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12 Abstract  

Deep-sea  hydrothermal  venting  is  an i mportant  source  of  dissolved i ron  (dFe)  to t he  

oceans.  Fe  isotopes  can  be  used  as  a  potential  tool  to  trace  the  dispersal  of  

hydrothermal  plumes.  However,  Fe  isotope  fractionation  and  its  relation  with  Fe  

speciation  as  hydrothermal  plumes  disperse  is  still  poorly  constrained.  In  this  study,  

we  determined  the  Fe  speciation  and  total  and  dissolved  Fe  isotope  composition  

(δ56tFe,  δ56dFe)  for  several  hydrothermal  plumes  from  backarc  volcanoes  in  the  

Northeast  Lau  Basin.  This  combined  approach  provides  important  insights  into  the  

evolution  of  Fe  isotopes  in  hydrothermal  plumes.  The  results  suggest  δ56tFe  variation  

in  plumes  is  related  to  the  loss  of  particulate  Fe-sulfides  or  Fe-oxyhydroxides  

(FeOOH),  both  of  which  are  dependant  on  the  H2S  concentrations  and  Fe/H2S  in  the  

source  hydrothermal  fluids.  δ56dFe  compositions  in  the  hydrothermal  plumes  increase  

during  plume  dispersal/dilution  and  can  be  as  high  as  0.85‰,  demonstrating  that  

hydrothermal  plumes  can  export  dissolved  Fe  with  a  significantly  heavier  δ56dFe  than  

hydrothermal  fluids.  The  reasons  may  be  ascribed  to  the  organic  Fe  complexes  (FeL)  

and  colloidal  FeOOH  in  the  dissolved  phase.  Another  interpretation  might  be  

associated  with  the  low  pH  in  volcanic  arc  hydrothermal  systems  rich  in  magmatic  
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CO2 and SO2, which decreases the Fe(II) oxidation rate. Further, we demonstrate for 

the first time that the δ56dFe is positively correlated with the conditional stability 

constants of FeL (logKʹFeL). A Rayleigh distillation model is presented based on the 

mass balance of the determined FeL, and colloidal FeOOH in hydrothermal plumes, 

which can explain the observed Fe isotope compositions in hydrothermal plumes. Our 

data show how Fe isotopes are transformed within a hydrothermal plume above arc 

volcanoes and how these may differ from that of the original vent fluids. It adds to our 

understanding of the processes that have an impact on the Fe speciation and isotope 

composition in deep-sea hydrothermal plumes. 

Keywords: iron isotopes, organic iron complexation, hydrothermal plumes, arc 

volcano, Northwest Lau Basin 

1. INTRODUCTION 

Iron is an essential nutrient for the growth of oceanic phytoplankton and exerts 

great influence on the primary productivity and carbon cycling in the oceans, making 

it necessary to investigate the supply and removal of Fe and to understand its 

geochemical cycle in the oceans (Martin et al., 1990; Archer and Johnson et al., 2000; 

Boyd and Ellwood, 2010; Boyd et al., 2017; Tagliabue et al., 2017). Recently, it has 

been shown that hydrothermally sourced Fe can be transported thousands of 

kilometers away from where it was initially vented making it an important Fe source 

contributing to the oceanic Fe budget (Fitzsimmons et al., 2014, 2017; Resing et al., 

2015; German et al., 2016; Moffett and German, 2020). The long-range transport is 

ascribed to the formation of organic Fe complexes and colloidal Fe in hydrothermal 

plumes (Lang et al., 2006; Bennett et al., 2008, 2011; Toner et al., 2009; Sander and 

Koschinsky et al., 2011; Yücel et al, 2011; Hawkes et al., 2013a; Gartman et al, 2014; 

Findlay et al., 2015; Wang et al., 2019, 2021a). 

Iron stable isotopes can be used as a potential tracer of hydrothermally sourced Fe 

(Nishioka et al., 2013; Conway and John et al., 2014; Fitzsimmons et al., 2014; 
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Resing et al., 2015). The light dissolved Fe isotope (δ56dFe) signal above the TAG 

(Trans-Atlantic Geotraverse) vent site within the Mid-Atlantic Ridge rift valley at 500 

m suggest that hydrothermal venting not only affects the δ56Fe of the deep ocean but 

also impacts seawater at depths < 1000 m (Conway and John, 2014). However, there 

are very few studies on the characteristics of Fe isotope systematics in hydrothermal 

plumes, and Fe isotope fractionation during plume rise and dispersal remains 

unconstrained. 

Previously, it has been demonstrated that pyrite (FeS2) particles formed in the 

buoyant part of hydrothermal plumes are isotopically light δ56Fe relative to vent fluids, 

which shifts the remaining dissolved Fe (dFe) towards a heavier δ56dFe (Bennett et al., 

2009; Lough et al., 2017; Klar et al., 2017; Nasemann et al., 2018; Wang et al., 

2021b). In contrast, Fe-oxyhydroxides formed after Fe-sulfide production are 

isotopically heavy, thereby resulting in a lighter δ56dFe (Severmann et al., 2004; 

Bennett et al., 2009; Rouxel et al., 2016; Klar et al., 2017; Lough et al., 2017; 

Nasemann et al., 2018). However, due to difference in vent chemistry (Fe, H2S 

concentrations and δ56Fe of the fluids, etc.), both the dissolved and particulate δ56Fe 

vary significantly during plume rise and dispersal and show large regional variability 

(Severmann et al., 2004; Bennett et al., 2008; Lough et al., 2017). Studies of Bennett 

et al. (2008) and Rouxel et al. (2016) revealed that particles from the buoyant plumes 

over basalt-hosted hydrothermal vents (5°S Mid-Atlantic Ridge and 9°50´N East 

Pacific Rise) were isotopically lighter than the source vent fluids. This was attributed 

to the influence of Fe-sulfide precipitation. However, Severmann et al. (2004) 

sampled the buoyant plume particles from the Rainbow vent on the Mid-Atlantic 

Ridge and found that the particles there had heavier δ56Fe (0.15~1.20‰) than the 

source vent fluids (-0.14‰). They reasoned that this was due to vent fluids 

percolating through ultramafic host rocks resulting in fluids with very high Fe/H2S 

(~24) (Douville et al., 2002). Here, the low amounts of sulfide relative to Fe indicates 

that Fe-oxyhydroxide precipitation is the dominant dissolved iron removal process, 

https://0.15~1.20
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with no more than 4% of Fe forming sulfides (Severmann et al., 2004). More recently, 

the measured δ56dFe and its fractionation have been shown to vary with plume 

dynamics. For example, δ56dFe in a buoyant plume above the East Scotia Ridge 

located in the Southern Ocean decreased during plume dispersal due to Fe(II) 

oxidation and the formation of particulate Fe-oxyhydroxides (Lough et al. 2017). In 

contrast, Wang et al. (2021b) demonstrated that the δ56dFe in diluted buoyant plumes 

from the Beebe vent field located in the Mid-Cayman ultraslow-spreading ridge 

system increased from -4.08‰ to 0.22‰, due to Fe(II) oxidation, the exchange of Fe 

between the particulate and dissolved Fe and between inorganic Fe and organic Fe 

complexes. In non-buoyant plumes, it was found that δ56dFe increased with plume 

dilution (Fitzsimmons et al., 2017; Klar et al., 2017). Further, Nasemann et al. (2018) 

investigated Fe isotope fractionation in plumes above the Nifonea vent field, New 

Hebrides Back-Arc in Southwest Pacific Ocean and measured heavier δ56Fe values 

than vent fluids. They ascribe these heavy values to the sulfide-rich basalt-hosted 

hydrothermal systems coupled with slow oxidation kinetics, which helped stabilize 

the dissolved Fe. 

Although it is known that the complexation of Fe by organic ligands may affect the 

δ56dFe of hydrothermal plumes (Klar et al., 2017; Nasemann et al., 2018), it has not 

been systematically investigated before. Previous experimental studies in laboratory 

settings suggests that the complexation of Fe by desferrioxamine B (DFOB), which 

can be produced by bacteria and fungi in the oceans to acquire Fe, favours heavier 

isotopes in the Fe-DFOB complex relative to that of inorganic Fe(III) (Dideriksen et 

al., 2006; Morgan et al., 2010). By contrast, theoretical calculations using molecular 

orbital/density functional theory predicted an equilibrium fractionation of -0.34‰ 

between Fe(III)-DFOB and Fe(III) (Domagal-Goldman et al., 2009). Therefore, more 

experimental data are needed to clarify the influence of organic complexation on Fe 

isotope fractionation. 

Taken together, the dissolved and particulate isotope signals released from deep-sea 
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hydrothermal systems into the overlying deep-ocean can be constrained using a mass 

balance approach which accounts for Fe-sulfide formation, Fe-oxyhydroxide 

precipitation and Fe complexation with organic ligands. So far, most studies using Fe 

isotopes as a process tracer have been conducted in hydrothermal fields situated at 

mid-ocean ridges and backarc basins. No studies have used Fe isotopes to characterize 

hydrothermal plumes above arc volcanoes. The chemical observations made along 

volcanic arcs (Massoth et al., 2003; de Ronde et al., 2007; Resing et al., 2007, 2009; 

Neuholz et al., 2020; Kleint et al., 2022) have shown that the chemical enrichment of 

CO2, SO2 and H2S in the hydrothermal plumes above arc volcanoes appear to be 

much greater than those in plumes above mid-ocean ridges. 

The aim of this study is to investigate the isotope composition of dFe and total Fe 

(tFe) in combination with Fe complexation analysis of organic Fe-binding ligands in 

the hydrothermal plumes above rear arc volcanoes in the Northeast Lau Basin to 

resolve the fractionation mechanisms of Fe isotopes. We present the relationship 

between the Fe isotope and Fe-binding ligands. This will add to our understanding of 

the regional variations and provide new insights into how Fe isotopes are transformed 

within a hydrothermal plume and how these may differ from that of the original vent 

fluid. Understanding the processes in hydrothermal plume that lead to changes in 

δ56Fe can greatly improve the Fe biogeochemical models in global oceans. 

2. Geological setting 

The Northeast Lau Basin is located in the western Pacific Ocean in Tongan 

territorial waters, North of the main Tongan Islands and southwest of the Samoan 

Islands (Figure 1). It is part of the Tonga subduction system, at which the Pacific Plate 

is being subducted westward beneath the Indo-Australian Plate. The Northeast Lau 

Basin hosts the Earth's highest subduction rates and fastest-opening backarc basin 

with widespread hydrothermal activity and submarine volcanic eruptions (Bevis et al., 

1995; Zellmer et al., 2001). The submarine Mata volcano assemblage is located 
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141 between  the  Tonga  Trench  and  the  NE  Lau  Basin  spreading  center,  and  contains  nine  

elongate  en  echelon  volcanoes  oriented  in  a  WSW-ENE  direction  (Fig.  1)  (Rubin  and  

Embley,  2012).  The  northern  seven  volcanoes  from  Mata  Fitu  to  Mata  Taha  are  

oriented  in  a  WSW  direction  and  have  summit  depths  ranging  from  1900  to  2400  m.  

The  southern  West  and  East  Mata  volcanoes  are  oriented  in  a  ENE  direction  and  have  

summit  depths  of  1200 a nd 1330 m    (Baker  et  al.,  2019;  Resing  et  al., 201 1).   

West  Mata  is  one  of  only  two  places  in  the  world  where  deep-sea  submarine  

eruptions  have  been  witnessed ( Resing e t  al., 20 11), a nd i t  is  probably  the  best-studied  

rear  arc  volcano.  Many  magmatic  hydrothermal  systems  dominate  the  West  Mata  

volcano. A s  a  result, t he  hydrothermal  fluids  emanating  from  the  West  Mata  have  high  

concentrations  of  SO2,  CO2,  S  and  H2  (Resing  et  al.,  2011;  Baumberger  et  al.,  2014),  

which  are  very  different  from  water/rock  dominated  systems  which  tend  to  have  high  

H2S  concentrations  (de  Ronde  and S tucker, 2015 ).   
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155 Fig.1.  Location of   the s tudy  area ( a). B athymetric  map of   Mata v olcanoes  and t he l ocations  of  four  

vertical  casts  (b)  (Fig.1a  based on   Resing e t  al.,  2011).  The  red a rror  indicates  the  direction of   

plume di spersion a t  West  Mata.  
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3.1. Hydrothermal plume detection and sampling 

Hydrothermal plume samples (30 totally) were collected for Fe ligand and isotope 

analysis from 4 vertical hydrocasts during the Northeast Lau Basin cruise (FK171110) 

on the R/V Falkor from November 10-21, 2017. The vertical casts of V6, V9 and V11 

were conducted over Mata Fitu, Mata Ua and East Mata volcanoes, respecitvely. V13 

cast was conducted about 5 km away from the summit of West Mata volcano to track 

the change of Fe isotopes during plume dispersal. These plumes were detected and 

sampled using a CTD profiler system combined with optical backscatter and 

oxidation-reduction potential (ORP) sensors, which were mounted on a stainless steel 

frame with 21 trace metal clean 17.5 L Niskin-style sampling bottles with 

epoxy-coated springs. Plumes were identified and sampled based on positive turbidity 

and negative ORP anomalies (Fig. 2a-d). Most samples collected were situated in 

non-buoyant plumes, although three samples (V9-2, V9-8 and V11-2) show slightly 

lighter density values than the water immediately above and below them (see 

supplementary data), which we ascribed to the mixing and drag from the CTD 

package itself or the turbulence at the edges of the buoyant portion of the plume. In 

addition, V13 cast had two distinct plume layers. The deep plume might be related to 

the syn-eruptive transport of volcanic ash, which can sink down deeper than the 

venting site (Walker et al., 2019). 

Upon recovery, samples for total Mn (tMn, as a proxy for plume dilution) and tFe 

concentration and δ56tFe analysis were collected directly from the sampling bottles 

into low-density polyethylene bottles (LDPE, Nalgene) and acidified to pH < 2 with 

sub-boiling distilled HCl. All the LDPE bottles were pre-cleaned using first detergent 

solution followed by rinsing with distilled water, and then soaking in 3M HCl 

(analytical grade) for 4 days at 60°C while turning the bottles several times, and 

finally by thorough intermediate rinsing with Milli-Q water. Those clean bottles were 

filled with 0.01 M sub-boiling distilled HCl until shipping. Samples for dissolved Mn 

(dMn) and dFe concentrations and δ56dFe analysis were obtained by pressurizing 



 

 

 

 

 

 

  

 

 

 

 

 

188 Niskin  bottles  with  N2  gas  and  passing  samples  through  Supor  membrane  (0.2  μm)  

filters  (Pall  Inc.)  into  LDPE  bottles  and  acidified  to  pH  <  2.  A  subset  of  filtered  

samples  was  stored  immediately  at  -20°C  for  Fe-binding  ligand  analysis.  In  order  to  

examine  nano  particulate  Fe  in  dissolved  phase,  about  10  mL  of  the  filtered  samples  

were  passed t hrough 0.02 5  μm  polycarbonate  filters  for  colloidal  analysis.  

189 
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195 Fig.  2.  (a)-(d)  Turbidity  signal  and  ORP  data  at  the  locations  of  Mata  Fitu  (V6),  Mata  Ua  (V9),  

East  Mata  (V11)  and t he f lank of   West  Mata ( V13)  samples.   

3.2. F e  isotope  and  concentrations  analysis  

Total  and  dissolved  Fe  isotopes  and  concentrations  were  determined  using  the  

procedures  outlined  by  Ellwood  et  al.  (2020).  Briefly,  water  samples  were  spiked  with  
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a 57Fe-58Fe double spike and left overnight to equilibrate, after which they were 

buffered to a pH of 4.5 with a trace-metal clean ammonium acetate buffer and then 

passed over 0.5 mL columns packed with Nobias PA Chelate PA1L resin 

(Hitachi-Hitec, Japan). After matrix removal using ammonium acetate buffer, samples 

were eluted with 1 mol L-1 HNO3 and were evaporated to dryness and redissolved in 

0.5 mL 6 mol L-1 HCl. Then, they were further purified using an anion exchange resin 

(AG-MP1, BioRad Laboratories, U.S.A.). After sample loading, 3 mL of 6 mol L-1 

HCl was passed through the column to remove any seawater matrix and ions that may 

interfere with the Fe isotope analysis. Iron was eluted from the anion exchange resin 

L-1 with 3 × 1 mL of 0.5 mol HCl. Samples were evaporated to dryness and 

redissolved in 1 mL of 2% (w w−1) HNO3. 

Iron isotopes were determined on a Thermo Neptune Plus MC-ICP-MS (Thermo 

Scientific, Germany) at the Australian National University (ANU) in Canberra, 

Australia, equipped with an APEX-IR sample introduction system (Elemental 

Scientific, U.S.A.) and X-type skimmer cones (Ellwood et al., 2015). 

Analysis by MC-ICP-MS was conducted in high-resolution mode in order to 

resolve polyatomic interferences. 54Cr and 58Ni were also monitored and used to 

correct 54Fe and 58Fe from elemental overlap. Instrumental mass bias was corrected 

for using the 57Fe-58Fe double spike approach. Iron isotope compositions are reported 

in delta notation relative to the Fe isotope standard IRMM-014 (56Fe/54Fe=15.6985) 

and expressed in per mill [‰] as described in Eq. (1) below. 

( / � )������ 
δ��Fe = [ − 1] × 10� (1) 

( / � )�������� 

As a check of method reproducibility, an in-house standard was run multiple times 

with the samples and produced a value of 0.43 ± 0.09 ‰ (n = 9, mean ± 2 standard 

deviation). 

tFe and dFe concentrations for each sample were calculated using sample weight 

and the amount of double spike added to the sample. This calculation is based on 

isotope dilution using the known proportion of 58Fe in the 57Fe-58Fe double spike. 
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3.3. Determination of tMn and dMn 

The tMn and dMn, as a conservative tracer of plume dilution, were determined by 

direct-injection flow injection analysis (Resing and Mottl, 1992) as modified by 

Resing et al. (2009) at National Oceanic and Atmospheric Administration - Pacific 

Marine Environmental Laboratory (NOAA-PMEL). In brief, Mn concentrations were 

determined by spectrophotometric detection of the malachite green formed from the 

reaction of leucomalachite green and potassium periodate with Mn acting as a catalyst. 

The replicate analyses (n = 10) of standards indicated the precision of tMn and dMn is 

± 1 nM or 3% (whichever is greater). The accuracy of Mn measurement was assured 

by running an internal standard at least once daily. 

3.4 Determination of Fe-binding ligands 

The organic Fe(III)-binding ligands concentration ([L]) and their conditional 

stability constants of (KʹFeL) were determined using the reverse-titration competitive 

ligand exchange-adsorptive cathodic stripping voltammetry (RT-CLE-ACSV) method, 

considering that the dFe concentrations were higher than ligand concentrations in 

hydrothermal plumes (Hawkes et al., 2013b; Wang et al., 2019). Due to the limited 

volume, only the ligands of Mata Ua and West Mata plume samples were analyzed. 

The full details of RT-CLE-ACSV theory using the competitive ligand 

1-nitroso-2-naphthol (1N2N) are detailed elsewhere (Hawkes et al., 2013b; Wang et 

al., 2019). In brief, subsamples (10 ml) were pipetted into 12 polytetrafluoroethylene 

(PTFE) vials. Borate buffer solution (75 μL) was added to each vial to yield a final pH 

= 7.8 (on the seawater scale) similar with that of plume samples. Variable amounts of 

stock NN solution were added to 12 vials, to yield final concentrations ranging from 

0.5 to 40 μM 1N2N in the vials. These solutions were allowed to equilibrate overnight 

(typically > 12 hours) at room temperature (~ 25℃). The samples were then 

transferred to a Teflon cell cup and purged with high purity nitrogen for 3 minutes, 

followed by the determination of Fe(NN)3 by ACSV. The deposition potential was 

-0.05 V for 1-5 minutes (depending on the Fe concentrations) while the solution was 
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stirred with a rotating PTFE rod (1200 rpm); after a quiescence period of 10 s, the 

potential was scanned from -0.15 V to -0.7 by sampled-DC at 50 mV/s. The [L] in a 

sample and K’FeL were determined by fitting of the RT-CLE-ACSV equation 

introduced in Hawkes et al. (2013b) and Wang et al. (2019). One ligand model was 

used considering it can provide a better fit to the measured data than two ligand 

model. 

3.5. Scanning electron microscopy and energy-dispersive X-ray spectroscopy for 

colloidal analysis 

About 1cm2 of 0.025 μm polycarbonate filters was glued on metal stub coated with 

10 nm of pure carbon to assure electric conductivity. The images and associated 

chemical compositions of colloids were examined with a field emission-scanning 

electron microscopy (FE-SEM, TESCAN Mira 3, Czech) equipped with an 

energy-dispersive X-ray spectroscopy (Oxford Ultim Max40 EDS). The SEM and 

EDX were operated at 10-15 kV and 15 kV of accelerating voltage, respectively. 

4. RESULTS 

4.1. tFe and dFe concentrations in the hydrothermal plume 

The tFe concentrations in V6 (Mata Fitu), V9 (Mata Ua), V11 (East Mata) and V13 

(West Mata) plume samples were similar, varying from 4.7 nM to 156.1 nM, 5.0 nM 

to 97.0 nM, 7.2 nM to 33.6 nM, and 12.1 nM to 67.0 nM respectively, and the dFe 

concentrations ranged from 1.6 nM to 86.1 nM, 2.8 nM to 72.8 nM, 3.8 nM to 26.2 

nM, and 5.1 nM to 27.8 nM (Table 1). dFe had a linear relationship with tFe and 

constituted a significant portion of tFe, 49.5 ± 11.1%, 66.1 ± 8.3%, 61.5 ± 19.1% and 

49.2 ± 29.6% for Mata Fitu, Mata Ua, East Mata and West Mata samples, respectively. 

Organic Fe complexes and colloidal Fe may be the likely explanation for the high dFe 

proportion to the tFe pool. Previous studies conducted over West Mata showed 

significant higher concentrations of tFe and tMn, which can be 3275 and 359 nM, 

respectively. Those high Fe and Mn concentrations were from plume samles over the 
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311

West Mata summit. However, our samples were about 5 km away from West Mata 

summit. 

4.2 tFe and dFe isotope composition in the hydrothermal plume 

The tFe isotope compositions (δ56tFe) in Mata Fitu and Mata Ua plumes were 

similar, ranging from -0.6 to -0.17‰ and -0.7 to 0.27‰ (Table 1). For East Mata and 

West Mata samples, tFe isotope compositions ranged from -0.68 to 0.15‰ and -0.09 

to 0.64‰. The dFe isotopes (δ56dFe) show a wider range with values ranging from 

-1.69 to 0.85‰, -1.13 to 0.55‰, -0.45 to 0.68‰ and -1.01 to 0.64‰ for Mata Fitu, 

Mata Ua, East Mata and West Mata plume samples, respectively. The reason may be 

attrubuted to the dFe isotope fraction caused by various processes in plume such as Fe 

oxidation, precipitation and complexation with organic ligands. 

4.3. tMn and dMn concentrations in the hydrothermal plumes 

Concentrations of tMn were 158.5 nM, 89.9 nM, 27.5 nM, 30.5 nM in near vent 

plume samples, and down to 8.0 nM, 4.4 nM, 7.2 nM, 6.2 nM in more dispersed 

samples (Table 1). The strong relationship between tMn and dMn (dMn making up 

near 100% of tMn) indicates that Mn behaves near-conservatively during 

hydrothermal plume mixing allowing us to use Mn as a tracer of plume dilution 

during this study (Massoth et al., 1994; James and Elderfield, 1996; Field and Sherrell, 

2000). 

4.4. Fe ligands in hydrothermal plumes 

The logKʹFeL found in Mata Ua and West Mata samples were between 19.6 ± 0.41 

and 21.4 ± 0.15 (mean ± standard deviation of two replicate measurement, Table 1). 

Ligand concentrations varied from 1.73 ± 0.04 to 11.06 ± 0.66 nM and were 

consistently lower than dFe concentrations, which is consistent with previous studies 

on Fe-binding ligands in hydrothermal plumes (Bennett et al., 2008; Hawkes et al., 

2013a; Buck et al., 2015; Wang et al., 2019). 

4.5. SEM and EDX analyses 

Several different colloid types were identified, with the first being poorly 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

312 crystallized  minerals  composed  solely  of  Fe  and  O,  which  we  interpret  to  be  colloidal  

(0.025  ~  0.2  μm  diameter)  Fe-oxyhydroxides.  The  morphology  and  element  

composition  of  colloidal  particles  from  Mata  Fitu  and  West  Mata  were  shown  in  Fig.  

3a  and  3b  (similar  colloids  from  Mata  Ua  and  East  Mata  not  shown).  In  addition,  we  

also  observed  colloids  mainly  composed  of  Fe,  Si,  Al,  P  and  Ti.  It  is  speculated  to  be  

the  volcanic  debris,  which  is  consistent  with  previous  studies  on  plume  particulate  

composition  from  the  volcanic  eruption  of  the  NW  Rota-1  volcano  on  the  Mariana  

Arc  and E ast  Pacific  Rise  9°50′N  (Resing e t  al.,  2007;  Rouxel  et  al.  2016). F ig.  3c  and  

3d  show  the  volcanic  debris  from  Mata  Fitu  and  East  Mata  (similar  ones  from  Mata  

Fitu  and  West  Mata  not  shown).  It  is  worth  noting  that  we  did  not  find  colloidal  

Fe-sulfides.  However,  the  presence  of  Fe-sulfides  in  >  0.2  μm  particulate  fraction  

cannot  be  excluded.   
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326 Fig.  3.  a  - d  are  SEM  and  EDX  images  of  colloids  of  the  hydrothermal  samples  from  Mata  Fitu  

(V6-2),  West  Mata  (V13-24),  Mata  Ua  (V9-8)  and  East  Mata  (V11-4),  respectively.  The  

multi-layer  membrane ( Millipore C o.)  has  a  named por e s ize of   0.025  μm.  
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329 Tabl  e  1  

Ir  on, Manganes  e a  nd liga  nd concentrati  ons an  d isot  ope compositi  ons i  n hydrotherma  l plumes.  330 

    Sample ID Water Depth  pHsws 
 tFe dFe  dFe/tFe  δ56tFe   2SD δ56dFe   2SD  tMn  dMn  LogK’FeL  SD  L  SD L/dFe  

  (m)  (nM)  (nM)  (‰)  (‰)  (nM)  (nM)  (nM) 

    V6 samples (Mata Fitu) 

 V6-16  1997.2  7.72  4.7  1.6  0.343   -0.47  0.10  0.85  0.08  8.0  n.a.  n.a.  n.a.  n.a.  n.a.  n.a. 

 V6-12  2397.0  7.71  7.1  4.1  0.574   -0.17  0.09  0.49  0.07  10.0  9.0  n.a.  n.a.  n.a.  n.a.  n.a. 

 V6-10  2436.1  7.68  148.5  86.1  0.580   -0.59  0.11  -1.69  0.07  131.1  n.a.  n.a.  n.a.  n.a.  n.a.  n.a. 

 V6-6  2483.9  7.70  36.6  20.8  0.569   -0.40  0.07  0.44  0.07  34.6  34.0  n.a.  n.a.  n.a.  n.a.  n.a. 

 V6-2  2549.5  7.68  156.1  64.2  0.411   -0.60  0.08 -1.5   0.06  158.5  154.3  n.a.  n.a.  n.a.  n.a.  n.a. 

    V9 samples (Mata Ua) 

 V9-18  1600.1  7.76  6.2  4.4  0.714   -0.06  0.08  0.55  0.08  4.35  n.a.  21.4  0.15  3.28  0.03  0.75 

V9-16   1960.7  7.76  5.0  2.8 0.559    0.27  0.24  0.31  0.09  4.8  n.a.  20.6  0.26  1.73  0.04  0.62 

 V9-14  2050.4  7.74  n.a.  5.3  n.a.  -0.30  0.14  -0.67  0.14  8.1  n.a.  n.a.  n.a.  n.a.  n.a.  n.a. 

 V9-12  2146.1  7.68  60.3  47.4  0.785   -0.70  0.05  -1.13  0.08  22.2  20.8  20.6   0.38  6.23  0.43  0.13 

 V9-8  2185.5  7.62  97.0  72.8  0.751   -0.48  0.06  -1.09  0.04  90.0  89.7  19.6   0.41  11.1  0.66  0.15 

 V9-6  2217.0  7.69  23.3  14.6  0.626   -0.56  0.02  -0.39  0.06  20.0  18.8  20.8   0.11  4.38  0.16  0.30 

 V9-4  2256.9  7.67  32.2  19.6  0.608   -0.12  0.08 -1.1   0.13  24.0  23.5  20.0   0.12  3.73  0.98  0.19 

 V9-2  2302.1  7.67  31.6  21.2  0.670   -0.64  0.07  -0.33  0.06  36.0  n.a.  20.5   0.23  6.09  0.34  0.29 

 V9-30  2334.4  7.68  26.8  15.5  0.578   -0.08  0.04  -0.28  0.08  25.4  23.5  20.2   0.05  5.19  0.17  0.33 

    V11 samples (East Mata) 

 V11-14  900.7  7.77  7.2  5.6  0.778   n.a.  n.a.  0.31  0.17  8.3  n.a.  n.a.  n.a.  n.a.  n.a.  n.a. 

 V11-24  1001.8  7.76  7.6  5.4  0.710   -0.13  0.06  0.68  0.12  7.2  n.a.  n.a.  n.a.  n.a.  n.a.  n.a. 

 V11-12  1102.6  7.75  17.5  5.2  0.298   -0.07  0.06  0.10  0.06  14.5  12.3  n.a.  n.a.  n.a.  n.a.  n.a. 



 V11-10  1150.3  7.75  9.1  3.8  0.416   -0.68  0.06  0.14  0.07  10.2  8.6  n.a.  n.a.  n.a.  n.a.  n.a. 

 V11-8  1211.4  7.73  8.9  4.2  0.471   0.00  0.06  -0.44  0.09  7.6  8.2  n.a.  n.a.  n.a.  n.a.  n.a. 

 V11-6  1224.7  7.57  29.9  20.7  0.693   -0.01  0.06  0.33  0.05  27.5  25.7  n.a.  n.a.  n.a.  n.a.  n.a. 

 V11-4  1250.2  7.72  20.8  16.1  0.776   0.00  0.05  -0.42  0.08  12.1  10.6  n.a.  n.a.  n.a.  n.a.  n.a. 

 V11-2  1277.6  7.69  33.6  26.2  0.780   0.15  0.06  -0.45  0.06  17.9  16.0  n.a.  n.a.  n.a.  n.a.  n.a. 

    V13 samples (West Mata) 

 V13-11  1101.4  7.74.  21.2  18.5  0.874   0.64  0.06  0.64  0.04  25.8  23.4  20.8  0.06  8.21  0.03  0.44 

 V13-21  1144.6  7.72.  67.0  27.8  0.415   0.25  0.05  n.a.  n.a.  30.5  n.a.  n.a.  n.a.  n.a.  n.a.  n.a. 

 V13-24  1228.5  7.72  65.3  16.3  0.250   0.28  0.02  -1.01  0.06  25.0  n.a.  19.7  0.07  4.12  0.38  0.25 

 V13-10  2201.2  7.73  12.1  6.4  0.528   0.06  0.05  -0.05  0.04  9.0  n.a.  20.7  0.08  3.08  0.37  0.48 

 V13-99  2325.4  7.73  26.0  5.8  0.223   0.51  0.30  0.24  0.06  13.0  12.1  21.0  0.13  3.25  0.08  0.56 

 V13-17  2501.3  7.72.  27.1  24.7  0.912   -0.09  0.05  0.3  0.04  13.0  12.6  20.7  0.11  8.81  0.08  0.36 

 V13-4  2649.3  7.72.  21.2  5.1  0.240   -0.04  0.07  0.54  0.13  11.0  n.a.  20.8  0.08  3.35  0.09  0.66 

 

 

331 n.a.-  not analyze  d, pHsws   – pH   on seawate  r scale  , 2SD   of F  e isot  ope measurements  represe  nt  2 standar  d deviati  on  of eithe  r duplicat  e measurement  s  or instrume  nt 

precisi  on, SD   of LogK’FeL  a   nd L represe  nt  1 standar  d deviati   on of duplicat  e measurements.  332 
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5. DISCUSSION 

5.1. Isotope compositions of tFe 

Total Fe includes both dissolved and particulate Fe. If there is no loss of Fe, tFe 

concentrations and isotope compositions should remain constant. However, for V6 

and V9 samples collected over Mata Fitu and Mata Ua, δ56tFe increases as tFe 

concentrations decrease with plume dispersal (Fig. 4a) suggesting the loss of 

isotopically light Fe from the plume. The precipitation of Fe-sulfides with a lighter Fe 

isotope composition is the likely explanation considering the high H2S concentrations 

(3-9 mM) and low Fe/H2S ratios (0.1-0.3) in the hydrothermal vent fluids from Mata 

Fitu and Mata Ua (Rubin et al., 2017, Table S1). Since we didn’t observe the colloidal 

Fe-sulfides, the Fe sulfides or most Fe sulfides are assumed to be in the particulate 

phase (> 0.2 μm diameter). Similar variations in δ56tFe were observed by Lough et al. 

(2017) at the East Scotia Ridge due to the precipitation of Fe-sulfides, although that 

was in a buoyant plume. 

By contrast, δ56tFe in V11 and V13 samples from East Mata and West Mata 

decreases as the plumes disperse, suggesting a loss of isotopically heavy Fe (Fig. 4b). 

This is likely related to the precipitation of isotopiecally heavier Fe-oxyhydroxides 

which results in lighter Fe isotopes being retained in the dissolved phase. The 

formation of Fe-oxyhydroxides instead of Fe-sulfides in V13 samples derived from 

West Mata is consistent with the low H2S concentrations (~0.1 mM) and high Fe/H2S 

ratio (~7.28) in hydrothermal fluids (Rubin et al., 2017, Table S1). It has been well 

shown that the hydrothermal system at West Mata was dominated by the discharge of 

magmatic volatiles containing high concentrations of SO2, H2 and CO2 (Embley et al., 

2006; Butterfield et al., 2011; Resing et al., 2011; de Ronde and Stucker, 2015; 

Walker et al., 2019). Volcanic SO2 reacts with water and forms sulfurous and sulfuric 

acid and elemental S (reaction 2 and 3). H2S can be removed by oxidation (reaction 4), 

thus leading to low H2S concentrations in hydrothermal fluids and plumes. This is 

very different from water/rock-dominated hydrothermal systems on Mid-Ocean 



 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

361 Ridges, w hich i s  enriched w ith hi gh c oncentrations  of  H2S.  

3SO# $ 2H#O = S(') $ 2H#SO(      (2)    

– SO# $ H O = HSO $ H* 
# �          (3)    

2H#S $ SO# = 3S(') $ 2H#O         (4)  

So  far,  no  vent  fluids  have  been  collected  at  East  Mata.  Considering  the  similar  

shape,  size  and  CH4  and  H2  concentrations  with  West  Mata  (Rubin  et  al.,  2017)  and  

that  East  Mata  is  dominated  with  low-temperature  hydrothermal  venting  (Baker  et  al.,  

2019),  we  speculate  that  V11  plume  samples  over  East  Mata  have  similar  chemical  

characteristics  with  V13  samples  from  West  Mata.  In  future,  more  investigations  are  

need t o c onfirm  this  assumption.  
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371 

372 Fig.  4.  tFe  isotope  compositions  of  Mata  Fitu  and  Mata  Ua  during  the  hydrothermal  plume  

dispersal  (a).  tFe  isotope  compositions  of  East  Mata  and  West  Mata  during  the  hydrothermal  

plume di spersal  (b).  tMn w as  used a s  the ne ar  conservative  tracer  of  plume di lution.  The e rror  bars  

represent  ±  2 s tandard  deviation of   either  duplicate m easurements  or  instrument  precision.  
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374 

375 

376 5.2.  The  dissolved  Fe  isotope  composition    

In  the  non-buoyant  plume,  the  formation  of  particulate  Fe-oxyhydroxides  should  be  

the  dominant  process  transforming  dFe  and  this  process  would  leave  the  dissolved  

fraction  isotopically  lighter.  However,  δ56dFe  of  all  four  plumes  show  increasingly  

heavier  isotopes  with  progressing  plume  dilution  except  two  samples  from  West  Mata  

and  East  Mata  (Fig.  5a  and  5b).  One  possible  explanation  for  the  increase  of  δ56dFe  is  

that  a  proportion  of  the  “particulate”  Fe-oxyhydroxides  exists  in  the  colloidal  phase.  

This  heavy  “particulate”  or  colloidal  phase  passes  through  the  0.2  μm  filter  thus  
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reducing the loss of isotopically heavy Fe from the dissolved phase. This is confirmed 

by the SEM images and EDX analysis (Fig. 3). Although we did not measure the 

colloidal Fe concentrations, previous investigations have revealed variable high 

percentages of colloidal Fe is in the dFe (5~96%) pool within hydrothermal plumes 

(Sands et al., 2012; Hawkes et al., 2013a; Fitzisimmons et al., 2015; Wang et al., 

2019). However, it still cannot explain the increasing trend of δ56dFe as the 

hydrothermal plume disperses. A reasonable explanation is that a proportion of 

hydrothermal Fe is bound with organic ligands, which favors reaction with heavy Fe 

isotopes (Dideriksen et al., 2008; Horner et al., 2015; Morgan et al., 2010). Recently, 

more studies have shown that high concentrations of organically bound Fe can occur 

in a hydrothermal plume, which can stabilize the Fe in the dissolved phase (Bennett et 

al., 2008; Hawkes et al., 2013a; Kleint et al., 2016; Wang et al., 2019, 2021a). Hawkes 

et al. (2013a) and Wang et al. (2019, 2021a) suggested that ~30% of dFe is as organic 

Fe complexes. Moreover, Kleint et al. (2016) found that Fe-binding ligand 

concentrations can be more than 3 μM in buoyant plumes. 

Fitzsimmons et al. (2016, 2017) found δ56dFe > 0.5‰ more than 1,000 km from 

their venting sites. Organically complexed Fe and colloidal Fe-oxyhydroxides could 

contribute heavy δ56dFe observed by Fitzsimmons and coworkers. In non-buoyant 

plume samples collected near venting sites along the Scotia Arc (Klar et al., 2017) and 

Vanuatu back Arc (Nasemann et al., 2018), δ56dFe increased with plume dispersion, 

similar to the trend observed here. However, δ56dFe values observed here are 

significantly heavier than those observed in either the Scotia Arc (< -0.21‰) or 

Vanuatu back Arc (< -0.16‰); hence, there might be additional factors influencing the 

δ56dFe signal. Volcanic eruptions and magmatic-hydrothermal venting result in large 

inputs of CO2 and SO2 into the hydrothermal system and decreases in pH in 

hydrothermal plumes (Resing et al., 2007, 2009, 2011; de Ronde and Stucker, 2015). 

Except the flank of West Mata samples, the other three plume samples had pH 

values ranging from 7.57 to 7.77 (Table 1), which were lower than the ambient 
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412 seawater  (~  7.80,  Resing  et  al.,  2011).  Moreover,  a  CTD  tow  along  the  spine  of  West  

Mata  detected  lower  pH  values  of  <  7.40  in  hydrothermal  plumes  (data  not  shown).  

This  decreases  in  pH  result  in  decreases  in  both  Fe(II)  oxidation  rates  and  Fe(III)  

hydrolysis, t hus  reducing t he  loss  of  particulate  Fe-oxyhydroxides  with he avy  δ56Fe.  

413 

414 

415 

417 Fig. 5.   dFe i sotope c omposition dur ing t he  hydrothermal  plume  dispersal. T he  error  bars  represent  

±  2 s tandard d eviation of   either  duplicate m easurements  or  instrument  precision..  418 

419 5.3. C haracterisation  of  Fe  ligands  and  their  relationship  to F e  isotopes  

The  organic  ligand  concentrations  measured  in  Mata  Ua  and  West  Mata  plume  

samples  are  comparatively hi gher  than  in  background  seawater  (about  1-2  nmol/L,  see  

Gledhill  and  Buck,  2012  for  a  review),  and  positively  related  to  dFe  concentrations  

(Fig.  S1a),  which  might  indicatea  hydrothermal  source  for  these  ligands.  In  addition,  

observed  ligand  concentrations  are  consistently  lower  than  dFe  which  is  in  contrast  to  

background  seawater  where  ligands  tend  to  be  in  excess  of  dFe.  The  percentage  of  

ligand-bound  Fe  in  dFe  ranged  between  13%  and  75%,  and  averaged  35  ±  22%  for  

Mata  Ua  and  46  ±  14%  for  West  Mata.  Similar  values  have  been  observed  in  

hydrothermal  plumes  over  the  East  Scotia  Ridge  (25  ±  15%  at  E2  vent  and  39  ±  27%  

at  E9N  vent,  Hawkes  et  al.,  2013a),  Southwest  Indian  Ridge  (29  ±  8%  at  Dragon  Flag  

vent,  Wang  et  al.,  2019)  and  South  Mariana  Back-arc  (29  ±  9%,  Wang  et  al.,  2021a).  

Ratios  of  L/dFe  negatively c orrelate  with  tMn  (Fig.  S1b)  suggesting a n  increase  of  the  

ligands  compared  with  dFe.  The  precipitation  of  colloidal  Fe  oxyhydroxides  and  

sulfides  might  be  a  possible  reason,  and  microbial  carbon  production  in  hydrothermal  

plumes  might  be  another  possible  source  of  the  higher  ligand  concentrations  (Wang  et  

al., 2021a ).   

However,  it  should  be  noted  that  CLE-ACSV  is  an  operationally-defined  method.  

The  determined  logKʹ FeL  and  L  are  dependent  on  the  added  competing  ligand  and  its  
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concentrations and the associated data treatments. They represent the average values 

of multiple Fe-binding ligands present in any given sample (Gledhill and Buck, 2012). 

Moreover there might be interdependencies between L, logK and dFe. The high dFe 

results in high L and low logKʹ FeL, considering that the stronger ligands are 

complexed first at low concentration of dFe, and the comparatively weaker ligands 

would be available for complexation at high dFe concentration (Town and Filella, 

2000; Gledhill and Gerringa, 2017). More recently, it has been suggested that binding 

site heterogeneity (i.e. the distribution of binding site strengths) is another critical 

factor for the interpretation of Fe binding in marine systems (Lodeiro et al., 2021; Zhu 

et al., 2021; Gledhill et al., 2022). The correlation between dFe and L might therefore 

reflect the assumption that there is only one ligand rather than many binding sites with 

varying strength (Town and Filella, 2000; Gledhill and Gerringa, 2017), a factor we 

were not able to address in this study. Future studies combining the CLE-ACSV 

method and Non-Ideal Competitive Adsorption (NICA)-Donnan model can improve 

the understanding of Fe speciation data (Zhu et al., 2021). 

The conditional stability constant for FeL complexes is positively correlated with 

δ56dFe (r2 = 0.6, p < 0.001, Fig. 6a), indicating that stronger ligands or binding sites 

lead to heavy δ56dFe. This suggests that the fractionation factor between organic and 

inorganic Fe, αFeL-Fe(III), increases with ligand binding strength. This observation is 

supported by the experimental results obtained by Dideriksen et al. (2008) and 

Morgan et al. (2010) for isotope fractionation increasing with Fe-ligand binding 

strength. To our knowledge, this study is the first investigation of the effect of organic 

binding on Fe isotope fractionation in field samples. Noteworthy, there is no 

correlation between ligand concentration and δ56dFe (Fig. 6b), indicating the αFeL-Fe(III) 

depends on the ligand binding strength and not the concentration of Fe binding 

ligands. However, it should be noted that the ligands determined here don’t include 

those ligands which cannot compete with 1N2N. More studies are needed to verify 

these relationships. 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

466 

467 Fig. 6.   The  relationships  between l ogKʹ  nd δ56
 FeL a  dFe  (a),  L and δ 56dFe  (b). T he e rror  bars  on  

logKʹ FeL  and L   represent  ±1 s tandard de viation of   two r eplicate m easurement.  468 

469 5.4. D issolved  Fe  isotope-fractionation  in  hydrothermal  plumes  

We  built  a  model  to  describe  the  evolution  of  dissolved  Fe  isotopic  in  different  

chemical  processes  during  mixing  of  hydrothermal  fluids  with  ambient  seawater.  It  is  

well  known  that  Rayleigh  distillation  models  can  be  used  to  depict  isotope  ratios  in  a  

homogeneous  reservoir  from  which  a  phase  is  continuously  removed  (Broecker  and  

Oversby,  1971;  Rayleigh,  1896).  Here,  we  model  the  effects  of  Fe-sulfides  (FeS2)  and  

–oxyhydroxides  (FeOOH)  formation a nd  removal,  organic  complexation a nd c olloidal  

Fe-oxyhydroxides  on  Fe  isotope  fractionation  in  the  Mata  Ua  and  West  Mata  plumes.  

These  processes  labelled  with  ①,  ②,  ③  and  ④  can be   described  as  follows:   

 

The  process  ①  describes  the  partial  precipitation  and  removal  of  dFe  as  

Fe-sulfides.  The  δ56Fe  of  the  remaining  dFe  pool  (δ��Fe+ ��, ) can  be  estimated  using  
-

a  Rayleigh  fractionation m odel  (Eq. ( 5)).  

δ��Fe �� (δ��
+ , = Fe . � $ 1000) ∙ f 1+2 − 1000      (5)  

-

where  δ56FeVF  is  the  Fe  isotope  composition  of  the  end-member  vent  fluid  (-0.54‰  

and  0.13‰  for  Mata  Ua  and  West  Mata  fluids,  respectively),  α  is  the  fractionation  

factor  between  FeS2  and  Fe(II)  (~0.9992)  taken  from  Butler  et  al.  (2005),  f  is  the  

fraction  of  the  remaining  Fe  in  the  dissolved  phase  after  FeS2  formation  and  is  related  

to  the  Fe/H2S  ratio  in  hydrothermal  fluid.  Previous  work  has  shown  that  ~30%  of  the  

hydrothermal  Fe  is  precipitated a s  FeS2  when  Fe/H2S  =  0.2 ( Lough e t  al.,  2017), a nd ~   
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4% is precipitated as FeS2 with Fe/H2S = 24 (Severmann et al., 2004). Accordingly, 

for Mata Ua samples, we assumed 30% of the hydrothermal Fe was FeS2 (f = 0.7) 

given that Fe/H2S ratio is 0.1-0.3 in the hydrothermal fluids at Mata Fitu. For West 

Mata samples, 13% was assumed to be the FeS2 (f = 0.87) considering that Fe/H2S is 

~ 7.28. Based on these two factors, δ��Fe+ were calculated to be -0.25‰ and 0.24‰ ,-

for Mata Ua and West Mata plume samples, respectively, using Eq. (5). 

Following the formation of FeS2, a portion of the remaining Fe(II) is likely to be 

oxidized to Fe(III) described as process ② and it can be modeled as a Rayleigh 

fractionation process using Eqs. (6) and (7). 

δ��Fe(II) = (δ��Fe+ $ 1000) ∙ F
14+2 

− 1000 (6) ,- 2 

54 

δ��Fe(III) = (δ��Fe+ $ 1000) ∙ 
2+ 4 − 1000 (7) ,- 2+ 4 

Where δ56Fe(II) is the isotopic composition of the remaining Fe(II), δ56Fe(III) is the 

isotopic composition of the newly formed Fe(III), α1 is the fractionation factor 

between aqueous Fe(II) and Fe(III), which is ~1.0036 based on Welch et al. (2013). F1 

is the proportion of remaining Fe(II) after Fe(II) oxidised to δ56Fe(III), which is 

related to the Fe(II) oxidation rate. Fe(II) oxidation process is shown to be 

pseudo-first-order with respect to the Fe(II) concentration (Millero et al., 1987; King, 

1998). The Fe(II) half-life depends on solution pH and dissolved O2 concentration. 

The calculated mean half-lives for Mata Ua and flank of West Mata samples are 3.2 ± 

0.7 and 2.7 ± 0.2 h, respectively (see Appendix). The CTD recovery time and the 

delay of ~ 4 h between sampling and filtration of the Mata Ua correspond to ~1.3 t1/2. 

The time for plume dispersal of West Mata (~ 13.8 h) and the delay time between 

sampling and filtration (~ 4 h) correspond to roughly 6.6 t1/2. As a result, F1 values are 

0.41 and 0.01 for Mata Ua and West Mata samples, respectively. 

Process ③ is that the forming Fe(III) is partially complexed by organic ligands to 

form FeL. δ56Fe of the formed FeL (δ56FeL) and left Fe(III) (δ56Fe(III)’) can be 

modelled using Eq (8) and (9). 

1-+2 
δ��Fe(III)6 = (δ��Fe(III) $ 1000) ∙ F − 1000 (8) # 
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5
2+ � -

δ��FeL = (δ��Fe(III) $ 1000) ∙ - − 1000          (9)  
2+ �-

Where  F2  is  the  proportion  of  remaining  Fe(III)  after  FeL  formation.  α2  is  the  

fractionation  factor  of  1.0006  between  FeL  and  Fe(III)  based  on  Dideriksen  et  al.  

(2008),  which  indicated  that  the  fractionation  of  the  iron  isotopes  between  FeL  and  

Fe(III)  (Δ56FeFeL-Fe(III))  is  0.60  ±  0.15‰,  depending  on  Fe-binding  affinity  of  the  

organic  ligands.   

The  remaining  Fe(III),  Fe(III)’,  is  precipitated  as  particulate  FeOOH  and  colloidal  

(nano-scale)  FeOOH  (FeOOHnano),  which  is  the  process  ④.  Because  this  process  is  

very  fast,  there  is  no  or  very  limited  isotope  fractionation  between  Fe(III)  and  FeOOH  

(Welch  et  al.,  2003;  Kappler  et  al.,  2010;  Wu  et  al.,  2011;  Wang  et  al.,  2021b).  

However,  the  formed  particulate  FeOOH  would  be  removed  from  the  dissolved  phase  

and  thus  alter  the  δ56dFe.  The  fraction  of  FeL  (FFeL)  in  dFe  including  FeL,  FeOOHnano  

and  the  remaining  Fe(II)  can  be  depicted  using  Eq  (10).  Accordingly,  the  δ56dFe  

delivered  to  the  plume  can  be  calculated  using  a  mass  balance  approach  incorporating  

δ56FeL,  δ56FeOOHnano  and  δ56Fe(II), w hich i s  described us ing  Eq  (11).   

FeL (1 − F2) ∙ (1 − F#)
F ��9 = =     (10)  

Fe(II) $ FeL $ FeOOH:;:< F2 $ (1 − F2) ∙ (1 − F#) $ (1 − F2) ∙ F# ∙ X 

δ��dFe = δ��Fe(II) ∙ F ��(@@) $ δ��Fe ��9 ∙ F ��9 $ δ��FeOOH:;:< ∙ F ��AAB 

F2 ∙ δ��Fe(II) $ (1 − F2) ∙ (1 − F#) ∙ δ��Fe ��9 $ (1 − F2) ∙ F ∙ X ∙ ��
# δ FeOOH:;:< 

=      (11)  
F2 $ (1 − F2) ∙ (1 − F#) $ (1 − F2) ∙ F# ∙ X 

Where  FFe(II),  FFeL  and  FFeOOHnano  are  the  fractions  of  Fe(II)  ,  FeL  and  FeOOHnano  in  

dFe  respectively,  δ56FeOOHnano  is  the  isotopic  composition  of  the  nano  FeOOH,  

which  equals  to  that  of  the  remaining  Fe(III)  (δ56Fe(III)’),  X  is  the  proportion  of  the  

FeOOHnano  in t he  formed F eOOH  (particulate  FeOOH  +  nano  FeOOH).  

  Fig.  7a  and  7b  show  the  evolution  of  δ56dFe  as  a  function  of  FFeL  and  the  proportion  

of  removed  particulate  FeOOH  (1-X)  in  the  Mata  Ua  and  West  Mata  plume  samples.  

It  suggests  that  this  model  well  describes  the  δ56dFe  evolution  in  the  above  four  

processes  during  mixing  of  hydrothermal  fluids  with  ambient  seawater  and  forming  

buoyant  and  non-buoyant  plumes.  The  model  fit  for  Mata  Ua  samples  is  when  no  
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544 more  than  65%  FeOOH  is  removed  from  the  dissolved  phase  as  particulate  Fe.  

Comparatively,  for  West  Mata  samples,  the  best  model  fits  when  less  than  93%  

FeOOH  is  removed  from  the  dissolved  phase.  The  difference  may  be  related  to  the  

plume  dispersal  time  and  distance,  which  affect  the  aggregation  and  precipitation  of  

nano  FeOOH.  These  results  are  reasonable  and  also  consistent  with  previous  

observations  that  5  ~  96%  of  dFe  is  present  as  colloidal  Fe  in  hydrothermal  plumes  

(Sands  et  al.,  2012;  Hawkes  et  al.,  2013a;  Fitzsimmons  et  al.,  2014;  Wang  et  al.,  

2019).   

It  is  noteworthy  that  the  δ56dFe  of  two  Mata  Ua  samples  and  two  West  Mata  are  

heavier  than  the  predicted  values,  although  there  is  no  significant  difference  between  

them.  Moreover,  those  two  Mata  Ua  samples  have  higher  fractions  of  FeL  in  dFe  

(FFeL)  than  the  predicted  FFeL.  We  speculate  that  the  likely  reason  is  the  Fe(II)  

complexation  with  organic  ligands,  which  were  not  included  in  our  model.  The  

formation  of  organic  Fe(II)  complexes  might  favour  heavier  δ56dFe  in  dFe  similar  to  

Fe(III),  and  lead  to  higher  ligand  concentrations.  Another  reason  might  be  related  to  

the  use  of  inappropriate  parameters  such  as  the  fraction  of  hydrothermal  Fe  

precipitated a s  Fe  sulfides  and t he  calculation of   Fe(II)  oxidation ha lf-lives.  
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562 Fig.  7.  The  fitting  of  δ56dFe  with  the  fraction  of  FeL  in  dFe  (FFeL)  in  the  hydrothermal  plumes  at  

Mata U a ( V9)  (a)  and W est  Mata ( V13)  (b).   563 

564 

565 6.  CONCLUSION  

We  investigated  the  total  and  dissolved  Fe  composition  (δ56tFe,  δ56dFe)  and  organic  566 
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ligand-bound Fe characteristics in the hydrothermal plumes over arc volcanoes in the 

Northeast Lau Basin. The results show δ56tFe and δ56dFe are influenced by the vent 

fluid chemistry. Due to the difference in H2S concentrations and Fe/H2S ratios in the 

hydrothermal fluids, δ56tFe might show an increasing or decreasing trend with plume 

dispersal. However, the δ56dFe increase to as high as 0.85‰ with progressing plume 

dilution, which suggests submarine hydrothermal systems at arc volcanes can export 

significantly heavier δ56dFe than the previously reported δ56dFe in other hydrothermal 

systems. 

Iron binding ligands ([L] or FeL) constitute 35 ± 22% and 46 ± 14% of the dFe 

pool in Mata Ua and flank of West Mata plume samples. We observed a positive 

relationship between KʹFeL and δ56dFe, which confirms that the stronger FeL 

complexes lead to the enrichment of heavy Fe isotope composition of δ56dFe. 

However, there is no direct relationship between δ56dFe and ligand concentrations. 

The input of magmatic CO2 and SO2 from volcanic arc into the hydrothermal plumes 

might lead to comparatively lower pH and hence decrease Fe(II) oxidation rate and 

Fe(III) hydrolysis , and thus reduce the loss of particulate Fe-oxyhydroxides with 

heavy δ56Fe. 

To predict the δ56dFe during plume dispersal, we propose a Rayleigh distillation 

model utilizing a mass balance approach incorporating FeL, nano-scale FeOOH and 

remaining Fe(II). The δ56dFe of both Mata Ua and West Mata samples are well 

described by this model, which indicates the importance of organic Fe complexation 

and colloidal FeOOH on the dissolved Fe isotope composition. For future studies we 

recommend investigation of Fe(II) complexation with organic ligands and its effect on 

Fe isotope fractionation in hydrothermal settings. 
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