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Abstract 36 

Iron (Fe)-poor surface waters limit phytoplankton growth and their ability to remove carbon (C) 37 

from the atmosphere and surface ocean. Over the past few decades, research has focused on 38 

constraining the global Fe cycle and its impacts on the global C cycle. Hydrothermal vents have 39 

become a highly debated potential source of Fe to the surface ocean. Two main mechanisms for 40 

transport of Fe over long distances have been proposed: Fe-bearing nanoparticles and organic C 41 

complexation with Fe in the dissolved (dFe) and particulate (pFe) pools. However, the ubiquity 42 

and importance of these processes is unknown at present, and very few vents have been 43 

investigated for Fe-Corg interactions or the transport of such materials away from the vent.  Here 44 

we describe the near-field contributions (first ~100 km from ridge) of pFe and Corg to the 45 

Southern East Pacific Rise (SEPR) plume, one of the largest known hydrothermal plume features 46 

in the global ocean. Plume particles (> 0.2 μm) were collected as part of the U.S. GEOTRACES 47 

Eastern Pacific Zonal Transect cruise (GP16) by in-situ filtration. Sediment cores were also 48 

collected to investigate the properties of settling particles.  In this study, X-ray absorption near 49 

edge structure (XANES) spectroscopy was used in two complementary X-ray synchrotron 50 

approaches, scanning transmission X-ray microscopy (STXM) and X-ray microprobe, to 51 

investigate the Fe and C speciation of particles within the near-field non-buoyant SEPR plume. 52 

When used in concert, STXM and X-ray microprobe provide fine-scale and representative 53 

information on particle morphology, elemental co-location, and chemical speciation. Bulk 54 

chemistry depth profiles for particulate Corg (POC), particulate manganese (pMn), and pFe 55 

indicated that the source of these materials to the non-buoyant plume is hydrothermal in origin. 56 

The plume particles at stations within the first ~100 km down-stream of the ridge were 57 

composites of mineral (oxidized Fe) and biological materials (organic C, Corg). Iron chemistry 58 

in the plume and in the core-top suspended sediment fluff layer were both dominated by Fe(III) 59 

phases, such as Fe(III) oxyhydroxides and Fe(III) phyllosilicates. Particulate sulfur (pS) was a 60 

rare component of our plume and sediment samples. When pS was detected, it was in the form of 61 

an Fe sulfide mineral phase, composing ≤ 0.4% of the Fe on a per atom basis. The resuspended 62 

sediment fluff layer contained a mixture of inorganic (coccolith fragments) and Corg bearing 63 

(lipid-rich biofilm-like) materials. The particle morphology and co-location of C and Fe in the 64 

sediment was different from that in plume particles. This indicates that if the Fe-Corg composite 65 

particles settle rapidly to the sediments, then they experience strong alteration during settling 66 
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and/or within the sediments. Overall, our observations indicate that the particles within the first ~ 67 

100 km of the laterally advected plume are S-depleted, Fe(III)-Corg composites indicative of a 68 

chemically oxidizing plume with strong biological modification.  These findings confirm that the 69 

Fe-Corg relationships observed for non-buoyant plume particles within ~ 100 m of the vent site 70 

are representative of particles within this region of the non-buoyant plume (~100 km).  These 71 

findings also point to dynamic alteration of Fe-Corg bearing particles during transport and 72 

settling.  The specific biogeochemical processes at play, and the implications for nutrient cycling 73 

in the ocean are currently unknown and represent an area of future investigation. 74 

  75 

1. Introduction 76 

  77 

Chemically altered fluids are created by the circulation of seawater through the ocean crust at 78 

seafloor spreading centers (German and Seyfried, 2014).  These vent fluids have physical and 79 

chemical characteristics different from those of the original seawater.  When circulating fluids 80 

re-enter the deep ocean through hydrothermal vents they create hydrologic features called 81 

plumes that possess gradients in temperature and chemical composition.  From a global 82 

perspective, the characteristics of vent fluids are variable among the 285 verified vent sites 83 

(InterRidge Vents Database 4.3); however, a few general themes emerge.  Relative to deep ocean 84 

water, vent fluids have high temperature, low oxidation-reduction (redox) potential, and high 85 

dissolved metal and/or sulfur (S) concentrations.  In vent fluids, redox active elements are 86 

present in chemically reduced and water soluble forms (e.g. iron (Fe2+
(aq)), manganese (Mn2+

(aq)), 87 

copper (Cu+
(aq)), and hydrogen sulfide (H2S (aq), HS- 

(aq)).  In close proximity to vents, the supply 88 

of reduced chemical species to an otherwise oxic deep ocean allows chemosynthetic 89 

microorganisms to serve as the foundation of vent primary productivity (e.g. Dick et al., 2013; 90 

Dick and Tebo, 2010; Fisher et al., 2007; Li et al., 2014; Luther et al., 2001; Van Dover, 2000).  91 

  92 

Transport of plume particles from sites of venting to the greater ocean requires materials to stay 93 

suspended in seawater on a time-scale that is comparable to basin-scale advection. In near-vent 94 

settings, several mechanisms for transport of hydrothermal Fe to the open ocean have been 95 

proposed:  (1) nanoparticulate or colloidal solids having slow settling rates due to small size 96 

(Hsu-Kim et al., 2008; Kadar et al., 2012; Sands et al., 2012; Yücel et al., 2011); (2) uptake and 97 
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dispersal by water-column microorganisms (Dick and Tebo, 2010; Li et al., 2014); (3) complexes 98 

with dissolved organic C (DOC) or ligands (Bennett et al., 2008; Hawkes et al., 2013; Sander et 99 

al., 2007; Sander and Koschinsky, 2011); and (4) adsorption to and aggregation with particulate 100 

organic C (POC) (Breier et al., 2012; Toner et al., 2009a). It is well understood that materials 101 

sourced from vents can travel 100s to 1000s of km off-axis (Boström et al., 1969; Feely et al., 102 

1990; Fitzsimmons et al., 2017, 2014; Lyle, 1986; Nishioka et al., 2013; Resing et al., 2015; 103 

Saito et al., 2013; Wu et al., 2011). Recently, long distance transport of plume particles—solids 104 

captured by 0.2 µm filtration—has been demonstrated for composites of Fe and organic C (Corg) 105 

(Fitzsimmons et al., 2017). The idea that the mobility and reactivity of Fe in the ocean is 106 

dependent on organic C has deep roots in the marine chemistry literature (e.g. Lewis et al., 1995; 107 

Rue and Bruland, 1995). As a community, we are now discovering that the strong 108 

biogeochemical tether between aqueous phase Fe and Corg also extends to solid phase Fe and 109 

Corg in the deep ocean (German et al., 2015; Toner et al., 2016). However, the specific 110 

interactions between Fe and Corg in plume particles have been investigated for very few vent 111 

sites globally (e.g. East Pacific Rise 9-10ºN; Breier et al., 2012; Toner et al., 2009). The 112 

implications of those interactions for the bioavailability of Fe to marine organisms are 113 

completely unknown at present.  114 

 115 

At locations of high temperature venting, there are three major zones of particle formation that 116 

generally correlate with the residence time of materials within plumes: (1) the fresh buoyant 117 

plume has a residence time of seconds and a spatial scale of less than approximately one vertical 118 

meter; (2) the aged buoyant plume has a resident time of minutes to hours and a spatial scale up 119 

to 100s of vertical meters; and (3) the non-buoyant plume has a residence time of days to years 120 

and a spatial scale of 100s of meters to 1000s of horizontal kilometers (German and Seyfried, 121 

2014).  Within each of these zones, different physical, chemical, and biological processes 122 

dominate (Dick et al., 2013; Feely et al., 1987; Lilley et al., 1995; Reed et al., 2015).  In the first 123 

zone, particle formation is caused primarily by the abrupt change in temperature experienced by 124 

the vent fluids upon contact with cold (ca. 2-3°C) deep ocean water.  The solubility of minerals 125 

such as chalcopyrite (CuFeS2), pyrite (FeS2), and sphalerite (ZnS2) are temperature dependent 126 

and mineral precipitation can be rapid in the first meter of the buoyant plume (Tivey, 2007; 127 

Tivey and McDuff, 1990).  Biological activity is not thought to be an important factor in zone 128 
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one due to the short residence time and in some cases high temperatures of the vent fluids.  It is 129 

important to note that this general framework does not preclude subseafloor particle formation.  130 

In the second zone, physical processes are dominated by the entrainment of deep ocean water, 131 

turbulent mixing of vent fluids and seawater, and rapid dilution of vent fluids (Jiang and Breier, 132 

2014).  Particle formation in zone two is caused by aggregation of near-vent (organic and 133 

inorganic) debris with minerals from zone one, chemical alteration of entrained debris (e.g. via 134 

reactions with hydrogen sulfide), and continued mineral precipitation based on the solubility and 135 

oxidation kinetics of metals such as Fe(III) (e.g. Adams et al., 2011; Bennett et al., 2011a, 136 

2011b; Dymond and Roth, 1988; Field and Sherrell, 2000; Holden et al., 2012; Tivey and 137 

McDuff, 1990).  The degree to which active, in-situ biological processes influence particle 138 

formation in zone two is not well understood; however, there is evidence that microbial cells do 139 

respond to plume conditions within this zone at some locations (Bennett et al., 2013; Sheik et al., 140 

2015).  The third zone is characterized by dilute particle concentrations, gradual chemical 141 

gradients of demonstrable hydrothermal origin, long distance transport of hydrothermally 142 

derived solutes and particles, and residence times relevant for in-situ biological activity (Cowen 143 

and Bruland, 1985; Dick et al., 2009; Fitzsimmons et al., 2017; Reed et al., 2015; Resing et al., 144 

2015).   145 

 146 

In this contribution, we describe the chemistry of hydrothermally derived particles (> 0.2 µm) 147 

within the first ~ 100 km of a non-buoyant plume sourced from the Southern East Pacific Rise 148 

(SEPR) at 15°S and points further south (Shimmield and Price, 1988). Particles were collected 149 

during the GEOTRACES Eastern Pacific Zonal Transect (EPZT, GP16) using in-situ filtration 150 

above the plume, within the plume, and below the plume at two sites: on-axis (Station 18) and 83 151 

km off-axis (Station 20). A seafloor sediment sample was also collected at Station 20. Particulate 152 

Fe and C speciation were measured using two complementary X-ray synchrotron approaches: (1) 153 

scanning transmission X-ray microscopy (STXM) for imaging and C 1s and Fe 2p X-ray 154 

absorption near edge structure (XANES) spectroscopy, and (2) X-ray microprobe for X-ray 155 

fluorescence (XRF) mapping for S, Fe, and other elements, and Fe 1s XANES. The particle-156 

specific Fe and C chemistry is complemented by depth profiles of POC, pFe, and pMn 157 

concentrations, as well as bulk C 1s, Mn 1s, and Fe 1s bulk XANES spectra for the Station 20 158 

sediment fluff layer.  159 
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  160 

Previous investigations of plume characteristics along-axis at the SEPR observed plumes of 161 

varying Fe:S, Fe oxyhydroxide-rich plumes north of 17°20’S, and plumes with maximum Fe 162 

concentrations observed at 15°S (Feely et al., 1996). At this time, the distribution and 163 

characteristics of vents and endmember fluids along the 13°S - 17°S SEPR are unknown as 164 

previous studies have focused mainly on characterizing vent fluids between 17°S - 19°S 165 

(Charlou et al., 1996; Feely et al., 1996). There is evidence that the plume detected on-axis at 166 

15oS (Station 18) is not the sole contributor of material to Stations 20 and all points west 167 

(Fitzsimmons et al., 2017; Resing et al., 2015; Shimmield and Price, 1988). The plume detected 168 

at Station 20 may well be an integration of hydrothermal fluxes from points as far south as 20oS. 169 

Specifically, the hydrothermal materials contributing to the plume at Station 20 may hail from a 170 

deep gyre flowing north from approximately 30oS, steered by the EPR topography, which then 171 

turns west close to 15oS (Shimmield and Price, 1988). Therefore, the observations provided here 172 

describe the particle inputs into the SEPR 4000+ km plume at the 15oS ridge axis (Station 18) as 173 

well as the integrated hydrothermal signal at Station 20.  174 

  175 

2. Methods 176 

  177 

2.1 Sample Collection 178 

  179 
2.1.1 In-situ Filtration and Sample Preservation 180 
  181 
As part of the US GEOTRACES-Eastern Pacific Zonal Transect cruise (GP16), marine particles 182 

were collected by in-situ filtration along a ~8000 km transect that includes greater than 4000 km 183 

of hydrothermally influenced waters. Samples from Station 18 (the ridge axis) and Station 20 (83 184 

km west of the ridge axis) were filtered using a custom manifold attached to the deployed dual-185 

flow McLane pumps. The overall in-situ pump program is described by Heller et al., 2017, Lam 186 

et al., (this issue), Lee et al., (this issue) and Ohnemus and Lam, 2015. The filter manifold was 187 

used to collect up to four 25 mm filters simultaneously on a third, un-metered flowpath of the 188 

McLane pumps: two 0.2 µm polycarbonate filters for analysis by STXM and two 0.2 µm 189 

polyethersulfone (PES) filters for X-ray Microprobe. Shipboard, the filter manifold was opened 190 

in an anaerobic chamber (Coy Labs) to prevent exposure of the sample to ambient oxygen, and 191 
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all sample processing occurred under a nitrogen-hydrogen (95% N2, 5% H2) atmosphere (the 192 

anaerobic chamber was vented within a self-built shipboard High Efficiency Particulate 193 

Arresting (HEPA) chamber). Filters were rinsed using N2-sparged 18.2 MΩ·cm purified double 194 

distilled water (MilliQ) via vacuum pump to remove seasalts (the pump was located outside of 195 

the HEPA bubble with a line plumbed to the anaerobic chamber). Replicate filters were: (1) 196 

placed in acid-washed PetriSlides for X-ray microprobe analysis and archiving, and (2) placed in 197 

acid-washed microfuge tubes with 0.5 mL N2-sparged MilliQ for STXM preparation. Prior to 198 

leaving the anaerobic chamber, all samples were sealed in mylar bags with an oxygen-free 199 

atmosphere. Sample packs were then frozen at -20˚C to reduce the kinetics of chemical 200 

oxidation. 201 

  202 

2.1.2 Particulate Organic C (POC), Inorganic C (PIC), Mn (pMn), and Fe (pFe) Analyses 203 

  204 

Size fractionated (1-51 µm; >51 µm) samples for bulk POC, PIC, pMn, and pFe analyses were 205 

collected on 142 mm filters connected to the two main, metered flowpaths of the McLane in-situ 206 

pumps. Sampling and analytical details are described in Lam et al., (this issue). Briefly, POC was 207 

determined from combustion in elemental analyzers, PIC was measured directly by coulometry, 208 

which is the measurement of CO2 upon addition of weak acid. Particulate Mn and pFe were 209 

measured by high resolution inductively coupled plasma mass spectrometry (HR-ICP-MS) 210 

following a two-step total digestion in a strongly oxidizing solution followed by a strong mineral 211 

acid mixture on a hotplate. Bulk compositions are reported as the sum of the two size fractions, 212 

and represent particulate concentrations > 1 µm. 213 

  214 

 2.1.3 Sediment Core Collection 215 

  216 

At Station 20, a sediment core was collected using a Royal Netherlands Institute for Sea 217 

Research (NIOZ) mono-corer, specifically designed to collect surface sediment samples with 218 

minimal disturbance of the sediment-water interface which was suspended from the ODF (Ocean 219 

Data Facility) CTD (conductivity, temperature, depth)-rosette for the final deep cast conducted at 220 

that station. In a shipboard cold room (4°C), the overlying seawater was syphoned off, down to 221 

~0.5 cm above the 1-2 cm thick visible fluff layer. Then, the fluff layer was syphened off, being 222 
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careful not to resuspend the consolidated sediment, and solids were separated by centrifugation 223 

within hour of sediment core recovery. The pellet of fluff material was then frozen in the tip of 224 

the 50 mL polypropylene centrifuge tubes. Shore-based splitting of the fluff layer sample was 225 

accomplished by thawing the pellet and resuspending in pH purified water (Milli-Q water with a 226 

small volume of ultraclean NH4OH), then removing representative sub-samples with a pipet 227 

while vortex mixing to maintain a homogeneous suspension.” Prior to XANES analysis, fluff 228 

layer materials were separated from aqueous solution by 0.2 µm filtration. Sediment coring was 229 

not possible at Station 18 due to the very thin sediment cover at the site, so only data from 230 

Station 20 is reported here. 231 

   232 

2.2 X-ray Absorption Spectroscopy 233 

  234 

2.2.1  Scanning Transmission X-ray Microscopy  235 

  236 

Water column samples from Station 18 and 20 were prepared in an anaerobic chamber for 237 

STXM analysis by defrosting and gently shaking the PC filter (stored in 0.5 mL of N2-sparged 238 

MilliQ). Approximately 1 μL of the suspension was deposited onto a silicon nitride membrane 239 

(Silson Ltd.) and allowed to dry at ambient temperature in the glove bag. Imaging and C 1s and 240 

Fe 2p XANES spectroscopy were conducted at beamline 5.3.2.2, Advanced Light Source (ALS), 241 

Lawrence Berkeley National Laboratory, Berkeley, CA, USA (Kilcoyne et al., 2003). Samples 242 

were analyzed in a helium flushed microscope chamber. The transfer of the sample from the 243 

mylar packaging to the instrument resulted in approximately 30 s of exposure to ambient 244 

conditions. For Station 18 and 20 samples, we collected three different types of data: (1) 245 

transmission images covering sample areas from 1 mm2 to 10 µm2, (2) elemental maps for C and 246 

Fe, (3) C 1s and Fe 2p XANES spectra in point-scans, line-scans, or three dimensional “stacks” 247 

(a series of 2D images at different incident energies spanning the C and Fe absorption edges such 248 

that full XANES spectra can be extracted from each pixel of the composite stack of images) (e.g. 249 

Barber et al., 2017; Brandes et al., 2004; Chan et al., 2011; Chen et al., 2014; Toner et al., 2016, 250 

2009a). Elemental maps reveal particle morphology and the location of C and Fe within 251 

particles. Carbon 1s XANES distinguishes between Corg and inorganic C (Cinorg), while Fe 2p 252 

XANES differentiates between reduced or oxidized Fe species. Data processing included 253 
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principle component analysis for the selection of groups of pixels having related spectral 254 

properties, pre-edge subtraction, post-edge normalization, and elemental optical density maps 255 

using the software axis2000 (Hitchcock, 2016). Normalized spectra were compared to our C 1s 256 

and Fe 2p reference databases and literature for identification. Reference materials for C 1s and 257 

Fe 2p are published elsewhere (Brandes et al., 2010, 2004; Chan et al., 2011; Fenter et al., 2002; 258 

Sedlmair et al., 2012; Stӧhr, 2003; Toner et al., 2009a; Urquhart and Ade, 2002). 259 

  260 

2.2.2  X-ray Microprobe 261 

  262 

The speciation of Fe in plume particles was measured using micro-focused XRF and Fe 1s 263 

μXANES spectroscopy at beamline 10.3.2 of the ALS with previously developed methods for 264 

marine particles (Breier et al., 2012; Lam et al., 2012; Marcus et al., 2004; Toner et al., 2012, 265 

2016, 2014). All particles were analyzed on original polyethersulfone (PES; trademark SUPOR) 266 

filters and all sample preparation was conducted within positive pressure (N2 or Ar) glove bags. 267 

The final step in sample preparation included application of a layer of sulfur-free mylar film 268 

(Premier Lab Supply TF-125-255) to limit exposure of the sample to ambient oxygen during 269 

analysis using the method established by Zeng et al., (2013). The monochromator was calibrated 270 

using an Fe foil XANES scan with the inflection point set to 7110.75 eV (Kraft et al., 1996). 271 

Micro-XRF and μXANES data were collected using a Canberra 7-element Ge solid-state 272 

fluorescence detector. Micro-XANES data were collected from 7012 to 7417 eV in quick-273 

XANES mode with a single sweep of the monochromator lasting 30 s.  274 

  275 

Data collection occurred in the following manner for each filter: (1) a large μXRF “survey” map 276 

with an area of approximately 1000 × 3000 μm2, pixels of 6 × 6 μm2, and incident energy of 10 277 

keV was collected to measure the distribution of particles and elements on the filter; (2) “fine” 278 

μXRF sub-maps of approximately 100 × 100 μm2, pixels of 3 × 3 μm2, and incident energies 279 

spanning the Fe 1s absorption edge; and (3) Fe 1s point-XANES spectra. 280 

  281 

Data processing for XRF maps included deadtime correction and plotting with beamline 10.3.2 282 

software (Marcus et al., 2004). Data processing for the XANES spectra included deadtime 283 

correction, energy calibration, pre-edge subtraction, post-edge normalization, and linear least-284 
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squares fitting with a reference database using beamline 10.3.2., Athena, and SixPack softwares 285 

(Marcus et al., 2008, 2004; Ravel and Newville, 2005; Webb, 2005).  286 

  287 

2.2.3  Bulk X-ray Absorption Spectroscopy 288 

  289 

For fine particles associated with the fluff layer, bulk C, Mn, and Fe 1s XANES spectra were 290 

collected at the Canadian Light Source (CLS) in Saskatoon, Saskatchewan, Canada.  291 

  292 

The bulk C 1s XANES were collected at the CLS High Resolution Spherical Grating 293 

Monochromator (SGM) beamline. The sediment was applied to gold-coated silicon-chips as an 294 

aqueous droplet under ambient temperature and atmosphere, allowed to dry, and placed in the 295 

SGM vacuum sample-chamber. Sample analysis parameters were chosen to: (1) prevent photon-296 

damage to the sample, (2) collect data representative of the sample, and (3) improve signal-to-297 

noise through a series of fast (30-60 s) and non-overlapping point scans (Gillespie et al., 2015). 298 

All experimental spectra were collected in fluorescence mode using an Amptek silicon-drift 299 

detector positioned at 45 degrees. The incident beam, I0 signal, was collected as scattered beam 300 

from a blank gold-coated sample holder using a second Amptek detector positioned at 90 301 

degrees. Individual spectra were curated, averaged, and normalized to I0 using a custom script 302 

prepared by Adam Gillespie in Igor Pro (Gillespie et al., 2014). Energy calibration, pre-edge 303 

subtraction, and post-edge normalization were accomplished using Athena software (Ravel and 304 

Newville, 2005). Spectra were compared to 13 carbonate mineral reference spectra provided by 305 

Jay Brandes (Brandes et al., 2010). 306 

  307 

The bulk Mn and Fe 1s XANES spectra were collected at the CLS Soft X-ray 308 

Microcharacterization Beamline (SXRMB). The sediment was applied as a dry powder to 309 

double-sided C tape and adhered to a copper sample plate under ambient temperature and 310 

atmosphere, and placed in the SXRMB vacuum sample-chamber. The monochromator was 311 

calibrated using an Fe foil XANES scan with the inflection point set to 7110.75 eV (Kraft et al., 312 

1996). All experimental spectra were collected in fluorescence mode using an Amptek silicon-313 

drift detector positioned at 45 degrees, with I0 collected simultaneously in an ion chamber. Data 314 

processing for the XANES spectra consisted of I0 normalization, energy calibration, pre-edge 315 
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subtraction, post-edge normalization, and linear least-squares fitting with a reference database 316 

using beamline 10.3.2., Athena, and SixPack softwares (Marcus et al., 2008, 2004; Ravel and 317 

Newville, 2005; Webb, 2005). Linear combination fitting of Mn 1s XANES with reference 318 

spectra in the energy range of 6500-6650 eV was accomplished using laboratory synthesized 319 

standards: birnessite (KMnO2), δ-MnO2, manganite (γ-MnOOH), Mn2O3 (bixbyite), and Mn3O4 320 

(hausmannite) (Bargar et al., 2000; Villalobos et al., 2003). The Fe 1s XANES spectrum was fit 321 

using linear combinations of 70 reference spectra in the energy range of 7110-7400 eV (Marcus 322 

et al., 2008). 323 

  324 

3. Results 325 

  326 

3.1 Bulk Chemistry of Plume Particles 327 

Concentration profiles for total (> 1 µm) POC, PIC, pFe, and pMn from Stations 17, 18, and 20 328 

are shown in Figure 1. Station 17 is upstream of the ridge, Station 18 is at the ridge crest, and 329 

Station 20 is downstream from the ridge. 330 

  331 

There is an increase in pFe and pMn concentrations at Station 18 and 20 compared to Station 17 332 

at mid-plume depth, and compared to the water column above (above plume background). The 333 

enriched particulate metal concentrations, centered at  ~2500  m water depth, coincide with the 334 

SEPR hydrothermal plume (Fitzsimmons et al., 2017; Lam et al., this issue; Lee et al., this issue). 335 

At Station 18, the above plume background pFe and pMn concentrations are 0.56 nM and 0.11 336 

nM, respectively (2200 m water depth). At the mid-plume depth of Station 18 (2450 m water 337 

depth), the pFe and pMn concentrations are two orders of magnitude higher 44.2 nM and 5.2 nM, 338 

respectively.  At Station 20, the pFe and pMn concentrations are lower by still quite high at the 339 

mid-plume (2550 m; 28.9 nM pFe and 6.38 nM pMn) are also enriched over the above plume 340 

background (2200 m; 0.76 nM pFe and 0.12 nM pMn). The low Station 17 pFe and pMn 341 

concentrations at mid-plume depth (2500m; 0.307 nM pFe and 0.075 nM pMn) suggest the 342 

increase is not from lateral advection from stations east of the plume. 343 

  344 

At the mid-plume depth of Station 18, there is a measurable increase in total POC concentration 345 

over background (above plume background and mid-plume depth of Station 17) concentrations 346 
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that is consistent with plume-generated POC or sorption of dissolved OC (DOC) onto mineral 347 

surfaces (Lam et al., this issue). A small decrease in total PIC concentration in the plume (Station 348 

18 and 20) is likely due to enhanced aggregation and removal in the plume (Lam et al., this 349 

issue). The bulk chemistry is further discussed in Lam et al., (this issue) and Lee et al., (this 350 

issue). 351 

  352 

3.2 Bulk Chemistry of Station 20 Sediment Fluff 353 

Sub-samples of the fine fluff layer materials from Station 20 were examined by bulk C 1s, Mn 354 

1s, and Fe 1s XANES. 355 

  356 

The bulk C 1s XANES spectrum (Figure 2a) was compared to that 13 carbonate minerals and 357 

was most consistent with calcite (Brandes et al., 2010). Brandes et al., (2010) reports that the 358 

intensity of the main peak for the carbonate minerals varies due to crystal orientation (Brandes et 359 

al., 2010; see Figure 2a for a calcite example). Our fluff sample is composed of randomly 360 

oriented crystals (whole mount, drop coat preparation), so the main peak height has intermediate 361 

intensity relative to the standards. Although calcite spectra are very similar to aragonite, from our 362 

STXM and XRF maps (Figure SI 1-2), we know that coccoliths and foraminifera are common in 363 

this sample, and therefore, the phase identification is calcite (de Vargas et al., 2007).  364 

  365 

The bulk Fe 1s XANES spectrum (Figure 2b) was fit using linear combinations of 70 reference 366 

spectra in the energy range of 7110-7400 eV (Marcus et al., 2008). The best fit to the data was a 367 

three-component fit composed of 70 atom % marine Fe(III) oxyhydroxide (“biogenic iron 368 

oxyhydroxide”; Toner et al., 2009b), 15 atom % augite (inosilicate), and 15 atom % roedderite 369 

(cyclosilicate).  370 

  371 

The bulk Mn 1s XANES spectrum (Figure 2c) was fit using linear combinations of reference 372 

spectra in the energy range of 6500-6650 eV: birnessite (KMnO2), δ-MnO2, manganite (γ-373 

MnOOH), Mn2O3 (bixbyite), and Mn3O4 (hausmannite) (Bargar et al., 2000; Villalobos et al., 374 

2003). The best fit was a one-component fit with δ-MnO2. The δ-MnO2 standard is a synthetic 375 

layer-type Mn oxide with hexagonal-in-sheet symmetry and an average oxidation number of 4.02 376 

± 0.02 (Villalobos et al., 2003).  377 
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  378 
3.3 Particle-by-Particle Chemistry of Plume 379 

  380 

Samples from above (above plume background), within (top, middle, and bottom), and below 381 

(near bottom background) the well-defined plume (Jenkins et al., this issue), as well as fluff 382 

layer, were analyzed by STXM and the X-ray microprobe (Table 1). STXM was used to 383 

visualize particle morphology and intra-particle texture, as well as C and Fe chemistry through C 384 

1s and Fe 2p XANES. The X-ray microprobe was used to collect Fe 1s XANES. Together, these 385 

two techniques allow us to visualize intra- and inter-particle characteristics, and to measure Fe 386 

and C chemistry. 387 

  388 

3.3.1 Carbon 1s and Fe 2p Scanning Transmission X-ray Microscopy and X-ray Absorption 389 

Near Edge Structure Spectroscopy 390 

  391 

Images, total C maps, and total Fe maps for particles collected above, within, and below the 392 

hydrothermal plume at Stations 18 and 20, as well as the fluff layer from Station 20, are 393 

displayed in Figures 3 and 4 (additional data in Supplemental Information, SI, Figures S3-S10).  394 

  395 

Carbon 1s spectra were collected on particles from above, within, and below the hydrothermal 396 

plume at Stations 18 and 20, as well as sediments from Station 20 (Figures 3j, 4p, S3n, S4u, S5r, 397 

S6k, S7v, S8l, S9l, S10j). Spectra were collected from sample areas thin enough to have good X-398 

ray transmitting properties. Principal component analysis (PCA) of the spectral datasets 399 

generated by STXM was used to investigate intra-particle C chemistry. Often, the PCA 400 

components were composed of spectra having similar chemistry but with different degrees of 401 

saturation based on variations in sample thickness. When particles had uniform C chemistry, a 402 

single representative spectrum was chosen for analysis and display.     403 

  404 

Tables 2 and 3 report the initial, primary, and secondary peak positions and C bonding 405 

information for representative C 1s XANES spectra for each Station. Specific peaks and spectral 406 

shapes are used as a fingerprint to identify C compounds in each sample:  407 

 408 
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(1) Within the plume at Station 18 and 20, the C chemistry of samples was most consistent with 409 

aliphatic chained compounds that contained alkene or aromatic features (Brandes et al., 410 

2004). Occasionally, carbonyl or organic acid features were observed. These characteristics 411 

are observed in many organic molecules, such as ligands, as well as DOC and POC (Boiteau 412 

et al., 2016; Golchin et al., 1994; Weishaar et al., 2003).  413 

(2) At Station 18, the above plume background particles typically yielded spectra with 414 

alkene/ring, carbonyl, and alcohol moieties (Figure 3a, j; Brandes et al., 2004; Fenter et al., 415 

2002; Sedlmair et al., 2012).  These characteristics are consistent with fatty acids, 416 

commonly found in cell membranes/walls.  Unlike the plume samples, the above plume 417 

background initial peak has higher intensity relative to particles located within the plume 418 

and does not return to the baseline before increasing to the primary peak (Figure 3j; Table 419 

2).  420 

(3) At Station 20, the near bottom background particles typically yielded spectra most 421 

consistent with proteinaceous material when compared to our reference spectra and the 422 

literature (Brandes et al., 2004; Chan et al., 2011). The spectra are consistent with 423 

aromatic/olefinic bonds in amino acids and amide-linked carbonyl groups (Brandes et al., 424 

2004). These spectra and associated images indicate that the near bottom background 425 

particles are rich in microbial biomass, including intact, free-living cells. 426 

(4) The fluff layer at Station 20 contains two distinct spectral signatures. The first is a Corg 427 

signal associated with a carbonyl moiety and is consistent with the lipid standard from our 428 

reference database (Chan et al., 2011). The second C signature contains a combined Corg 429 

and Cinorg signals, with the Cinorg signal contributed by calcite (CaCO3; Brandes et al., 430 

2010). The Cinorg is observed in coccolith fragments that have settled out of the upper 431 

water column (de Vargas et al., 2007; Figures 4m,n, S10). The biofilm-like, lipid-rich 432 

materials observed in the fluff layer appear to be unique to the benthic region, when 433 

compared with near bottom background, plume, and above plume background samples.  434 

  435 

Iron 2p XANES spectra for particles within the hydrothermal plume at Stations 18 and 20 are 436 

displayed in Figure 5, and are consistent with Fe(III) oxyhydroxides, which have one distinctive 437 

peak at 709.6 eV. While the Fe 2p XANES are sensitive to Fe(II) versus Fe(III), and Fe(II)-438 

bearing silicates versus Fe-sulfides, it is rather insensitive to the different Fe(III) oxyhydroxide 439 
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forms (Toner et al., 2009b; von der Heyden et al., 2012). These Station 18 and 20 spectra are 440 

consistent with an oxidized plume dominated by Fe(III)-bearing particles, and no instances of 441 

fine grained Fe-sulfides were observed by STXM.  442 

  443 

3.3.2 Microprobe Iron 1s X-ray Absorption Near Edge Structure Spectroscopy 444 

  445 

Particulate Fe speciation, as described by Fe 1s μXANES, is reported in Figure 6 for Station 18 446 

and 20. Approximately 10-20 Fe 1s μXANES spots were examined for each sample from within 447 

the near-field hydrothermal plume (Table 1). As described for bulk Fe 1s XANES, the data were 448 

fit using linear combinations of reference materials. Those fit results were binned post-fitting 449 

into the following broad categories based on the chemistry of Fe, the geologic setting, and the 450 

relative sensitivities of Fe 1s μXANES into different Fe-bearing phases: (1) Fe(III)-451 

oxyhydroxides and -organics; (2) Fe(III) phyllosilicates; (3) Fe(II) oxides, salts, and glasses; (4) 452 

Fe sulfides; (5) silicates; and (6) native Fe. While any of these particle types could be transported 453 

from elsewhere (allochthonous), several of these categories represent materials that can readily 454 

form within plumes (autochothonous). The two separate categories for silicate minerals, “Fe(III) 455 

phyllosilicates” and “silicates”, were chosen to represent the fact that phyllosilicates may form 456 

within the plume while nesosilicates, inosilicates, tectosilicates, cyclosilicates (hereafter 457 

“silicates”) are unlikely to form within the plume. “Native” Fe is an Fe(0) or metallic form 458 

which, in general, is considered to be a ship/surface ocean contaminant.  459 

  460 

Compared to background, plume particles from Stations 18 and 20 had 60 % or greater, on a per 461 

atom basis, Fe(III) oxyhydroxide materials, with ferrihydrite-like phases being the most common 462 

best-fit to the data (Table 4 and Figure S11). Iron(III)-bearing phyllosilicates contributed an 463 

additional ~ 5 - 30 % of the particulate Fe(III). The high percentage of Fe(III) detected with 464 

microprobe Fe 1s μXANES is consistent with the STXM-generated Fe 2p and bulk Fe 1s 465 

XANES results (Figures 5 and 6). Non-sulfide, Fe(II)-bearing phases contributed ~ 5 - 20% of 466 

the Fe, while silicates represented minor contributors of Fe to the plume. Iron-bearing sulfides 467 

were present in trace quantities in the plume and were detected in two of our samples at 0.1 % 468 

and 0.4 % Fe (per atom basis). No measurable difference in particulate Fe speciation between 469 

Station 18 and 20 at plume depths was observed.  470 
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  471 

The near bottom background and fluff layer at Station 20 share overall Fe speciation 472 

characteristics: high Fe(III) oxyhydroxides (> 80 %) with phyllosilicates, silicates, and Fe(II) in 473 

the range of ~ 1 – 14 % each (Figure 6; Table 4). However, the near bottom background have 474 

trace quantities of Fe sulfide (0.3 %), while no Fe sulfides were detected within the fluff layer at 475 

Station 20. The pFe speciation in the near-field, near bottom background, and fluff layer were 476 

quite similar to but more oxidized than the overlying plume (i.e. more Fe(III) and less Fe(II)). 477 

  478 

The above plume background sample exhibited the greatest diversity of pFe speciation with ~ 60 479 

% Fe(III) oxyhydroxide and ~ 10 % each of Fe(III) phyllosilicates, Fe sulfide, native Fe, and 480 

Fe(II). Native Fe is considered to be a contaminant from the ship, while Fe sulfides could be 481 

attributed to the production of reduced sulfur compounds created  by plankton in the upper water 482 

column (Durham et al., 2015; Ksionzek et al., 2016; Ohnemus et al., 2016).  Recently, Ohnemus 483 

et al. ( 2016) observed acid volatile sulfide (AVS) concentrations in the euphotic zone overlaying 484 

the SEPR hydrothermal plume which they attributed to the phytoplankton production of reduced 485 

sulfur. Unlike the plume, near bottom background, and fluff layer, no silicates were detected in 486 

the above plume background at this depth. While the diversity of Fe phases was greater in the 487 

above plume background than the plume, the overall pFe concentrations in the above plume 488 

background were ~ 60 times lower than the plume (Figure 3). 489 

  490 

4.  Discussion 491 

  492 

4.1 Plume Particle Morphology and Chemistry 493 
  494 
Overall, there is much diversity in particle morphology and chemistry in the near-field SEPR 495 

hydrothermal plume. However, several trends are observed from samples collected above-plume, 496 

within-plume (top, middle, and bottom), below-plume, and at the fluff layer. In general, 497 

materials collected within the plume are characterized by strong C- and Fe-enrichment, a high 498 

degree of co-location between the two elements, and organic-rich materials (as previously 499 

observed for plumes of the EPR 9-10˚N area; Toner et al., 2009a) (Figures 3d-i, 4a-i, S4, S5, S6, 500 

S7, S8). For all water column samples (above plume background, within-plume, and near bottom 501 
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background), the C chemistry is most consistent with Corg compounds, while the fluff layer at 502 

Station 20 is a mixture of Corg and Cinorg.  503 

  504 

The plume-top particles from Station 20 are an exception to the overall morphology trends 505 

within the plume. Particle morphologies at this location indicate a mixture of plume derived 506 

materials and sinking POC from the overlying water column (Figure 4a-c, S6). Cell wall 507 

remnants and diatoms have been reported to preserve POC through the water column and contain 508 

distinct branching or patterned morphologies (Abramson et al., 2009; Brandes et al., 2004), 509 

which can be seen in Figure S6i-j. Particles also contain C-rich matrices that have been observed 510 

previously in hydrothermal plumes (Toner et al., 2009a). However, while the plume-top particles 511 

are C-rich, Fe element maps indicate particles are either depleted in or Fe-poor. These 512 

observations suggest that the plume-top particles are a combination of above plume background 513 

and in-plume materials.  514 

  515 

The in-plume particles are distinct from the marine particles sampled above and below the plume 516 

in terms of relative Fe:C, particle morphology, and degree of co-location of Fe and C in particles.  517 

The above plume background sample from Station 18 is enriched in C and depleted in Fe relative 518 

to the in-plume particles (Figure 3a-c, S3). Samples from the near bottom background, the water 519 

depth below the well-defined 3He plume (Jenkins et al., this issue), are Fe-rich particles coated 520 

by organics and are distinct from plume samples with regards to morphology and chemistry 521 

(Figure 4j-l, S9). For example, in some cases, the near bottom background particles are microbial 522 

cells (Figures 4k, S9b, e, and g). In the Station 20 fluff layer, C and Fe are both detected. 523 

However, the pattern of co-location of these elements is different from that observed in the 524 

plume (Figures 4m, n, o, S10). Iron is concentrated in coccolith fragments (Cinorg), while Corg 525 

is dominated by lipid-rich material. The lipid-like materials are potentially produced by 526 

microbial processing of hydrothermal and/or upper water column inputs to the sediments. These 527 

specific elemental correlations, and particle morphologies and chemistries are unique to the fluff 528 

layer and not observed in any of the water column samples.   529 

  530 

The C chemistry within the plume is distinct from that of the above plume background and near 531 

bottom background. Within the plume at Station 18 and 20, the C 1s XANES spectra are 532 
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characterized by plume particles containing aliphatic chains or carbonyl groups (Table 2). All 533 

spectra contained an initial peak at ~285 eV; associated with either an unsaturated chain or 534 

aromatic ring. A primary peak between 287.7-288.6 eV was observed and is consistent with 535 

acarbonyl moiety (Brandes et al., 2004). At Station 20, there was increasing aliphatic character in 536 

the in-plume material.. All spectra at Station 20 contain carbonyl moieties, with the top of the 537 

plume containing the strongest signal of that type (Fig. 4p; Table 2) (Brandes et al., 2004).  538 

  539 

4.2 Sources of Particulate Organic Carbon to the Plume 540 

  541 

Sources of POC to the non-buoyant plume could include: (1) upstream contributions from 542 

laterally advecting deep ocean water and settling particles from the upper water column; (2) sub-543 

seafloor processes such as microbial activity and abiotic synthesis; (3) mixing with deep ocean 544 

water during dispersion; (4) entrainment into the buoyant plume of materials from vent biota, 545 

sediments, and deep ocean waters; (5) biological activity within the plume; and (6) transfer of 546 

DOC to POC within the plume via adsorption (to solids). Source 1 contributes to background 547 

POC at plume depth but does not account for the POC profile observed at Station 18 (Figure 1; 548 

upstream POC concentrations at Station 17 are low at plume depth). Due to dilution in the 549 

buoyant plume (ca. 1:10,000 vent fluid:seawater), sub-seafloor contributions to the POC in the 550 

non-buoyant plume (i.e. Source 2) at Stations 18 and 20 should be negligible. The particle 551 

characteristics and morphologies of the plume-top particles at Station 20 provide evidence for 552 

some mixing with overlying water (i.e. Source 3), but the POC profile indicates that the waters 553 

above the plume are lower in POC than the plume so are not expected to be a major source of 554 

POC to the plume (Figure 1).  These observations are supported by POC profiles (Figure 1) that 555 

show clear enhancements of POC concentrations at plume depths relative to above plume 556 

background, near bottom background, and Station 17 (up current of the ridge) values and are 557 

discussed in detail in Lam et al., (this issue). Overall, our data are most consistent with sources 558 

4-6, and these are discussed below.    559 

  560 

With sub-seafloor, and advected/settling sources of POC to the plume rejected as major 561 

contributors of plume Corg, the main sources must be entrainment of near-vent material, 562 

biological activity within the plume and/or DOC sorption. Entrainment of POC into the buoyant 563 
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plume (Bennett et al., 2015, 2013, 2011b; Breier et al., 2012; Dick et al., 2013; Jiang and Breier, 564 

2014; Olins et al., 2017) and the production of POC within non-buoyant plumes (Bennett et al., 565 

2015, 2013, 2011a, 2011b) have been identified as major processes active at vent fields. High 566 

POC concentrations have been reported at EPR 9˚50’N for the dispersing plume, similar to the 567 

features we observe for Stations 18 and 20 at SEPR (Figure 1) (Bennett et al., 2011b). 568 

  569 

Within the plume at Stations 18 and 20, we observe that the dominant pFe species is Fe(III) 570 

oxyhydroxides (Figure 6). Given a conservative surface area for Fe(III) oxyhydroxides 571 

(100m2/g) and a Corg sorption ratio of 0.76 mg/m2, we would predict approximately 27 nM of 572 

DOC could be predicted adsorbed to plume particles (Keil et al., 1993; Lam et al., this issue). 573 

This sorption of DOC to mineral surfaces could result in the enrichment in the total POC 574 

observed within the plume, and would be an additional explanation of the feature observed in 575 

Figure 1.  576 

  577 

We observe that Corg- and Fe(III)-rich particles at Stations 18 and 20 have similar 578 

morphologies, textures, C distribution, Fe distribution and mineralogy in the plume (Figures 3, 4, 579 

6, S4, S7). While transport of vent-derived material off-axis on this length scale is in agreement 580 

with prior work at this site (Feely et al., 1996), the SEPR non-buoyant plume is likely a 581 

coalescence of materials from many vents in the vicinity of our sampling locations. Therefore, a 582 

conceptual model comprising only de novo plume particle formation at Station 18 and advection 583 

of those materials to Station 20 may be an over-simplification. However, estimates of plume ages 584 

using short- and medium-lived radium (Ra) isotopes indicate that materials are progressively 585 

older downstream in the plume: at Stations 18 and 20, the in-plume materials were ~1 month and 586 

2.4 - 5.5 years old, respectively (Kipp et al., this issue). This suggests that some of the plume 587 

particles at Station 20 are the result of 80+ km of transport from Station 18 and vent sites further 588 

south. 589 

  590 

Using the conceptual model of in-plume transport of POC from Station 18 to 20, we can further 591 

evaluate POC entrainment into or production within the SEPR plume through a comparison of 592 

particle morphology and C chemistry of other near-vent systems along the EPR. The SEPR mid-593 

plume POC at Stations 18 and 20 bears morphological resemblance to particles collected within 594 
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~ 250 m of EPR 9-10˚N (Breier et al., 2012, 2009, Toner et al., 2012, 2009a). However, the 595 

plume POC and Fe chemistries are different between the two sites. Specifically, non-buoyant 596 

plume and settling plume particles are both rich in proteinaceous material at EPR 9-10˚N, which 597 

is taken as evidence for fresh vent biomass inputs (Breier et al., 2012; Toner et al., 2009a). At 598 

Station 18, some proteinaceous signatures are also observed (Figure 3j) but they are less 599 

common at Station 20 (Figures S6-10). This suggests that near-vent Corg inputs could be 600 

important for the SEPR, but that certain POC pools are lost during transport through 601 

biogeochemical alteration and/or differential settling. Whether the mechanisms of alteration are 602 

biological, chemical, physical, or some combination, the trend of particle alteration within the 603 

plume appears to continue past Station 20. Fitzsimmons et al. (2017) recently reported that 604 

plume particle morphology and chemistry continue to change between Stations 20 and 21 of the 605 

EPZT. 606 

  607 

4.3 Evidence for a Sulfur-Depleted Plume 608 

  609 

Past work at the SEPR revealed variable pS (> 0.4 µm) concentrations in non-buoyant plume 610 

particles from 13o33’ to 18o40’S (Feely et al., 1996): the mean Fe:S and mean pS concentration 611 

were reported as 13.72 ± 19.96 nM (0.44 ± 0.64 µg / L) and 1375 ± 873.2 nM (44.1 ± 38 µg / L), 612 

respectively.  Feely et al. (1996) used pFe and pS concentrations, nephelometer data, and 613 

transmission electron microscopy to conclude that the plumes were Fe-rich and S-depleted north 614 

of 17o20′ S. Overall, the bulk Fe 1s, microprobe Fe 1s, and STXM-Fe 2p XANES data sets 615 

presented in this contribution are consistent with a near-field environment that is dominated by 616 

oxidizing conditions and depleted in Fe-S bearing minerals. The depleted S status of the plume 617 

could reflect several different properties of the vent and plume at this location: 618 

  619 

(1) The vented fluids at SEPR near 15oS could have low pS concentration.  This would be 620 

consistent with the work of Feely et al. (1996). At this time, the vent fields and vent fluid 621 

characteristics for this region of the SEPR are not known, so the Fe:S in fluids contributing to the 622 

plume cannot be assessed directly at this time.    623 

  624 
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(2) The particle size of S-bearing materials could be less than the 0.2 µm filter used in this study, 625 

and be part of the nano-particulate or colloidal pool (e.g. Yücel et al., 2011). However, this is 626 

unlikely given the isotopically heavy values observed in the SERP dFe plume (Fitzsimmons et 627 

al., 2017). When Fe-sulfides precipitate in the plume, they carry an isotopically light signature, 628 

regardless of the particulate size fraction (nano or macro). 629 

  630 

(3) The pS could be preferentially removed from the plume by oxidation or settling processes 631 

during the ~ 1 month in-plume residence time of particles at Station 18 and 2.4-5.5 years at 632 

Station 20 (Kipp et al., this issue).  633 

  634 

4.4 Characteristics of Settling Plume Material  635 

  636 

For the Station 20 fluff layer, the STXM results indicate that both Corg (POC) and Cinorg (PIC) 637 

bearing phases are present (Figure 4, S10). The bulk C 1s XANES spectrum confirms the STXM 638 

observations and shows a Cinorg:Corg of approximately 10:1 based on normalized absorption 639 

intensity. The inputs of materials to the sediments at Station 20 are from the upper water column 640 

and overlying hydrothermal plume. The PIC:POC at the mid-plume (depth of 2500 m) is 641 

approximately 0.25 (Figure 1), so the plume is enriched in Corg (relative to Cinorg) in 642 

comparison to the fluff layer. The mean photic zone PIC:POC in the small size fraction (SSF; 1-643 

51µm) is 0.04 ± 0.02, while the large size fraction (LSF; > 51 µm) is 0.14 ± 0.29 (Lam et al., this 644 

issue), so the water column is greatly enriched in Corg. The PIC:POC is known to generally 645 

increase with water depth as POC remineralizes faster than PIC dissolves in the water column. 646 

The PIC:POC in sediments reflects the tendency of POC to be respired while PIC tends to be 647 

preserved (i.e. the sediments and entire water column at Station 20 are above the calcite 648 

saturation horizon). Overall, the particle morphology and C chemistry (as measured by XANES) 649 

of the fluff layer is different from the above plume background, plume, and near bottom 650 

background measured for this study. These findings are consistent with the bulk PIC-POC values 651 

in that the Corg inputs to the fluff layer appear to be extensively remineralized and altered 652 

(Sayles et al., 2001; Ziervogel and Forster, 2005).    653 

  654 
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The STXM, microprobe, and bulk XANES results are consistent with chemically oxidizing 655 

conditions in the fluff layer at Station 20. The Fe and Mn mineralogy is dominated by Fe(III) 656 

oxyhydroxides and Mn(IV) oxides (Figure 2). While the microprobe Fe 1s XANES analysis did 657 

detect Fe-sulfide particles in the near bottom background and two plume samples, no Fe-sulfides 658 

were detected in the fluff layer by any of our methods (Figure 6).  659 

  660 

4.5 Particle Formation and Transport Characteristics 661 

   662 

Within the plume at Station 18, the spatial correlation of Fe, Mn, and Ca in particles is not 663 

strong. For example, in the plume at Station 18, we observe particles rich in only Fe, rich in only 664 

Mn, rich in only Ca, as well as binary and tertiary combinations of the three elements (red, green, 665 

blue, yellow, and white particles in XRF maps, Figure S12). However, if a comparison of Station 666 

18 and 20 is made at mid-plume, it appears that a separate population of Mn-rich particles is 667 

emerging (green particles in XRF maps, Figure S13). Fitzsimmons et al. (2017), Lam et al. (this 668 

issue), and Lee et al. (this issue) also report different behavior for pMn and pFe in the SEPR 669 

plume. Lee et al. (this issue) noted the sinking of LSF aggregates from the plume for both pFe 670 

and pMn at Station 18 and 20. However, pFe was observed to partition preferentially into the 671 

SSF while pMn was distributed equally between the LSF and SSF at Station 18 and 20. This 672 

would imply different oxidation, precipitation, and/or aggregation dynamics for these two 673 

elements in the near field. Fitzsimmons et al. (2017) noted that both pFe and pMn removal were 674 

consistent with first order kinetics from Station 20 westward. However, the pMn and 3Hexs 675 

plumes did not settle gravitationally in their westward extension while the pFe (and dFe) plume 676 

did. Fitzsimmons et al. (2017) hypothesized that the far-field pMn behavior might be caused by 677 

Mn-oxidizing bacteria within the SEPR plume. 678 

  679 

Recent research has mainly focused on exploring possible transport mechanisms for pFe in 680 

hydrothermal plumes (Bennett et al., 2011a, 2008; Butler, 2005; Fitzsimmons et al., 2017, 2014; 681 

Sander and Koschinsky, 2011; Toner et al., 2009a; Yücel et al., 2011). However, many aspects 682 

of those proposed mechanisms for Fe should also apply to Mn. Iron and Mn are both redox 683 

active transition metals whose reduced divalent states (Fe2+, Mn2+) are soluble in seawater 684 

(Emerson, 2000; Tebo et al., 2004). These elements also share a tendency for the oxidized 685 
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trivalent states (Fe3+, Mn3+) to form strong complexes with organic ligands and precipitate to 686 

form sparingly soluble oxides, hydroxides, and oxyhydroxide minerals (Cornell and 687 

Schwertmann, 2003; Hem and Lind, 1983; Kostka et al., 1995; Post, 1999; Sander and 688 

Koschinsky, 2011; Trouwborst et al., 2006; Wu and Luther, 1995). Manganese has an additional 689 

4+ state that is common in Earth surface environments as sparingly soluble Mn(IV) oxides (Post, 690 

1999). The Fe- and Mn-bearing minerals formed in aqueous/soil/sediment systems tend to be 691 

finely grained, often nanoparticulate, with high (bio)geochemical reactivity (e.g. Brown et al., 692 

1999; Emerson et al., 2010; Navrotsky et al., 2008; Nealson et al., 1989). These two elements 693 

also have an essential difference that bears strongly on their behavior in oxygenated seawater: 694 

abiotic Fe2+ oxidation by dissolved oxygen is rapid, while Mn2+ oxidation is slow without a 695 

catalyst (such as microbes or mineral surfaces; e.g. Field and Sherrell, 2000; Nealson et al., 696 

1989). While we can expect certain particle properties to affect pFe and pMn transport similarly 697 

(size, density), microbial activity and surface catalysis could have a larger role in pMn transport 698 

characteristics.     699 

  700 

Microbial oxidation of Mn that leads to the production of pMn in hydrothermal vent systems is 701 

well established, especially for the Guaymas Basin and Juan de Fuca Ridge. The evidence ranges 702 

from transmission electron microscopy, to shipboard kinetic experiments, to meta-transcriptomic 703 

tracking of Mn(II) oxidation genes during entrainment of microbial populations in the Guaymas 704 

Basin plumes (Cowen et al., 1986; Dick et al., 2006; Dick and Tebo, 2010; Kadko et al., 1990; 705 

Mandernack and Tebo, 1993). Based on all that is known about Mn chemistry in natural systems, 706 

we expect that homogeneous Mn oxidation will proceed more slowly than Fe oxidation unless 707 

microbial or surface catalyzed oxidation processes are occurring. Microbial oxidation places the 708 

solid-phase Mn(III, IV) products of that reaction in close proximity to cells and cellular exudates. 709 

It has been demonstrated through microscopy that Mn oxidation in the laboratory and in nature 710 

for a wide variety of microorganisms creates microbe-mineral composite particles (e.g. Cowen et 711 

al., 1986; Santelli et al., 2011; Tebo et al., 2004; Toner et al., 2005). Therefore, it is reasonable to 712 

assume that pMn in the EPZT plume has this composite character. 713 

  714 

We have demonstrated through direct observation that the pFe of the EPZT plume also consists 715 

of organic-inorganic composites (this contribution; Fitzsimmons et al., 2017). Why then do we 716 
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observe different settling behaviors between pFe and pMn over short and long transport 717 

distances? We propose that the main difference in settling is based on the timing and in-plume 718 

location of the interactions between the metal and Corg. These differences in particle formation 719 

are created by the changes in rate and mechanism of oxidation for Fe and Mn. Therefore, in our 720 

low-S SEPR plume, Fe oxidizes rapidly to form Fe(III)oxyhydroxides. This process occurs 721 

within the buoyant and early non-buoyant plume and is likely complete within hours-days (Field 722 

and Sherrell, 2000). The composite nature of the pFe we observe suggests physical aggregation 723 

of Fe(III)oxyhydroxides with entrained Corg. Particles with those characteristics persist in the 724 

non-buoyant plume for 80+ km. However, we do have evidence that the particles change with 725 

greater transport time so the pFe must be subject to physical, chemical, or biological alteration 726 

(Fitzsimmons et al., 2017). These alteration processes may ultimately lead to particles with a size 727 

and density that allows a gradually settling pFe plume on a time scales of decades (Fitzsimmons 728 

et al., 2017).  729 

  730 

In contrast to Fe, homogeneous Mn oxidation and particle formation should be slow in seawater.  731 

In the near-field, where dMn concentrations are high, microbial oxidation may cause initial 732 

oxidation and precipitation events through entrainment of active Mn-oxidizer populations 733 

(Bargar et al., 2005; Campbell et al., 1988; Dick et al., 2006; Hem, 1981; Hem and Lind, 1983; 734 

Johnson et al., 2016; Kessick and Morgan, 1975; Tebo et al., 2004; Webb et al., 2005).  735 

However, at high dMn concentrations, abiotic auto-oxidation/autocatalysis of Mn(II) by Mn(III, 736 

IV) phases could be a more important contributor to near-field particle growth (Hem, 1981; 737 

Kessick and Morgan, 1975).  In this scenario, the particles could grow quickly, be combinations 738 

of Mn(II), Mn(III), and Mn(IV) reflecting a variety of possible reaction pathways (Hem and 739 

Lind, 1983; Johnson et al., 2016; Webb et al., 2005), and partition into the rapidly settling LSF 740 

as observed by  Lee et al. (this issue). While we might expect the resulting pMn in the far-field 741 

plume to suffer the same fate as pFe (i.e. alteration and settling) the dilute conditions of the far-742 

field plume may favor microbial Mn oxidation (Bargar et al., 2005). Any alteration of pMn that 743 

occurs within the far-field plume does not appear to change the overall neutral buoyancy of the 744 

pMn particle population (Fitzsimmons et al., 2017; Lee et al., this issue): perhaps because neutral 745 

buoyancy is a selective advantage to the Mn oxidizing microorganisms (e.g. dispersal, optimal 746 

dMn concentration).  This is an area ripe for further investigation.  747 



25 
 

 5. Conclusions 748 

  749 

In this study, we have explored the hypothesis that Corg contributes to the export of 750 

hydrothermally sourced pFe over long distances into the interior of ocean basins (Fitzsimmons et 751 

al., 2017; Toner et al., 2009a; 2012).  Through a suite of synchrotron X-ray microscopy, 752 

microprobe, and spectroscopy techniques, we have observed that in the non-buoyant 753 

hydrothermal plume at 15oS on the EPR, near-field plume particles are composites of mineral 754 

and biological materials that are dominated by Fe(III)-bearing oxyhydroxide phases but are also 755 

rich in Corg.  The profiles for pFe and POC at background Station 17 (upstream of the ridge 756 

axis), and at Stations 18 (ridge axis) and 20 (83 km down-plume away from the ridge axis) all 757 

indicate that the inputs of both Fe and Corg to the dispersing plume are dominated by 758 

hydrothermally derived materials. The Fe is contributed by vent fluids directly, while the Corg is 759 

entrained from the near-vent ecosystems, sorbed to hydrothermal particles within the plume, or 760 

due to in-situ production associated with microbial activity within the plume.  The particulate 761 

Fe(III)-Corg associations we observed in the non-buoyant plume extending out to 100 km off-762 

axis from the ridge crest at SEPR are consistent submersible-based observations made previously 763 

in the near-field, no greater than 100 m from sites of active venting at the 9oN EPR site (Breier et 764 

al., 2012; Toner et al., 2009a).  The commonality of processes revealed in this contribution 765 

demonstrates the export of hydrothermal pFe to the ocean interior is indeed facilitated through an 766 

association with Corg in dispersing non-buoyant plumes.  767 

 768 
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Figure Captions 1182 

  1183 

Figure 1. Bulk Chemistry Profiles 1184 

Depth distribution of total particulate organic carbon (POC_tot), total particulate inorganic 1185 

carbon (TIC_tot), total particulate Fe (pFe_tot), and total particulate Mn (pMn_tot) for Station 17 1186 

(up-current from the ridge axis), Station 18 (over ridge axis), and Station 20 (83 km down-1187 

current from the ridge axis). 1188 

  1189 

Figure 2: Bulk XANES of Station 20 fluff layer.    1190 

(a) Carbon 1s XANES spectrum plotted with three calcite reference spectra having different 1191 

crystal orientations (Brandes et al., 2010). (b) Iron 1s XANES spectrum plotted with three Fe(III) 1192 

oxyhydroxide standards (Toner et al., 2009b).  (c) Manganese 1s XANES spectrum plotted with 1193 

three Mn oxide standards (Bargar et al., 2000; Villalobos et al., 2003).  Identifying features and 1194 

peaks are highlighted. 1195 

 1196 

Figure 3: Station 18 STXM elemental maps and C 1s XANES 1197 

Transmission images were collected at 290 eV (a,d, g). Total carbon optical density ranges from 1198 

1.12 (b), 1.35 (e), and 0.994 (h). Total iron optical density ranges from 0.0595 (c), 2.83 (f), and 1199 

0.584 (i).  Scale bars for a-b 500nm, c is 200 nm, d-f are 5µm, and g-i are 1µm.  Carbon 1s 1200 

XANES spectra from the above plume background, plume middle, and plume bottom are 1201 

compared to standards protein (BSA), phosphatidylethanolamine (PE) lipid, and lipid (j) (Chan 1202 

et al., 2011). The green bar highlights the ~285 eV peak corresponding to the 1s-π*C=C transition.  1203 

The blue bar highlights the unique signatures of organic carbon. 1204 

  1205 

Figure 4: Station 20 STXM elemental maps and C 1s XANES 1206 

Transmission images were collected at 290 eV (a, d, g, j, and m).  Total carbon optical density 1207 

ranges from 1.10 (b), 1.50 (e), 0.0.853 (h), 1.36 (k), and 0.927 (n). Total iron optical density 1208 

ranges from 1.69 (c), 2.57 (f), 2.85 (i), 0.961 (l), and 2.61 (o). Scale bars for (a-i, m, and n) are 1209 

5µm, (j-l) are 2µm, and (o) is 10µm.  Carbon 1s XANES spectra from the plume top, plume 1210 

middle, plume bottom, near bottom background, and benthic fluff layer are compared to 1211 

standards protein (BSA), PE lipid, lipid, and calcite (p) (Brandes et al., 2010; Chan et al., 2011).  1212 



40 
 

The green bar highlights the ~285 eV peak corresponding to the 1s-π*C=C transition.  The blue 1213 

bar highlights the unique signatures of organic carbon, while the yellow bar corresponds to 1214 

distinct peaks associated with inorganic carbon.  With the benthic fluff layer data we are able to 1215 

identify both organic and inorganic signatures. 1216 

  1217 

Figure 5: Near-field Fe 2p XANES 1218 

Iron 2p XANES spectra from the plume middle and plume bottom at Station 18 (a) and Station 1219 

20 (b) are compared to standards pyrite, siderite, ferrihydrite and goethite. Peaks from both 1220 

Station 18 and 20 are most similar with those of ferrihydrite (Toner et al., 2009a).  Identifying 1221 

features and peaks are highlighted. 1222 

  1223 

Figure 6: Near-field Fe 1s µXANES 1224 

Particulate Fe speciation profiles for Station 18 and 20.  All values were generated by linear 1225 

least-squares fitting of point-XANES data (Fe 1s absorption edge) and post-analysis binning into 1226 

broad Fe species groups. GEOTRACES numbers, water depth and other characteristics are in 1227 

Table 1. A) Samples for above plume background and plume top, middle, and bottom were 1228 

analyzed for Station 18. B) Samples for plume middle, near bottom background, and benthic 1229 

fluff layer were analyzed for Station 20. C) Percent Fe species on per atom basis for all Station 1230 

18 and 20 samples are summarized. These values are sums of Fe species observed divided by the 1231 

total number of observations; no statistical model applied.  The error estimate for each species 1232 

bin is less than 5 atom % (Bargar et al., 2005; Nicholas et al., 2017; O’day et al., 2004; Welter et 1233 

al., 1999).  See section 3.3.2 for discussion of the native Fe and sulfide components of the above 1234 

plume background sample. 1235 
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Supplemental Information Figure Captions 1244 

  1245 

Figure S1. X-ray fluorescence (XRF) maps of total iron, total manganese, and total calcium for 1246 

the above plume background and top, middle, and bottom plume samples at Station 18.  All scale 1247 

bars 200 micron. 1248 

  1249 

Figure S2. X-ray fluorescence (XRF) maps of total iron, total manganese, and total calcium for 1250 

the plume middle, near bottom background, and benthic fluff layer samples at Station 20.  All 1251 

scale bars 200 micron. 1252 

  1253 

Figure S3: Station 18 STXM elemental maps of the above plume background 1254 

All marine particles analyzed at the above plume background (1600 m). Transmission images 1255 

were collected at 290 eV (a, c, e, h, and k). Total carbon optical density ranges from 1.44 (b), 1256 

1.07 (d), 1.12 (f), 1.04 (i), and 0.990 (l). Total iron optical density ranges from 0.0595 (g), 1.86 1257 

(f), and 0.302 (i).  In some case, and iron map was not run due to no iron being detected in those 1258 

samples.  Scale bars for a-d are 2µm, e and f are 500nm, g is 200nm, h-j are 5µm, and all others 1259 

are 1µm. Carbon 1s XANES spectra from the above plume background (n). 1260 

  1261 

Figure S4: Station 18 STXM elemental maps of the middle of the plume 1262 

All marine particles analyzed in the middle of the plume at Station 18 (2500 m). Transmission 1263 

images were collected at 290 eV (a, d, g, j, l, o, and r).  Total carbon optical density ranges from 1264 

1.35 (b), 1.59 (e), 1.01 (h), 1.87 (k), 1.25 (m), 1.82 (p), and 0.713 (s). Total iron optical density 1265 

ranges from 2.83 (c), 1.67 (f), 2.27 (i), 2.26 (n), 2.91 (q), and 2.44 (t).  For Zone_04 Mar14 an 1266 

iron elemental map was not collected. Scale bars for a-c, o-q are 5µm, g-n are 2µm, and all 1267 

others are 1µm. Carbon 1s XANES spectra from the middle of the plume at station 18 (u). 1268 

  1269 

Figure S5: Station 18 STXM elemental maps of the bottom of the plume 1270 

All marine particles analyzed at the bottom of Station 18 (2610 m). Transmission images were 1271 

collected at 290 eV (a, c, e, g, i, l, and o).  Total carbon optical density ranges from 1.90 (b), 1.51 1272 

(d), 1.60 (f), 0.670 (h), 0.994 (j), 0.606 (m), and 0.580 (p). Total iron optical density ranges from 1273 

0.584 (k), 0.854 (n), and 0.472 (q).  For particles collect in March 2014, iron elemental maps 1274 
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were not collected.  Scale bars a, b, j-n are 2µm, c-d, g-h are 500nm, and all others are 1µm. 1275 

Carbon 1s XANES spectra from the bottom of the plume at station 18 (u). 1276 

  1277 

Figure S6: Station 20 STXM elemental maps of the top of the plume 1278 

All marine particles analyzed the top of the plume at Station 20 (2350 m). Transmission images 1279 

were collected at 290 eV (a, c, f, and i).  Total carbon optical density ranges from 1.10 (d), 1.20 1280 

(g), and 1.28 (j). Total iron optical density ranges from 0.244 (b), 1.69 (e), and 0.411 (h).  The 1281 

carbon elemental map was corrupted for zone_00_A Mar14 and no iron map was collected for 1282 

Zone_01_B Feb15. Scale bars for a-b are 2µm, and all others are 5µm. Carbon 1s XANES 1283 

spectra from the top of the plume at station 20 (k). 1284 

  1285 

Figure S7: Station 20 STXM elemental maps of the middle of the plume 1286 

All marine particles analyzed in the middle of the plume at Station 20 (2550 m). Transmission 1287 

images were collected at 290 eV (a, d, g, j, m, p, and s).  Total carbon optical density ranges 1288 

from 1.50 (b), 1.81 (e), 1.53 (h), 1.20 (k), 0.628 (n), 0.688 (q), and 0.689 (t). Total iron optical 1289 

density ranges from 2.57 (c), 2.55 (f), 2.27 (i), 1.73 (l), 3.02 (o), 2.67 (r), and 2.82 (u). Scale bars 1290 

for a-c, m-u are 5µm, d-f are 2µm, g-j are 1µm, and j-l are 500nm.  Zone_01 Mar14 was 1291 

previously published in Fitzsimmons et al., 2017. Carbon 1s XANES spectra from the middle of 1292 

the plume at station 20 (v). 1293 

  1294 

Figure S8: Station 20 STXM elemental maps of the bottom of the plume 1295 

All marine particles analyzed at the bottom of the plume at station 20 (2600 m). Transmission 1296 

images were collected at 290 eV (a, d, f, and i).  Total carbon optical density ranges from 1.25 1297 

(b), 0.754 (g), and 0.853 (j). Total iron optical density ranges from 1.82 (c), 2.33 (e), 2.54 (h), 1298 

and 2.85 (k). Scale bars for a-c are 500nm, d, i-k are 5µm, and e, f-h are 2µm. Carbon 1s 1299 

XANES spectra from the bottom of the plume at station 20 (l). 1300 

  1301 

Figure S9: Station 20 STXM elemental maps of the near bottom background 1302 

All marine particles analyzed at the near bottom background at Station 20 (3140 m). 1303 

Transmission images were collected at 290 eV (a,d,f, and i).  Total carbon optical density ranges 1304 

from 1.36 (b), 0.535 (e), 1.25 (g), and 1.88 (j). Total iron optical density ranges from 0.961 (c), 1305 
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1.67 (h), and 1.88 (k).  An iron elemental map was not collected at zone_00_B Mar14. Scale bars 1306 

for (a-c) are 2µm, (d-e) are 500nm, and all others are 1µm.  Rod-shaped (d-e, g) and spherical 1307 

cells (b) were commonly observed throughout this sample. Carbon 1s XANES spectra from the 1308 

near bottom background (l). 1309 

1310 

Figure S10: Station 20 STXM elemental maps of the fluff layer 1311 

All marine particles analyzed by STXM at the station 20 fluff layer (3178 m).  Transmission 1312 

images were collected at 290 eV (a, d, and g).  Total carbon optical density ranges from 2.61 (b), 1313 

2.21 (e), and 2.31 (h). Total iron optical density ranges from 0.927 (c), 1.23 (f), and 1.28 (i). The 1314 

red rectangle in Zone 00 (c) refers to the area mapped in (a) and (b). The scale bar for c is 10µm.  1315 

All other scale bars are 5µm. Carbon 1s XAS spectra from the fluff layer at station 20 (j). 1316 

1317 

Figure S11.  Frequency distribution of Fe-bearing standards in linear combination fitting of 1318 

microprobe Fe 1s XANES data. 1319 

1320 

Figure S12. X-ray fluorescence (XRF) tricolor maps for above plume background and top, 1321 

middle, and bottom plume samples at Station 18.  Column left (FeMnCa), center (CuNiZn), and 1322 

right (FeTiCa) are shown in red, green, blue.  All scale bars 200 micron. 1323 

1324 

Figure S13. X-ray fluorescence (XRF) tricolor maps for the plume middle, near bottom 1325 

background, and benthic fluff layer samples at Station 20.  Column left (FeMnCa), center 1326 

(CuNiZn), and right (FeTiCa) are shown in red, green, blue.  All scale bars 200 micron. 1327 

1328 
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Supplemental Table 1: Fe 1s XAS mineral classifications of post-fit fittings 

standard nickname standard full name post-fit bins 
gehlenite      gehlenite silicate 
moldavite      moldavite Fe(II) 
pyrite        pyrite Fe sulfide 
roedderite     roedderite silicate 
feso4        iron(II) sulfate Fe(II) 
basaltNKT   iron(II) glass Fe(II) 
clayFS        ferrosmectite Fe(III)phyllosilicate 
chromite       chromite Fe(II)oxide 
awaruite       awaruite native Fe 
maghemite      maghemite Fe(III)oxide 
fes        iron(II) monosulfide Fe sulfide 
lep        lepidocrocite Fe(III)oxyhydroxide and organics 
fhKIM        ferrihydrite-kim Fe(III)oxyhydroxide and organics 
fecl3        iron(III) chloride Fe(III)oxyhydroxide and organics 
andradite      andradite silicate 
richterite     richterite silicate 
perovskite     perovskite Fe(II)oxide 
bio        biogenic Fe(III) oxyhydroxide Fe(III)oxyhydroxide and organics 
alginate       iron(III) alginate Fe(III)oxyhydroxide and organics 
dextran        iron(III) dextran Fe(III)oxyhydroxide and organics 
pseudobrookite pseudobrookite Fe(III)oxide 
goe        goethite Fe(III)oxyhydroxide and organics 
claySTX        montmorillonite Fe(III)phyllosilicate 
fh        ferrihydrite-toner Fe(III)oxyhydroxide and organics 



Fig. S1. X-ray fluorescence (XRF) maps of total iron, total manganese, and total calcium for the above 
plume background and top, middle, and bottom plume samples at Station 18. All scale bars 200 μm. 



 

 

Fig. S2. X-ray fluorescence (XRF) maps of total iron, total manganese, and total calcium for the plume 
middle, near bottom background, and benthic fluff layer samples at Station 20. All scale bars 200 μm. 
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Fig. S12. X-ray fluorescence (XRF) tricolor maps for above plume background and top, middle, and 
bottom plume samples at Station 18. Column left (FeMnCa), center (CuNiZn), and right (FeTiCa) are 
shown in red, green, blue. All scale bars 200 μm. 

 

 

 

 

 



 

 

Fig. S13. X-ray fluorescence (XRF) tricolor maps for the plume middle, near bottom background, and 
benthic fluff layer samples at Station 20. Column left (FeMnCa), center (CuNiZn), and right (FeTiCa) are 
shown in red, green, blue. All scale bars 200 μm. 
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