to the ocean.   

1. Introduction 

Hydrothermal systems are globally distributed hydrologic features in 
which the flux of elements from the subseafloor to the base of the 
oceanic water column is modulated (German and Seyfried, 2014). At 
high temperature vents, physical, chemical, and microbiological pro
cesses active within buoyant hydrothermal plumes further regulate the 
gross flux of elements exiting the seafloor. Buoyant plumes are charac
terized by high dilution of vent fluids by entrained seawater (ca. 

1:10,000) containing background dissolved and suspended materials, 
rise times of approximately one hour, and rise heights on the order of 
200 m (Cron et al., 2020, German and Seyfried, 2014; Hoffman et al., 
2018; Jiang and Breier 2014; Speer and Helfrich, 1995). Thus far, 
however, these turbulent, dynamic, and heterogeneous systems have 
eluded a global-scale understanding of their impact on ocean biogeo
chemistry (e.g. (Cron et al., 2020; Estapa et al., 2015; Mottl and 
McConachy, 1990; Sheik et al., 2015)). Based on current knowledge of 
neutrally buoyant plumes, it is likely that processes active within 
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buoyant plumes will govern key aspects of element fluxes, such as Fe, to 
the deep ocean, as well as speciation, potential for transport, and reac
tivity during transport (reviews by (Gartman and Findlay, 2020; Toner 
et al., 2015)). Recent work has demonstrated that Fe in the particulate 
size class (pFe; ca. > 200 nm) can be transported 100 s to 1000s of ki
lometers off axis (Fitzsimmons et al., 2017; Hoffman et al., 2018, 2020; 
Lam et al., 2018; Lee et al., 2018). 

The analytical tools needed to measure the solid-state chemistry, or 
speciation, of hydrothermally derived pFe are well established (e.g. 
(Toner et al., 2015)). However, measuring the speciation of pFe, as well 
as other relevant size fractions, across a sampling of sufficiently diverse 
vent fields to arrive at a representative cross-section of global-scale 
ocean inputs represents a great challenge. Alternatively, modeling the 
speciation of Fe, and other hydrothermally sourced elements, produced 
within hydrothermal plumes could facilitate the extrapolation of plume 
processes to global scale ocean inputs; but plume mineral speciation 
models developed to date may not yet be robust enough for this task. 
What we present here is an integrative approach that combines direct 
observations of pFe speciation with high chemical resolution with 
thermodynamic modeling mineral speciation predications. Our goal is to 
develop a framework that can be used to develop, refine, and validate 
modeling approaches, which can then guide targeted field campaigns 
that could be used to test our understanding of hydrothermal plume 
processes across different physical and geological environments 
worldwide. 

Thermodynamic modeling has been the principal approach used to 
date to predict mineral and dissolved phase chemical speciation within 
deep-sea hydrothermal plumes (Bowers and Taylor, 1985; Janecky and 
Seyfried, 1984; McCollom, 2000). Thermodynamic modeling is attrac
tive because relatively rich databases and algorithms can be used to 
make predictions for the appropriate temperature and pressure ranges 
(Helgeson et al., 1978; Johnson et al., 1992; Shock et al., 1989). How
ever, the mixing process and reaction path is very rapid with mixing 
from high to low temperatures occurring very near the vent within 
seconds to minutes (Jiang and Breier, 2014). Consequently, reaction 
kinetics are recognized as potentially limiting the accuracy of thermo
dynamic models in this process; but comparably rich kinetic speciation 
models appropriate for this temperature range have yet to be developed 
and tested. In addition, there has been little direct evidence as to how 
well thermodynamic modeling does or does not describe plume miner
alogy. In this study, we compare thermodynamic predictions to obser
vations in order to identify how the two differ. 

Iron-bearing minerals present at equilibrium are those that draw 
down the activity of Fe2+

(aq) or Fe3+
(aq) to the greatest extent; these 

minerals are defined as stable phases. Any Fe-bearing minerals known to 
be present in samples from the field, but not predicted to be present at 
equilibrium, are meta-stable phases. The degree to which a thermody
namic model will faithfully predict mineral phases depends first on the 
thermodynamic database used in the model. Available thermodynamic 
parameters are biased toward well crystalline materials with no impu
rities or defects. Based on the results of studies of neutrally buoyant 
plumes (e.g. (Breier et al., 2012)), these characteristics (crystalline, no 
impurities, no defects) may be unrepresentative of many phases 
precipitating in buoyant plumes. Next, the quality of model predictions 
will depend on the degree to which equilibrium is achieved. For Fe- 
bearing phases that rapidly precipitate as a stable phase, thermody
namic modeling should provide a realistic view of pFe speciation. 
However, for Fe-bearing phases that come to equilibrium slowly, rela
tive to mixing and transport times, thermodynamic modeling may fail to 
predict the actual (meta-stable) pFe phases formed in buoyant plumes. 

Particulate Fe speciation is complex for neutrally buoyant plumes 
and a continuum of crystalline to non-crystalline phases are observed 
(Breier et al., 2012; Hoffman et al., 2018; (Toner et al., 2009)). The gold 
standard of phase identification is X-ray diffraction (XRD), and this 
mode of detection relies on Bragg diffraction phenomena resulting from 
repeating structural motifs. In other words, it relies on the well- 

crystalline character of solids. For poorly crystalline materials—or ma
terials with nanometer size, impurities, or defects—XRD typically fails 
to produce signals that are decipherable in complex materials like hy
drothermal plume particles. For poorly crystalline phases, X-ray ab
sorption spectroscopy (XAS) can be used to accomplish phase 
identification by observing the valence state and local coordination 
environment for a specific element. Since this approach does not rely on 
crystallinity, it can detect poorly crystalline phases. However, XAS re
quires a geochemically relevant reference database for data analysis and 
detects just one element at a time (e.g. all Fe-bearing phases present). 

Hydrothermal plumes are known to produce two major families of 
Fe-bearing minerals or phases, Fe sulfides and Fe (oxyhydr)oxides (ox
ides, hydroxides, and oxyhydroxides) (Breier et al., 2012; Campbell, 
1991; Cowen et al., 1986; Feely et al., 1994; Feely et al., 1987; Gartman 
et al., 2019; (Toner et al., 2009); Yucel et al., 2011). While both families 
have exemplary crystalline members, e.g. pyrite (FeS2) and goethite 
(α-FeOOH), both also contain variable stoichiometry and poorly crys
talline members, e.g. pyrrhotite (Fe1-xS; x = 0–0.17) and ferrihydrite 
(Fe2O3–0.5y(OH)y ⋅ nH2O; y = 0–1.96; n = 0.82–1.14) (Yu et al., 2002). 
Therefore, a complete understanding of pFe in buoyant plumes requires 
more than one analytical approach. 

In this study, we have measured pFe speciation within buoyant hy
drothermal plumes and determined the degree to which pFe speciation 
is represented accurately by a thermodynamic modeling approach. For 
buoyant plumes at the Kilo Moana, ABE, and Mariner vent fields of the 
Eastern Lau Spreading Center (ELSC), we used multiple analytical ap
proaches (multi-modal) to observe different characteristics of the pFe 
present in our samples. Specifically, synchrotron micro-probe XRD and 
XAS were used to measure the solid-state chemistry of particles retained 
on 0.8 μm pore-size filters. The pFe results, composed of both crystalline 
and poorly crystalline Fe-bearing phases, were then compared to ther
modynamic modeling results. We use the lessons learned from that 
comparison to propose several best-practices that should help our 
research community build a foundation for modeling hydrothermal Fe 
fluxes to the ocean in terms of field studies, analytical observations, and 
model development. 

2. Methods and Materials 

2.1. Site Description 

The Lau Basin is located adjacent to the Australian-Pacific conver
gent plate boundary in the South Pacific Ocean. Back-arc spreading 
along the length of the Lau Basin is dominated by the Eastern Lau 
Spreading Center (ELSC) which extends ~400 km, North to South, and 
can be sub-divided into three morphologically distinct ridge sections: 
the Northern and Central Eastern Lau Spreading Centers (N-ELSC, C- 
ELSC), and the Valu Fa Ridge (VFR) (Ferrini et al., 2008). Each section of 
this back-arc spreading center is characterized by differing spreading 
rates and host geology which vary systematically from south to north as 
separation from the Tonga volcanic arc increases (Martinez et al., 2006). 
The N-ELSC begins at 19◦20′S and extends to 20◦32′S with a spreading 
rate of 96 mm/yr. The seafloor of the N-ELSC lies at water depths of 
2500-2000 m and is covered uniformly by pillow lavas. The C-ELSC is 
defined as the area from 20◦32′S to 21◦26′S. It exhibits spreading rates 
that decrease from 75 mm/yr to 61 mm/yr from North to South and the 
seafloor is covered by pillow and lobate lava. Axial magma chambers 
underlie much of the ELSC and reach a depth of 2–2.5 km below the 
seafloor at the central-ELSC (Jacobs et al., 2007). The southernmost 
segment from 21◦26′S to 22◦45′S, the Valu Fa Ridge, is the shallowest 
portion of the ELSC. Spreading rate along the VFR decreases from 61 to 
31 mm/yr from north to south. 

During hydrothermal exploration along the ELSC under the auspices 
of the Ridge 2000 program, multiple hydrothermal plume anomalies 
were detected, six of which were then tracked to their source using the 
ABE autonomous underwater vehicle for follow-on detailed process 
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studies (Ferrini et al., 2008; German et al., 2008; Martinez et al., 2006). 
Buoyant plume process studies conducted at three of those sites, the Kilo 
Moana, ABE, and Mariner revealed buoyant plumes with strong con
tributions from background seawater add (Sheik et al., 2015). 

2.1.1. Kilo Moana Vent Field (20◦3′11.52”S, 176◦7′53.76′′W) 
Kilo Moana is located 500 m west of the northern-ELSC spreading 

axis on a slightly asymmetric bathymetric high (Ferrini et al., 2008). 
Temperatures at Kilo Moana reach up to 333 ◦C at water depths of 2620 
m. The Kilo Moana vent field is surrounded by basaltic substrate host 
rock dominated by pillow lava and little sediment cover (Bezos et al., 
2009). Bathymetric maps reveal two wide volcanic domes that are cross 
cut by two well-defined fissures running north-south. The western 
fissure is 9 m deep and 4–20 m wide while the eastern fissure is 10 m 
deep and 5 m wide. Hydrothermal vent structures are evident adjacent 
to and at the intersection of both fissures. Hydrothermal activity extends 
north-south for ~130 m with three localized areas of high-temperature 
venting and diffuse flow. Kilo Moana chimneys are ~5 m tall with 
coalesced pipes, cactus-like protrusions, and beehive-like structures 
with chalcopyrite (CuFeS) and wurtzite ((Zn,Fe)S) lined conduits (Evans 
et al., 2017). The end member vent fluids from the Kilo Moana vent field 
have a pH of 3.5 and concentrations of dissolved sulfide, Fe, and Mn of 
5.7, 3, and 0.6 mmol/kg seawater, respectively (Mottl et al., 2011). 

2.1.2. ABE Vent Field (20◦45′42.84”S, 176◦11′27.6′′W) 
Located in the central-ELSC region, the ABE vent field is 600 m west 

of the spreading axis at a water depth of 2220 m and is characterized by 
vent fluids with temperatures up to 309 ◦C. ABE is surrounded by pillow 
and lobate lava host rock with moderate sediment cover and is close to a 
northeast-southwest oriented fault with parallel steps (Ferrini et al., 
2008). At least three identifiable lava flow fronts intersect faulting re
gions generating conditions favorable to hydrothermal activity. ABE 
consists of three areas of active venting spaced ~85 m apart along the 
dominant fault. Similar to Kilo Moana, vent fluids create chalcopyrite 
and wurtzite lined conduits in small, branched chimneys (Evans et al., 
2017). The end member vent fluids have a pH of 4.5 and dissolved 
sulfide, Fe, and Mn concentrations of 3, 0.2, and 0.3 mmol/kg seawater, 
respectively (Mottl et al., 2011). 

2.1.3. Mariner Vent Field (22◦10′48”S, 176◦36′6.12′′W) 
Located along on the eastern limb of an overlapping spreading center 

on the Valu Fa Ridge section of the southern-ELSC, Mariner is the 
shallowest vent field at 1910 m water depth. In contrast to Kilo Moana 
and ABE, local faults and fissures are notably absent at Mariner. Heavy 
sediment cover and felsic host rock, ranging from basalt enriched with 
lithophile elements to andesite, surrounds Mariner (Jacobs et al., 2007). 
The vent field is dominated by numerous flat-topped and crater lava 
domes. Venting at Mariner occurs from the base and sides of 10 to 25 m 
tall, narrow pinnacle structures. High temperature fluids up to 363 ◦C 
exit through chalcopyrite-lined conduits and porous beehive structures. 
Higher temperatures combined with the absence of faulting and abun
dance of magmatic carbon dioxide, suggest hydrothermal activity at the 
Mariner vent field is the result of magmatic rather than faulting pro
cesses (Evans et al., 2017; Mottl et al., 2011). The end member vent 
fluids have a pH of 2.6 and dissolved sulfide, Fe, and Mn concentrations 
of 6, 11, and 5.6 mmol/kg seawater, respectively (Mottl et al., 2011). 

2.2. Sample collection 

Samples were collected on two cruises of the R/V Thompson to the 
Lau Basin (TN235 and TN236) in 2009. Plume particles were collected 
from the buoyant plume of three vent fields using the ROV Jason II and a 
suspended-particle rosette (SUPR) multi-sampler capable of collecting 
24 discrete samples on 0.8 μm polycarbonate membrane filters (Breier 
et al., 2009). A hose extension was fitted to the ROV Jason to allow for 
sampling fluids within the buoyant plume. Variability in particle 

concentration, caused by turbulence within the plume as it rises, 
necessitated collection times from 10 to 30 min/sample. Sampling was 
conducted by: (1) approaching a vent structure from the side; (2) col
lecting a near bottom background (NBB) sample; (3) placing the sam
pling hose above the vent and within the buoyant plume and collecting a 
sample; (4) the ROV was then piloted vertically within the buoyant 
plume (using the ROV’s auto x-y positioning capabilities) to the next 
requested sampling height, using the ROV’s altimeter to monitor height 
above the seafloor. 

To preclude contamination of our samples, all sampling components 
were cleaned with a 5% ethanol / 5% HCl (Seastar) solution. Plasticware 
was rinsed with MilliQ purified water and leached with 10% HCl 
(Seastar) at pH 2. Once aboard ship, filter bound samples were recov
ered from the SUPR sampler in an argon purged glovebox, packed in 
plastic vacuum containers within the same argon purged glovebox, and 
stored and shipped frozen. 

Near-bottom background (NBB) samples were collected at the ABE 
and Kilo Moana vent sites near the seafloor at the outset of the plume 
profile prior to sampling within the rising plume (Fig. 1). Samples were 
collected in four locations at the Kilo Moana vent: two were within the 
buoyant plume at 0.5 m and 200 m plume elevation and two were 
background samples, one from the water column above the plume 
(above plume background (APB)) and one from the bottom water near 
the vent (NBB). At the ABE vent site, samples were collected within the 
buoyant plume at 1.5 m, 10 m, 40 m, and 200 m plume elevation, as well 
as above plume background and near bottom background samples 
(Fig. 1). Finally, at the Mariner vent field, two samples were collected 
from within the buoyant plume at 0.5 m and 25 m plume elevation. 

2.3. Bulk Geochemistry 

Particulate filter samples were collected with 37 mm diameter, 0.8 
μm poresize polycarbonate membranes (GE Osmonics). Filter mem
branes were completely digested in 30 mL acid cleaned perfluoroalkoxy 
vials (Savillex) using the following procedure based on Bowie et al. 
(2010). Each filter was added to a digestion vial with 2 ml concentrated 
nitric acid. The vials were capped and heated at 110 ◦C for 4 h. After 
cooling 0.5 mL of concentrated hydrofluoric acid was added to each vial. 
The vials were capped and heated at 110 ◦C for 4 h. The vials were then 
uncapped and heated at 120 ◦C to dryness. An additional 100 μL of 
concentrated nitric acid was added and similarly taken to dryness to 
facilitate evaporation of the hydrofluoric acid. After cooling, the 
digested sample was taken back into solution by adding 3 mL of a 3% 

Fig. 1. Schematic of buoyant hydrothermal plume showing plume elevation (in 
meters) and approximate location of sampling at ABE vent field, including the 
near bottom background (NBB) and above plume background (APB). 
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nitric acid matrix. The vials were capped and heated for 1 h at 60 ◦C. 
This process resulted in the complete digestion of visible particles and in 
most cases the filter, in the few cases where residual filter material (<1% 
of the whole filter) remained it was removed by filtration of the digest 
solution. All acids were trace metal grade (Optima, Fisher Scientific). 
Vials were heated in a temperature-controlled hot plate (Qblock, 
Questron Technologies). Aliquots of sample digest, at a 1:10 dilution, 
were analyzed for Fe on a Varian 730-ES axial spectrometer by Activa
tion Laboratories. External standards were used for instrument calibra
tion. Digestion and analysis were both monitored by processing and 
comparing filter and acid blanks, geostandards (MAG1 & BHVO), and 
our internal sulfide standards by these same methods (Breier et al., 
2012; Govindarajan, 1994). 

2.4. Synchrotron X-ray microprobe analysis of particles 

All synchrotron analyses for this project were analyzed at the 
Advanced Light Source, Lawrence Berkeley National Laboratory, using 
the hard X-ray microprobe beamline (BL) 10.3.2 (Marcus et al., 2004). 
Approximately one hour prior to each analysis, a sample-bearing filter 
was defrosted and mounted to an aluminum sample holder. During the 
X-ray microprobe measurements, buoyant plume particles were exposed 
to ambient temperature and atmosphere. After analysis, samples were 
returned to an argon filled glove box, sealed into plastic bags before 
being heat-sealed in mylar pouches with oxygen scrubbers (Anaero 
Pack, Mitsubishi Gas Chemical Co., Inc.) and re-frozen prior to return to 
the laboratory at the University of Minnesota. 

Data collection at BL 10.3.2 for filter-bound plume particles had the 
following task flow: (1) X-ray fluorescence (XRF) mapping at multiple 
energies to determine the spatial distribution of elements in the parti
cles; (2) point X-ray absorption near edge structure (XANES). 

measurements within XRF mapped areas at the As, Fe, Mn, and V 1 s 
(or K-edge) absorption edges to define particle chemistry; (3) point X- 
ray diffraction (XRD) and point XRF spectra were measured for particles 
within the XRF mapped areas; (4) Fe speciation mapping to quantify the 
relative abundance of Fe species; and (5) additional point Fe XANES to 
validate the fits to the speciation map. 

2.4.1. X-ray fluorescence mapping 
X-ray fluorescence mapping typically included: (1) an “As map” with 

incident energy set to PbL3–50, or 12,985 eV, that provided Fe, Ni, Cu, 
Zn, and As distributions; (2) a “Mn map” with incident energy set to FeK- 
50, or 7062 eV, that provided Mn distribution without interference from 
Fe Kα fluorescence emission; (3) a “V map” which was generated by 
subtracting a VK-50, or 5415 eV map from a VK + 100, or 5565 eV to 
distinguish V Kα from Ti Kβ fluorescence emission; and (4) maps for Si, 
S, Cl, K, and Ca that were typically obtained from the lowest energy map 
collected (e.g. the below-V map at 5415 eV). Individual XRF maps were 
deadtime corrected, aligned, and channels of interest were added to a 
single composite map using custom beamline software (Marcus et al., 
2004). 

2.4.2. Point XANES 
X-ray absorption near edge structure spectroscopy was conducted at 

the V, Mn, Fe, and As K (or 1 s) absorption edges using a 7-element 
germanium detector in fluorescence mode. The monochromator en
ergy calibration was set with the inflection point of a scan of V foil at 
5463.76 eV, Mn foil at 6536.95 eV, and Fe foil at 7110.75 eV, or set at 
the white line maximum of a scan of sodium arsenate powder at 11,875 
eV. The V, Mn, Fe, and As XANES spectra were collected in the range 
5350–5720 eV, 6439–6838 eV, 7011–7414 eV, and 11,769–12,179 eV, 
respectively. Individual scans collected at the same sample location 
were examined for changes in line-shape and peak position, and no 
photon-induced sample damage was observed. 

2.4.3. XANES data analysis 
Spectra were deadtime corrected, energy calibrated, and averaged 

using custom beamline software (Marcus et al., 2004). The software 
program Athena was used to perform pre-edge subtraction and post- 
edge normalization (Ravel and Newville, 2005). Normalized spectra 
were subjected to linear combination fitting (LCF) with reference 
spectra using custom beamline software (Marcus et al., 2004) as 
described in (Breier et al., 2012). For Fe, the reference spectra database 
has 94 entries (Hansel et al., 2003; Marcus et al., 2008; Toner et al., 
2012a) (Table S1 displays all LCF results). For As, the reference spectral 
library consists of 20 unpublished entries (Nicholas et al., 2017). For 
Mn, the peak positions were compared to published values for Mn(II), 
Mn(III), and Mn(IV) (Bargar et al., 2000). For V, the peak positions were 
compared to published values for 19 V species (Shafer et al., 2011). The 
LCF results were ranked using the normalized sum-squares (NSS) 
parameter: 

NSS = 100 ×
{ ∑ (

μexp − μfit
)2

/ ∑ (
μexp

)2
}

Where μ represents the normalized absorbance of the experimental 
(μexp) and fit (μfit). Additional components were added to a fit when the 
change resulted in an improvement in the NSS by ε 10%. It is important 
to note that LCF analysis of experimental data with reference spectra is 
dependent on the degree to which the references represent the chemistry 
of the samples. The Fe XANES database used in this study is robust in 
that it covers a wide range of relevant Fe-bearing solids. Despite this, the 
appearance of a specific reference, such as “hypersthene” (a meta
morphic inosilicate within the enstatite-ferrosilite solid solution series), 
in the best linear combination fit (LCF) does not mean that hypersthene 
is present in the sample. The interpretation is confounded by the fact 
that hypersthene does not have a unique chemical formula and the Fe 
XANES spectra are rarely diagnostic for a specific phase. The soundest 
interpretation is that the sample contains Fe in a hypersthene-like 
chemical state (valence plus local coordination environment). There
fore, in this study, we use a post-LCF binning process. In the example of 
hypersthene, it would be binned as a primary “silicate”. 

Iron XANES spectra were binned after LCF into six speciation cate
gories: (1) “Fe(0)” is native or metallic Fe and is considered to be a 
shipboard contaminant (Hoffman et al. 2020); (2) “Sulfide” includes all 
Fe-bearing sulfide minerals such as pyrite and pyrrhotite; (3) “Silicate” 
includes any Fe-bearing primary silicate mineral having Fe(II) and/or Fe 
(III) such as chlorite and andradite; (4) “Fe(II)” includes any non-sulfide 
or non-silicate phases such as ilmenite; (5) “Fe(II,III)” are mixed valence 
(oxyhydr)oxides of Fe, such as magnetite and green rust; and (6) “Fe 
(III)” includes Fe(III) (oxyhydr)oxides and secondary Fe(III) phyllosili
cates. A complete list of all reference spectra used in LCF and the cor
responding Fe species bin are displayed in Table S2. 

2.4.4. X-ray diffraction 
Microprobe XRD patterns were collected at an incident energy of 17 

keV (λ = 0.729 Å) with 240-s exposure and a spot size of 6 × 11 μm. The 
XRD patterns were radially integrated to obtain profiles of intensity 
versus 2θ using the freeware Fit2D after calibration of sample-to- 
detector distance with data from an Al2O3 (alumina) standard (Ham
mersley et al., 1996). Background filter XRD scans were collected. 

Sampled XRD patterns underwent JADE software peak analysis 
(Materials Data Inc). Background filter XRD patterns were displayed and 
individually subtracted from each sample pattern. Additional back
ground noise detected by JADE was subtracted to produce a uniform 
baseline for the XRD patterns. Sampled patterns underwent peak iden
tification using the mineral standards of MDI-500 and AMCS databases 
to produce a list of possible standard-to-sample mineral matches. The 
chemistry filter function in JADE was used to search for matches con
taining elements identified by XRF spectra collected at the same location 
as the XRD pattern. Each listed match was quantitatively assigned a 
Figure of Merit (FOM) number based on the quality of match where an 
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FOM number (or rating) of zero represents a perfect sample-to-standard 
correlation and an FOM ≥ 25 represents an imperfect standard-to- 
sample match due to missing, oversized, or offset peaks from pattern. 

Analyzing XRD mineral data from natural samples poses a number of 
challenges and standard protocols for XRD pattern identification did not 
work well for most of our data; therefore, we developed a best-fit point 
system to rank potential matches. We assigned two points to potential 
minerals with an assigned FOM of 25.0 or below and one point to po
tential minerals with an assigned FOM 25.1 or above. One additional 
point was given to potential minerals that corresponded with XRF 
identified elements. A maximum best-fit score of 3 represents a highly 
confident mineral identification (additional details on XRD data 
collection and point system in Supporting Information). 

2.4.5. Chemical mapping 
An Fe speciation mapping protocol developed for hydrothermal 

plume particles at the East Pacific Rise (Toner et al., 2012a; Toner et al., 
2015; (Toner et al., 2014)) was applied to the ELSC samples. The method 
has components similar to chemical/speciation/multi-energy mapping 
methods developed for As, (Nicholas et al., 2017), Fe (Lam et al., 2018; 
Mayhew et al., 2011; Toner et al., 2012b), and S (Zeng et al., 2013). 
Briefly, multiple XRF maps were collected from sample areas with en
ergies spanning the Fe K absorption edge. The number of XRF maps, and 
the incident energy for each, was selected based on: 1) the Fe species 
observed in point XANES spectra; and 2) the degree to which the en
ergies distinguish among the species present. This selection process was 
aided by a custom beamline program called Chemical Map Error Esti
mator (Nicholas et al., 2017; Zeng et al., 2013). 

For the ELSC plume particles, point XANES indicated that 8 incident 
energies were needed to describe the Fe species present: 7110, 7113.3, 
7120.9, 7125, 7127.5, 7129.2, 7132.5, and 7350 eV. The XRF maps 
were deadtime corrected, registered, and compiled into a single file that 
is referred to hereafter as a “speciation map”. All speciation maps were 
fit pixel-by-pixel using LCF with reference spectra and a materials blank. 
The LCF output was binned into three Fe species categories: (1) “Fe 
sulfide” which includes all Fe-bearing sulfide minerals; (2) “Fe(II)” in
cludes all non-sulfide Fe(II)-bearing phases including Fe(II) silicates; and 
(3) “Fe(III)” which includes all Fe(III)-bearing phases such as Fe(III) 
oxyhydroxides and Fe(III)-bearing silicates. 

The resulting speciation maps are three-dimensional datasets 
composed of an x-y plane representing the surface of the sample filter 
and a z-axis at every pixel representing an absorption profile as a 
function of incident energy. These absorption profiles are XANES spectra 
with low spectral resolution so the fit results are binned into species 
groups. For example, we cannot distinguish among Fe(III) oxy
hydroxides with our speciation maps (e.g. goethite from akaganeite), 
but we can distinguish Fe-sulfides from Fe(III) oxyhydroxides (e.g. py
rite from any of the oxyhydroxides). Species bins that reflect our ability 
to distinguish different Fe species groups were used. Point Fe XANES 
data were then collected at select points within the speciation map area 
to ground-truth the fit. 

2.5. Geochemical reaction path modeling 

Equilibrium thermodynamic reaction path modeling was used to 
predict chemical concentrations, activity coefficients, and mineral 
saturation states during the mixing of seawater with end member vent 
fluid from the A1 vent at the ABE hydrothermal field, the MA1 vent at 
the Mariner hydrothermal field, and the KM1 vent at the Kilo Moana 
hydrothermal field (Mottl et al., 2011) (Table S4). Our approach follows 
those of past studies (Bowers and Taylor, 1985; Janecky and Seyfried, 
1984; McCollom 2000); and, our specific plume thermodynamic model 
implementation has been described previously (Anantharaman et al., 
2013; Anantharaman et al., 2014; Breier et al., 2012). The following is a 
brief description of model aspects specific to this study. 

Vent fluid compositions (Table S4) are based on measurements made 

from samples collected in 2005 (Mottl et al., 2011; Seewald et al., 2005). 
Vent fluid concentrations for Cu, Zn, and Ba are based on EPR 21◦ N for 
lack of more relevant data (Von Damm et al., 1985). In situ pH was 
calculated from measurements of pH at 25 ◦C using an equilibrium re
action path model that increased the temperature of the measured fluid 
to the original vent fluid temperature. Background seawater dissolved 
O2 concentrations are based on WOCE measurements from section P06 
(Talley, 2007). Background seawater dissolved H2 is assumed to be 
controlled by atmospheric equilibrium; this is consistent with previous 
findings for H2 in the Atlantic Ocean (Conrad and Seiler, 1988). Aspects 
of Lau vent chemistry have been measured at other times but not in 
sufficiently complete a set of parameters as the vent chemistry and 
background seawater chemistry selected for this model. The data 
selected for this model predates this study; actual chemistries for these 
parameters may have differed during this study. 

Reaction path modeling was performed with REACT, part of the 
Geochemist’s Workbench package. The plume reaction path is modeled 
through a mixing process that ends at a vent fluid to seawater dilution of 
1 part in 10,000, encompassing dilutions across the full rise-height of a 
buoyant hydrothermal plume. Precipitated minerals were allowed to 
dissolve and their constituents to re-precipitate based on thermody
namic equilibrium constraints. The thermodynamic data upon which 
this model is based was predicted by SUPCRT95 (Johnson et al., 1992) 
for the temperature range of 1–425 ◦C (specifically 1, 25, 60, 100, 225, 
290, 350, and 425 ◦C) and a pressure of 500 bar, a pressure and tem
perature range that encompasses all known deep sea vents. SUPCRT95 
uses previously published thermodynamic data for minerals, gases, and 
aqueous species (Helgeson et al., 1978; McCollom and Shock, 1997; 
Saccocia and Seyfried, 1994; Shock and Helgeson, 1990; Shock et al., 
1989; Shock et al., 1997; Sverjensky et al., 1997). Thermodynamic data 
for pyrolusite, bixbyite, hausmannite, and marcasite were added from 
Robie et al. (1979) and thermodynamic data for Fe(OH)3 were added 
from Wagman et al. (1982). Additional H2-producing reactions for the 
formation of elemental S, bornite, pyrite, chalcopyrite, and covellite 
were also added (McCollom, 2000). The B-dot activity model was used 
(Helgeson, 1969; Helgeson and Kirkham, 1974). Temperature depen
dent activity coefficients were used for aqueous CO2 and water in a NaCl 
solution (Bethke, 2007; Cleverley and Bastrakov, 2005; Drummond, 
1981). A general limitation of REACT is that it does not predict the 
thermodynamic behavior of solid solutions. Thus minerals such as 
sphalerite, pyrrhotite, chalcopyrite, and isocubanite are treated as 
separate phases with ideal stoichiometry. This may influence the pre
dicted plume mineral assemblage. 

Following assumptions used in previous models, HS−/SO4
2− equili

bration was suppressed on the basis that this reaction is kinetically 
inhibited on the short timescales of transport in the rising plume. For 
similar reasons, the precipitation of quartz and other silicate minerals 
were also suppressed in previous studies. Here, however, we consider 
the potential precipitation of trace and non-equilibrium minerals as well 
as equilibrium minerals. For this reason, all minerals were allowed to 
precipitate when thermodynamically predicted to do so. The ratio of the 
ion activity product and the thermodynamic solubility product were 
predicted for all minerals in the model so that the saturation state of 
trace and minor minerals could be evaluated. Precipitated minerals were 
allowed to dissolve and their constituents to re-precipitate based on 
thermodynamic equilibrium constraints. Consequently, a summation of 
minerals present at any point in the reaction path would only represent a 
subset of all minerals that precipitate during the process; these values 
can be mutually exclusive (e.g., pyrite, magnetite, and Fe hydroxide) 
and should not be integrated along the reaction path. To summarize all 
of the minerals that precipitate during the reaction path, Table S5 lists 
the set of minerals that achieve a saturation index of 1 and achieve an 
equilibrium state along the modeled reaction path (Supporting Infor
mation). In addition, Table S5 also lists those minerals that achieve 
lower saturation indices because they have the potential to precipitate if 
plume physical or chemical conditions are different or where kinetic 
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inhibitions prevent other minerals from precipitating. 

3. Results 

Particle chemistry (> 0.8 μm) in buoyant plumes along the ELSC was 
investigated at the Mariner, ABE, and Kilo Moana vent fields. Buoyant 
plume samples from each location were collected by in situ filtration and 
bulk major element concentration was measured by digestion and ICP- 
MS. Fig. 1 shows a schematic of the ABE plume indicating elevations 
above the vent where samples were collected and approximate location 
of near bottom background (NBB) and above plume background (APB) 
samples. Mariner and Kilo Moana vent fields were sampled in a similar 
way. Total particulate iron concentrations ranged from <4 nmol Fe/kg 
seawater in above plume background (APB) samples to 204 nmol Fe/kg 
at a plume elevation of 0.5 m at Mariner (Table 1). Within the ABE 
plume, particulate Fe concentrations decreased from 19 nmol Fe/kg 
near the source of the plume (1.5 m) to 4 nmol Fe/kg at a plume 
elevation of 200 m above the vent (Table 1). 

3.1. Particulate Fe chemical speciation 

In this study, we measure pFe specation using two different syn
chrotron X-ray microprobe approaches, point XANES and chemical 
mapping, that rely on X-ray absorption phenomena (Toner et al., 2015; 
(Toner et al., 2014); Toner et al., 2012b). In practice, these two ap
proaches are applied iteratively with the findings of one observation 
type informing data collection and analysis in the other (Nicholas et al., 
2017). The point XANES data, in conjunction with multi-element XRF 
mapping, are used to generate a complete list of Fe species present in the 
filter-bound sample. Points for XANES analysis are chosen to query Fe in 
different chemical environments according to co-located elements 
(identified from XRF maps) or different Fe species (identified by 
chemical maps). This means that the points are not selected at random to 
quantify the distribution of Fe species on the filter. Rather, the goal was 
to discover the number of different types of Fe species present in the 
sample and collect high quality spectra for phase identification of those 
types. The chemical mapping approach trades spectral, and therefore 
chemical, resolution for a larger number of observations. The strength of 
the chemical mapping is that the true quantities of Fe species present can 
be measured for a filter-bound sample. Using these two complementary 
approaches together, a typical experiment for a filter-bound sample 
could include tens of point XANES with high spectral resolution, and a 
chemical map with 100,000+ observations (i.e. pixels) with low spectral 
resolution. The purpose of pairing point XANES observations (high 
spectral resolution) with chemical mapping (low spectral resolution but 
large number of points queried) is to overcome the quantification issue 
caused by non-random selection of XANES points. If the number of 

XANES points is increased, then the Fe speciation measured by XANES 
will converge with that observed with chemical mapping. Similarly, if 
the number of incident energies in a chemical map is increased, then the 
specificity of the Fe species bins, and the overall quality of phase iden
tification, will converge with the level of detail obtained by point 
XANES. 

Point Fe XANES were collected and analyzed for solid particulate 
samples from buoyant plumes at the ABE, Kilo Moana, and Mariner vent- 
fields. Linear combination fitting results from spectra were pooled and 
binned to produce a data set with 6 different Fe speciation categories: Fe 
(0), Fe-sulfide, Fe-silicate, Fe(II), Fe(II/III), and Fe(III), and their esti
mated relative proportion within a given sample. Iron speciation map
ping was used for the same filter- bound samples to provide an actual 
measured relative proportion of three Fe species (Fe(II), Fe(III), and Fe- 
sulfide; additional details in Methods). 

3.1.1. Comparison across sites at 0.5 m and 200 m 
Results from point Fe XANES are presented in Fig. 2 for the Mariner, 

Kilo Moana, and ABE plumes at 0.5 m (Mariner and Kilo Moana) and 1.5 
m (ABE) and for the Kilo Moana and ABE plumes at 200 m plume 
elevation. At the lowest plume elevations, Fe in all three plumes is 
predominately in the form of Fe-sulfide. Kilo Moana has the highest 
sulfide proportion at >80 mol% (per atom basis), while the proportion 
at both Mariner and ABE lies closer to 50% (per atom basis). Mariner is 
the only location with a significant proportion of Fe-silicates, while the 
ABE plume is the only one of the three with a significant pool of non- 
sulfide Fe(II) near vent. Finally Kilo Moana is the sole plume with a 
sizeable proportion of Fe(II/III) mixed valence minerals. Both the Mar
iner and ABE plumes at near vent elevation have an Fe(III) proportion of 
15–20%, while interestingly there is no measurable Fe(III) at 1.5 m 
plume elevation at the Kilo Moana location (Fig. 2, Table 1). 

Moving away from the source of the plume to an elevation of 200 m, 
the relative proportions of pFe shift in both the Kilo Moana and ABE 
buoyant plumes. The Fe-sulfide component decreases from greater than 
50% of the total Fe to 25% and 35% in the Kilo Moana and ABE plumes, 
respectively (all % per atom basis). This coincides with an increase in the 
silicate and Fe(III) fractions in the Kilo Moana plume and a sizeable 
increase in Fe(III) minerals, from 15% to >50% (per atom basis), in the 
ABE plume (Fig. 2). 

Similarly, results from Fe speciation chemical mapping (Figs. S3–5) 
indicate an increase in the proportion of Fe(III) and a decrease in the 
proportion of reduced Fe (Fe(II) and/or Fe-sulfide) between near vent 
and a plume height of 200 m for both the Kilo Moana and ABE plumes 
(Table 1). For example, in the ABE plume the Fe(III) proportion in
creases from 33 to 39% while the Fe(II) concentration decreases by 50% 
from 14 to 7% and the Fe-sulfide proportion remains roughly consistent 
at 52–54% (per atom basis). The speciation differs slightly in the Kilo 

Table 1 
Proportion of Fe-Sulfide, Fe(II) and Fe(III) for all sampling locations and plume elevations based on chemical mapping measurements.  

Vent Field Buoyant Plume 
Location 

Plume Elevation (m) Proportion Fe- 
Sulfide 

Proportion Fe(II) Proportion Fe(III) pFe (nmol Fe/kg seawater)c Temp (deg C) 

ABE NBBa 0 0.40 0.08 0.52 10.6 309.00 
ABE 1.5 m 1.5 0.52 0.14 0.33 18.9  
ABE 10 m 10 0.13 0.09 0.78 4.21  
ABE 40 m 40 0.36 0.13 0.51 3.16  
ABE 200 m 200 0.54 0.07 0.39 3.86  
ABE APBb 300 0.05 0.04 0.91 1.06  
Kilo Moana NBB 0 0.23 0.06 0.71 18 333.00 
Kilo Moana 0.5 m 0.5 0.35 0.11 0.54 35.8  
Kilo Moana 200 m 200 0.15 0.10 0.74 3.16  
Kilo Moana APB 300 0.15 0.33 0.52 3.81  
Mariner 0.5 m 0.5 0.03 0.08 0.87 204 334.00 
Mariner 25 m 25 0.24 0.27 0.48 10.5   

a Near bottom background. 
b Above plume background. 
c Total particulate Fe concentration (pFe) was measured by ICP-OES after digestion of filter solids. 
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Moana plume where the Fe(III) proportion increases from 54 to 74% 
while the Fe(II) contribution remains at ~10% and the Fe-sulfide frac
tion decreases from 35 to 15% (per atom basis). The Mariner plume 
behaves differently in that as plume elevation increases the proportion 
of reduced Fe species actually increases while the proportion of oxidized 
Fe decreases. 

3.1.2. ABE plume profile 
Individual Fe XANES spectra for the entire ABE plume profile are 

presented in Fig. 3, allowing for a visual comparison of the presence of 
various Fe chemical speciation types as a function of plume elevation. 
Spectra for known standards of an Fe-sulfide (pyrite), Fe(II) (FeCl2), and 
Fe(III) (ferrihyrdrite) are included for comparison. All three Fe species 
are present in the near bottom background and 1.5 m samples. As plume 
elevation increases the proportion of Fe(II) in the samples decreases; in 
fact, by the time an elevation of 200 m is reached only Fe(III) and Fe- 
sulfide remain. This is generally consistent with the Fe chemical speci
ation mapping results for the ABE profile (Table 1) where the proportion 
of Fe-sulfide remains >35% at 3 out of 4 heights (all but 10 m), while Fe 
(III) varies between 33 and 78% depending on height and Fe(II) drops by 
50% from 14 to 7% as height increases from 0.5 to 200 m (all % on per 
atom basis). 

3.1.3. Comparison of near bottom background and above plume 
background 

Near bottom background samples were collected for ABE and Kilo 

Moana vent sites. The samples were collected adjacent to the vent but 
out of the direct line of the buoyant plume for each. The purpose of the 
near bottom background samples is to define the chemical signature of 
materials entrained into the buoyant plume. Entrainment is an impor
tant process that mixes chemical reactants, such as dissolved oxygen and 
particulate organic carbon, from the near background seawater with 
vented fluids. Suspended materials from nearby rocks and sediments 
(having complex histories) are also entrained, thereby diluting partic
ulate Fe species formed from vent fluids in the buoyant plume. In gen
eral, primary silicates found within the buoyant plume are considered 
entrained materials of non-hydrothermal origin because conditions for 
their formation are not present in the buoyant plume. In contrast, sec
ondary phyllosilicates such as Fe(III)-bearing smectites could potentially 
form in plumes but the present study was not able to distinguish between 
secondary phyllosilicates of hydrothermal and non-hydrothermal origin. 

At both sites, the concentration of background particulate Fe is 
approximately 50% of the 0.5 and 1.5 m plume elevation concentrations 
(Table 1). In contrast, the background particulate Fe concentration is 
higher than concentrations in the buoyant plume at 200 m elevation. In 
other words, the plume particulate Fe concentration decreases below 
that of our near-seafloor background sample. These relative particulate 
Fe concentrations are consistent with: (1) a strong particulate Fe back
ground signal near the seafloor that contributes particulate Fe to the 
young buoyant plume; and (2) a dilute particulate Fe background signal 
at higher plume elevations. In future work, a depth profile of back
ground samples could resolve this complexity. 

Fig. 2. Results from point X-ray absorption near edge structure (XANES) spectra showing difference in particulate Fe speciation among locations, the Kilo Moana, 
ABE, and Mariner vent fields, for a given plume elevation. A) 0.5/1.5 m and B) 200 m above the vent and within the buoyant plume. 
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Iron chemical mapping results indicate that near bottom background 
samples at both sites contain a combination of oxidized and reduced 
species distributed across the Fe-sulfide, Fe(II), and Fe(III) bins 
(Table 1). The Fe(III) proportion is higher at the Kilo Moana site, where 
it comprises 71% of the Fe pool, compared to 50% at the ABE vent. Point 
XANES analysis was used to get more information about the background 
particulate Fe speciation. The ABE sample had equal portions of Fe- 
bearing primary silicates (represented by references andradite, alman
dine, hypersthene, and gehlenite) and non-sulfide Fe(II) (represented by 
references ferrous sulfate, siderite, basalt glass, ilmenite, and perov
skite) which each having 34% of the total Fe in the points examined 
(Table S1). In comparison to ABE, the Kilo Moana sample has a greater 
amount of Fe-sulfide (represented by references pyrite and FeS) and 
mixed valence Fe(II/III) phases (represented by the reference green 
rust), and no detectable Fe-silicates in the two points examined 
(Table S1). In general, the particulate Fe background at ABE is most 
consistent with non-hydrothermal materials (e.g. primary silicates) 

while the Kilo Moana background is most consistent with re- 
entrainment of hydrothermal materials (e.g. Fe sulfides and oxy
hydroxides) at the time and location of sampling. A description of how 
to interpret Fe XANES reference spectra is provided in Section 2.4.3, and 
the chemical formulas for reference materials, as well as the point 
XANES binning key are provided in Table S2. 

Above plume background samples were collected at 300 m above the 
ABE and Kilo Moana vent sites. The purpose of the above plume back
ground is to define the chemical signature of materials that are settling 
to the vent site from above. At the Kilo Moana site, the above plume 
background particulate Fe concentration is greater than the 200 m 
plume elevation sample. This suggests that the buoyant to non-buoyant 
plume transition was not complete at 200 m, and the 300 m sample is in 
fact a plume sample (Table 1). At the ABE site, the above plume back
ground particulate Fe concentration is approximately 25% of that in the 
200 m buoyant plume sample. This suggests that the above plume 
background sample at ABE was taken outside of the buoyant plume but 
perhaps included hydrothermally derived materials. 

At the Kilo Moana site, the “above plume background” sample at 300 
m plume elevation has proportions of Fe-sulfide, Fe(II), and Fe(III) that 
are similar to the 200 m sample (Table 1). This is consistent with the 300 
m plume elevation being part of the buoyant plume. At the ABE site, the 
above plume background is 91% Fe(III) (Table 1) and the point XANES 
are best fit with a variety of Fe(III)-bearing oxides, oxyhydroxides, and 
organics (Table S1). The remaining <10% of the particulate Fe in the 
above plume background is attributable to the hydrothermal (repre
sented by references pyrite and pyrrhotite) and non-hydrothermal 
(represented by references richterite, pigeonite, and lizardite) sources. 
A description of how to interpret Fe XANES reference spectra is provided 
in Section 2.4.3, and the chemical formulas for reference materials, as 
well as the point XANES binning key are provided in Table S2. 

We note that there are some discrepancies between the reported 
values for proportions of the various Fe species between the point 
XANES data (Fig. 2) and the chemical mapping results (Table 1). This is 
to be expected and is due to both the differing analytical methods 
applied, as described above, and the operational realities associated 
with synchrotron microprobe analysis of naturally heterogeneous 
environmental samples. A larger investment of instrument time in these 
measurements–more XANES points, and more chemical map ener
gies–would bring the two methods into full agreement for our high 
heterogeneity samples. At present, the complementary use of the point 
XANES and chemical mapping allow us to measure pFe speciation in 
detail, including rare species, as well as calculate relative abundances of 
those species. 

3.2. Mineralogy of crystalline phases 

Synchrotron microprobe X-ray diffraction (XRD) patterns were 
collected and analyzed using JADE peak analysis software. Fits of Merit 
(FOM) and elemental composition (XRF spectroscopy) was used to 
devise a best fit scoring system where minerals that scored a best-fit of 3 
were considered as detected (details in Supporting Information). X-ray 
diffraction is most effective at detecting crystalline phases in our system. 
Phases detected by XRD on the filter-bound particles are presented in 
Table 2 (with phase names and idealized formulas); a subset of these 
phases was also detected by Fe XANES (Table 2 and Fig. 4). Fig. 4 shows 
the method(s) that yielded positive detection for all Fe-bearing minerals 
predicted by geochemical modeling. From a total of 10 Fe-bearing 
phases included in the model, three were detected by Fe XANES only, 
three more (hematite, pyrrhotite, and pyrite) were detected by XRD and 
Fe XANES, and the remaining 2, wurtzite and chalcopyrite, were only 
detected by XRD. Both pyrrhotite and wurtzite were detected by XRD at 
2 out of 3 vent sites, while pyrite was the only Fe-bearing mineral 
detected by XRD at all 3 sites. The ABE vent site had the most XRD 
detected Fe minerals with 4 while Mariner and Kilo Moana had only 3 
and 2 respectively (Fig. 4). 

Fig. 3. Iron point X-ray absorption near edge structure (XANES) spectra 
showing differences in particulate Fe speciation for samples collected as the 
above plume background (APB), within the buoyant plume at different eleva
tions above the vent, and a near bottom background (NBB) for the A1 vent at 
ABE vent field. Green and orange dotted lines represent the position of Fe(II) 
and Fe(III) spectra, respectively. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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The number of mineral phases detectable by XRD in our systems is 
greater for Fe‑sulfur compounds than for Fe (oxyhydr)oxides. For 
example, only one Fe (oxyhydr)oxide, hematite, was detected by XRD 
while 5 individual Fe–S phases were detected by XRD (Table 2). This is 
attributed to diffraction detecting only the more crystalline materials in 
our system. Additionally, a considerable number of metal sulfides 
(metals other than Fe), sulfates, halides, and phosphates that are 
detected by XRD. While various metal sulfides are detected at all 3 vent 
sites, the vast majority of sulfate, halide, and phosphates are detected at 
the Mariner site (Table 2). 

3.3. Mineral precipitation predicted by reaction path modeling 

Thermodynamic reaction path modeling was performed with 
REACT, part of the Geochemist’s Workbench package. Predictions for 
the mineral precipitation resulting from the convective mixing of 1 kg of 
each of ABE, Kilo Moana or Mariner vent fluid with surrounding 
seawater to plume dilutions of 1:10,000 and a final mixture temperature 
of 2 ◦C are presented in Fig. S6. Quartz, dolomite, dolomite-ordered, and 
pyrolusite precipitation paths are predicted but are likely kinetically 
limited in this environment; formation of other minerals may also be 
kinetically limited to varying degrees. Several minerals are predicted to 
precipitate over a wide range of temperatures at all three sites including 
pyrite and hematite. For example, pyrite is predicted to form from 
309 ◦C to approximately 30 ◦C in concentrations ranging from a 
maximum of 30 mg kg−1 vent fluid in the ABE reaction pathway to 200 
mg kg−1 vent fluid in Kilo Moana and Mariner pathways. While tem
perature measurements at the point of sample collection within the 
rising plume were not generally possible during these cruises, during 
one profile temperatures were measured in the rising plume of A1 vent 
in the ABE hydrothermal field with the temperature probe of the In situ 
Electrochemical Analyzer system (Luther et al., 2008). Those results 
were used to calibrate a fluid transport model of the ABE hydrothermal 
plume, which indicates that the mixing and temperature reduction 
described in the reaction path reaches temperatures just a few degrees 
above background seawater within only a few meters above the vent. 
While the rapid pace of hydrothermal plume mixing in this system may 
favor precipitation of amorphous mineral phases like ferrihydrite, 
crystalline phases such as hematite are more prevalent in thermody
namic databases (Breier et al., 2012). Magnetite is only predicted as an 
equilibrium phase at the very start of the ABE reaction path at a tem
perature of 309 ◦C and a concentration of 1.2 mg kg−1 vent fluid. 

4. Discussion 

Hydrothermal plumes are globally distributed features in which the 
flux of elements from the subseafloor to the base of the oceanic water 
column is modulated. For buoyant plumes, the site-specific conditions 
and processes—physical, chemical, and biological—affecting the flux of 
elements to the deep ocean are yet to be described in a comprehensive 
manner through either observation or modeling. For elements such as 
Fe, processes occurring within plumes should determine the overall flux 
of Fe to the deep ocean, as well as its potential for transport and reac
tivity during transport. Ultimately, oceanographers seek to understand 

Table 2 
Results from X-ray diffraction (XRD) and Fe X-ray absorption near edge structure 
(XANES) spectroscopy detection at all three vent sites. Minerals underlined are 
predicted to form by geochemical modeling (saturation index, SI = 0).  

Metal sulfides & 
elemental sulfur 

Formula Detection mode by site 

Kilo 
Moana 

ABE Mariner 

Bornite Cu5FeS4 XRD – – 
Chalcocite Cu2S – XRD – 
Chalcopyrite CuFeS2 – – XRD 
Cubanite CuFe(II)2S3 – XANES XANES 
Iron Titanium 

Sulfide 
FeTi3S6 – – XRD 

Kesterite Cu2(Zn,Fe)SnS4 XRD – – 
Lautite CuAsS XRD XRD – 
Mackinawite (Fe,Ni)(1+x)S; (x = 0–0.11) – – XANES 
Pentlandite (FexNiy)(x+y)S8; x + y = 9 – XANES XANES 
Pyrite FeS2 XRD, 

XANES 
XRD, 
XANES 

XRD, 
XANES 

Pyrrhotite Fe(1-x)S; x = 0–0.17 XANES XANES XANES 
Rudashevskyite (Fe,Zn)S XRD – – 
Sphalerite (Zn, Fe)S – XRD XRD 
Stannoidite Cu(I,II)8(Fe(II),Zn)3Sn2S12 XRD – – 
Troilite or FeS FeS XANES XRD, 

XANES 
XANES 

Wurtzite (Zn, Fe)S XRD XRD – 
Elemental Sulfur S8 – XRD XRD 
Metal (Oxyhydr)oxides 
Akaganeite β-FeO(OH,Cl) – XANES – 
Biogenic Iron Oxyhydroxide (formula unknown) – XANES XANES 
Chromite Fe(II)Cr(III)2O4 – XANES XANES 
Ferrihydrite Fe2O3–0.5y(OH)y ⋅ nH2O y 

= 0–1.96; n = 0.82–1.14 
XANES XANES XANES 

Franklinite (Fe,Zn)2O4 – – XRD 
Goethite α-FeOOH XANES XANES XANES 
Green Rust Fe(III)xFe(II)y 

(OH)3x+2y−z(A−)z; A− =

Cl−; 0.5SO4
2−

XANES XANES XANES 

Hematite Fe2O3 – XRD, 
XANES 

– 

Ilmenite Fe(II)TiO3 – – XANES 
Lepidocrocite γ-FeOOH – – XANES 
Magnetite Fe(II,III)3O4 XANES XANES XANES 
Perovskite (Ca,Fe)TiO3 – XANES XANES 
Pseudobrookite Fe(III)2Ti(IV)O5 XANES XANES XANES 
Wustite FeO – – XANES 
Sulfates, Phosphates, Carbonates & Halides 
Apatite Ca5(PO4)3(Cl/F/OH) – – XRD 
Coalingite Mg10Fe 

(III)2(OH)24CO3⋅2H2O 
– XANES XANES 

Fluorite CaF2 – – XRD 
Grattarolaite Fe3(PO4)O3 – – XRD 
Halite NaCl – XRD XRD 
Iron Sulfate FeSO4 – XANES XANES 
Molysite FeCl3 – XANES XRD 
Schulenbergite (Cu, 

Zn)7(SO4)2(OH)10⋅3H2O 
– XRD XRD 

Siderite FeCO3 – – XANES 
Silicates 
Grossular Ca3Al2(SiO4)3 – XRD – 
Akermanite Ca2Mg(Si2O7) – XRD – 
Quartz SiO2 – XRD – 
Ferrosmectite Ferruginous Smectite Swa- 

1a 
XANES – XANES 

Montmorillonite Texas Montmorillonite 
STx-1a 

– XANES XANES 

Nontronite Nontronite NG-1a – XANES – 
Richterite Na(NaCa)Mg5Si8O22(OH)2 XANES XANES XANES 
Roedderite Na1.5K0.5Mg3.75Fe 

(II)1.25Si12O30 

XANES XANES – 

Augite (Ca,Na)(Mg,Fe,Al,Ti)(Si, 
Al)2O6 

XANES XANES XANES 

Almandine Fe(II)3Al2(SiO4)3 – XANES XANES 
Hypersthene (Mg,Fe)SiO3 XANES XANES – 
Chlorite (Mg,Fe)3(Si, 

Al)4O10(OH)2⋅(Mg, 
Fe)3(OH)6 

– XANES –  

Table 2 (continued ) 

Metal sulfides & 
elemental sulfur 

Formula Detection mode by site 

Kilo 
Moana 

ABE Mariner 

Olivine (Mg,Fe)SiO4 – XANES XANES 
Gehlenite Ca2Al(AlSiO7) – – XANES 
Hedenbergite CaFe(II)Si2O6 – – XANES 

Phases in italic are predicted equilibrium phases (SI = 0) while phases that are 
underlined are predicted to be undersaturated (0 > SI ≥ -2). 

a Clay Minerals Society source clays. 
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the processes controlling Fe speciation in plumes well enough to create 
realistic models of hydrothermal fluxes to the ocean. Therefore, in this 
study, we have sought to measure all forms of pFe speciation within 
buoyant plumes and clarify the degree to which pFe speciation is well- 
represented by a thermodynamic (equilibrium) modeling approach. 

In the Lau Basin, end member vent chemistry varies significantly 
across the three vent sites examined in this study. For example, dissolved 
Fe concentrations range more than an order of magnitude between 0.27 
mmol/kg for the ABE vent to 11.3 mmol/kg seawater at Mariner. The 
Kilo Moana site falls between these values with an Fe concentration of 
2.5 mmol/kg (Mottl et al., 2011). In comparison, both H2S(aq) and SiO2 
concentrations vary less with H2S ranging from 3.6 mmol/kg at ABE to 6 
and 6.2 mmol/kg at Kilo Moana and Mariner, respectively, and SiO2 
concentrations at all sites measuring between 16 and 19 mmol/kg. This 
results in a noticeably different Fe:S ratio at each of the three sites. The 
ABE vent is characterized as a high sulfur setting with 1:13 Fe:S ratio 
while, in contrast, Mariner is dominated by Fe with an Fe:S ratio of 2:1. 
Kilo Moana falls between the two with a 1:2 Fe:S ratio. Chemical map
ping pFe speciation data (Table 1) show that the average Fe-sulfide % 
(proportion of pFe residing in a FeS mineral) is highest in the ABE plume 
at 39% and lowest at Mariner with 14%. It follows that Kilo Moana with 
the middle Fe:S ratio has 24% of Fe residing in an Fe-sulfide mineral 
phase. While the Mariner plume has the lowest proportion of Fe-sulfide 
phases, it is expected that the high concentration of total dissolved Fe at 
Mariner will yield the highest concentration of Fe-sulfide particles of the 
three sites. This is in agreement with the findings of Yucel et al. (2011) 
who report the highest amount of FeS2 at the Mariner vent site (it is 
noted that our study used 0.8 μm filters as opposed to 0.2 μm). 

4.1. Iron phases in thermodynamic equilibrium in the buoyant plume 

Thermodynamic modeling predicts that the mineral magnetite (see 
Table 2 for phase names and formulas) should form under equilibrium 
conditions in the ABE buoyant plume, but not in the Kilo Moana or 
Mariner plumes. This discrepancy could be driven by differences in 
particle entrainment across the 3 vents. Magnetite was in fact detected 
with Fe XANES a total of three times in our buoyant plume sample set, 
twice at ABE and once at Kilo Moana. One observation at the ABE site 
was in the 200 m plume sample where 58% of the pFe in the grain 
examined was magnetite with the remaining Fe best represented by an 
Fe-substituted brucite and a phyllosilicate nontronite from our reference 
database. A second magnetite observation in the ABE plume occurred at 
40 m plume elevation. In that case, 28% of pFe was in the form of 
magnetite while the remaining Fe was best represented by Fe in the form 

of augite (pyroxene) and perovskite (Fe substituted Ti oxide). Magnetite 
was also detected in the 0.5 m Kilo Moana sample where the pFe was 
19% magnetite with the remaining Fe best represented by pyrite and 
pyrrhotite. 

Hematite is predicted to form in buoyant plumes at all sites inves
tigated: ABE, Kilo Moana, and Mariner. However, hematite was detected 
just once in a single sample from the ABE site at 1.5 m plume elevation. 
The observation was confirmed by both Fe XANES and XRD analysis. In 
the best-fit to the Fe XANES data, hematite accounted for 89% of pFe in a 
grain that also contained, or was co-located with, phases most consistent 
with haxonite (native Fe) and almandine (garnet). 

Overall, these observations are robust in that both magnetite and 
hematite have unique spectral signatures and the percent attributed to 
each of them in the best-fits is well above conservative detection limits. 
While thermodynamic modeling indicates that magnetite (at ABE) and 
hematite (all three sites) are stable phases at equilibrium within the 
plume, their presence does not prove that the phases formed within the 
plume. Whether they formed in the plume or were entrained from non- 
hydrothermal sources, high stability Fe oxides, magnetite and hematite, 
account for only a very small proportion (< 2%) of the total pFe in the 
ELSC samples compared to the abundant metastable Fe (oxyhydr)oxides 
(see Section 4.2). 

Thermodynamic modeling predicts that pyrite should form at equi
librium in all three buoyant plumes. Indeed pyrite was detected by both 
Fe XANES and XRD at every site and at all plume elevations, including 
the background samples. Pyrite is an abundant form of Fe at the ELSC 
and represents ~19% of all pFe as measured by Fe XANES. Pyrite has 
been detected in the <0.2 μm size fraction previously at both the East 
Pacific Rise and the ELSC (Yucel et al., 2011) and the Lau back-arc (Keith 
et al., 2016). Pyrite has a distinctive spectral shape in Fe XANES spectra 
and is one of the few Fe-bearing minerals for which inclusion in the best- 
fit is diagnostic for the presence of the mineral. All evidence available 
suggests pyrite forms in the plume, reaches equilibrium quickly, and is 
well represented by equilibrium modeling. 

In contrast to pyrite, the sulfide mineral chalcopyrite shows poor 
agreement between modeling and measured observations. Chalcopyrite 
is predicted to form at equilibrium at both ABE and Kilo Moana, but was 
not detected by XRD at either site (the Fe XANES database does not 
contain a chalcopyrite reference). While chalcopyrite is not predicted to 
form at the Mariner site, it was detected with high confidence for five 
grains via XRD. 

Fig. 4. Bubble plot showing the detection mode (by colour) 
and thermodynamic model saturation index (SI, by circle 
size) for Fe-bearing minerals included in the thermody
namic database according to vent field. Detection modes 
are: (1) not detected, ND, in grey; (2) X-ray diffraction, 
XRD, in red; (3) X-ray absorption near edge structure, 
XANES, spectroscopy, in green; and (4) both XRD and 
XANES in blue. The saturation index (SI) is represented by: 
(1) largest circles have an SI = 0, and are predicted to form 
in the plume by the model; and (2) smaller circles have an 
SI of −1 or − 2 and are not predicted to form in the plume 
by the model. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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4.2. Iron phases out of thermodynamic equilibrium in the buoyant plume 

Iron (oxyhydr)oxides are abundant and ubiquitous in the ELSC 
buoyant plumes and were detected at ABE, Kilo Moana, and Mariner by 
Fe XANES spectroscopy. Across samples from all three sites, the Fe(III) 
oxyhydroxides ferrihydrite and goethite account for ~17% of the pFe as 
detected by XANES. While Fe XANES lacks the chemical sensitivity 
needed to unambiguously distinguish closely related Fe (oxyhydr)oxide 
phases, several types of Fe (oxyhydr)oxides and related phases were 
selected as best-fits from the reference library indicating diversity in the 
phases present. Iron oxides, hydroxides, and oxyhydroxides account for 
~34% of the pFe measured across all sites. As a family of phases, Fe 
(oxyhydr)oxides exhibit poor crystallinity and other characteristics that 
make them difficult to detect or undetectable by XRD. In accordance 
with this only two Fe (oxyhydr)oxide phases were detected in buoyant 
plume samples using XRD in this study (one hematite grain at ABE, one 
franklinite grain at Mariner). 

Overall, thermodynamic modeling and direct observations yield 
different views of the buoyant plume for Fe (oxyhydr)oxide phases. 
While the thermodynamic model includes an Fe(III) hydroxide repre
sentative, goethite, ferrihydrite, green rusts, and other phases that were 
ultimately observed using Fe XANES are not included in the database. In 
all three ELSC buoyant plumes, Fe(III) hydroxide was not predicted to be 
present at equilibrium (saturation index = − 2). 

There are several practical issues to consider when applying an 
equilibrium modeling approach to Fe (oxyhydr)oxides in plumes. First, 
the young buoyant plume is a dynamic system and is expected to be out 
of equilibrium for at least some phases. Second, the diversity of phases 
present in the buoyant plume are not easily included in the model as 
representative thermodynamic parameters are lacking. Third, even if the 
Fe(III) hydroxide is a reasonable proxy for the family of Fe(III) (oxyhydr) 
oxides observed in our system, the equilibrium approach will, by defi
nition, select the single stable phase among those included in the model 
database. For example, the Fe oxide hematite is included in the model, it 
has the lowest solubility and will draw down the Fe3+

aq activity to the 
lowest value; it is predicted, therefore, to be the stable phase at equi
librium at the expense of meta-stable Fe(III) hydroxide. 

While pyrrhotite was detected by Fe XANES in all three plumes, it 
was not predicted by thermodynamic modeling. Similar to the Fe(III) 
(oxyhydr)oxide phases, pyrrhotite is a family of phases and is not well 
distinguished from other related Fe monosulfide phases with Fe XANES. 
Therefore, pyrrhotite, FeS, mackinawite, troilite, pentlandite, and 
cubanite proportions resulting from the linear combination fits to Fe 
XANES spectra, are binned together in this discussion. Note that of these 
Fe monosulfide phases, only pyrrhotite is included in the model data
base. The Fe monosulfide phases account for ~14% of the pFe observed 
across the three vent sites, and are out of thermodynamic equilibrium in 
all plumes (i.e. meta-stable). 

4.3. Implications for modeling hydrothermal contributions of iron to the 
ocean 

Through the study of buoyant hydrothermal plumes at three vent 
sites along the Eastern Lau Spreading Center, we have determined that 
certain pFe species are well described by an equilibrium model (e.g. 
pyrite), while others are not (e.g. phases within the Fe monosulfide and 
Fe (oxyhydr)oxide families). Here, we use the lessons learned from this 
study to propose several best-practices that should help our research 
community build a foundation for modeling hydrothermal Fe fluxes to 
the ocean. Our recommendations for future work span: (1) field studies; 
(2) analytical observations; and (3) model development. 

Quantifying hydrothermal fluxes to the deep ocean, as well as long 
range transport potential and bioavailability, will require additional 
field expeditions to hydrothermal vent systems that focus on a mass 
balance approach to key elements in the dissolved and solid (e.g. 
colloidal and particulate size classes) phases. Elemental budgets at 

different locations within the plume system—buoyant, near-field 
neutrally buoyant, and far-field neutrally buoyant—should improve 
our understanding of net fluxes at threshold length scales from vents. 
The international GEOTRACES program has recently revealed that 
submarine hydrothermal venting can, indeed, impact global-scale ocean 
biogeochemistry over 100–1000 km length scales in every ocean basin 
(German et al., 2016). Detailed work across GEOTRACES sections has 
also revealed, however, that processes critical to setting the flux from 
hydrothermal venting to the ocean occurs on shorter length scales 
(0–100 km) that are beyond the resolution of GEOTRACES sections 
(Fitzsimmons et al., 2017). In addition to mass balance, concentrations 
of elements within specific size-classes (e.g. soluble, colloidal, and 
particulate; e.g. ((Fitzsimmons and Boyle, 2014)) should be routinely 
measured, as well as chemical speciation (Toner et al., 2015) and iso
topic composition (Fitzsimmons et al., 2017) of key elements within 
each size-class. Together, these observations will describe transport 
potential, relevant reactions and processes, and bioavailability. While 
our knowledge of the range of possible processes affecting hydrothermal 
fluxes, particularly of Fe, has increased in the past 15 years (Bennett 
et al., 2008; Cron et al., 2020; Fitzsimmons et al., 2017; Gartman and 
Findlay, 2020; Hoffman et al., 2018; Li et al., 2014; Lough et al., 2019; 
Sander and Koschinsky, 2011; Sander et al., 2007; (Toner et al., 2009); 
Yucel et al., 2011), our understanding of which processes are important 
under different venting scenarios is nascent. Future field expeditions 
should therefore aim to explore sites representing a diversity of 
site-specific conditions to better capture the full range of processes 
active in plumes that modulate fluxes. 

Given the overall importance of precipitation-dissolution, aggrega
tion, and sorption reactions in hydrothermal plumes, particularly for 
elements such as Fe, we focus our attention here on analytical recom
mendations for solid-state chemistry. The complexity and heterogeneity 
of hydrothermal plume solid-state chemistry has been demonstrated 
using a variety of analytical approaches (Breier et al., 2012; Feely et al., 
1990; Findlay et al., 2019; Gartman et al., 2019; Gartman et al., 2014; 
Klevenz et al., 2011; Toner et al., 2009b). To date, the most compre
hensive view of plume solid-state chemistry (organic, inorganic, crys
talline, noncrystalline, and multiple elements) has been gained using a 
suite of X-ray microscopy and microprobe tools with X-ray diffraction 
and absorption spectroscopy detection modes (as reviewed by (Toner 
et al., 2015)). While the number of vents investigated to date is low, 
measurements show that hydrothermal solids in the particulate size 
fraction are composed of inorganic and organic phases, including biota 
and biotic fragments, with inorganic components spanning a wide 
continuum of poorly ordered to well crystalline phases (e.g. (Breier 
et al., 2012; Cron et al., 2020; Fitzsimmons et al., 2017; Hoffman et al., 
2018; (Toner et al., 2009); Toner et al., 2012b)). For the three ELSC 
vents examined here, we demonstrate the necessity of measuring pFe 
chemistry with analytical tools that capture both crystalline (XRD) and 
poorly crystalline (XANES) phases. The primary pFe phase detected by 
XRD is pyrite which accounts for ~19% of the Fe in the samples (per 
atom basis). In contrast, the most abundant type of pFe observed, the 
meta-stable Fe (oxyhydr)oxide phases, are undetectable with XRD. This 
is significant given that the Fe (oxyhydr)oxide phases (not counting 
hematite and magnetite) account for ~33% of the pFe (per atom basis). 
Similarly, the Fe monosulfide phases are poorly detected by XRD and 
account for ~14% of the Fe present on a per atom basis. A suite of 
analytical approaches that can detect Fe phases with differing amounts 
of crystallinity is critical to gaining a complete picture of the solid-state 
chemistry of plume particles. 

Here we have used a reaction path thermodynamic modeling 
approach that allows hydrothermal vent fluids to come to equilibrium 
under different dilution and temperature conditions, mimicking a 
rapidly cooling and diluting plume. Our findings, from this study and 
others (Breier et al., 2012), reveal important mismatches between 
measured observations and model calculations and demonstrate that 
disequilibrium is strong within buoyant plumes for certain pFe phases. 
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The main solid phases in the particulate size-class that are not accounted 
for in equilibrium modeling are also the phases that are not detectable 
by X-ray and electron diffraction analysis. The Fe (oxyhydr)oxide and Fe 
monosulfide families of phases are important components of the pFe 
pool that are at present poorly represented by any equilibrium modeling 
approach. The development of kinetic models and expansion of solid 
phases included in thermodynamic databases is expected to provide a 
path forward in this key area of research. 
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