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Abstract: Iron is a limiting nutrient in the marine biogeochemical cycle, and hydrothermal processes
at mid-ocean ridges are well-known as one of its sources to the water column. However, a major
portion of the hydrothermal iron is precipitated near the source and plays an essential role in oceanic
elemental cycling. Here, we carried out a detailed study on the geochemical characteristics of Fe,
using a sequential chemical extraction protocol, in a short sediment core collected from the eastern
Southwest Indian Ridge (SWIR) to understand the iron association in individual mineral phases.
Major and trace and rare-earth element concentrations, positive europium anomaly, and rare-earth
fractionation show that the source components in the sediment core are composed of biogenic, local
mafic, ultramafic, and hydrothermal origin. Solid-phase Fe speciation results indicate that >60% of
Fe is associated with the Fe-oxides phase and indicate the hydrothermal plume particulates settled
from the water column. A relatively low concentration of Fe associated with the pyrite and silicate
(FeRes) phase suggests an erosion of sulphide and silicate minerals from the nearby vent field. The
down-core variation reflects the transformation of primary ferrihydrite to more stable oxide mineral
goethite/hematite and, to some extent, the formation of silicate minerals.

Keywords: Fe geochemistry; hydrothermal; SWIR; deep-sea sediments; iron speciation

1. Introduction

Seafloor hydrothermal activity is one of the fundamental processes that control the ex-
change of heat and chemical fluxes between seawater and ocean rocks [1–3] and contributes
~12%–22% of the dissolved Fe budget to the deep ocean [4,5]. Mixing vent fluid with oxic
bottom water leads to the precipitation of Fe-rich sulphides and oxyhydroxides [6]. Iron
sulphide minerals precipitate rapidly, while hydrous oxide continues to precipitate for
some time in the neutrally buoyant plume [6–8].

The fluxes of Fe into and out of the ocean are important since it has a direct impact
on the oceanic primary productivity, where iron is an essential bio-element and frequently
acts as a limiting micronutrient in the ocean. In sediments, iron distributes among different
mineral phases and shows different geochemical behaviour. Thus, the geochemical charac-
teristics of Fe in hydrothermally altered sediments are important for understanding the
contribution of hydrothermal sediments to the oceanic Fe inventory. Sequential chemical
extraction of Fe is a potential tool for understanding the distribution of Fe among different
mineral phases and their post-depositional changes in sediments.

Hydrothermally precipitated Fe-oxyhydroxides are effective sinks of trace and rare-
earth elements in the ocean [9]. The diagenetic alteration of Fe may lead to the release of
these elements into the seawater. Thus, hydrothermal processes strongly influence the trace
element budget of the ocean [10]. However, most of the studies on Fe geochemistry and its
role in trace metal chemistry focus on hydrothermal plumes [10–12], with very few studies
concentrating on hydrothermal sediments.
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The past geochemical investigations on surface sediments and ferromanganese en-
crustations of ultraslow spreading Southwest Indian Ridge (SWIR) have mainly focused
on understanding the hydrothermal activity in the region [13–21]. However, studies on
the geochemical characteristics of iron and its distribution among major mineral phases
in sediments to understand the role of Fe on the geochemistry of trace elements are very
limited in the SWIR. Therefore, in order to understand the source characteristics of sedi-
ments in the SWIR, we studied a short sediment core recovered from the deepest part of
a Non-Transform Discontinuity (NTD) (63◦39′ E) close to the Tianzuo vent field [22–24].
The primary objective of this study is to determine the geochemical characteristics of Fe in
sediments and to understand the distribution of Fe among chemically separable mineral
phases and their post-depositional transformation.

2. Study Area and Sampling

The SWIR is a slow to ultraslow spreading mid-oceanic ridge that separates Antarctic
and African plates and extends from the Rodrigues Triple Junction to Bouvet Triple Junction
over a length of 7700 km [25,26]. Earlier studies have shown that the seafloor generation
over the SWIR has both magmatic and amagmatic sections due to its magma-poor mode
of spreading [27]. The eastern part of the SWIR, between Melville FZ and Rodriguez
Triple Junction (RTJ), trends in the NNE-SSW direction (Figure 1). This part of the SWIR is
segmented by several NTDs and is devoid of fracture zones. Previous studies in this area
have shown that the seafloor is mainly covered by basalt; however, peridotite, gabbro, and
diabase have also been reported in some areas [18,28,29]. Most of the sediments in this area
are mainly composed of calcareous skeletons with low content of detrital materials and
pelagic clays [30].
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Ridge; SEIR: Southeast Indian Ridge.



Minerals 2023, 13, 209 3 of 18

A box core (BC-10) of length 40 cm was retrieved onboard RV MGS Sagar (Cruise
# MGS-25) from the deepest part of the 63◦40 NTD (27◦56′54” S and 63◦39′25” E) at a
water depth of 5638 m (Figure 2). Three hydrothermal field sites were reported in the
proximity of the BC-10 station (Figure 2). The closest field, Tianzuo, located at a distance of
~12.5 km towards the west, is situated on a dome-shaped structure and hosted by ultramafic
rocks [23]. This structure has evolved over the oceanic detachment fault system forming as
oceanic core complexes, exposing the mantle-derived rocks. Hydrothermal activities in this
field were supposed to be controlled by a detachment fault and the recovered ultramafic
rocks show high serpentinization [23]. Two closely spaced vent fields on segment 11, the
Tiancheng [24] and Mt. Jourdanne [22], are at a distance of ~32 km from our sampling
station. The Mt. Jourdanne field is hosted by basaltic hosted rocks and is the earliest
reported vent filed from the SWIR [31]. The Tiancheng field is a low-temperature diffuse
flow hydrothermal field hosted by basaltic rocks [23].
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Figure 2. Bathymetric maps showing the location of the BC-10 sampling station. (a) Colour−coded
bathymetric map with 100 m contours highlighting the topographic features surrounding the sam-
pling location. The ridge segments are shown as red lines. The reported hydrothermal fields are
marked with blue circles. (b) A 3D perspective map of the study area was prepared using the
multibeam data collected during the MGS-25 expedition.

3. Materials and Methods

The core was sub-sampled at 1 cm intervals onboard and stored at −20 ◦C for further
biogeochemical analyses. Sub-sampled sediment samples were freeze-dried and ground by
using an agate mortar and pestle. The coarse fractions of a few representative sediment
samples were separated by soaking sediments in 10% Na-hexametaphosphate and later
wet-sieved through an ASTM mesh of >63 µm. The coarse fractions of the selected samples
were examined for morphological features using a scanning electron microscope (SEM-
JEOL JSM 6360 LV) at the National Centre for Polar and Ocean Research Goa, India. Energy
Dispersive Spectroscopy (EDS- model: OXFORD INCA 150) was used for the determination
of the elemental composition of grains. Bulk mineralogy of the sediments was determined
using a Rigaku (Ultima IV) X-Ray diffractometer with Cu-Kα1 radiation and Ni filter over
a 2θ range between 3 and 80◦ at the CSIR-National Institute of Oceanography, Goa.

Finely-ground bulk sediment samples were digested with an acid mixture of HF,
HNO3, and HClO4 at a ratio of 7:3:1, and prepared the final solutions in a 4% HNO3
medium. Major elements were determined by using inductively coupled plasma-optical
emission spectroscopy (ICP-OES) at the Palaeothermometry lab. Trace and rare-earth
elements were measured using inductively coupled plasma mass spectrometry (ICP-MS;
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Agilent 7700X). The standard reference materials, JMS-1, JMS-2 (Geological Survey of Japan),
and SGR-1b (Green River Shale from United States of Geological Survey), were used to
monitor the accuracy of the analysis, and the error was within±7%. The analytical precision
calculated from the duplicate measurement was generally <5%. The total inorganic carbon
content of the samples was determined using a CO2 coulometer (UIC model 5030). The
accuracy of the analysis was determined using pure calcium carbonate as the standard, and
the error was within ±4%.

The R programming language was utilized to perform correlation analysis and hier-
archical clustering on the bulk sediment analysis data. The criteria for group formation
were based on a 90% significance threshold of the correlation coefficient (r = 0.27; n = 40;
p = 0.09). Elements within the same group exhibit statistically significant correlation among
themselves, as determined by the dissimilarity measure 1-r, where ‘r’ represents the Pearson
correlation coefficient.

The sequential chemical extraction method developed by Poulton and Canfield [32]
was adopted for the separation of iron associated with different mineral phases, namely
(i) carbonate and acid volatile sulphide (FeAcetate), (ii) easily reducible oxides (FeHA-HCl),
(iii) reducible oxides (FeDithionite), (iv) recalcitrant oxides (FeOxalate), (v) poorly reactive
sheet silicates (FeHCl), and (vi) residual Fe (FeRes—Fe associated with un-reactive silicates
and pyrite). The efficiency of the above-mentioned method [32], chemical separation of
Fe-phases in natural sediments, was argued for its overestimation of the Feoxalate phase
(specially targeted for magnetite minerals) [33]. However, recent studies of [34] in natural
sediments have clearly shown that the Fe oxalate phase is less than 1% after the physical
separation of magnetic minerals (magnetite) and concluded that operationally defined
oxalate fraction is highly selective for magnetite and yields precise quantitative information
on its abundance.

Ten samples were selected for the sequential chemical extraction study. All the extrac-
tions were performed at room temperature, and before each step, the residue was repeatedly
washed with ultrapure water. Detailed steps of the extractions are shown in Table 1. The
Fe, Mn, Mg, and Al concentrations in each phase were determined by using inductively
coupled plasma-optical emission spectroscopy (ICP-OES) at the Palaeothermometry lab,
National Centre for Polar and Ocean Research. The data quality and reliability of the
method were assessed by standard reference materials and duplicate measurements of
samples. The recovery of extractions was checked by measuring the total content of the
element in a separate aliquot of the sample, and recovery for Fe, Mn, Al, and Mg are as
follows: 92%–98%, 85%–97%, 89%–103%, and 88%–91%.

Table 1. The sequential chemical extraction protocol of Fe in sediments adopted from Poulton and
Canfield [32].

Extraction Target Phase Term

1 × 10 mL 1 M CH3COONa (pH—4.5) Easily exchangeable/loosely sorbed Fe, Carbonate
Iron, and acid volatile iron sulphide FeAcetate

1 × 10 mL 1 M hydroxylamine-HCl
(in 25% v/v acetic acid) Ferrihydrite and lepidocrocite FeHA-HCl

1 × 10 mL sodium dithionite (50 g/L)
(pH—4.8) Goethite, akaganeite, and hematite FeDithionite

1 × 10 mL 0.2 M Ammonium
oxalate/0.17 M oxalic acid Magnetite FeOxalate

Boil with 12N HCl Poorly reactive sheet silicate Fe FeHCl
Digestion with concentrated HF, HNO3,

and HClO4 mixture and final dissolution
in 2% (v/v) HNO3.

Un-reactive silicate
Fe and Pyrite Fe FeRes
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4. Results
4.1. Lithology and Mineralogy of the Sediment Core

The SEM analysis of the sediment core showed an abundance of siliceous microfossils
and glass shards. The energy dispersive spectrum analysis of the same confirms the
presence of glass shards and Fe-Mn-Si oxides in the samples (Figure 3).
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Fe-Mn-Si oxides.

The x-ray diffractogram (XRD) studies on selected samples from the core are carried
out for mineralogical composition and show nearly consistent and uniform peaks. The
results reveal the presence of hematite, goethite, magnetite, nontronite, pyrite, halite,
kaolinite, chlorite, and illite in the sediment core (Figure 4). A slight bulge emerges under
the baseline of the sample near d = 2.62 Å and 1.51 Å (2θ centers were approximately
34.5◦ and 61.3◦), indicating the presence of poorly reactive 2-line crystalline ferrihydrite
(Figure 4) [35,36]. Another weak hump at about 4.08 Å (2θ between 17–26◦) suggests the
presence of amorphous opal in this core [35]. The results also indicate the presence of
phillipsite in the sediment core, which is also evidenced by the peaks for Si-Al-Na and
Ca/K in the EDS analyses. Phillipsite is a zeolite group of minerals formed by the alteration
of volcanogenic glass [37]. The abundance of volcanogenic glasses and the high Si content
in the sediments support the formation of phillipsite.
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4.2. Bulk Geochemistry of Sediments

The results of the bulk geochemical analysis of the sediment core are shown in Figure 5.
It is very interesting to note the absence of any calcareous ooze throughout the core, and
it contains no carbonate since the sediment core was recovered from a water depth of
5638 m, much below the calcium carbonate compensation depth (4600–4800 m) of the
study area [38]. TIC analysis shows nearly zero value, confirming the absence of carbonate
in sediment. The iron concentration is relatively enriched throughout the core, with an
average value of 7.32 wt.% (Figure 5). The Mn concentration varies from 0.73 to 0.83 wt.%
(Table S1). Al, Mg, and Ti concentrations are 5.9–6.8, 4.4–5.24, and 0.42–0.45 wt.%, with an
average of 6.49, 4.64, and 0.46 wt.%, respectively.
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Figure 5. Down-core variations of Fe, Mn, Ti, Al, and Mg measured in the sediment core BC-10.

The copper content of the sediment core ranges from 234 to 267 µg/g (average—
247.5 µg/g) and is relatively low compared with near-vent metalliferous sediments, which
show average values of 17.3% [9]. The concentration of Zn, Pb, Ni, and Cr are 111–195,
25–35, 324–429, and 267–371 µg/g, with an average of 142, 31, 352, and 293 µg/g, respec-
tively (Table S1). Trace metal concentrations of the studied core are relatively higher than
the background sediments from the SWIR [20].

Rare-earth element (REE) concentrations were normalized with Post Archean Aus-
tralian Shale values (PAAS). PAAS normalized REE patterns (Figure 6) of the bulk sediments
exhibit a positive Eu anomaly (Eu/Eu* ratios vary from 1.2 to 1.4) and no Ce anomaly
compared with the other lanthanides (Table S2). The REE pattern of the BC-10 sediment
core shows lighter REE (LREE) depletion and heavier REE (HREE) enrichment throughout
the core. REE patterns characterized by LREE depletion, HREE enrichment, and positive
Eu anomaly are similar to the REE pattern of metalliferous sediments from the Central
Indian Basin [39].
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4.3. Fe-Speciation in Sediments

The Fe concentrations determined by the sequential chemical extraction in the selected
sediment samples are shown in Figure 7. FeTotal represents the sum of all fractions, i.e.,
FeTotal = FeAcetate + FeHA-HCl + FeDithionite + FeOxalate + FeHCl + FeRes. The relative magnitude
of the Fe phases separated in this core follows the order: FeHA-HCl > FeDithionite > FeHCl >
FeOxalate > FeRes > FeAcetate (Figure 7.). FeTotal content of the core ranges between 7.1 and
7.5 wt.%, and the vertical profile of FeTotal does not show much variation with depth (Figure 5).
Among the Fe phases, FeHA-HCl is the largest pool and accounts for ~30.7% of the FeTotal. The
concentration of FeHA-HCl extracts ranges from 1.8 to 2.89 wt.% (Table S3), and the down-core
profile shows a slight decrease below the surface (10 cm). FeDithionite contents of the studied
sediments are in the range of 1.17–1.57 wt.% (Table S3), and their relative percentage varies
between 16.5 and 22.2% of the FeTotal. The highly reactive oxides (FeHA-HCl + FeDithionite)
account for more than 50% of FeTotal. Compared with the other oxide phases, FeOxalate
content in the BC-10 is low (0. 57 and 0.98 wt.%) and accounts for 11.7% of the FeTotal. Fe
associated with the poorly reactive sheet silicates (FeHCl) is the third-largest pool of Fe (1.18
and 1.59 wt.%), accounts for 20% of the FeTotal, and the vertical profile shows a slight increase
below the surface (Figure 7). The concentration of FeRes accounts for only 11.55% of the total
and their concentrations vary between 0.73 and 0.90 wt.%.
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4.4. Statistical Analysis of Element Composition Characteristics

The elemental compositions of sediments at various depths exhibit a consistent pat-
tern of variation, suggesting that the source characteristics of the samples are relatively
consistent. The statistical characteristics of the data mainly reflect the source character-
istics. A hierarchical clustering analysis was performed and six groups were identified
(Figure 8). The correlation coefficient for Group I with respect to Ni, Mg, and Cr is greater
than 0.8, indicating a high degree of similarity in source characteristics and likely indicating
an ultramafic source. In Group II, a strong correlation is observed between Fe and Mn
(r = 0.7), Fe and V (r = 0.8), as well as Fe and Al and Ti (r = 0.9). This suggests mixed source
characteristics and the possibility of both terrigenous and hydrothermal inputs.
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5. Discussions
5.1. Characterization of Source Components
5.1.1. Hydrothermal Source

Major components of mid-oceanic ridge sediments are a mixture of biogenic carbon-
ates, detrital sediments, and volcanic/hydrothermal-derived materials. High Fe concentra-
tion and magnetic susceptibility values in the present studied core are a direct indication of
metalliferous components since the enrichment of Fe and Mn occurs mainly through hy-
drothermal input. There are known hydrothermal fields, such as Mt. Jourdanne, Tiancheng,
and Tianzuo, in the vicinity of the core location [22–24]. Aluminium and titanium contents
of the sediments can be used as terrigenous/detrital indicators since these elements are
refractory and least susceptible to alteration [40,41]. Sediments altered by hydrothermal
activity show distinct geochemical characteristics compared with the background sedi-
ments [42]. The metalliferous sediment index (MSI = Al/(Fe + Mn + Al) × 100) can be used
to discriminate metalliferous sediments from pelagic sediments [43]. A MSI value of >50
represents pelagic sediments with terrigenous/detrital components, whereas a lower value
indicates the presence of metalliferous/hydrothermal components in the samples [15,44].
The calculated MSI value of the samples varies between 42.8 and 45%, suggesting slight
enrichment of metalliferous components in the sediment core. These values are comparable
with the hydrothermally altered sediments at a seamount flank of CIB (MSI—40–44) [39]
and are higher than the Rainbow hydrothermal field (MSI—20–25) [44].

The ratios of Co/Zn can be used to discriminate the hydrothermal and hydrogenous
origin of sediments, considering Co as an element of hydrogenous origin while Zn is
from a hydrothermal source [39]. The trace element data of BC-10 shows very low Co/Zn
ratios close to the hydrothermal origin (~0.5). The scatter plot of (Co + Ni + Cu) versus
Co/Zn of bulk sediments is very closely spaced and suggests hydrothermal components
throughout the sediment core (Figure 9). The Zn/Fe ratios are comparable (1.9–2.5) to
the metalliferous sediments of the Central Indian basin [39] and hydrothermal Fe-oxides



Minerals 2023, 13, 209 10 of 18

of other regions. These samples fall in the hydrothermal field in the ternary diagram of
Fe, Mn vs. (Co + Ni + Cu) × 10 (Figure 9). All these collectively indicate the presence of
hydrothermal signatures in the sediment core. However, compared with the near-field
metalliferous sediments [20,44], the concentrations of Cu and Zn in the studied core are low.
The high input of Cu and Zn occurs proximal to the hydrothermal vent field and decreases
with distance from the field [45]. The consistent enrichment in the average concentrations
of Fe, Mn, V, and Cu in BC-10 sediments compared with the background sediments from
SWIR reported by Liao et al. [18] also suggests the presence of metalliferous components in
the sediment core.
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Figure 9. (a) Fe-Mn-(Co + Ni + Cu)x10) ternary (Modified from [46]). (b) Scatter plot of Co/Zn
ratio versus Cu + Ni + Co content of the sediment core (Modified from [39]). Data points are taken
from different sources, Metalliferous Sediments from Central Indian Ocean (CIB) [39], Metalliferous
Sediments, SWIR [13,20], Duanqiao-1 hydrothermal field Sediments [19], Dragon Horn Metalliferous
Sediments [18], Eastern SWIR Sediments [15].

The concentrations of total REE range between 184 and 206 µg/g (Table S2). The total
REE content of the sediments is significantly lower than the metalliferous sediments from
the Central Indian Basin [39] and higher than the metalliferous sediments from the Mid-
Atlantic Ridge [44]. REE (carbonate-free basis) contents of the studied core are comparable
with the metalliferous sediments from the SWIR [18].

Post-Archean Australian shale-normalized REE pattern of the bulk sediments shows
lighter REE depletion (Figure 6). (La/Yb)n ratios vary between 0.49 and 0.60, indicating
the HREE enrichment in sediments (Figure 6). HREE enrichment in sediments indicates
hydrothermal activity [39]. Positive Eu anomaly in sediments (Figure 6) also suggests the
presence of hydrothermal components in sediments. The general trend of HREE enrichment
and positive Eu anomaly of BC-10 are similar to metalliferous sediments from the East
Pacific Rise [37].

Rare-earth elements in sediments can be used to discriminate plume-derived sediments
from oxidized materials and slumped sulphides [9,47,48], and the REE pattern of the sedi-
ment reflects the extent of hydrothermal alterations [49]. Hydrothermal fluid exhibits a large
positive Eu anomaly and LREE enrichments, whereas seawater exhibits negative Ce anomaly
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and HREE enrichment [48]. Fe and Mn oxyhydroxides in sediments strongly control REE
geochemistry. During the rising and dispersal of hydrothermal fluid, Fe-Mn oxides and oxyhy-
droxides scavenge REE from seawater, leading to the net removal of REE from seawater since
the hydrothermally sourced Fe-Mn oxides have a high specific area and surface charge [48,50].
However, the REE content scavenged by Fe-Mn oxyhydroxides depends on the interaction
time and distance from the hydrothermal vent site [51]. A strong positive correlation of the
Eu anomaly between amorphous ferrihydrite and Mn oxides fraction suggests that Fe-Mn
oxyhydroxides strongly control the REE geochemistry in the present studied samples. Down-
core variations of the La/Yb ratio of the sediments also show a strong positive correlation
with the FeHA-HCl phase. This indicates that the fractionation of REE in the presently studied
sediments is strongly linked with the ferrihydrite in samples.

5.1.2. Mafic and Ultramafic Sources

The cluster analysis of the studied sediment suggests mixed source characteristics.
Thus, for understanding the basaltic contribution in the studied samples, we used the
ternary diagram of Al + K-Fe + Mn-Mg (Figure 10). The sediments composed of basaltic
debris distribute towards the Al + K vertex, whereas hydrothermal sediments distribute
close to Fe + Mn endmember since they are enriched with Fe and Mn and depleted in
Al and K [52]. The Al + K-Fe + Mn-Mg ternary diagram (Figure 10) shows that BC-10
samples distribute close to the hydrothermally altered basaltic debris from the SWIR [53],
suggesting the presence of hydrothermally altered basaltic debris in the samples.
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Metalliferous Sediments, SWIR [13,20], Duanqiao-1 hydrothermal field Sediments [19], Dragon Horn
Metalliferous Sediments [18], SWIR Basalt [53], Eastern SWIR Sediments [15].

Magnesium concentrations of the presently studied sediments are relatively high
compared with the other metalliferous sediments from the CIB [39]. A high Mg content
directly indicates mafic/ultramafic components in sediments. Agarwal et al. [13] also
reported high Mg content at one of the stations, E-7-29 (16.80 wt.%), which is located
near the Tianzuo hydrothermal field. The Tianzuo hydrothermal field (27◦57′ S, 63◦32′ E)
is an inactive sulphide hydrothermal field hosted by ultramafic rocks associated with
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detachment faults [23,55,56]. Thus, the Tianzuo hydrothermal field could be the source for
the high Mg present in the present studied core. The Tianzuo field is situated on a dome-
shaped structure, and hydrothermal activities are controlled by detachment fault [55]. As
the present studied sediment core is located in the valley, the debris flow from the Tianzuo
field could be a major source of sediments in this area. The nearby Tiancheng hydrothermal
field is hosted by basaltic rocks, which are low in Mg [23], thereby suggesting an increased
contribution from Tianzuo to this area.

In the present study, the sediments show a high concentration of Pb (25.1–34.8 µg/g)
and are slightly higher when compared with the metalliferous sediments from SWIR
(Pb- 13.6 µg/g, [14]). The enrichment of Pb in hydrothermal deposits mainly occurs due
to fluid alteration, whereas in deep-sea sediments, combined magmatism and rock-fluid
interaction can lead to Pb enrichment, especially in peridotites [57]. Cluster analysis results
show a positive correlation between Pb and Cu, suggesting their association through a
common source. Previous studies also demonstrated that peridotite-hosted hydrothermal
fields such as Logatchev and Rainbow show higher Pb concentrations compared with basalt-
hosted hydrothermal fields such as TAG and Snake Pit [58]. Concentrations of nickel (avg.
352 µg/g) and chromium (avg. 292 µg/g) are high in the presently studied sediments; this
may be because of the contribution from peridotites in which Ni is enriched when compared
with basaltic rocks, whereas Cr is usually high in pyroxenes compared with olivine and
serpentinization of pyroxene can enrich both aluminium and chromium [59]. The overall
enrichment of Pb, Ni, and Cr in the samples indicates mafic as well as an ultramafic
source together with the hydrothermal components. Further, the present location of the
sediment core is close to the ultramafic-hosted Tianzuo hydrothermal field and confirms
the source characteristics of these sediments. In the ternary diagrams of Fe-Mn-Al and
Fe-Mg-Al (Figure 10), BC-10 samples fall close to the metalliferous sediments from the Fuji
Dome studied by Agarwal et al. [13], Dragon Horn area [18], and far-field metalliferous
sediments from the SWIR [20]. Dragon Horn hydrothermal sediments are a mixture of
pelagic sediments, local mafic, ultramafic debris, and hydrothermal components [18]. This
suggests that mafic and ultramafic debris are also present in our sediment core along with
the hydrothermal components.

5.2. Geochemical Characteristics of Fe in the Sediment Core

The sequential chemical extraction results indicate that among the Fe phases, FeHA-HCl
(ferrihydrite and lepidocrocite) forms the largest pool and accounts for ~30% of the FeTotal
(Figure 7). As explained in the previous section, it is evident that the sediment core in
the study area has a contribution from the nearby hydrothermal field. The oxidation and
precipitation of Fe during the plume dispersal resulted in a high content of FeHA-HCl. This
result is consistent with previous studies, which found that most of the Fe in hydrothermal
plumes consists of Fe oxyhydroxides [60,61]. Among the Fe oxides, ferrihydrite is a
commonly found mineral in the sediments proximal to the hydrothermal vents along
mid-oceanic ridges [62].

However, the hydrogenous precipitation also leads to the enrichment of poorly
crystalline Fe-oxides in the study area. The bulk geochemistry of the present study
(Figures 6 and 9) indicates hydrothermal formation rather than hydrogenous precipitation.
REE geochemistry can be used to distinguish hydrothermal precipitation from hydroge-
nous precipitation [63]. We plotted the Ce anomaly and Ndn/Ybn ratio to distinguish
the hydrogenous and hydrothermal precipitation (Figure 11). Generally, hydrogenous
precipitation shows positive Ce anomaly, and REE fractionation (Ndn/Ybn) is controlled
by either hydrothermal plume particulates or low-temperature fluid input [63]. Our result
suggests the hydrothermal plume particulates (as shown by REE fractionation) are major
contributors for REE in these samples.
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The FeDithionite phase, consisting of minerals such as hematite and goethite, constitutes
the second largest pool of Fe and accounts for ~20.4% of the FeTotal (Figure 7). Most of
the ferrihydrite derived from the hydrothermal sources are unstable and transform into
more structurally ordered phases such as goethite and hematite [6]. However, several
factors, such as pH, the concentration of certain elements, bacteria, etc., can control the
transformation of ferrihydrite into more crystalline phases [6,62,67–69]. At neutral pH
conditions, the transformation of ferrihydrite to hematite is favoured over goethite [67].
However, certain elements such as Ti alter this scenario and favor goethite formation [6,68].
Down-core variation of FeHA-HCl shows slight enrichment at the surface and decrease down
the core (Figure 7), whereas the FeDithionite is depleted at the surface with an enrichment
below the surface, indicating the transformation of ferrihydrite to a more crystalline phase
(goethite/hematite). The vertical profile of FeHA-HCl and FeDithionite are mirror images of
each other, and these could reflect the formation of FeDithionite at the expense of FeHA-HCl.

Even though the transformation of ferrihydrite is taking place, the FeHA-HCl content is
still high throughout the core (Figure 7), implicating the slow rate of ferrihydrite transfor-
mation. A relatively slow rate of ferrihydrite transformation seen in this study is consistent
with a previous study from the south Eastern Pacific Rise, which estimated a half-life
of 2.32 ± 0.07 My for ferrihydrite transformation [6]. Freshly precipitated ferrihydrite
rapidly transforms to more stable mineral phases, while co-precipitation of transition met-
als and oxyanions within the ferrihydrite crystals and the presence of bacteria retard this
transformation [6,62,69,70].

FeOxalate content is relatively low compared with other oxides and accounts for an
average of 11.7% of the FeTotal. The formation of magnetite generally occurs under redox
conditions, but a non-redox transformation of primary precipitate (hematite/goethite)
to magnetite can occur in a hydrothermal environment [71]. Magnetite formation in
a hydrothermal environment occurs either through the crystallization of magnetite at
high temperatures from silicate and sulphide melts or due to the precipitation at low
temperatures from hydrothermal fluids [72–75]. Thus, FeOxalate contents are relatively low
in far-field hydrothermal sediments compared with near-field hydrothermal sediments.
The down-core profile of FeOxalate shows slight enrichment below the surface, which could
be due to the depositional changes of hydrothermal components since magnetite is less
reactive than the other Fe-oxide/hydroxides.
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Iron associated with the poorly reactive sheet silicates constitutes (FeHCl) the third-
largest pool of Fe phases, accounting for ~20% of the FeTotal (Figure 7). The down-core
variation of FeHCl is similar to the FeDithionite variations (Figure 7), with a positive linear
correlation (R2-0.84), suggesting a common source. Fe-oxyhydroxides intermixed with
clay minerals are major components of hydrothermal sediments and are formed by the
interaction of the hydrothermal fluid with basalts, metalliferous sediments, and biogenic
sediments [76,77]. The clay minerals formed in such an environment are generally enriched
by Fe and Mg [77]. High concentrations of Mg measured in the FeHCl phase (32% of the
total Mg) with Fe also support this finding. Such Fe-Mg-Silicates are also reported in the
hydrothermal plumes from the Central Indian Ridge [78] and Carlsberg Indian Ridge [79].

The Fe precipitation with silica and Mg is commonly observed in hydrothermal
systems associated with ultramafic rocks. Recent studies by Qiu et al. [80] in near-field
sediments collected from ultramafic-hosted Tianxiu field, Carlsberg Ridge, also show
high Mg concentrations. Therefore, the high Mg concentration associated with the FeHCl
phase may be from the ultramafic-hosted Tianzuo hydrothermal field. Apart from this,
the diagenetic formation of Fe–silicates at the expense of ferrihydrite dissolution is also
common in hydrothermal sediments [6]. Thus, the down-core increase of FeHCl and a
corresponding decrease in FeHA-HCl over the top 10 cm is due to the transformation of
ferrihydrite to FeHCl (Figure 7).

FeRes representing iron associated with un-reactive sheet silicates and pyrite are low
in these sediments (11.4%) (Figure 7). When a hydrothermal plume emerges from the vent,
~50% of Fe precipitates rapidly as Fe sulphide [81–84]. Thus, most of the Fe-sulphides are
found proximal to the hydrothermal field (approximately within 1.5 km of the hydrothermal
vent field), and their concentration decreases with increasing distance from the vent [85,86].
The possibility of pyrite formation during the plume dispersal is ruled out in our study area
since the BC-10 location is 12.5 km (Tianzuao) and 32 km (Tiancheng and Mt. Jourdanne)
away from the reported hydrothermal fields. However, XRD analysis of the BC-10 samples
clearly shows the presence of pyrite in the sediments. These could be due to the sulphide
debris transported from the nearby vent fields through sediment flows. Aluminium and
magnesium measured in the residual fraction indicate that ~56% of Al and 22% of the Mg
are associated detrital phase (Table S4). The bulk geochemistry of the studied core shows
basaltic/ultramafic components in the sediments (Figures 9 and 10). Thus, our results
indicate that most of the Fe in FeRes is associated with the detrital phase rather than pyrite.
However, compared with other phases, the concentration of Fe associated with the residual
phase is low and plays a minor role in the sedimentary cycling of Fe in this area.

6. Conclusions

The mineralogical and geochemical investigations of a short sediment core collected
near the Tianzuo hydrothermal field from the SWIR indicate that the sediments are a mix-
ture of basaltic, ultramafic, and hydrothermal components. The presence of volcanogenic
glass shards and phillipsite throughout the sediment core confirms the local volcanic activi-
ties and their transformation to low-temperature alteration products in the proximity to
this area. The major and trace and rare-earth element data of the core reveal the influence
of hydrothermal activities on the sediments. The shale-normalized REE pattern shows
positive Eu anomaly and HREE enrichment in the sediment core, reflecting the presence of
metalliferous components in the sediments. Results of the sequential chemical extraction
of Fe indicate that the dominant mineral phase of Fe is FeHA-HCl (indicative of ferrihydrite
and lepidocrocite), followed by FeDithionite, FeHCl, FeOxalate, FeRes, and FeAcetate. Vertical
profiles of different fractions indicate the formation of crystalline Fe-oxides and Fe-silicates
at the expense of ferrihydrite dissolution. The concentration of Fe associated with FeRes
may suggest the role of Fe-sulphides eroded from the nearby vent field.
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and elemental ratios in bulk sediments of BC-10 core; Table S2: Rare earth element concentrations,
Eu/Eu*, Ce/Ce* and elemental ratios in bulk sediments of BC-10 core; Table S3: Down core variation
of different Fe phases in BC-10 core; Table S4: Average relative percentages of Mn, Al, and Mg
measured in different Fe phases.
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