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24 Abstract
25
26 Hydrothermal vents are important contributors to the dissolved iron inventory in the ocean.
27  Investigating the processes underlying iron behavior in hydrothermal plumes is challenging, but
28  important for constraining deep ocean iron cycling. Field studies suggest that the retention of
29 hydrothermal iron in the deep ocean is primarily supported by two mechanisms: the formation of
30  colloidal nanoparticles and the stabilization of iron by organic ligands. Here we present a novel
31  dataset from shipboard incubation experiments designed to investigate the interplay between these
32 two processes and how they contribute to the stabilization of iron away from ridge axes. Filtered
33 and unfiltered water collected from the hydrothermal plumes of three vent fields along the Mid-
34 Atlantic Ridge as part of GEOTRACES cruise GA13 was incubated in the dark and regularly
35 sampled over time (up to 3 weeks) for concentrations of size-fractionated iron and iron-binding
36 ligands, for dissolved iron isotopic composition, and for microbial community composition. We
37  observed rapid exchange of iron between physiochemical phases that appeared to be mediated in
38  part by organic iron-binding ligands at each stage of plume evolution. Weaker iron-binding ligands
39  sources from the vents were largely lost to the particulate phase with colloidal Fe phases via
40  aggregation early in plume development, similar to the loss of iron and organic matter commonly
41  observed in estuarine systems. Soluble organic ligand production was observed in later stages of
42 all unfiltered incubations followed by mobilization of particulate and colloidal Fe into the soluble
43 phase in the longer incubations, revealing a potentially important mechanism for generating the
44 persistent iron observed in long-range plumes.
45
46
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47 1.0 Introduction

48 Iron (Fe) is a globally important micronutrient in marine biogeochemical systems, limiting
49  primary production and the microbial loop over large areas of the surface ocean (Martin and
50  Fitzwater, 1988; Moore et al., 2013, 2001; Li et al., 2024; Manck et al., 2024). Delivery of Fe to
51  the remote surface ocean is achieved through atmospheric transport of dust aerosols (Johnson et
52 al., 1997), but also via long-range transport and subsequent upwelling of subsurface Fe sources
53 from the continental margin (Lam et al., 2006) and from hydrothermal vents (Tagliabue et al.,
54 2014; Resing et al., 2015). Hydrothermal vents in particular, are a more recently recognized
55  important contributor to the overall dissolved Fe inventory in seawater, with observations from
56  the GEOTRACES program reporting long-distance dispersion of vent sourced Fe; in some cases,
57  hundreds to thousands of kilometers away from the ridge axis (Wu et al., 2011; Klunder et al.,
58  2011; Kondo et al., 2012; Nishioka et al., 2013; Resing et al., 2015; Fitzsimmons et al., 2017), and
59  have been estimated to contribute up to 9% of the Fe in the deep ocean (Sander and Koschinsky
60  2011). Depending on the location and longevity of the Fe from the vent source, it could also
61  influence surface Fe biogeochemistry and impact primary productivity and carbon export (Resing
62  etal.2015). However, hydrothermal systems are highly variable and notoriously difficult to study,
63  so quantifying the global impact of Fe sourced from vents remains an important research question.
64 Hydrothermal plumes represent a stark physical and chemical boundary system in the deep
65  ocean water column. When hot (~350 °C), acidic, and reduced hydrothermal fluids are expelled at
66  the base of a cool (~2—4 °C), stratified water-column, a buoyant plume is formed. As the plume
67  mixes with surrounding deep ocean waters it eventually becomes a neutrally buoyant plume
68  (Lupton et al., 1985) and may be transported laterally along isopycnals from the vent site via local
69  currents. During this transition from a buoyant to neutrally buoyant plume, the majority of Fe (40—
70 90%) present in the vent fluid is lost to precipitation as large sulfide and Fe-(oxyhydr)oxide
71 particles (Campbell et al., 1988; German et al., 1991; Mottl and McConachy, 1990; Rudnicki and
72 Elderfield, 1993; Lough et al., 2019), and any remaining Fe can be transported away from the vent
73 site.

74 In oxygenated seawater, the solubility of inorganic Fe is exceedingly low (Liu and Millero,
75 2002) and should preclude long-range transport of Fe from vent systems. Field studies have
76  identified two primary mechanisms that can support the observed far-field dispersion of Fe: (1)
77  the formation of small inorganic nanoparticulate pyrites that are resistant to oxidation and sink
78  more slowly than larger particulate forms (Hochella et al., 2008; Yiicel et al., 2011; Gartman et
79  al., 2014; Gartman and Luther, 2014), and (2) the stabilization of dissolved Fe by Fe-binding
80  organic ligands. Several studies have also shown that hydrothermal vents are a source of natural
81  Fe-binding ligands above background deep ocean concentrations (Bennett et al., 2008; Sander and
82 Koschinsky, 2011; Hawkes et al., 2013a; Kleint et al., 2016) and the upregulation of siderophore
83  uptake and biosynthesis genes within a hydrothermal plume suggests this organic complexation
84  may stabilize Fe in the dissolved phase (Li et al., 2014). These two mechanisms are not mutually
85  exclusive, and their interplay may explain the low-density organic matrices of particles observed
86  far-field of vent systems (Fitzsimmons et al., 2017; Hoffman et al., 2020).

87 Thus, there is compelling evidence from previous studies for both inorganic and organic
88  mechanisms for the stabilization of Fe emitted from hydrothermal vents, with both likely playing
89  an important role in the evolution of dissolved Fe in hydrothermal plumes. However, most field
90  studies are limited to sampling vent plumes at a single snapshot in time, limiting our understanding
91  of how inorganic nanoparticles and/or organic ligands contribute to stabilizing Fe over time during
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92  the different physical (buoyant/neutrally buoyant) and chemical (reducing/oxidized) stages of
93 plume evolution and advection far-field.
94 Here we present the results from four incubation experiments aimed at examining
95  processes underpinning Fe cycling during hydrothermal plume formation and evolution. These
96  incubations were conducted on the UK GEOTRACES GA13 cruise to the Mid-Atlantic Ridge
97  (MAR) with near-field (<1 km) water from the hydrothermal vent sites of Rainbow, Trans-Atlantic
98  Geotraverse (TAG), and Lucky Strike, and with far-field (~10 km) water from Rainbow. Plume
99  water was incubated filtered (< 0.2 um) and unfiltered in the dark for timescales ranging from 6-
100 22 days. Experiments were sampled for total dissolvable (unfiltered, acidified), dissolved (< 0.2
101 pm) and soluble (< 0.02 um) trace metal concentrations, dissolved and soluble Fe-binding organic
102 ligands (Lre), dissolved Fe isotopes (8°°dFe), and 16S microbial community composition. The
103 results from these experiments revealed how both newly produced and ambient organic ligands
104  are involved in the rapid exchange of Fe between dissolved and particulate phases in plume waters
105 over time. Together, these data provide novel insights into the mechanisms that support long-range
106  dispersal of hydrothermal Fe in the deep sea.
107
108 2.0 Methods
109 2.1 Incubation locations, setup, and sampling
110 Hydrothermal plumes from three vent systems (Lucky Strike, Rainbow, and TAG) along
111 the MAR were sampled on the RSS James Cook (JC156, UK GEOTRACES voyage GA13)
112 between 20 December 2017 and 1 February 2018 (Figure 1) using a titanium frame 24-bottle
113 rosette (SeaBird Scientific) equipped with trace metal clean Teflon-coated 10 L x-Niskin samplers
114 (Ocean Test Equipment, Inc.). Hydrothermal plumes were identified using a CTD-mounted light
115 scatter sensor (LSS) as an optical proxy for particles and an oxidation-reduction potential (ORP)
116  sensor for detection of reduced species contributed from vent fluid end members. Once on board,
117 the x-Niskins were drained into acid-cleaned, Milli-Q (MQ) conditioned, and seawater-rinsed 20
118 L polycarbonate (PC) carboys in a class-1000 clean air van. Each incubation carboy was filled
119  from two x-Niskin bottles, closed in succession during the upcast of the plume sampling casts. In
120  addition to unfiltered water for the incubations, we also incorporated filtered (<0.2 um, Acropak)
121 plume waters as additional treatments for the TAG and Rainbow near-field incubations (Figure 1).
122 Thus, the filtered treatment represents the water that was filtered prior to the start of the incubation,
123 whereas unfiltered treatment refers to incubations of hydrothermal plume water still containing
124 ambient particles and microbial communities. All incubation carboys were kept in the dark in a
125 controlled temperature room (14 £ 1 °C) aboard the ship.
126 Subsampling of the incubation carboys was conducted in a laminar flow clean hood. Each
127  incubation carboy was gently inverted at least 3 times to homogenize any settled particles before
128  distributing an aliquot into 2.5 L PC bottles that were cleaned, conditioned, and sample rinsed
129  prior to filling. At the time of subsampling, total dissolvable (“TD”) trace metal samples were
130 collected directly from the carboy. Contents of the 2.5 L bulk aliquot for were sequentially filtered
131 through 3 pm and 0.4 pm acid-cleaned polycarbonate track etched (PCTE) filters in 47 mm Teflon
132 filter holders (Savillex) on a two-stage custom-built filtration rig for dissolved (“d”) trace metal
133 and Fe speciation samples. The remaining unfiltered subsample was filtered through a 0.02 pm
134 Anodisc filter to collect soluble (“s”) samples. For selected incubations (Rainbow near-field,
135 Rainbow far-field, Lucky Strike), microbial community subsamples were taken at the start of the
136 incubation and again after one week (Rainbow near-field) or 2 weeks into the incubation for longer
137  experiments (Rainbow far-field, Lucky Strike).
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140  Figure 1. Overview map and flowchart of incubation setup. Left panel: Map of GA 13 cruise stations; red circles denote
141 locations of incubation water collection (Lucky Strike, Rainbow, and TAG). Right panel: Flowchart of the incubation
142 setup and sampling. Below the incubation carboys is a list of vent sites the treatment was applied (TAG, Lucky Strike,
143 Rainbow near-field (NF) and far-field (FF)). The samples taken include total dissolvable trace metals (TDTMs), Fe
144 isotopes (Iso), 16S (DNA), dissolved (d) and soluble (s) trace metals (TMs) and Fe speciation (L) described in further
145 detail in section 2.1. *Indicates samples that were not sampled each time point.

146

147 2.2 Quantification of total dissolvable (unfiltered), dissolved (<0.4 um) and soluble (<0.02 um)
148 trace metals

149 All samples for trace metal concentration analysis were collected in 125 mL low-density
150  polyethylene (LDPE; Nalgene) bottles and acidified with ultrapure hydrochloric acid (HCI, Romil-
151  UpA; final 0.024 M HCI, pH ~ 1.7-1.8) and stored for at least 6 months prior to analysis.
152 Concentrations of both total dissolvable and dissolved Fe and Mn in all samples were determined
153 first by direct injection high resolution inductively coupled plasma-mass spectrometry (HR-ICP-
154  MS; Thermo Scientific Element XR) at the University of South Florida after diluting 50-fold with
155 1 N quartz-distilled nitric acid (HNOs3). Samples with concentrations <25 nM Fe required
156  preconcentration for accurate quantification. A seaFAST-pico system was used to buffer the
157  samples to pH 6.2 + 0.2 with a 5.4 M ammonium acetate buffer before preconcentration of the
158  trace metals in the samples on a Nobias PA1 resin. The preconcentrated sample was then eluted
159 from the resin with 1 N quartz-distilled nitric acid, and the concentrations of Fe, Mn, and vanadium
160 (V) analyzed on an Element XR HR-ICP-MS (Hollister et al., 2020). Quantification of trace metals
161 by standard addition following normalization of counts to internal standards of indium and
162 rhodium were used for all HR-ICP-MS analyses. Accuracy was verified by analysis of the certified
163 reference materials CASS-6, NASS-7 (National Research Council of Canada), and SAFe D2
164  (Johnson et al., 2007). A comparison of our results with consensus values are presented in the
165  supporting information (Table S1).

166
167 2.3 Fe isotope measurements
168 For the two high-Fe incubations conducted at Rainbow and TAG, the dissolved trace metal

169  samples were subsampled and analyzed for dissolved Fe isotopes (5°°dFe) following the methods
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170 described in Wang et al., (2021) using distilled UpA grade reagents at the National Oceanography
171 Centre in Southampton UK. The isotopic composition of Fe was determined by multicollector
172 inductively coupled plasma mass spectrometry (MC-ICP-MS; Thermo Fisher Neptune Plus) at the
173 University of Southampton. The raw data were corrected for instrumental mass bias using an
174  iterative deconvolving procedure (Albarede and Beard, 2004). The final Fe isotope value of the
175  samples is reported in delta notation relative to the IRMM Fe isotope standard and expressed as:

176 %Fe (%o) = [(*Fe/5*Fe)sampie/(*°Fe/5*Fe)irmm-14 — 1] x 1000 (1)

177  Long-term analyses of the ETH Fe isotope standard gave 5°°Fe = 0.51 + 0.09%o0 (2SD, n=45), in
178  agreement with the consensus value (+0.52 = 0.08%o; Lacan et al., (2010)). The accuracy of the
179  method was further validated through the analysis of trace metal free seawater doped with the
180  hematite Fe isotope standard, yielding an average 6°°Fe value of +0.22 + 0.10%0 (2SD, n=5),
181  consistent with previously published hematite values (§°°Fe = +0.24 + 0.05%o; (Klar et al., 2017).

182
183 2.4 Fe-binding ligands by forward and reverse titration
184 Filtered (< 0.2 um, <0.02 um) samples were collected for Fe-binding organic ligands (Lre)

185  in acid-cleaned, MQ conditioned, and sample-rinsed 500 mL fluorinated polyethylene (FPE)
186  bottles (Nalgene) and stored frozen (-20 °C) until analysis at the University of South Florida. Two
187  different methods of competitive ligand exchange-adsorptive cathodic stripping voltammetry
188  (CLE-AdCSV) were employed for measuring Fe-binding organic ligands in our samples: forward
189 titrations (Rue and Bruland, 1995; Buck et al., 2018; Mabhieu et al., 2024) and reverse titrations
190  (Hawkes et al., 2013b a). The forward titration method was used for samples with an excess of
191  organic ligands (i.e. [Lre] > [dFe]) (Gledhill and Buck, 2012). When dFe concentrations exceeded
192 ligand concentrations, we used ‘reverse titrations’ to allow quantification of Fe-binding ligands
193 bound to ambient Fe by progressively increasing the concentration of an electroactive ligand until
194  all exchangeable Fe is removed from the natural ligands (Hawkes et al., 2013b a). We applied both
195  methods for the Rainbow far-field and Lucky Strike incubations since we were unsure of the extent
196  of ligand saturation in the samples prior to analyses. We report forward titration results for samples
197  with excess ligands observed in the titrations, and results from reverse titrations when initial
198 titration points in the forward titrations indicated ligands were already saturated with Fe.

199 When the forward titration method was applied the competitive ligand salicylaldoxime
200  (SA) was employed (Buck et al., 2012, 2007; Mabhieu et al., 2024), which was previously used for
201  the North Atlantic GEOTRACES (GAO03) samples collected at TAG (Buck et al., 2015). For this
202  method, samples were aliquoted into carefully conditioned (Mahieu et al., 2024) flat-bottom
203  Teflon vials (Savillex), buffered with 50 uL. of 1.5 M borate buffer (7.5 mM final concentration)
204  to a pH of 8.2 (total scale), and any excess ligands in the samples were titrated with 15 additions
205 of 0—10 nM FeCls. The Fe additions were allowed to equilibrate overnight before adding 25 uM
206  SA to each vial, and SA additions were then equilibrated at least 1 hour before analysis. The
207 measurements were made on a BioAnalytical Systems (BASi) controlled growth mercury
208  electrode interfaced with an Epsilon E2 analyzer (BASi), using a deposition time of 120 s. A post-
209 titration spike was used to verify vial conditioning and the linearity of the final titration points
210  (Mabhieu et al., 2024). Titration data were processed using ECDsoft and ProMCC software
211 (Omanovi¢ et al., 2015; Pizeta et al., 2015). We used the complete complexation fitting method,
212 which fits the data using multiple regression models and allows a visual verification of results
213 against the titration data.

214 Reverse titrations were carried out using the competitive ligand 1-nitroso-2-naphthol (NN)
215 to compete against natural ligands (Hawkes et al., 2013b a). Briefly, 500 pL. of 1.5 M trace metal
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216  clean borate buffer was added to 150 mL of sample in an acid-cleaned 250 mL LDPE bottle (final
217  concentration of 5 mM) to achieve a pH of 8.2 (total scale). The buffered sample was pipetted into
218  the preconditioned vials, and 0.5—40 uM NN was added to compete against natural Lre complexes.
219 The samples were equilibrated overnight and the concentration of Fe(NN)s in each vial was
220  measured by AACSV after purging with nitrogen for 300 s using a 797VA Computrace (Metrohm)
221  at the University of South Florida. For samples with high Fe concentrations (>100 nM) a 5-fold
222 dilution with MQ was conducted to ensure adequate excess NN (Hawkes et al., 2013b a; Kleint et
223 al., 2016), and salinity corrected side reaction coefficients were applied (Gledhill and Van Den
224 Berg, 1994). The reverse titration data were processed in the software package ECDsoft, and the
225  data were modeled using a previously published R package (Hawkes et al., 2013b a). Values of
226  [Lre] and K}‘;’idFe were fit to the experimental data where 80% of ipmax Was reached using the R
227  package with values of are' = 10°* and apeyy, = Brenn, [NN]* with a Breyy, value of 5.12x10%
228  (Hawkes et al., 2013b a).

229
230 2.5 Microbial community composition using 16S rRNA gene sequencing
231 Samples for microbial community composition were taken directly from the carboy for

232 each incubation. Two liters of water was sampled in a 4 L high-density polyethylene (HPDE)
233 Dbottle. Cells were harvested by pressure filtration onto 25 mm diameter sequential 3 and 0.2 pm
234  pore-size polyethersulfone membrane filters (Supor-200, Pall Corporation) housed in
235 polypropylene filter holders (Whatman SwinLok) using a peristaltic pump and silicone tubing.
236 Pump tubing was acid washed with 10% HCI and flushed with ultrapure water between each
237  sample. The filters were flash frozen in liquid nitrogen in 2 mL gasketed bead beating tubes (Fisher
238 Scientific). Nucleic acids (DNA) were extracted as using a modified method from Santoro et al.,
239 (2010).

240 The 16S rRNA gene was amplified in all samples using V4 primers (515F-Y and 806RB,
241 (Apprill et al., 2015; Parada et al., 2016) following the protocol outlined in Stephens et al., (2020)
242 and amplicons were sequenced via a 2x250bp MiSeq 500 run at the UC Davis Genome Center.
243 Resulting sequences were filtered and trimmed with DADA2 (Callahan et al., 2016) and taxonomy
244 was assigned with the SILVA SSU database (v 138.1, (Quast et al., 2012)) Read counts were
245  transformed from absolute to relative abundance and taxa were aggregated to the Family level.
246  The five most abundant families present in each sample were visualized using the ‘ggplot2’
247  package (v. 3.3.5). In order to assess the potential of the observed prokaryotic taxa to produce
248 siderophores, we downloaded all siderophore biosynthetic gene clusters (BGCs) in the antismash
249  secondary metabolite database (n = 7909) and used text-string matching to compare genera
250  containing these BGCs to the genera found in our 16S rRNA gene dataset (Blin et al., 2021).

251

252 3.0 Results

253 3.1 Experimental context

254 The incubations presented here captured distinct physical (buoyant/neutrally buoyant) and
255  chemical (reducing/oxidized) stages of the hydrothermal plumes (Gartman and Findlay, 2020)
256 across a range of systems with high and low Fe vent fluids (Table 1). We used the concentration
257  of Mn as a quasi-conservative tracer (Field and Sherrell, 2000) of mixing between vent fluid
258  endmembers (Table 1) and background deep ocean concentrations in the region (~0.1 nM; Hatta
259  etal., (2015)). The concentration of Mn was stable over the days to weeks of incubation time in
260  all experiments, with all Mn observed in the soluble fraction (Fig. S2-S5). In field measurements
261 from GA13, Mn was shown to behave similarly to helium-3 (*He), indicating that over the spatial
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262 and temporal scope of these experiments it is a valid proxy for dilution (Lough et al., 2023). We
263  used a dilution factor of 10,000 to define the threshold between the buoyant plume and the
264  neutrally buoyant plume (Lupton et al., 1985), but also report the potential density anomaly (co)
265  from each cast (Figure S1). The concentrations of TDFe were considered representative of the sum
266  of dissolved and particulate Fe in each incubation, following previous work in near-field
267  hydrothermal systems (Revels et al., 2015; Lough et al., 2017). We present the incubation results
268  in order from the closest to the vent source (high Fe, reducing, near-field) to the furthest away
269  from the vent source (lower Fe, oxidized, far-field).

270
Lucky Strike® Rainbow (near) Rainbow (far) TAG Deep Atlantic
Max T (°C) 260 365 365 363 2.5-4.5
pH 43 2.8 2.8 3.1 7.8

H.S (mM) 3 1 1 3.5 0
Mn (uM) 150 2,250 2,250 710 ~10*
Fe (uM) 240 24,000 24,000 5,170 ~10°

H,S:Fe 12.5 0.04 0.04 4.1 0
Initial Mn (nM)° 10 500 2.5 35 N/A
Dilution factor 15,000 4,500 9x10° ~21,000 N/A
Plume stage® NBP BP NBP NBP N/A

271 Table 1. Data from Douville et al., (2002) of vent fluid end member chemical characteristics for the three vent systems
272 studied in these incubation experiments. Presented are the dissolved Mn, Fe, H,S concentrations, the maximum
273 temperature, and pH of the vent fluid endmembers. *Lucky Strike end member data was compiled from Pester et al.,
274 (2012) using averages of the vent sites US4 and IsabelMeSH, determined to be the closest systems to the location in
275 which the incubation was initiated. *The concentration of Mn observed in each incubation, used to calculation the
276 dilution factor for each experiment. “The plume stage is indicated as buoyant plume (BP) or neutrally buoyant plume
277 (NBP) using a threshold dilution factor of 10,000:1 based on Lupton et al. (1985).

278 3.2 Rainbow near-field incubation — a high Fe, reduced, buoyant plume

279 The Rainbow vent system has the highest vent fluid Fe concentrations of any documented
280  system in the global ocean (German et al., 2025). This incubation was conducted directly at the
281  vent site (near-field), and incubated both unfiltered and filtered (<0.2 pm) plume water for 7 days.
282 The dilution factor estimated from published endmember data was ~ 4,500 (Table 1; (Douville et
283 al., 2002). A positive temperature (~0.2 °C) anomaly, negative density anomaly (~0.02 kg m3),
284  and ORP anomaly observed at the depth of sampling confirmed that this incubation was initiated
285  from water within a reducing buoyant plume (Fig. Slc, d). The unfiltered incubation at Rainbow
286 had high TDFe concentrations of 5094 + 93 nM (1SD, n=5; Fig. 2a) and initial dFe concentration
287  0of361.3 £0.5 nM (Fig. 2¢). The filtered incubation had TDFe concentrations of 356 + 9 nM (1SD,
288  n=5; Fig 2b) with an initial dFe concentration of 311.5 + 6.1 nM (Fig. 2d). High sFe concentrations
289  of 70.9 + 4.6 and 94.1 + 5.9 nM were also observed at the onset of the unfiltered and filtered
290  incubation, respectively, but the dissolved phase was still dominated by colloids in the unfiltered
291 (80%) and filtered (70%) incubations (Table S2). The §°°dFe of the initial plume samples were
292  distinct between the unfiltered and filtered incubations, with values of -7.35%0 and 0.76%e,
293 respectively (Fig. 2¢, 2d; Table S6).

294 Rapid changes in the physiochemical partitioning of Fe were observed in the first 24 hours
295  of the incubation. Broadly, dFe concentrations declined by 33% and 70% in the unfiltered and
296  filtered treatments over the 6-days of incubation, respectively (Fig. 2¢, 2d; Table S2), but this
297  decline was punctuated with deviations from this trend in the early hours of incubation. In the
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298  unfiltered incubation, sFe concentrations more than doubled in the first 12 h, increasing from 70.9
299 £ 4.6 to concentrations as high as 196.8 = 10.1 nM (Fig. 2c; Table S2), coinciding with large
300 increases in H2S (Fig. S7; Text S1). By 24 h, sFe concentrations had declined 85% from its peak
301 to 29.7 £ 3.8 nM concomitant with an increase in dFe to 415.8 £ 3.1 nM (Fig. 2¢). In the filtered
302 incubation, sFe concentrations showed high variability over the first 24 h, before declining to 1.91
303  £0.12 by the end of the incubation (Fig. 2d). After the first 24 hours of the incubation the colloidal
304  fraction of the dFe pool in both the filtered and unfiltered treatments stabilized at ~90-97% (Fig.
305 2c, 2d; Table S2). The isotopic composition of the dFe pool also changed over the course of the
306  incubation. During the first 12 h, the 3°°dFe in the unfiltered incubation decreased from 0.73%o to
307 -0.16%0 along with the large changes observed in the particulate and dFe phases. The final
308  measurement taken on day 5 showed an enrichment of §°°dFe to 1.17%o (Figure 2c; Table S6). The
309  8°°dFe in the filtered incubation remained relatively stable throughout, with an average value of -
310 7.31 £0.31%0 (2SD, n=3).

311 Dissolved and soluble Fe-binding organic ligand concentrations were elevated at the onset
312 of the Rainbow incubation experiment, with different dynamics in filtered and unfiltered
313 treatments. The dLre measured initially were 64.4 + 1.4 nM and 45.8 £+ 0.8 nM in the unfiltered
314 and filtered treatments, respectively, with conditional stability constants (K%";Z{Fer ) ranging from
315 11 to 12.5. The initial concentration of sLre were 5.37 4+ 0.53 and 3.57 + 0.40 in the unfiltered and
316 filtered treatments, respectively, with weaker ﬁ;’fFe’ than those observed for dLre (K%‘Z,”Lf‘iFe:lO.O—
317 10.8; Fig. 2e, 2f; Table S2). The concentration of dLre declined 42% and 25% over 7 days in the
318  unfiltered and filtered incubations, respectively (Fig. 2e, 2f). In contrast, concentrations of sLre in
319  the unfiltered treatment increased by nearly 3-fold during the first 24 h of the incubation
320  concomitant with the increases of sFe. The sLre subsequently declined close to initial
321  concentrations of 5.23 + 0.16 nM by day 2, where they remained relatively stable until the final
322 sample taken on day 7 where a 2-fold increase to 8.57 + 0.49 nM was observed independent of
323 sFe (Fig. 2c, 2e). In the filtered treatment, sLr.e similarly increased nearly 3-fold from their initial
324  concentrations of 3.57 £ 0.49 nM to 9.27 = 0.13 nM by day 2, decreasing to 5.64 £ 0.35 nM for
325  the remainder of the incubation (Fig. 2d, 2f). The conditional stability constants sLre sampled in
326  the first 24 h of both treatments were typically weaker (Kﬁ«';'fFe:IO.O—IO.S; Fig. 2e, 2f; Table S2)
327  than the ligands measured during the remainder of the incubation (K%‘Zi‘fFe:I 1.0-12.2).

328 The microbial community composition was sampled in the initial (day 0) and final (day 7)
329  timepoints of the incubation for the unfiltered treatment for two separate size fractions (0.2 and 3
330  pm). Overall, both size classes displayed a similar community composition and response
331  throughout the incubation. Both size-fractions on day 0 and day 7 samples were dominated by the
332 sulfur-oxidizing bacteria Sulfurimonas (family Sulfurimonadaceae). This family comprised ~75%
333  of the microbial community in both size fractions (Fig. S7). The SUPO5 cluster
334 (Gammaproteobacteria belonging to the Thigolobaceae family; Fig S7) are also known sulfur-
335 oxidizers that were abundant to a lesser degree (Shah et al., 2017). The ammonia-oxidizing archaea
336 Nitrosopumilaceae (Konneke et al., 2005) were also observed at the start of the incubation but
337  decreased in relative abundance by the end of the experiment (Fig. S7).
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340 Figure 2. Rainbow near-field incubation overview for unfiltered (left column) and filtered (<0.2 pm, right column)
341 treatments. (a, b) Particle phase composition for each timepoint displaying dissolved ('d'), soluble ('s'), and total
342 dissolvable ('TD'), reporting the average TDFe of the incubation (1SD, n=5, *1n=5, one sample removed; Table S2).
343 (c, d) sFe (light blue circles) and dFe (dark blue circles), and the average TDFe concentrations of the incubation (blue
344 line); the TDFe concentration for panel (c) is off the scale. The §°°dFe composition for selected samples (red diamonds)
345 is plotted on the secondary axis. (e, f) Concentration of dLg. (dark blue triangles) and sLg. (light blue triangles) and
346  the respective log K”p‘;’idpe (diamonds, dashed lines) are plotted on the secondary axis.

347
348 3.3 TAG incubation — a high Fe, reduced, neutrally buoyant plume
349 The TAG vent field sits ~1,300 m deeper than Rainbow at 3,620 m water depth (Tivey,

350  2007), and is one of the most studied vent systems along the MAR. This was a 6-day incubation
351  that contained filtered and unfiltered treatments. The dMn concentrations at the onset of the
352 incubation were 38.5 £ 1.4 nM and 31.8 = 0.3 nM in the unfiltered and filtered incubations,
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353 respectively, resulting in an estimated dilution factor between ~19,000-22,500 from the published
354  endmember data (Table 1). Across the ~100 m depth range of the plume, there was an LSS and
355  ORP anomaly and a small (~0.1 °C) negative temperature anomaly consistent with a reducing
356  neutrally buoyant plume (Fig Sle, S1f). The initial dFe concentrations at the start of the incubation
357  were 188 £ 2.3 nM and 82.4 + 0.6 nM dFe in the unfiltered and filtered treatments, respectively
358  (Fig. 3b, 3c; Table S3). The average TDFe at TAG (unfiltered treatment) was 211 + 9 nM (1SD,
359  n=2), suggesting ~80% of the vent end-member was present at the start of the incubation, based
360  on the dilution factor calculated from dMn. Approximately 90% of the total TDFe was within the
361  dissolved phase (Fig. 3a, 3b). Soluble Fe concentrations were 61.5 £8.2 nM and 19.1 £2.3 nM in
362  the unfiltered and filtered incubations, resulting in a colloidal fraction of 67% and 77%,
363  respectively. The §°°dFe at the start of the incubation in the unfiltered and filtered treatments were
364 0.58%o and -1.43%o, respectively. The low 8°°dFe value as observed in the filtered treatment is
365  consistent with previously reported §°°dFe value in the water column from the TAG hydrothermal
366  plume (-1.35%0; Conway and John, (2014).

367 The high concentrations of dFe declined over the 6 days of the incubation and the
368  particulate fraction increased (Fig 3a, 3b). By the end of the incubation, dFe concentrations in both
369  unfiltered and filtered treatments had declined by 67% and 83%, respectively (Fig. 3c, 3d). The
370  high sFe concentrations observed at the start of the incubation declined in parallel to the dFe,
371  decreasing by 77% and 67% in the unfiltered and filtered treatments, respectively. The
372 observations of §°°dFe in the unfiltered and filtered treatments for this incubation showed similar
373 patterns to those in the Rainbow near-field experiment. In the unfiltered treatment, the 3°°dFe
374 decreased to 0.09%o in the first 24 h, but in the final sample taken on day 6 showed a significant
375 enrichment to 3.57%o (Fig. 3c; Table S6). Similarly, the §3°dFe values of the filtered treatment
376  remained constant (-1.37 &+ 0.10%o, 2SD, n=3) over the 6-day incubation.

377 The Fe-binding ligands observed at TAG displayed similar characteristics to those in the
378  Rainbow near-field incubation. The dLre concentrations at the onset of the incubation were 18.4 +
379 1.1 nMand 5.97 = 0.25 nM in the unfiltered and filtered treatments, respectively (Fig. 3e, 3f). Over
380  the 6-day incubation, dLre concentrations declined by 64% in the unfiltered treatment. In contrast,
381  the dLre concentrations in the filtered treatment increased to a maximum of 11.80 + 0.40 nM in
382  the first 24 h and then declined to a final concentration of 7.03 £ 0.39 nM, resulting in an overall
383  increase of ~15% over the 6 days. In the unfiltered treatment, sLre concentrations decreased from
384  8.27+0.76 nM to 4.48 = 0.27 nM in the first 24 h, remained constant until day 3 and then increased
385  to a final concentration of 7.68 + 0.09 nM, close to initial concentrations (Fig. 3e). In the filtered
386  treatment on the other hand, sLr. concentrations declined by 63% during the 6-day incubation. The
387  conditional stability constants of both dLre and sLre pools were relatively weak throughout the
388  incubation, with average 10gKf:‘ZfFer =10.76 £ 0.70 (1SD, n=7) and 10.87 £ 0.79 (1SD, n=9) in the
389  unfiltered and filtered treatments, respectively. Stronger ligands were observed on average in the
390  sLre pool of the unfiltered (11.20 + 0.74 (1SD, #»=8) and filtered treatments (11.51 = 0.53 (1SD,
391  n=7), respectively (Figure 3e, 3f; Table S3).
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Figure 3. TAG incubation overview for unfiltered (left column) and filtered (<0.2 pum, right
column) treatments. (a, b) Particle phase composition for each timepoint displaying dissolved ('d"),
soluble ('s"), and total dissolvable ('TD'), reporting the average TDFe of the incubation (1SD, n=2).
(c, d) sFe (light blue circles) and dFe (dark blue circles), and the average TDFe concentration (blue
line) of the incubation. §°°dFe composition for selected samples (red diamonds) is plotted on the
secondary axis. (e, f) Concentration of dLre (dark blue triangles) and sLr. (light blue triangles) and
the respective log K%'ZlFe/ for each measurement (diamonds, dashed lines) is plotted on the
secondary axis.
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404 3.4 Lucky Strike incubation — a low Fe, reduced, neutrally buoyant plume

405 The Lucky Strike vent field is located atop a seamount over the Azores hotspot at relatively
406  shallow depths (1,600-1,700 m; Pester et al., 2012). Only an unfiltered treatment was incubated
407  from Lucky Strike and the experiment lasted 22 days. An estimated dilution factor of ~15,000 was
408  calculated from dMn endmember concentrations (Table 1) and the bottles were closed within a
409  small LSS and ORP anomaly with stable density, indicating the incubation was started in a
410  reducing neutrally buoyant plume (Fig Sla, S1b). The average TDFe concentration of the Lucky
411 Strike incubation was 20.1 £ 1.8 nM (1SD, n=4), with initial dFe concentrations of 15.1 + 1.17
412 nM and sFe of 4.42 + 0.05 nM, resulting in ~80% of the Fe within the dissolved phase and 71%
413 of the dFe in colloidal form (Fig. 4b; Table S4). The Fe-binding ligand concentrations at the start
414  of the incubation were relatively elevated, with initial dLre concentrations of 5.40 + 0.12 nM.
415 These ligands appeared to be entirely within the soluble phase, with sLre concentrations equal to
416  6.00 = 0.60 nM at the onset of the incubation (Fig. 4c; Table S4).

417 Lucky Strike was the longest incubation experiment, and enabled observations of both
418  early and long-term particle formation dynamics. Initially, dFe concentrations declined ~30% over
419  the first week and particulate Fe concentrations increased, with the lowest concentration of dFe
420 (10.4 £ 0.81 nM) observed on day 7 (Fig. 5b). The soluble and dissolved Fe-binding ligands also
421  declined in the first 48 h of the incubation but then increased from days 3 to 7, with the sLre
422 representing 100% of the dissolved ligand pool by day 7 (Fig. 4c). In subsequent weeks, dLre and
423 dFe continued to increase, while particulate Fe decreased. The final dFe concentration observed at
424 22 days was 18.3 + 1.4 nM, roughly 20% higher than the initial dFe concentrations, and sFe
425  increased to concentrations observed at the start of the incubation of 4.55 + 0.32 nM. By the end
426  of'the incubation nearly all the TDFe was in the dissolved fraction and dominated by colloids (Fig.
427 4a).

428 The Lucky Strike incubation showed a more dramatic shift in the microbial community
429  composition compared to the Rainbow near-field incubation, and a distinct difference in the
430 community composition between the two size-fractions. The larger 3 pum size fraction was
431  dominated by sulfur-oxidizing bacteria Sulfurimonas (Sulfurimonadaceae) and SUP-05
432 (Thioglobaceae), as in the Rainbow near-field incubation (Fig. S9). However, the smaller size-
433 fraction (0.2 um), contained both sulfur-oxidizers, and the ammonia-oxidizer Nitrosopumilaceae.
434 After 14 days, the 3 um community became dominated by bacterial families Alcanivoraceae,
435 Oleiphilaceae, and Sphingomonadaceae, typically associated with hydrocarbon degradation (Fig.
436 S9). No data were available for the smaller size fraction at this timepoint.
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Figure 4. Lucky Strike incubation overview. (a) Particle phase composition of each timepoint in the incubation with
dissolved ('d'), soluble ('s'), and total dissolvable ('TD') data, reporting the average TDFe concentration of the
incubation (1SD, n=4). (b) sFe (light blue circles) and dFe (dark blue circles) concentrations and the average TDFe
(blue line). (c) Concentration of dLg. (dark blue triangles) and sLg. (light blue triangles) and the respective long;-"e'fFer
displayed on the secondary axis (diamonds, dashed lines).
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447 3.5 Rainbow far-field incubation — an oxidized neutrally buoyant plume

448 A second incubation was conducted near Rainbow but far-field of the vent, ~10 km
449  southwest of the location of the near-field incubation. This experiment consisted of only an
450  unfiltered treatment and was incubated for 19 days. The dMn concentration at the incubation onset
451  was 2.5+ 0.1 nM, resulting in a calculated dilution factor of ~9.0 x 103 based on vent fluid end-
452 member data (Table 1). There was a small LSS signal but no ORP anomaly indicating the
453 incubation was started within an oxidized neutrally buoyant plume (Fig. S1g, S1h). The initial dFe
454  and sFe concentrations were 3.42 +0.26 nM and 0.88 + 0.04 sFe, respectively, and 74% of the dFe
455 was colloidal (Table S5). The average TDFe concentration of the incubation was 25.5 £ 5.6 nM (1
456  SD, n=3), indicating ~10% of the Fe was in the dissolved phase at the start of the incubation (Fig.
457  7a). Fe-binding ligand concentrations at the start of the incubation were also low relative to the
458  other experiments, with 1.55 £ 0.12 nM in the dissolved phase and soluble ligands were below the
459  limit of detection (Table S5).

460 Twenty-four hours into the experiment, soluble ligand concentrations began to increase
461  and continued to do so over the next two days, appearing to modify the Fe particulate pool (Fig.
462 7c). The dFe increased from 2.96 + 0.23 nM to 8.52 + 0.65 nM between day 1 and day 7, and dLre
463 increased from 2.90+0.11 nM to 5.41 £0.17 nM. Little change was observed in sFe concentrations
464  over this period (Fig. 5b; Table S5). Over the subsequent week, the sFe concentrations increased
465  t07.95+0.53 nM by day 14, encompassing the entirety of the dFe pool (Fig. 5a). For the remainder
466  of the incubation the colloidal fraction remained low, comprising 20% of the dFe pool in the final
467  sample at day 19 (Fig. S5b; Table S5).

468 The microbial community composition was sampled initially and again on day 15. The
469  community shifted substantially over this period, similar to the observations at Lucky Strike. At
470  the onset of the incubation, the 3 pm size-fraction was again dominated by sulfur-oxidizers
471 Sulfurimonadaceae and Thioglobaceae, (Fig. S10). The smaller 0.2 pum size-fraction contained
472 sulfur-oxidizers, but also substantial fractions of Nitrosopumilaceae and nitrite-oxidizers
473 Nitrospinaceae. Two weeks into the incubation, following the observed ligand production and
474  particulate Fe mobilization, the microbial community in both 3 and 0.2 um size-fractions shifted
475 toward dominance by the hydrocarbon degraders Oleiphilus, Sphingorhabdus, and Alcanivorax
476  (Fig. 8 Fig. S10).
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478 Figure 5. Rainbow far-field incubation overview. (a) particle phase composition of each timepoint in the incubation
479 with dissolved ('d'), soluble ('s'), and total dissolvable ('TD') data, and reporting the average TDFe concentration of
480 the incubation (1SD, n=4). (b) sFe (light blue circles) and dFe (dark blue circles) concentrations. (c) concentration

481 (left axis) of dLg. (dark blue triangles) and sLr. (light blue triangles) and the respective log K5%s, for each
482 measurement (right axis; diamonds, dashed lines).

483

484 4.0 Discussion

485 4.1 Sources and sinks of Fe-binding ligands within early plume systems

486 The three near-field incubations of this study show that hydrothermal vents along the Mid
487  Atlantic Ridge are a local source of Lre. Dissolved Fe-binding ligand concentrations at the onset
488  of each near-field incubation were observed to be well above the background concentrations of
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489  ~2-3 nM observed throughout the water column of the deep Atlantic (Buck et al., 2015; Gerringa
490 et al., 2015). Vent systems are known to host vibrant communities of chemoautotrophs (Sander
491  and Koschinsky, 2011; Sylvan et al., 2012) and the diffusive flow regions surrounding the vents
492 have been identified as a potential source of DOC and Fe-binding ligands in other studies (Lang
493 et al., 2006; Bennett et al., 2008; Hawkes et al., 2013a b; Kleint et al., 2016). The high

494 concentration and low conditional stability constants (log K}‘;’Z’Fg; 10-11) observed in the early

495  samples of many of the near-field incubations suggest that this ligand pool may be dominated by
496  non-specific Fe-binding ligands such as exopolysaccharides (Hassler et al., 2011; Zykwinska et
497  al., 2019) or other organic acids (Konn et al., 2009). The ligands could be a product of the
498  serpentinization reactions within the vent system (organic acids; soluble fraction) or the biological
499  communities surrounding them (EPS; colloidal fraction) that are entrained in the forming plume
500  (Bennett et al., 2008; Hawkes et al., 2013a b; Sander and Koschinsky, 2011).

501 Although these experiments show these vents are a large source of ligands, our
502  observations show early particle formation in the vent plumes may also be a major ligand sink. In
503  both near-field incubations, at TAG and Rainbow, initial dFe concentrations were much higher
504  than dLre, and yet dLre declined along with dFe in a nearly 1:1 ratio as the experiments became
505  progressively more particle enriched (Fig. 2c-f, 3¢c-f). This suggests that as Fe particles form over
506  time, the dissolved ligand pool is scavenged or aggregated along with dFe. The constant 5°°dFe in
507  these week-long incubations, despite 71-77% declines in dFe, is inconsistent with isotopic
508  fractionation expected by Fe(II) oxidation and precipitation alone (Fig. 2d, 3d; Section 4.2). Thus,
509 the loss of dFe and formation of particulate Fe over time may instead represent the coagulation of
510  colloidal ligand-bound Fe and/or Fe-(oxyhydr)oxides, analogous to observed flocculation of Fe
511  with organic matter during estuarine mixing (Boyle et al., 1977; Buck et al., 2007; Bundy et al.,
512 2015), which does not substantially fractionate dFe isotopes (Escoube et al., 2009; Zhang et al.,
513 2015).

514 Another consistent observation from these experiments was the production of soluble Fe-
515  binding ligands in the unfiltered treatments of each incubation. Soluble Fe-binding ligands were
516  more resistant to aggregation and losses than ligands in the colloidal fraction. In the two near-field
517  and high-Fe reducing incubations conducted at Rainbow and TAG, the unfiltered treatments
518 showed a 42% and 64% decrease in dLre between the first and final measurements. In comparison
519  there was a 60% increase in sLre in the near-field Rainbow experiment and a 15% decrease in the
520  TAG experiment (Figure 2e, 4e; Table S2, S3). Whereas aggregation appeared to dominate dLre
521  in the early days of the reducing plume incubations of Rainbow, TAG, and Lucky Strike, sLre
522 concentrations increased within days of experiment initiation in all cases. Evidence of siderophore
523 production has been inferred in hydrothermal plumes in the Guaymas Basin through the
524  upregulation of siderophore biosynthesis and transporter genes (Li et al., 2014) and siderophores
525  have been identified in field samples from the GA13 cruise (Hoffman et al., 2024). Siderophores
526  should fall within the soluble fraction of dFe when bound to Fe (Vraspir and Butler, 2009), and
527  sLre production occurred coinciding with a large shift in the microbial community from one
528  dominated by sulfur-oxidizers (Sulfurimonadaceae and Thioglobaceae), ammonia-oxidizers
529  (Nitrosopumilaceae), and nitrite oxidizers (Nitrospinaceae, Fig. S8, S9, S10) to a community
530  dominated by families associated with hydrocarbon degradation (A4lcanivoraceae, Oleiphilaceae,
531 and Sphingomonadaceae (Y akimov et al., 1998; Golyshin et al., 2002; Kertesz et al., 2019)). Most
532 of the families that increased their share of total 16S rRNA gene amplicons by the end of these
533 two incubations with microbial data, had putative microbial community members capable of
534  producing siderophores; although the 16S data alone cannot resolve whether siderophore
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535  producing members were present. Thus, the temporal transition from a hydrothermal plume rich
536 in reduced substrates and free Fe(Il) to one that is oxidized may result in a microbial community
537  shift that promotes siderophore production.

538
539 4.2 Particle-dissolved exchange in hydrothermal plumes
540 Hydrothermal plumes are regions of extreme chemical disequilibria, and the mixing of cold

541  deep ocean waters and hot metal-rich hydrothermal fluid results in huge changes in Fe solubility
542 that results in rapid particle formation. Our near-field experiments conducted at Rainbow, TAG,
543 and Lucky Strike, all had initially high-Fe and reducing conditions that resulted in the rapid
544  formation of colloids and particles. There was evidence of physiochemical exchange between
545  newly formed particles and the dissolved phase within hours in the high-Fe reducing plumes of
546  TAG and Rainbow, and over days to weeks in the Rainbow far-field and Lucky Strike incubations,
547  potentially mediated by ligand production (see section 4.1). The physiochemical partitioning of Fe
548  in combination with dFe isotope provides additional context into the possible mechanisms
549  responsible for the temporal transformations of Fe within early plumes.

550 Initial conditions in both TAG and Rainbow near-field plumes showed large differences in
551  dFe fractionation between the filtered and unfiltered treatments, with the filtered treatments having
552 significantly lighter (—1.43%0, TAG; —7.34%o, Rainbow) values than published vent fluid
553  endmembers of TAG and Rainbow (—0.15%o and —0.14%., respectively; (Severmann et al., 2004)).
554  These depleted 33°dFe values in both experiments are most likely a result of the partial oxidation
555  of Fe(Il) and precipitation of Fe-(oxyhydr)oxide particles at the start of the incubations that was
556 interrupted by the filtering process (Lough et al., 2017; Klar et al., 2017; Gonzalez-Santana et al.,
557  2021; Wang et al., 2021). The light isotopic values observed in the Rainbow near-field experiment
558 likely reflect its proximity to the vent source, the very high Fe/H:S ratio of the vent fluids (Table
559 1, Severmann et al., 2004), and high Fe(Il) oxidation rates (0.29 h; Field and Sherrell, 2000;
560  Gonzalez-Santana et al., 2021) relative to other vent sites (e.g., Klar et al., 2017; Wang et al.,
561  2021). Laboratory experiments show the preferential incorporation of heavy Fe isotopes into Fe-
562 (oxyhydr)oxides, which leaves the remaining dFe isotopically light (Welch et al., 2003). For
563  example, analyses of hydrothermal particles by Revels et al. (2015) and Severmann et al. (2004)
564  showed 6°Fe enrichment of particles of ~0.20%o in the TAG plume and 0.24-1.29%o (average
565  ~0.90%0) in the Rainbow buoyant plume. These observations were attributed to the partial
566  oxidation of Fe(Il) and precipitation of the Fe(Ill) that formed as the plume was physically
567  transported. Initial 8°°dFe values in the unfiltered treatment (collected within ~3 h) showed a
568  similar enrichment of +0.58%o for TAG and +0.76%o for Rainbow, significantly heavier than in
569  the companion filtered treatments and likely reflect the contribution of suspended colloids to the
570  dFe pool.

571 The evolution of §3°dFe over the week-long incubations at both TAG and Rainbow near-
572 field were also indicative of the influence of organic ligands on the dFe pool. In the filtered
573 treatments for both experiments, the initial conditions suggested Fe(Il) was present and was
574  partially oxidized, but the continued oxidation of Fe(II) was not supported by the isotopic evidence
575  and instead a fairly static isotopic ratio was maintained despite large declines in dFe concentrations
576  (Fig. 2d, 3d). These observations indicated dFe was in a form resistant to fractionation, and
577  association with organic ligands provides a mechanism to explain these observations (see section
578  4.1). In contrast, the unfiltered treatments both showed substantial enrichment (up to +3.57%o at
579  TAG and +1.17%o at Rainbow) of the §°°dFe by the end of the incubation (Fig 2a, 3a). Simple
580  (abiotic) dissolution of Fe-(oxyhydr)oxide particles has a relatively small isotope effect (< 0.1%o;
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581  (Skulan et al., 2002) and ligand-controlled dissolution of Fe-(oxyhydr)oxides is thought to enrich
582  dFe isotopes by up to ~0.5%o in solution (Wiederhold et al., 2006). Although continuous inorganic
583 scavenging could also contribute to 53°dFe enrichment by up to ~0.3%o (John and Adkins, 2012),
584  soluble ligand production observed over this same period (Figure 4e, 4f; Section 4.2) supports
585  ligand-mediated dissolution. Siderophores or other strong ligands can provide a mechanism to
586  stabilize soluble Fe during aggregation or can facilitate the solubilization of Fe from particles
587  (Fishwick et al., 2014). While there is little experimental data on the fractionation of Fe isotopes
588 by microbial communities, the values observed in this study are similar to those observed in the
589  Fe-limited surface waters of the Southern Ocean (Sieber et al., 2021), indicating it could represent
590  microbial mediation under Fe-limitation. Thus, active microbial production of ligands to liberate
591  particulate and colloidal Fe may be an important factor in stabilizing a portion of dFe in these
592 plumes that explains the fractionation observed in unfiltered treatments (Hoffman et al., 2024).

593
594 5.0 Summary and Conclusions
595 This study presents four incubation experiments at three separate vent systems along the

596  MAR to document the temporal evolution of physiochemical forms of Fe and Fe-binding ligands
597  to gain insights into the processes effecting Fe early on in hydrothermal plumes. The four
598  incubations captured the range of physical and chemical stages of hydrothermal plume
599  development in the buoyant and neutrally buoyant plumes and the reducing and oxidized plumes.
600  Exchange between the physiochemical fractions of Fe was observed in each of the incubations
601  with Fe-binding ligands mediating exchange at all stages of plume evolution.

602 The elevated Fe-binding ligand concentrations observed at the onset of each of the near-
603  field experiments suggests the vent systems along the MAR are a local source of ligands relative
604  to the deep Atlantic. The concentration and binding strength indicate a large concentration of weak
605  ligands characteristic of a pool composed of non-specific organic ligands, produced in
606  serpentinization reactions or by microbial communities at the vent source. These high ligand
607  concentrations declined concurrently with dFe on the timescales of hours via aggregation onto
608  particles, suggesting that most of these sourced Fe-binding ligands may not escape the near-field.
609  The stability of dissolved Fe isotopic composition during this decline in the filtered treatments the
610  complexation and aggregation with Fe was analogous to the flocculation observed with organic
611  matter in estuarine systems. This lends observational support to the low-density organic matrix
612  observed in far-field particles from hydrothermal vents (Fitzsimmons et al., 2017; Hoffman et al.,
613 2020). However, production of soluble and dissolved Fe-binding ligands was observed in all
614  unfiltered treatments as the plumes approached on oxidized state and free Fe(Il) was diminished.
615 This promoted particle exchange, driving the enrichment of 33°dFe over a week in the unfiltered
616  treatments TAG and Rainbow near-field experiments. Over longer timescales, ligand production
617  strongly influenced the physiochemical form of Fe, resulting in the solubilization of particles into
618  the colloidal and soluble phases on a timescale of days to weeks in the Lucky Strike and Rainbow
619  far-field experiments. This exchange was associated with a shift in the microbial community from
620  predominantly sulfur and nitrogen oxidizing bacteria to communities dominated by hydrocarbon
621  degraders. It is possible that the transition of hydrothermal plumes from a reducing to oxidized
622  state in its early evolution fosters conditions that promote ligand production from the microbial
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623  community and can contribute to the enhanced longevity of hydrothermal Fe in the water column.
624  These experiments suggest that the presence of organic Fe-binding ligands and the formation of
625  inorganic colloids are mutually intertwined in the early evolution of dFe in hydrothermal plume
626  systems.
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