A G ) s

SPACE SCIENCE

Geochemistry, Geophysics,

Geosystems

RESEARCH ARTICLE
10.1029/2020GC009058

Key Points:

« Four new hydrothermal vent fields
were discovered along the Central
Indian Ridge, 8-12°S, all off-axis

« A particle-poor, diffuse vent field
with abundant vent fauna was
located on an OCC at a
nontransform discontinuity

« Chemical compositions of the
plumes reveal both basaltic- and
ultramafic-hosted hydrothermal
systems

Supporting Information:
« Supporting Information S1

Correspondence to:
J. Kim,
jukim@kiost.ac.kr

Citation:

Kim, J., Son, S.-K., Kim, D., Pak, S.-J.,
Yu, O. H., Walker, S. L., et al. (2020).
Discovery of active hydrothermal vent
fields along the Central Indian Ridge,
8-12°S. Geochemistry, Geophysics,
Geosystems, 21, €2020GC009058.
https://doi.org/10.1029/2020GC009058

Received 25 MAR 2020
Accepted 19 JUL 2020
Accepted article online 23 JUL 2020

©2020. American Geophysical Union.
All Rights Reserved.

Discovery of Active Hydrothermal Vent Fields Along
the Central Indian Ridge, 8-12°S

Jonguk Kim' (), Seung-Kyu Son"
Sharon L. Walker® (), Jihye Oh"
Jun-Ho Lee®, and Juwon Son®

, Dongsung Kim?, Sang-Joon Pak’, Ok Hwan Yu® (),
,Sun Ki Choi', Kongtae Ra*, Youngtak Ko', Kyeong-Hong Kim',

1Deep—Sea Mineral Resources Research Center, Korea Institute of Ocean Science and Technology, Busan, South Korea,
*Marine Ecosystem Research Center, Korea Institute of Ocean Science and Technology, Busan, South Korea, *National
Oceanic and Atmospheric Administration/Pacific Marine Environmental Laboratory, Seattle, WA, USA, “Marine
Environmental Research Center, Korea Institute of Ocean Science and Technology, Busan, South Korea, SKorean Seas
Geosystem Research Unit, Korea Institute of Ocean Science and Technology, Busan, South Korea, SMarine Information
Technology Corp, Seoul, South Korea

Abstract Four new hydrothermal vent fields were discovered on the slow spreading Central Indian
Ridge (8-12°S; Segments 1-3), all located off-axis on abyssal hill structures or Ocean Core Complexes
(OCCs). Each site was characterized using seafloor observation (towed camera system), plume chemistry
(Fe, Mn, and CHy; Conductivity, Temperature, and Depth sensor [CTD]/Miniature Autonomous Plume
Recorder [MAPR]), and rock sampling (TVgrab/dredges). Different styles of venting on each segment reflect
different geological settings, rock types, likely heat sources, and fluid pathways. The segment 1 field was
located on the western flank of the axial valley at the base of OCC-1-1. High-temperature venting was
inferred from plume characteristics and extensive seafloor sulfide mineralization, but only diffuse venting
was observed. This site appears to be a magmatic-influenced basaltic-hosted system despite its off-axis
location. Two low-temperature diffusely venting sites were located on abyssal hills 6 and 9 km off-axis on
Segment 2. Plume particle, metal, and CH, concentrations were all very low, suggesting dilution of
hydrothermal fluids by intrusion of seawater into the highly permeable flank area fault zone. The “Onnuri
Vent Field” (OVF), located at the summit of OCC-3-2, vented clear, low-temperature fluids supporting
abundant vent organisms (21 macrofaunal taxa). The plume particle signal was low to absent, but strong
ORP anomalies correlated with high CH, and low metal concentrations. Sulfide mineralization was present,
which suggests both serpentinization and magmatic/lithospheric influence on fluid composition. The
detachment fault is the likely pathway for hydrothermal fluid circulation at this off-axis location. These new
vent field discoveries, especially the OVF, contribute valuable information toward understanding Indian
Ocean hydrothermal systems and their ecology/biogeography.

Plain Language Summary We discovered four new hydrothermal vent fields along the slow
spreading Central Indian Ridge. The different styles of hydrothermal venting discovered at each site
reflect the different geological settings, types of surrounding rocks, and likely heat sources driving the
hydrothermal circulation. Among the new vent fields, the “Onnuri Vent Field” is particularly interesting
because the isolated location, unique style of venting, and abundant vent biology provide valuable new
information for understanding vent ecology and biogeography of the Indian Ocean.

1. Introduction

Deep sea hydrothermal venting, formed by circulation of hot fluid through crustal rocks at mid-ocean
ridges and back-arc spreading centers, is one of the fundamental processes controlling the exchange of
energy and matter between the interior of the Earth and the ocean. This process affects the composition
of oceanic crust and ocean chemistry and provides energy sources for deep sea biological communities
(Edmond et al., 1979; German & Seyfried, 2014; Humphris et al., 1995). Since first discovered in 1977,
more than 500 confirmed and inferred active vent sites have been investigated throughout the global
ocean in diverse volcanic and tectonic settings (Beaulieu et al., 2013, 2015). However, efforts to explore
for and investigate hydrothermal vent sites have largely focused on the Pacific and Atlantic Oceans
(German & Seyfried, 2014).
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The Indian Ocean has mid-ocean spreading centers comprising 18,000 km length (28% of the global total)
with various spreading rates, from ultraslow (Southwest Indian Ridge [SWIR], <12 mm/year) to slow and
intermediate (Central Indian Ridge [CIR] and Southeast Indian Ridge (SEIR), 30-60 mm/year).
Hydrothermal vent site frequency and characteristics are expected to vary in accordance with the diverse
geological and tectonic features and variable spreading rates along the Indian Ocean Ridges (Baker &
German, 2004; Beaulieu et al., 2015). Due to remote locations and inaccessibility, only five active hydrother-
mal fields have been identified so far: the Dodo vent field at 18°20’S, Solitaire field at 19°33’S (Nakamura
etal., 2012), Edmond field at 23°52’S (Van Dover et al., 2001), and Kairei field at 25°19’S (Gamo et al., 2001)
on the CIR and the Longgqi field at 37°47’S (Tao et al., 2012) on the SWIR. Thus, the geological, geochemical,
and biological features of hydrothermal systems along the Indian Ocean Ridges remain little known despite
their potential role in understanding the global diversity of hydrothermal processes, including biodiversity
and biogeography of vent species.

The four previously known hydrothermal vent fields on the southern CIR are located between the Marie
Celeste Fracture Zone (MCFZ) and Rodrigues Triple Junction (RTJ) (18°S to 25°30’S). Although the CIR
is a slow-to-intermediate spreading ridge, wide variations in fluid chemistry have been observed at CIR vent
fields, suggesting diverse geological processes contribute to the formation of these hydrothermal vents (i.e.,
basaltic- and ultramafic-hosted hydrothermal systems), similar to the diversity of vent fields found along the
slow spreading Mid-Atlantic Ridge (MAR) (Kumagai et al., 2008; Nakamura et al., 2012). More recently, sev-
eral hydrothermal plume anomalies have been reported in the water column along the middle part of the
CIR between 8°S and 17°S, where ridge morphology and tectonic structure (e.g., detachment faults and
ocean core complexes [OCCs]) control increased plume incidence at ridge flank and rift wall locations
(Pak et al., 2017; Son et al., 2014).

Here we present the results from the hydrothermal expedition by RV ISABU in 2018 that targeted select sites
on Segments 1 through 3 (Pak et al., 2017) based on the previous plume-only surveys (Son et al., 2014). Four
new active hydrothermal vent fields were located and characterized by seafloor observations, plume chem-
istry, and rock type. Despite their relative proximity within the same ridge system, all four of these new
hydrothermal vent sites show diverse styles of venting, plume composition, and vent faunas, which can be
attributed to different hydrothermal fluid formation conditions and transport pathways in the slow- to
intermediate-rate spreading ridge setting. In addition, the vent fields in this region are located more than
~800 km north of previously known active vent fields (i.e., Dodo and Solitaire fields; Nakamura et al., 2012),
and thus, our findings can provide further insights to understanding the isolated biogeographical provinces
in the Indian Ocean.

2. Geological Setting and Hydrothermal Activity

The study area is located within the middle part of Central Indian Ridge (MCIR; 8-17°S), which shows typi-
cal morphology of slow spreading ridges (i.e., development of a 500-1,000 m-deep axial valley along the
spreading center), marked by six first-order segments offset by six principle transform discontinuities. The
inferred full spreading rates of the MCIR systematically increase from 27.6 to 40.9 mm/year from 8°S to
17°S, indicating a slow-to-moderate spreading ridge (Pak et al., 2017). These first-order segments vary from
36 to 281 km in length. The first-order segments are further subdivided into second-order segments by non-
transform discontinuities (NTDs) with offset lengths ranging from 15 to 125 km. Of particular significance,
these six segments of the MCIR feature 11 OCCs that mainly occur at inside corners of the segments, though
some are perched in or near the NTDs (Pak et al., 2017). OCCs form due to the exhumation of mantle rocks
through long-lived detachment faults (Tucholke et al., 1998). These detachment faults can become primary
pathways for off-axis hydrothermal circulation (e.g., McCaig et al., 2007). OCCs are typically identified by
corrugated dome-shaped structures and exposed deep-seated rock (i.e., serpentinite and/or gabbro or their
equivalents). The area surveyed for this study included only the first three segments (Segments 1-3) from
the north (Figure 1; Pak et al., 2017).

Segment 1 is bounded at the south by the Vema Fracture Zone (VFZ), which has the longest displacement
(233 km) over the CIR. Segment 1 has a relatively narrow rift valley in the middle of the segment, ranging
from 9 to 10 km in width and 3,700 to 3,800 m in depth. An OCC (OCC 1-1), located at the southern inside
corner, shows two possible lineaments corresponding to breakaways. The older breakaway spreads ~30 km
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Figure 1. (a) Bathymetric map of Segments 1-3 on the Central Indian Ridge (CIR). Boxes in each segment show the area of hydrothermal activity and correspond
to the maps shown in b-d. White lines indicate identified ridge axis. Blue-dotted lines at OCCs indicate the inferred boundaries of OCCs. (b-d) Detailed
bathymetric maps of hydrothermally active areas on Segments 1-3 showing sampling locations. Insert maps show detailed sampling locations: Crosses, CTD
hydrocasts (CTIR); dots, TV-grab (GTV) and rock dredge (RD); black lines show the camera tow tracklines (DSCIR). See Table S3 for detailed information of
sampling locations. Route maps of representative camera tow tracks (red lines) are provided in Figures S1 to S4.

west of the axis, and the inferred younger breakaway is located 12 km west of the axial valley near the
western flank (Figure 1; Pak et al., 2017).

Segment 2 is the shortest first-order segment of the MCIR. The middle stretch of Segment 2 is narrow and
relatively shallow (11-13 km width, 3,800-3,900 m water depth) but becomes wider and deeper (~15 km
width, 4,000-4,100 m water depth) at both tips. The northern and central part of the segment is
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Figure 2. Contour plots showing (a) particle anomaly (ANTU) and (b) dissolved methane (CH,4, nM) along Segments 1-3
on the CIR (modified after Son et al., 2014). Yellow and white stars mark the locations of discovered vent fields and
plume-only site, respectively. The bathymetric profile is color coded to identify symmetrical ridge sections (dark gray),
asymmetrical ridge sections (reddish gray), and transform faults (light gray) according to seafloor morphology and
tectonic structure.

characterized by typical abyssal hill fabric that is well developed on each flank, while the southwestern
inside corner shows disturbed fabric due to formation of the OCC (OCC 2-1; Figure 1).

Segment 3 is bounded by a well-developed fracture zone at the north end of the segment where the axis is
displaced right laterally by 109 km. This segment displays a totally different axial configuration due to the
NTD between the two second-order segments (Figure 1). Second-order Segment 3-1 is ~67 km long with rela-
tively well-developed abyssal hills, while Segment 3-2 is short (15 km long) and features poorly developed
flank fabric. These second-order segments are separated by NTD 3-1, a 63 km-long and 18 km-wide oblique
offset that deformed the preexisting abyssal hills of Segments 3-1 and 3-2. Two OCCs occur along Segment 3:
OCC 3-1, located at the SW corner of Segment 3-1, and OCC 3-2 located at the NE flank of short Segment 3-2
(Figure 1). OCC 3-1 is similar to OCCs 1-1 and 2-1, which are also located at the southern inside corners of
the respective segments. Although OCC 3-2 seems to be a remnant of a recessed segment, clear corrugation
texture is observed on the inside slope (Pak et al., 2017).

Several hydrothermal plumes were identified by previous water column surveys along the three ridge seg-
ments that were the focus of the 2018 study area (Son et al., 2014). Clear hydrothermal plume anomalies
observed on Segments 1 and 3 were identified by increased particulate and methane concentrations, and
oxidation-reduction potential (ORP) anomalies. Only weak plume signals were detected on Segment 2
(Figure 2). Particulate anomalies that were well correlated with dissolved methane anomalies indicated
plumes that were likely created by high-temperature sources (Son et al., 2014). The methane anomaly was
highest in the southern part of Segment 3-2 (Segment 4 of Son et al., 2014), and suggested venting was asso-
ciated with the exposure of ultramafic rock by deformation of oceanic crust near NTD 3-1 (Pak et al., 2017).
The plume signals were generally accompanied by ORP anomalies, indicating proximity to active hydrother-
mal sources (Baker et al., 2016). Thus, these earlier results provided priority target sites for seafloor observa-
tions during the 2018 survey to locate hydrothermal vent sources.
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3. Methods

3.1. Water Column Survey and Analyses of Plume Samples

The distribution of hydrothermal plumes in the study area was previously determined by systematic
CTD/MAPR hydrocasts along the entire length of the MCIR between 8°S and 17°S (Son et al., 2014,
Figure 2). Additional CTD/MAPR hydrocasts were completed during the 2018 survey to confirm ongoing
activity at the identified sites and to collect water samples for measuring hydrothermal chemical tracers,
including dissolved methane and trace metals (Fe and Mn). The CTD system (SeaBird, 911-plus) was
equipped with a light transmissometer (Otronix, WetLabs C-star) and a 32-position rosette with 10 L
Niskin bottles. Miniature Autonomous Plume Recorders (MAPRs) attached to the CTD package recorded
optical backscattering and ORP every 5 s (about every 5 m at standard winch speed). The voltage output
of the optical backscatter sensor (0-5 V) is equivalent to dimensionless nephelometric turbidity units (0-5
NTUs) (American Public Health Association, 1985), which are in turn highly correlated with typical deep
sea particle mass concentration (Baker et al., 2001) and are reported here as the value greater than ambient
nonplume water (ANTU). ORP is highly sensitive to short-lived reduced chemicals in hydrothermal plumes,
such as Fe*", H,S, Mn*", and H, (Walker et al., 2007). Due to hysteresis of the sensor, data are presented as
either the time derivative (dE/dt, mV) or the magnitude of the overall decrease of a signal (AE, mV). Field
experience shows that ORP anomalies are rarely found farther than ~1 km from their hydrothermal source
(e.g., Baker et al., 2010; German et al., 2008).

Samples for dissolved methane analyses were transferred from the Niskin bottles into 100 ml brown-serum
bottles to measure methane concentration. Methane concentrations were analyzed using a gas
chromatograph/semiconductor detector (GC/SCD) according to the method suggested by Ohta et al. (1999).
The detection limit of the method was estimated to be 0.2 nM.

Seawater samples for trace metal analysis were collected in preacid cleaned 500 ml LDPE bottles to prevent
metal contamination on board. Unfiltered seawater samples for total dissolvable concentrations of trace
metals (TDFe and TDMn) were acidified to a pH less than 2 by adding 0.7 ml of ultrapure grade of HNOs.
All samples were stored in plastic zip-loc storage bags at room temperature for on-land analysis. The samples
were treated in a clean room container lab van to minimize metal contamination. Seawater samples for dis-
solved metal (DFe and DMn) analyses were immediately filtered using 0.45 um polycarbonate membrane
filters precleaned with high-purity nitric acid (ultragrade, Kanto chemical, Japan) and were acidified to a
pH less than 2 by adding 0.7 ml of ultrapure grade of HNO3. Mn and Fe concentrations in seawater samples
were analyzed by using the seaFAST SP3 system (ESI, Elemental Scientific, Omaha, USA). The commer-
cially available automated sample introduction and preconcentration system was used for seawater matrix
separation; trace metal concentrations were determined by Inductively Coupled Plasma Mass
Spectrometry (NexION 2000, Perkin Elmer Inc., USA). Accuracy of Mn and Fe measurement in seawater
was determined using certified reference material for trace metals CASS-6 and NASS-7 (National
Research Council of Canada) that were processed in the same way as the seawater samples. The recoveries
(N =9) of the measured Mn and Fe concentrations were 104% and 103% for CASS-6 and 107% and 104% for
NASS-7 in this study.

Based on the analyzed data set of seawater samples, we calculated the Fe/Mn and CH4/Mn ratios for each
plume site. Only samples from the plume core depth were used to calculate the elemental ratios as suggested
by Boulart et al. (2017).

3.2. Seafloor Observation and Rock Sampling

A total of 16 deep sea camera tows were conducted to identify hydrothermal vents, vent fauna, and massive
sulfide deposits on the seafloor. The camera tow system comprised a main HD video camera, still camera,
and video camcorder with a MAPR attached to provide temperature, pressure, optical backscatter, and
ORP sensor data. Camera tow tracklines were selected based on the hydrothermal plume distribution data
from previous work (Figures 1b-1d) (Pak et al., 2017; Son et al., 2014). The camera system was towed ~5-
10 m above bottom at a ship speed of less than 0.5 knots.

Geological sampling was mainly performed with a TV-guided grab (TV grab) and a rock dredge. The targets
for rock sampling were selected based on seafloor observations from the camera tows (Figures 1b-1d). Rock
sampling by TV grab was available only at two hydrothermal vent sites on Segments 1 and 3 due to technical
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Figure 3. Photographs showing zonation of the active hydrothermal vent field (Onnuri Vent Field, OVF) on Segment 3.
(a) Boundary of hydrothermal alteration zone with thin crust of Fe oxyhydroxide. (b) Occurrence of dead shells on
hydrothermal alteration zone. (c) Fissure filled with vent fauna indicating possible diffuse flow. (d) Occurrence of living
vent faunas with dead shells. (e) Clusters of various living vent fauna at the center of the hydrothermal vent field.

(f) Alteration zone at the boundary of vent field (similar to a). Widths of photographs are ~6 m.

problems that arose during the cruise. At hydrothermal vent sites on Segment 2, rock dredging was carried
out, and some altered rocks were collected.

3.3. Vent Fauna

Vent macrofauna were collected using a video-guided hydraulic grab (VGHG, Oktopus GmbH). Macrofauna
were identified to family or genus level aboard ship as possible, preserved in 100% Ethanol and kept frozen at
—80°C for further analysis. Cluster analyses and similarity profile (SIMPROF) permutation tests were car-
ried out to categorize the macrofaunal similarity matrix between vent fields on the Indian Ocean Ridges,
using a Sorensen'’s index based on presence/absence data and group-average linkage using the PRIMER
6.0 software package.

Sediment samples for nematode analysis were collected using a multiple corer (MC) and 3 acryl subcorers
(Surface area, 10 cm?®). The samples were preserved in 5% formalin. In the laboratory, the nematodes were
separated from the sediment by using Ludox HS40 colloidal silica (DuPont) with a specific gravity of 1.18
(Burgess, 2001). The nematodes were counted under a stereomicroscope and identified under an optical
microscope to the lowest possible taxonomic level (Platt & Warwick, 1983, 1988; Warwick et al., 1998) using
an Olympus BX51 microscope.

KIM ET AL.

6 of 21



) . Yed N |
M\
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2020GC009058

Table 1

Comparison of Plume Chemistry and Geological Setting of Hydrothermal Vent Fields Discovered in This Study

Vent field on Segment Inner site on Segment Plume-only site on
Vent field 1 Outer site on Segment 2 2 OVF on Segment 3 Segment 3
Hydrocast CTIR1802 CTIR1803 CTIR1804 CTIR1809 CTIR1812
Plume chemistry
Particle anomaly 0.118 0.006 0.005 0.002 0.011
(max., ANTU)
ORP (min., dE/dt) —0.41 —-0.14 —0.062 —-1.94 —1.1
TDFe (max., nM) 366 177% — 191% 29
DFe (max., nM) 147 7.4 — 3.6 23
TDMn (max., nM) 46 2.9 — 1.5 5.9
DMn (max., nM) 46 2.5 — 1 6.1
CH4 (max., nM) 13.0 1.9 0.8 52.5 22.2
TDFe/TDMn 8.64 — — — 5.41
(plume average)
DFe/DMn (plume 3.88 3.40 = 5.60 3.98
average)
CH4/DMn (plume 0.30 0.66 — 36.2 4.28
average)
Geological settings and other properties
Water depth 3,660-3,880 m 2,580-2,630 m 3,010-3,060 m 1990-2,170 m 2,990-3,070 m
Distance from ~4 km ~9 km ~6 km ~11 km
spreading axis
Basement Peridotite, Grabbro Basalt Basalt Peridotite, Grabbro Peridotite, Grabbro?
rock type
Mineral Massive sulfides amorphous silica, no samples Fe- and Mn- oxyhydroxides, no sample
assemblage of (Fe-rich, Cu-rich), disseminated sulfides, disseminated sulfide
vent field Fe-oxides Fe-oxides
Vent fauna non-vent animals individual or small groups bacterial mat, crabs abundant vent fauna non-vent animals

of vent fauna, dead shells  and dead shells

“The high total dissolvable Fe concentrations of samples from CTIR1803 and CTIR1809 sites are possibly due to contamination during processing and analyzing

the samples.

4. Results

Four new active hydrothermal vent fields were discovered using the towed camera system for direct seafloor
observations. None of the four vent fields were located directly on the spreading axis, and plumes from each
segment had different physical and chemical properties. Two sites were associated with OCCs, and two
others were located 6-9 km off-axis on abyssal hills. Among the four vent fields, the site located at the sum-
mit of OCC3-2 on Segment 3 had the most abundant vent fauna and was named the “Onnuri Vent Field”
(OVF) (Figure 3). Geological settings and plume properties of the hydrothermal vent fields are summarized
in Table 1.

4.1. Segment 1

The hydrothermal vent field on Segment 1 was located near 8°10.1’S and 68°08.2'E at depths ranging from
3,660 to 3,880 m on the western flank of the axial valley, in a topographic depression that was parallel to the
spreading axis. It was estimated to be ~150-200 m in diameter based on camera observations. Rock samples
from previous surveys show the basement rock is mainly composed of lower crust rock such as gabbro and
minor amounts of serpentinized mantle peridotite (Yi et al., 2014), indicating this area comprises the base of
the OCC at the southern inside corner of the ridge-transform fault intersection of segment 1 (OCC 1-1).
Thus, hydrothermal activity on Segment 1 appears to be associated with the OCC structure. Seafloor images
from the camera tow show outcrops of intensively jointed gabbroic blocks with variable sediment cover
(Figure 4a). Exposure of the basement rock is mainly governed by topography (i.e., basement rock is more
visible on steep slopes, cliffs, or within fissures).

Hydrothermal alteration can be identified by black, reddish brown, and yellow colored bottom sediment due
to precipitation of Mn- and Fe-oxide and native sulfur. Several dead chimneys and sulfide mounds were
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Figure 4. Photographs showing typical basement rock types at the four identified hydrothermal vent fields. (a) Massive
gabbroic blocks covered by sediment on Segment 1. (b) Fragments of pillow lava covered by sediment at the 9 km off-axis
site on Segment 2. (c) Occurrence of pillow lava covered by sediment at the 6 km off-axis site on Segment 2. (d)

Massive substrate rock with fissure in the OVF at the summit of OCC 3-2 on Segment 3. Widths of photographs are ~6 m.

observed but discontinuously exposed on the sediment-covered slope within the alteration zone (Figure S1
in the supporting information). The overall appearance of hydrothermal precipitates and absence of vent
fauna suggested that the vent field on Segment 1 was waning; however, observation of shimmering fluids
on some chimneys and ORP anomalies (AE ~ —25 to —50 mV) during the camera tow demonstrates that
diffuse hydrothermal fluid flow is present throughout the area (Figure 5b). The robust above-bottom
plume (described below) at this site suggests high-temperature venting was nearby, though not directly
observed.

Various types of sulfide were recovered by several TV grab operations (GTV1801 to GTV1804; Figure 1).
Samples from GTV1801 were characterized by pyrite-dominant massive sulfides. Fragments of hydrother-
mal chimneys of Cu-rich sulfides were also collected. Other rock samples were sulfides, Fe-oxides-rich frag-
ments, and altered ores with greenish secondary Cu-bearing minerals (Figure 6). The massive sulfides imply
that this sampling site corresponds to a hydrothermal mound that previously hosted more robust
high-temperature venting.

Figure 7 presents the water column profiles of optical backscatter (ANTU), percent light transmission, ORP
(as dE/dt), total dissolvable and dissolved Fe and Mn concentrations, and dissolved methane concentrations
at each vent field, together with one plume-only site (CTIR1812) in Segment 3. Hydrocast CTIR1802 was
located on Segment 1 within the area where several inactive chimney structures were observed during the
camera tow (Figure 1). Increased turbidity was observed in the water column from 3,300 m to the seafloor
(a rise height of ~400 m), with prominent above-bottom maxima at 3,380, 3,450, and 3,620 m. Maximum
ANTU values over this site (>0.12 during camera lowerings) were the most intense observed during this
expedition. Each turbidity peak was accompanied by a decrease in ORP value (AE ~ —8 mV) and increased
concentration of Fe, Mn (total dissolvable and dissolved), and dissolved methane. Both TDFe and DFe con-
centrations are elevated at plume depths (DFe up to 147 nM and DMn up to 46 nM). The much higher con-
centrations of TDFe compared to DFe indicate most of the Fe is in the particulate phase. On the other hand,
there is little difference between TDMn and DMn concentrations, indicating most of the Mn remains in solu-
tion. The high concentrations of DFe and DMn also point to high-temperature venting at this vent field, even
though only diffuse venting was observed during the camera tows. The multilayered above-bottom plume
suggests the vent field comprises multiple sources of both focused high-temperature and diffuse
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Figure 5. Photographs from hydrothermal vent fields on Segments 1 and 2. (a) Inactive chimney on Segment 1.

(b) Diffuse vent on Segment 1. (¢) Broken chimney at the 9 km off-axis (outer flank) site on Segment 2. (d) Massive
inactive chimney zone at the 9 km off-axis (outer flank) site on Segment 2. (e) Bacterial mat and dead shells with altered
rock boulders at the 6 km off-axis (inner flank) site on Segment 2. (f) Alteration zone with dead chimneys at the 6 km
off-axis (inner flank) site on Segment 2. Widths of photographs are ~6 m.

low-temperature venting. Because this site sits on the steep inward-facing slope of OCC 1-1, it is also possible
that additional sources may be located further upslope or downslope of the camera tow survey area.

4.2. Segment 2

Active venting was expected on Segment 2 based on ORP anomalies observed during previous work,
although particle and methane anomalies were weak (Son et al., 2014). ORP anomalies were mapped more
thoroughly during CTD tows in 2018, and two off-axis abyssal hill locations near 9°47.5’S, 66°41.9'E (~6 km
west of the axis) and 9°48.9’S, 66°40.6'E (~9 km west of the axis) were identified as the likely source loca-
tions. Camera tow lines were aligned parallel to the spreading center at each of these sites (Figure 1).

The basement rock exposed on the seafloor was mainly composed of basaltic pillow lavas (Figures 4b and
4c¢), indicating typical abyssal hill structure as inferred by the symmetrical ridge morphology at this point
in the segment (Pak et al., 2017). Similar to Segment 1, the majority of seafloor is covered by fine-grained
sediment of variable thickness. Ripple marks on some surface sediments indicate relatively strong bottom
currents can occur in this region.

Active hydrothermal vent fields were identified at each site. The 9 km off-axis “outer flank” site was found at
water depths of 2,580-2,630 m, while the 6 km off-axis “inner flank” site was about 400 m deeper at 3,010-
3,060 m water depth. The outer flank site was defined by an alteration zone that continued for ~300 m along
the camera tow track line (Figures 5c and 5d). A significant ORP anomaly (AE = —56 mV) indicated
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Figure 6. Photographs of various types of hydrothermal precipitates and altered rocks collected from the hydrothermal vent fields on Segments 1-3.

(a) Pyrite-dominant massive sulfide (segment 1). (b) Cu-rich sulfide (Segment 1). (c) Fe-oxyhydroxides fragment with secondary Cu-mineral (green color)
(Segment 1). (d) Filamentous textured amorphous silica fragment (Segment 2). (e) Hydrothermally altered Mn-Si dominant fragment (Segment 2). (f) Altered
basalt fragment with fine grained sulfide precipitation (Segment 2). (g) Barite-rich hydrothermal precipitates with disseminated sulfides (OVF on Segment 3).
(h) Hydrothermally altered breccia influenced by serpentinization (OVF). (i) Crust-type hydrothermal precipitates with secondary Cu mineral (OVF).

Scale bars are 5 cm.

hydrothermal discharge was active within the alteration zone (DSCIR1806; Figures 1 and S2). Variously
sized broken chimneys, thick massive sulfide and Fe oxide-hydroxide crust, and yellowish to brown
colored precipitates or bacterial mat were observed throughout the area (Figures 5c-5f). Although no
large clusters of vent macrofauna were observed, vent animals were seen occasionally as individual or
small groups (Figure S2).

The inner flank vent field was identified during camera tow (DSCIR1807; Figures 1 and S3). This vent field
was characterized by diffuse flow (indicated by ORP anomalies of AE ~ —5 to 20 mV) along fissures or cracks
between pillow lavas and the presence of inactive chimneys and sulfide mounds. Bacterial mat occurred
along a lava fissure at the boundary of the vent field, and crabs and dead shells were found near the diffuse
flow zone.

Mineralized samples were collected by a rock dredge at the 9 km off-axis “outer flank” site. Samples were
mainly reddish-tinted filamentous fragments of amorphous silica (Figure 6), indicative of high-Si hydrother-
mal mineralization at this site. Other samples collected were rock fragments bearing sulfides, Fe-oxides, and
low-temperature amorphous silica aggregates.

Plume signals observed at the two off-axis sites on Segment 2 were characterized by weak above-bottom par-
ticle (ANTU = 0.005 to 0.006) and ORP anomalies (AE < —2 mV), along with low DFe, DMn, and methane
concentrations (Figure 7). CTIR1803 was located over outer flank site at a depth of 2,670 m. The turbidity
and ORP anomalies occurred below 2,370 m in the water column and correlated with increases of DFe
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Figure 7. Water column profiles of beam transmission, optical backscattering anomaly (ANTU), time derivative of
oxidation-reduction potential (dE/dt, mV), total dissolvable and dissolved Fe, total dissolvable and dissolved Mn, and
dissolved methane from the CTD/MAPR hydrocasts at the four identified hydrothermal vent fields on Segments 1-3 and
one plume-only site on Segment 3 (CTIR1812). Note that different ranges are applied to X axes in some plots for data
presentation. The high concentrations of TDFe data for samples from CTIR1803 and 1809 are due to possible
contamination (plotted in gray).
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(up to 7 nM), DMn (up to 3 nM) and methane (up to 2 nM). Plume maximum values showed a rise height
~200 m above the seafloor. TDFe concentrations up to 177 nM suggested a high percentage of TDFe was
in the particulate phase given the low DFe values, but that was inconsistent with the weak particle anomaly.
Based on comparison with other TDFe and DFe profiles (i.e., CTIR1802 and CTIR1812) where TDFe and
DFe had more similar distribution patterns, the possibility of contamination during processing and analyz-
ing the samples cannot be ruled out for TDFe in CTIR1803.

CTIR1804 was located closer to the spreading axis over the inner flank site. Similar to cast CTIR 1803, only
weak turbidity and ORP anomalies were detected ~200 m above the seafloor (Figure 7). ORP is a highly sen-
sitive proxy for hydrothermal venting, especially for detecting particle-poor low-temperature diffuse vents
(Baker et al., 2016). The weak plume signal was consistent with observations of only bacterial mat, dead
shells, and weak diffuse flow (detectable only by ORP anomalies near the seafloor) in this region.

4.3. Segment 3

Along Segment 3, including the extended NTD (3-1), significant plume anomalies were detected in previous
works (Figure 2, Son et al., 2014). Although a particle plume signal (ANTU) was observed along the spread-
ing axis of Segment 3-1 (i.e., near 10°40’S in Figure 2), no hydrothermal alteration or hydrothermal precipi-
tates were observed during camera tows in 2018. In addition, no vent field was found during the camera tows
at the site of plume signals near 11°20’S, 66°26'E at the southern end of the extended offset where the plume
signature (ANTU) was most intensive during the previous surveys (Son et al., 2014). Although no vent field
was identified, hydrocast CTIR1812 was completed at 11°19.1'S, 66°26.7'E near the site of highest plume sig-
nal seen by Son et al. (2014), and a plume was still present in a thin, but well-defined, layer between 2,990
and 3,070 m water depth (~170 m above bottom) (Figure 7). The decrease in light transmission (maximum
ANTU = 0.01) was accompanied by a significant ORP anomaly (AE ~ —20 mV), and water samples were
characterized by elevated DFe and TDFe (up to 29 nM), TDMn (up to 6 nM), and high dissolved methane
(up to 22 nM), suggesting the possibility that high-temperature venting at this site remains to be identified
by future work.

The active hydrothermal vent field (OVF) was discovered ~11 km off-axis near the summit of OCC 3-2 at
11°24.9'S, 66°25.4’E at 1,990-2,170 m water depth, where a methane-only anomaly was detected in the pre-
vious surveys (i.e., Son et al., 2014, Figure 2). Around the OVF, small chimneys, altered rocks, and Fe-oxide
crust were widely distributed in an area approximately 100-150 m diameter. Abundant vent organisms,
including hairy snails, mussels, barnacles, shrimps, and crabs formed several clusters within the vent field
(Figure 3). The OVF showed typical zonation from the outer alteration zone with Fe-oxide crust to a diffuse
zone with abundant dead shells, and the active zone with living fauna in the middle of vent field (Figures 3
and S4). Clear fluid was noticeably venting among clusters of dead shells and living fauna, producing intense
ORP anomalies (AE > —150 mV). The fluid usually effused out from the fissures of basement rock fissures,
and no typical chimney structures were observed.

Mineralized samples collected by TV grab at the OVF (Segment 3 OCC 3-2) were disseminated sulfide assem-
blages (Figure 6) with barite precipitated in the outer zones of the samples. Sulfides and Fe- and
Mn-oxyhydroxides were precipitated along the joints of brecciated rock fragments. Samples collected by rock
dredges were mainly breccia-type sulfides and fragments of serpentinized mantle rocks. Some breccia-type
sulfides displayed thin greenish layers of Cu-bearing secondary minerals. Occurrence of secondary Cu
minerals implies that (1) the hydrothermal system might be affected by high-temperature fluids at least
beneath the site although plume data indicate low-temperature, diffuse venting is dominant or (2)
high-temperature venting was present in the past but the site is now waning.

The plume over the OVF site (CTIR1809; Figure 7) was particle-poor (max. ANTU = 0.002) but characterized
by a significant ORP anomaly (AE = —20 mV) ~ 100 m above the bottom (1,940-2,030 m depth interval),
with corresponding increases in DFe, DMn, and methane. The dissolved methane concentration at this site
(up to 53 nM) was the highest of all plume sites sampled during this study. The OVF is located at the summit
of OCC 3-2, and thus, the high methane concentration suggests that serpentinization of the ultramafic rocks
comprising the OVF basement influences fluid composition. The location of OVF appears to be the source of
one of the shallow, methane only “hydrochemical” plumes detected near the massifs along the MCIR by Son
et al. (2014). It is important to note that similar to CTIR1803 (Segment 2), cast CTIR1809 had unusually high
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Figure 8. (a) Photographs of dominant (>2% of total occurrence) macrofauna collected from the OVF (upper panel). (b) Clustering analysis using group-average
linkage for presence/absence records of hydrothermal vent animals across six vent fields in the Indian Ocean (lower panel). Connected red lines indicate the same
group by SIMPER analysis (p < 0.05). Presence/absence data for hydrothermal vent animals at five vent fields complied from Copley et al. (2016).

concentrations of TDFe in samples from the plume depth yet very low DFe concentration, implying a high
percentage of TDFe should be in the particulate phase. This result is inconsistent with the absence of
turbidity and the observation of clear fluids venting at OVF, which suggest that Fe would more likely be
in the dissolved phase. Therefore, as with CTIR1803, we cannot rule out contamination during processing
or analyzing this sample.

We identified 21 macrofaunal taxa in samples collected from the OVF (Table S1). The macrofauna are
visually dominated by the mussels Bathymodiolus marisindicus (31.1%) and Bathymodiolus sp.1 (10%), and
the stalked barnacle Neolepas marisindica (24.2%) (Figure 8). Six species, Gigantidas n. sp., Alvinocaris mar-
kensis, Paralepetopsis ferrugivora, Lepetodirilus sp. C, Nereis sp., and Branchipolynoe seepensis are not known
in other known vent fields in the Indian Ocean. Three species were previously known to appear in only one
other vent field (i.e., Archinome sp. indet. Edmond in the Edmond field [CIR], Branchipolynoe spp. CIR in
the Kairei field [CIR], and Hesiolyra cf. bergi in the Longqi field [SWIR]). Among the 21 species at the
OVF, 14 species are known to appear at active vent fields on the CIR, while six species are found at the
Longqi vent field on the SWIR (Table S1).
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In total, 65 nematodes appeared at the OVF, which consisted of 2 classes, 7 orders, 12 families, and 24 genera
(Table S2). Genera of nematodes with the highest density were Halalaimus spp. (nine individuals) and
Cobbia spp. (seven individuals), and there were 11 genera with two to six individuals
(Paralongicyatholaimus spp., Richtersia spp., Aponema spp., Molgolaimus spp., Daptonema spp., Linhystera
spp., Desmoscolex spp., Araeolaimus spp., Pselionema spp., Oxystomina spp., and Wieseria spp.).
Halalaimus spp. was the dominant genus at the OVF (13.8% of individuals). Cobbia spp. was the second most
abundant genera (10.8% of individuals), and both these genera were more than 10% of the total nematode
density. There were eight genera with a density of only one individual (Cyatholaimus spp., Bolbolaimus
spp., Spirinia spp., Gnomoxyala spp., Southerniella spp., Filoncholaimus spp., Adoncholaimus spp., and
Enoplolaimus spp.).

The most abundant families of nematodes were Xyalidae and Oxystominidae. Xyalidae was the dominant
family at the OVF (23.1% of individuals), and Oxystominidae was the second most dominant (21.5% of indi-
viduals). These two families accounted for about 45% of all specimens at the OVF.

5. Discussion
5.1. Diverse Locations of the Hydrothermal Vent Fields

On medium and fast spreading ridges, hydrothermal plume incidence is generally related to spreading rate
and the presence of axial magma chambers (Baker, 2009). Active vents tend to be located within relatively
narrow along-axis neovolcanic zones at segment topographic highs (Baker & German, 2004). Slow spreading
ridges are more complex geological settings characterized by broad, deep axial valleys; a variety of axial offset
types; and detachment faults leading to more diverse vent locations (Fouquet et al., 2010; German
et al., 2010). For example, along the MAR, hydrothermal vents have been identified on neovolcanic axial
ridges (Snake Pit, Gente et al., 1991; Lucky Strike, Fouquet et al., 1995), at the intersection of axial valley
faults (TAG, Rona et al., 1986), on valley walls (Logatchev, Bogdanov et al., 1995; Moytirra, Wheeler
et al., 2013), at NTDs (Rainbow, Charlou et al., 2002), and entirely outside the axial valley (Lost City,
Kelley et al., 2005; Nibelungen, Melchert et al., 2008). MAR hydrothermal vent fields also occur in associa-
tion with different rock types including basaltic-hosted sites (Snake Pit and Lucky Strike), mixed influence
sites of mafic and ultramafic rocks (Rainbow, Logatchev, TAG, and Nibelungen), and purely ultramafic sys-
tems (Lost City), reflecting their locations at complex ridge settings.

The CIR, with spreading rates ranging from slow to intermediate, has morphological features similar to slow
spreading ridges. The four previously known hydrothermal vent fields identified along the CIR include both
basaltic-hosted systems (Dodo, Solitaire, and Edmond) and an ultramafic-hosted system (Kairei)
(Kawagucci et al., 2016; Okino et al., 2015). The newly identified (by this study) hydrothermal vent fields
occupy different morphological settings at each segment (Figure 9). The hydrothermal vent field on
Segment 1 is located on the wall of a depression on the west flank of the axial valley associated with an
OCC (Figure 9a). Occurrence of gabbroic blocks observed near the vent field and sampling of gabbroic
and serpentinized peridotite at this site indicate the hydrothermal activity might be influenced by ultramafic
rocks. However, the location of the vent field, which is relatively close to the ridge axis, suggests a mixed
influence of mafic and ultramafic host rock on the formation of this hydrothermal system.

The two vent fields discovered on the ridge flanks of Segment 2 are located on typical abyssal hill structures
of a symmetrical ridge section (Figure 9b). Basaltic pillow lavas observed near these vent fields support that
they are basaltic-hosted hydrothermal systems, although both sites are located outside of the axial valley.
Vent sites on Segment 2 had weak plume signals, but OPR, Fe, Mn, and CH, all indicated venting was still
active. Active low-temperature, diffuse venting was confirmed by the occurrence of near-bottom ORP
anomalies, bacterial mat, shells, and hydrothermal precipitates typical of low temperature formation such
as Fe-oxides and amorphous silica. As both sites were away from the neo-volcanic zone (i.e., magmatic heat
source), such diffuse venting may result from mixing of high-temperature fluids with downwelling seawater
via the highly permeable fault zone of the ridge flank area. Diffuse venting is expected to be common along
ridge crests and on ridge flanks, and the presence of off-axis vent fields as far as 9 km distant from the ridge
axis of Segment 2 suggests that widespread diffuse flow on ridge flanks would has been underestimated.
Observation of variously sized broken chimneys and possible massive sulfide mounds implies formation
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Figure 9. Three-dimensional perspective views of the hydrothermal vent fields discovered on Segments 1-3 (a-c,
respectively). Locations of hydrothermal vent fields are marked with red stars. Plume-only site on Segment 3 is
marked with black star. White dotted lines and red lines indicate inferred boundary of OCC and breakaway, respectively.
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by high-temperature venting in the past. More sampling is required to understand the history of these
off-axis vent fields.

Among the vent fields identified by this study, the OVF, an active vent field with abundant vent fauna,
occurred at a distinctive location situated at the summit of OCC 3-2, at a distance of ~11 km from the axial
neo-volcanic zone and a shallower depth (~2,000 m) than the other sites (Figure 9¢). Only gabbroic and ultra-
mafic rocks were collected during rock sampling by TV grab and dredges. The lack of particulates in the
plume, along with high methane with negligible dissolved metals concentrations, suggests that the OVF is
an ultramafic-hosted hydrothermal system driven by the heat of serpentinization reactions. However, preci-
pitation of disseminated Cu, Fe, and Zn sulfides with silica in the vent field suggests that the hydrothermal
fluids are not formed solely by serpentinization but require other heat sources and water-rock interactions
as well.

Overall, the location and style of the OVF appear to be similar to the Von Damm Vent Field (VDVF) on the
Mid-Cayman Spreading Center, which is located at a shallow depth of 2,280 m on the upper slope of an OCC
(Connelly et al., 2012; Hodgkinson et al., 2015). Hodgkinson et al. (2015) proposed that hydrothermal circu-
lation driven by residual heat from uplifted lower crust and upper mantle can explain the particle-poor
hydrothermal plume, intermediate temperature, and low concentration of dissolved metals in the vent fluid
of the VDVF. More recently, Harding et al. (2017) showed a low seismic velocity anomaly below the VDVF
and argued that the heat source driving venting is either magmatic sill intrusion or lithospheric heat, which
may also be possible heat source(s) at the OVF.

5.2. Chemical Compositions of the Hydrothermal Plumes at Different Locations

The diverse styles of hydrothermal venting along the CIR, as expressed by fluid composition, especially ele-
mental ratios such as Fe/Mn and CH,/Mn, reflect the differing rock compositions and vent site locations
(relative to the spreading axis). Fe and Mn are two of the most enriched metals in hydrothermal fluids.
However, they show different behavior upon mixing with seawater. Particulate Fe is formed mainly by pre-
cipitation of sulfide phases and Fe-oxyhydroxides, which removes up to 50% of the total dissolved Fe
(German & Seyfried, 2014). Unlike Fe, Mn remains predominantly dissolved in the nonbuoyant plume
and thus can be transported long distances. Fe/Mn of high-temperature hydrothermal fluids and plumes
typically ranges between 1 and 7 in mid-ocean ridge systems (Baker et al., 2002; Von Damm, 1990), while
low Fe/Mn values (<1) are generally found in lower-temperature hydrothermal fluids and diffuse vents, a
result of selective removal of Fe in the subseafloor.

The plumes over these four newly discovered vent sites had DFe/DMn values of 3.40 to 5.60, within the typi-
cal range of mid-ocean ridge hydrothermal system (Figure 10). TDFe/TDMn values (8.64 and 5.41) of
CTIR1802 and CTIR1812 were higher than DFe/DMn (3.88 and 3.98) in the same plume samples and were
attributed to the majority of Fe in the plume being in the particulate phase (i.e., as Fe-sulfide and/or
Fe-oxyhydroxide particles) (Table 1). Differences in DFe/DMn among the four vent fields were insignificant.
Although the OVF had a slightly higher DFe/DMn ratio (5.60), DFe and DMn concentrations were 1-2 orders
lower than at the other vent fields (Figure 10). Low concentration of DMn in plume water at the OVF cannot
be attributed to sulfide precipitation in the subseafloor. Rather, vapor enrichment by subsurface boiling of
fluids is a more plausible process for high dissolved methane paired with low DFe and DMn concentrations.
Alternatively, high metal concentrations are not expected from a site associated with serpentinization.

CH,/DMn ratios in the hydrothermal plumes varied from 0.30 (Segment 1) to 36.2 (OVF, Segment 3), sug-
gesting different types of hydrothermal venting (Table 1). Ultramafic hosted hydrothermal systems have
high concentrations of CH, and H, resulting from serpentinization reactions during the circulation of water
through ultramafic rocks (Charlou et al., 2002). The high CH4/DMn in plumes at the OVF (36.2) and
CTIR1812 (4.28) on Segment 3 coincides with their location on ultramafic massifs.

Although the vent field on Segment 1 was located on the slope of an OCC, the low CH,/DMn values were
similar to those of basaltic-hosted hydrothermal systems (Figure 10). The high particle anomaly along with
high TDFe and TDMn concentrations indicates high-temperature hydrothermal activity was present on
Segment 1, even though it was not directly observed. The Segment 1 vent field was located within the rift
valley, close to the ridge axis (<4 km), so an axial magma chamber or other intruded hot basaltic rock might
be a plausible heat source in addition to hot gabbroic pluton (McCaig et al., 2007). If hydrothermal fluids are
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Figure 10. Chemical analyses of water samples from CTIR1802, CTIR1803, CTIR1809, and CTIR1812. (a) Dissolved CH,4 versus TDMn concentrations.

(b) Dissolved CH,4 versus DMn concentrations. (c) TDFe versus TDMn concentrations. (d) DFe versus DMn concentrations. Only samples from the plume core
depth were used for the plots. TDFe data for samples from CTIR1803 and CTIR1809 are not included due to possible contamination. The dashed lines in
dissolved CH,4 versus Mn concentrations show the trends for Rainbow (MAR) (Charlou et al., 2002), Logachev (MAR) (Schmidt et al., 2007), Edmond (CIR)

(Gallant and Von Damm), and EPR 23-32°S (Gharib et al., 2005) vent fields.

heated by basaltic magma and discharged through a highly permeable fault zone without significant
interaction with peridotite beneath the fault zone, the composition might be inherited more from basaltic
host rock than from the ultramafic rocks, as McCaig et al. (2007) proposed for the formation of TAG-type

vents.
Plume samples from the vent field identified on Segment 2 had CH,/DMn of 0.66, which was similar

but slightly higher than that for basaltic-hosted sites on the EPR or CIR (Kawagucci et al., 2008,
2016). Some methane input processes, such as deep penetration of hydrothermal fluids to gabbroic
intrusion, high volatile degassing, microbial methanogenesis, and thermal decomposition of organic car-
bon, can be considered for the apparent high CH4/Mn ratios. Considering the low concentration of CH,
at the site, however, methane input to the Segment 2 site appears to be relatively insignificant.

5.3. Vent Fauna of the OVF

Vent fauna of the Central Indian Ocean are known to define one of the six main biogeographical provinces
of the global mid-ocean ridge system (Shank, 2004; Van Dover et al., 2002). The Indian Ocean has been sug-
gested as a corridor for dispersal of vent animals between the Atlantic and Pacific oceans (German
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et al., 1998). Desbruyeres et al. (2007) proposed a potential past dispersal pathway via the SEIR, Macquarie
Ridge, and Kemadec Arc to explain a relatively close connection between the western Pacific back-arc and
CIR vent fauna. A recent study on stalked barnacles collected from the Kairei and Solitaire vent fields, how-
ever, provided molecular phylogeographic evidence against the “corridor” hypothesis and suggested that the
vent fauna migrated from the Pacific Ocean to the Indian Ocean through the Southern Ocean (Watanabe
et al., 2018). Considering the limited number of well-studied active vent fields in the Indian Ocean
(Kairei, Edmond, Solitaire, and Dodo on the CIR and Longqui on the SWIR), compared to >250 active vent
fields worldwide (Beaulieu et al., 2013), the vent fauna of the Indian Ocean are not fully described yet, and its
biodiversity is likely underestimated (Watanabe & Beedessee, 2015). Thus, the discovery of OVF can provide
new insight to understanding faunal distributions and biogeographical relationships in the Indian Ocean.

Among the 21 macrofauna species collected at the OVF, six species were not yet described at the known active
vent fields in the Indian Ocean (Table S1). Faunal composition of the OVF also shows variation from other
Indian Ridge vent fauna. For example, some abundant species representing phylum in the CIR, including
Archinome jasoni (Annelida), Chrysomallon squamiferum (scaly-foot gastropod), and Phymorhynchus sp.
(Mollusca), were not found in the OVF. On the other hand, most Arthropoda including Rimicaris kairei,
the most abundant animal found at the known vent fields of the Indian Ocean, Mirocaris indica,
Austinograea rodriguezensis, Munidopsis laticorpus, and an endemic bivalve, Bathymodiolus mariindicus,
were also found at the OVF.

A new vent mussel species sampled from the OVF was recently described and named Gigantidas vrijenhoeki
n. sp (Jang et al., 2020). This is the first report of Giantidas mussels in the Indian Ocean. Gigantidas species
also distributed in the Atlantic and western Pacific. Jang et al. (2020) showed that the Gigantidas species of
the Atlantic exhibit a closer genetic relationship with some Gigantidas species of the western Pacific than to
the OVF G. vrijenhoeki n. sp., which is another example against the “corridor” hydpothesis.

Cluster analysis of hydrothermal vent animals across six vent fields in the Indian Ocean shows similarity less
than 40% between the OVF and other vent fields on the CIR (Figure 8). Although the analysis shows that the
fauna at Dodo is most different from other vent fields, the data are limited since only four species were
reported at the Dodo vent field.

Recently, interest in meiofauna inhabiting deep sea hydrothermal vents has been increasing, and several
studies have been reported (Copley et al., 2007; Cuvelier et al., 2014; Degen et al., 2012; Gollner et al., 2013;
Sarrazin et al., 2015; Zekely et al., 2006). Previous studies of meiofauna in hydrothermal vents were mostly
conducted on the East Pacific Rise (EPR), the West Pacific (WP) back-arc basins, and the MAR (Vanreusel
et al., 2010). Few investigations on meiofauna have been reported for the hydrothermal vents of the Indian
Ocean. In the hydrothermal vents of the EPR, MAR, and WP, the dominant nematode is the Family
Monbhysteridae, genus Thalassomonhystera. However, nematodes collected from the OVF did not include
Family Monhysteridae specimens. The most dominant nematode in this study, Halalaimus spp., is known
as a species that is common in the nonvent field deep sea environment (Hauquier et al., 2019). As only
one sediment sample for meiofauna was available from the OVF in this survey, further investigation is
required to understand meiofauna composition in the OVF.

The OVF is located more than 800 km from previously known vent fields on the CIR, though the plume sur-
veys of Son et al. (2014) suggest there are additional active sites on the MCIR segments south (12°S to 17°S) of
Segment 3, and some may be very similar to OVF. Considering its isolated location, relatively shallow depth,
and metal-poor/methane-rich vent fluid, the vent fauna of the OVF adds valuable information to understand
the relatively unknown ecology and biogeography of Indian Ocean hydrothermal vents. Further investiga-
tion on faunal assemblages including new species, molecular analyses, and stable isotope composition of
taxa in the OVF are required.

6. Conclusions

During the exploration for hydrothermal venting along the slow- to intermediate- spreading ridge segments
of the CIR between 8°S and 12°S, four active hydrothermal vent fields have been confirmed by seafloor
visual observation and sampling.
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The Segment 1 hydrothermal vent field is located on the base of an OCC, <4 km from the spreading axis.
Although only one diffusely venting chimney was observed by camera tows, the water column plume data
(particle, ORP, Fe, Mn, and CH,) indicate the likely presence of high-temperature venting at this site. The
plume had a low CH4/DMn value (~0.3), similar to those of basaltic-hosted systems despite its location on
the slope of an OCC, so the heat source is likely magmatic (axial magma chamber or lateral dikes) and its
location controlled by fluid pathways associated with tectonic extension and development of the OCC.

On Segment 2, two hydrothermal vent fields were located on axis-parallel abyssal hills, typical of symmetri-
cal ridge sections at distances of 6 and 9 km from the ridge axis, respectively. Weak particle and ORP anoma-
lies along with low dissolved metals and CH,4 concentrations in the plumes over each field are consistent
with the low-temperature, diffuse venting detected during camera tows. Hydrothermal mineralization was
primarily silica rich. The presence of vent fields as far as 9 km distant from the ridge axis is consistent with
the expectation that widespread diffuse flow may be more common on ridge flanks than has been previously
demonstrated and that crustal cooling by seawater infiltrates highly permeable off-axis fault zones. Our
results that all newly discovered active vent fields in this study were located off-axis highlight the importance
for future explorations on slow to intermediate spreading ridges with broad axial valleys to include off-axis
flank areas in their surveys.

The OVF, with abundant vent animals, was discovered at the summit of OCC 3-2 on Segment 3 (OVF).
Water column plumes from the OVF were characterized by a large ORP anomaly, high dissolved CH,,
and low dissolved metal concentrations with only very small or absent particle anomalies, consistent with
low-temperature venting hosted by ultramafic rock. However, disseminated sulfide assemblages and second-
ary Cu minerals associated with hydrothermal precipitates suggested the hydrothermal system might be
affected by lithospheric and/or magmatic heat as well as serpentinization. Among the identified 21 macro-
faunal taxa, six species were not documented at previously known vent fields in the Indian Ocean. The iso-
lated location and unique venting style of the OVF can provide valuable information toward understanding
the ecology and biogeography of Indian Ocean hydrothermal vents.

Data Availability Statement

Bathymetric and water column data are available at the Mendeley Data repository (https://doi.org/10.17632/
nm2sbbjx59.1).
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