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Abstract: Non-transform discontinuity (NTD) is one category of tectonic units along slow- and
ultraslow-spreading ridges. Some NTD-related hydrothermal fields that may reflect different driving
mechanisms have been documented along slow-spreading ridges, but the discrete survey strategy
makes it hard to evaluate the incidence of hydrothermal activity. On ultraslow-spreading ridges,
fewer NTD-related hydrothermal activities were reported. Factors contributing to the occurrence of
hydrothermal activities at NTDs and whether they could be potential targets for hydrothermal explo-
ration are poorly known. Combining turbidity and oxidation reduction potential (ORP) sensors with
a near-bottom camera, Chinese Dayang cruises from 2014 to 2018 have conducted systematic towed
surveys for hydrothermal activity around a large NTD along the ultraslow-spreading Southwest
Indian Ridge (SWIR, 48.1-48.7° E). Five new potential hydrothermal anomaly sites (2 inferred and
3 suspected) of high or low temperature and the previously inferred Sudi hydrothermal field occurred
in diverse morphotectonic settings along a 78 km long ridge axis. The calculated vent frequency
(Fs, sites/100 km) was ~7.7 over the entire study area, higher than the modified value (Fs ~ 6.5)
between 48 and 52° E of SWIR. Even only for the 54 km long large NTD, three hydrothermal anomaly
sites yielded an Fs of ~5.6, which is higher than that of most ridge sections and is comparable to
some fast-spreading ridges with high-resolution surveys. This indicates that NTDs along ultraslow-
spreading ridges could be promising areas in fertilizing hydrothermal activities. Moreover, the deeply
penetrating faults on the rift valley walls and strain-focused areas may contribute to the formation of
NTD-related hydrothermal circulations. We suggest that NTDs along ultraslow-spreading ridges may
be potential targets for further exploration of hydrothermal activities and seafloor sulfide deposits.

Keywords: hydrothermal activity; turbidity and ORP sensors; non-transform discontinuity; ultraslow-
spreading ridge; Southwest Indian Ridge

1. Introduction

Seafloor hydrothermal activity occurs along oceanic spreading ridges (OSRs) at var-
ious spreading rates [1]. It is a dominant agent in the transfer of energy and material
between the inner earth and the ocean, thus playing a key role in the oceanic chemical
cycle and supplying energy to deep-sea biological communities as well as the formation of
seafloor polymetallic sulfide deposits [2—4]. There is a global trend model showing that
the vent spatial frequency is a positive linear function against the spreading rate (that
is, the long-term magma budget) of OSRs [1,5,6]. Vent frequency—i.e., the number of
vent sites along a 100-km ridge length (Fs, sites/100 km)—is a qualitative index of the
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distribution of hydrothermal activity. According to this model, ~400 hydrothermal fields
remain undiscovered along slow- (20-55 mm/yr) and ultraslow-spreading (<20 mm/yr)
ridges—particularly for the latter, along which ~130 hydrothermal fields will be located,
occupying more than 50% of the total sulfide resource of the global mid-ocean ridges
(MORs) [2,7].

It has been widely accepted that magmatism and tectonism are two vital factors in
controlling the distribution of hydrothermal activity [1,8-10]. On fast and intermediate
(>55 mm/yr) OSRs, hydrothermal venting is generally related to the spreading rate and
the presence of axial magma chamber beneath the axial volcanic ridges [1,11,12]. On slow
and ultraslow OSRs, however, the distribution of hydrothermal activity appears to be more
controlled by tectonism due to the more complex geology [9,10,13-17]. Hydrothermal
venting fields preferentially occur in axial valley walls and asymmetrically spreading
areas where the oceanic spreading is accommodated by tectonic extension [15,18]. In these
areas, long-lived downward dipping faults provide necessary conditions for hydrothermal
circulations [4,19-21].

Non-transform discontinuity (NTD), characterized by reduced melt supply and ac-
companied by widespread tectonic activities, is one category of tectonic units along slow
and ultraslow OSRs [8,18,22]. Based on the global trend model, NTDs were considered
devoid of hydrothermal activity due to their weak thermal budget [5]. However, along the
slow-spreading Mid-Atlantic Ridge and Central Indian Ridge, 10 NTD-related hydrother-
mal fields have in fact been documented on oceanic core complexes massif associated
with detachment faults, on volcanic edifices at the central part of NTDs and on off-axis
lineament faults [23]. Based on the type of heat source, they may reflect different driving
mechanisms, including heat supplied by serpentinization of ultramafic rocks (e.g., Sal-
danha [24]), by local magmatic sources (e.g., Daxi [23]; Puy des Folles [25]) or by both
together (e.g., Rainbow [26]) as well as by residual heat mined from deep crustal and
mantle rocks (e.g., Nibelungen [27]). However, the discrete survey strategy makes it hard
to evaluate the incidence of hydrothermal activity of NTDs. In contrast to slow OSRs, the
size of NTDs along ultraslow OSRs is generally larger due to the more starved magma
supply at segment ends and the larger spacing between spreading cells [22,28], and thus
they account for a certain fraction of the total ridge length. Due to limited surveys and com-
plicated geological settings, however, only one inactive ultramafic-hosted hydrothermal
field on a detachment fault (i.e., Tianzuo [29]) has been confirmed at NTDs along ultraslow
OSRs. It remains unclear along ultraslow OSRs which factors contribute to the occurrence
of hydrothermal activity at NTDs and whether they could be potential areas in fertilizing
hydrothermal activities.

In this study, the detailed hydrothermal exploration results between 48.1 and 48.7° E
on a central part of the ultraslow-spreading Southwest Indian Ridge (SWIR) are described.
A tectonic unit of NTD is located in this area. Our exploration covered an area of nearly
900 km? on rift valleys and ridge flanks by conducting deep-towed survey lines. Evidence
for hydrothermal activity was found on the axial rift valley, rift valley wall and ridge
flank. Based on these above data, the possible geological processes contributing to the
formation of hydrothermal activity are discussed as well as the incidence of hydrothermal
activity. These will enrich our understanding of hydrothermal activities on OSR systems
and provide indications for hydrothermal investigations and prospecting for seafloor
sulfide deposits.

2. Geological Setting

The SWIR, extending ~7700 km from the Bouvet triple junction eastward to the
Rodrigues triple junction, is classified as an ultraslow-spreading ridge with a full spreading
rate of 12-18 mm/yr [30]. The ridge section between the Indomed and Gallieni Transform
Faults (In-Ga TFs) along the SWIR is a first-order supersegment that is offset by a series
of NTDs. Based on the position of the center of present magmatic and tectonic activity,
Cannat et al. (1999) and Li et al. (2020) divided the Indomed-Gallieni supersegment into
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10 second-order segments, numbered 25-34 from east to west [17,31] (Figure 1a). Similar to
segments 20-22 (56°40'-52°06’ E) east of the Gallieni TF [22], segments 30-32 alternate with
two N45-50° E-trending, deep, 15-20 km wide troughs corresponding to NTDs, which
offset the axis by approximately 35 and 32 km, respectively (Figure 1a). Sauter et al. (2001)
considered an NTD with an offset larger than 15 km as a large NTD, which is marked by a
mantle Bouguer anomaly (MBA) high [22]. Two large NTDs in the oblique ridge section
have a length of 54 and 48 km along strike of ridge axis, respectively (Figure 1a).
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Figure 1. Geological background of our study area on SWIR. (a) Bathymetry, segmentation and
hydrothermal sites between Indomed and Gallieni TFs. (The bathymetry is from multibeam sonar
data by Chinese Dayang cruises.) The top-left inset shows the location between the In-Ga TFs. SWIR:
Southwest Indian Ridge; CIR: Central Indian Ridge; SEIR: Southeast Indian Ridge; BTJ: Bouvet triple
junction; RTJ: Rodrigues triple junction. (b) Detailed bathymetry of our study area. Labels are the
names of survey lines, marking the start point (line NL04 is divided into 2 parts owing to the change
in heading direction, and the black dot is the turning point). The study area is divided into 4 regions
according to the distribution of deep-towed survey lines (i.e., northern, southern, western and eastern
regions, marked by the first letter in name of survey line). White boxes with numbers 1, 2 and 3
denote the areas shown in three-dimensional view presented in Figures 7, 8 and 9, respectively. NTU
denotes Nephelometric Turbidity Units and ORP denotes the oxidation reduction potential. Note
that normal faults are only analyzed from bathymetry data and do not represent entire faults of our
study area, and the mode-E faults have greater heaves and spacings than mode-C faults do (the
names of these 2 mode faults are simplified from Center-mode fault and Ending-mode fault, which
are defined by Benh and Ito, 2008 [32]) (faults data from [33]).
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The study area, consisting of the western end of segment 30, the 54 km long large
NTD and the eastern end of segment 31 (Figure 1b), is located between segments 30 and 31
(red dotted box in Figure 1a). The ridge axis of the study area is an “S”-shaped strike with
rugged terrain (Figure 2). Along the strike of the ridge axis, the study area has a total ridge
length of ~78 km, and the water depth varies from ~4000 to 2750 m. The large NTD has an
along-axis relief (AR) of 1040 m and an MBA variation (AMBA) of 66.5 mGal (Figure 2),
indicating that there is a significant difference in magma supply. Consequently, the large
NTD is further separated into western and eastern parts (Figure 2). There are two localized
axial topographic highs with relief around 450-500 m at two ends of segment 30 (48.63° E
and 48.82° E) [34], indicating a locally focused melt supply. Liu et al. (2020) identified a
series of west—east strike normal faults in our study area by analysis of bathymetry data,
including tens of mode-C faults and two mode-E faults, and the latter have greater heaves
and spacings [34] (Figure 1b). The previously reported Sudi hydrothermal field (48.6° E) is
an inferred field on the southern rift valley wall of segment 30 (Figure 1b) [35].
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Figure 2. Along-axis topography and MBA of the study area (data from [36]). The profile is separated
into 4 sections along the strike of the ridge axis (i.e., along the red lines and the white dotted line):
Ee31 marks the eastern end of segment 31, WNTD marks the western part of the large NTD, ENTD is
the eastern part of the large NTD and We30 denotes the western end of segment 30. The projection of
hydrothermal anomaly sites perpendicular to the ridge axis is shown between 2 panels. Gray dotted
lines represent the average value of each section. For clarification and differentiation of suspected
sites and inferred sites, see Section 4.2.

3. Data and Methods

During 2014-2018, the 30th, 39th and 49th Chinese Dayang cruises conducted detailed
surveys by using a deep-towed hydrothermal detection system (DHDS; [17,37-40]) to
explore hydrothermal activity in our study area. In this study, the DHDS employed
included a deep-towed body with real-time video, a camera and an ORP sensor, as well as
2-6 Miniature Autonomous Plume Recorders (MAPR) or RBR turbidity sensors (produced
by RBR Company) attached along a connected cable within 300 m above the deep-towed
body. Sixteen DHDS survey lines with a spacing of 3-5 km covered an area of approximately
900 km? between segments 30 and 31. We divided our study area into four regions (i.e.,
northern, southern, western and eastern regions, marked by the first letter in the name of
the survey line in Figure 1b) according to the distribution of these survey lines. In order
to collect clear seafloor images, we kept the deep-towed body at 3-5 m altitude, although
micro-topographic variations resulted in both collisions with the seafloor and lifting > 5 m
altitude occasionally.
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The output voltage from the light backscattering sensors of MAPRs or RBRs is directly
equivalent to Nephelometric Turbidity Units (NTU) for detecting high-temperature and
particle-rich hydrothermal discharge. This type of hydrothermal discharge results in the
formation of “black smoker” plume, which can spread several to dozens of kilometers [3,14].
For data preprocessing, we respectively used 2-fold and 10-fold standard deviations as
thresholds to remove outliers of raw data twice within a 50-point data window. However,
there was still some noise in the data after preprocessing. Following the approach of
Goring and Nikora (2002) [41], we constructed an ellipsoid in three-dimensional phase
space by using the preprocessed data and the first derivative and second derivative of the
preprocessed data. Data points lying outside the ellipsoid were designated as noise and
were removed. Then, for the remaining data points, we calculated the 11-point moving
averages. Finally, in order to obtain anomalous Nephelometric Turbidity Units (ANTU),
we subtracted a background value for each MAPR or RBR by calculating an average NTU
value of seawater at 500-1500 m depth, which is above the plume depth during each tow.

Data from an ORP sensor can detect dissolved reduced chemical species (e.g., Fe*?,
H,S and H?) [42] from various hydrothermal discharge types, especially particle-poor
low-temperature diffused venting. ORP sensor responses result in an immediate decline in
voltage (dE), and the signal generally dissipates within ~1 km from the discharge source,
thus providing a more precise location of a discharge source than optical sensors can [3,6].
Owing to the electrode potential drifting of ORP sensors caused by changes in pressure,
temperature or electrode recovery following contact with reduced chemicals, raw ORP
values sometimes slowly change [3,6,39]; thus, we calculated the derivative of ORP to time
(dE/dt) every 25 s to differentiate real anomalies from slowly changing ORP values.

4. Results
4.1. Water Column Anomaly

Referring to the summaries of other hydrothermal vents’ anomaly values in the work
of Yue et al. (2019) [39], we used NTU and ORP anomalies to identify hydrothermal plumes
in our study area. In this paper, an NTU anomaly is a plume spreading more than 1 km
with the ANTU > 0.01. Comprehensive analysis of ORP and dE/dt values is used to
identify ORP anomalies [11]. An ORP anomaly is defined as an overall decrease larger
than 2 mv for any measurement of ORP value during consecutive measurements, with a
rate of decline (dE/dt) > 0.04 mv/s, that then begins a lengthy recovery [3]. Accordingly,
the whole path of an ORP anomaly response is a curve in sharp decline followed by an
upward trend, which results in a distinct downward tip [38,39]. Furthermore, multiple
ORP responses within 1 km are considered to result from a single discharge source [3].
Based on analysis of the NTU and ORP data, no water column anomaly was revealed in the
southern region, while two NTU and three ORP isolated anomalies from each other were
identified along 5 of the 12 DHDS survey lines (i.e., lines NL03, NL04-B, EL01, WL02 and
WLO03) in the other three regions (Figure 1b). Some ORP anomalies related to the hitting on
the seafloor of the towed body were excluded (orange dotted ellipses in Figure 3).

Four DHDS survey lines covered the northern region (Figure 1b). Based on the
mapping of plumes, no NTU anomaly was detected except for one ORP anomaly each
along lines NL0O3 and NL04-B (Figure 3a,b). The plume NLO3 has two obviously decreased
values in ORP (dE/dt) of —0.14 and —0.15 mv/s within 1 km, with ANTU values < 0.003
(Figure 3a). Only one ORP (dE/dt = —0.32 mv/s) drop of 5.37 mv is found around
48.34° E at a depth of ~2800 m along line NL04-B, although a ANTU value of approximately
0.007 presents in the whole mid-water layer (2600-2900 m) (Figure 3b).



J. Mar. Sci. Eng. 2021, 9, 825

6 of 18

a -9 0 =
== e
> -
E -100 -0.1 H
% -110 -0.2 g
-120 0.3
20007
E
< 25007
(=7
@
= ;
o ' _INL03
48.25°FE 48.30°E 48.35°E 48.40°E 48.45°E  48.50°E  48.55°E
b 13 0
10 -0.05—
- 5 -0.1 &
= M5
g 1 0.2 3
= 2 -0.25=
-5 1-0.3
25007
E -
=
=}
2
3000
48. 25°E 48. 30°E 48. 35°E
T N Tyrb(ANTU) ‘[ - |. | , =
0 0.005 0.01 0.015 0.02 0.025 St oo L) it Gl i

Figure 3. Hydrothermal plume distribution along DHDS lines. (a,b) The seafloor relief, ANTU, ORP
and negative dE/dt along lines NL0O3 and NLO04-B, respectively. The top blue line is ORP and the
top brown line is dE/dt. Note that the orange dotted ellipses are the incorrect records from the
ORP sensor caused by the towed body hitting the seafloor. The yellow band indicates an inferred
hydrothermal anomaly site, and the purple band indicates a suspected one. Both panels use the same

colorbar and legend.

In the eastern region, five DHDS survey lines were conducted to detect hydrothermal
activity (Figure 1b). Only one ORP anomaly was found along line EL01; the plume has a
decreased ORP (dE/dt = —0.18 mv/s) value of 5.36 mv (Figure 4). The Sudi hydrothermal
field is an inferred field [35]; however, the nearby ORP and turbidity data of the DHDS
survey lines do not reveal apparent anomalies (Figure 1b).

Different from the above two regions, the analyses of NTU and ORP data from survey
lines in the western region only revealed two NTU anomalies along lines WL02 and WL03
(Figures 1b and 5a,b). The WL02 plume, without an ORP anomaly, continuously spread
more than 4 km with a maximum ANTU value of nearly 0.04; however, the plume rising
height was only restricted to 60 m above the seafloor at a water depth ranging from ~2800
to 3000 m (Figure 5b,d). As for the plume WLO03, only the uppermost RBR (300 m above
the towed body) recorded an obvious NTU anomaly reaching 0.07 ANTU at a center depth
of ~2000 m, extending ~1.8 km from west to east (Figure 5a,c).
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Figure 5. Horizontal and vertical distribution of hydrothermal plume along DHDS lines. (a,b) The
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blue line is ORP and the top brown line is dE/dt. The yellow band indicates an inferred hydrothermal
anomaly site, and the purple band indicates a suspected one. Both panels use the same colorbar and
legend. (c,d) The vertical ANTU variation of lines WL03 and WL02, respectively; dots in various
colors represent different heights of turbidity sensors above the towed body. The transparent band

marks the depth layer of NTU anomaly.
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4.2. Category and Reliability of Hydrothermal Anomaly Sites

Compared to the surrounding seawater, hydrothermal plumes are rich in metallic
elements (e.g., Fe, Mn and Zn) and suspended particles (e.g., sulfides and oxyhydroxides)
and have higher temperatures [3,38,39,43—46]. Furthermore, hydrothermal altered rocks,
metalliferous sediments, consolidated carbonate sediments (called “seabed types anomaly”
in the paper of Yue et al., 2019 [39]) and fauna around vents are apparently different from
usual seafloor [47]. Tracers used for detecting hydrothermal plumes in the water column,
such as turbidity, ORP, temperature and dissolved Mn, Fe, CHy, H,S and SHe [3], together
with seabed types and hydrothermal vent fauna are the common criteria used to determine
the locations of hydrothermal fields and to identify the types (high-temperature focused or
low-temperature diffused) of hydrothermal discharge sites [37,48].

Here, by combing the characteristics of observed plumes with the recorded seafloor
images below them, we could infer the types of hydrothermal discharge sites that the
five newly identified water column anomalies derived from. As no vents or typical
hydrothermal products were observed, we used “suspected site” and “inferred site” to
clarify the reliability of our evidence to infer hydrothermal anomaly sites. Table 1 provides
detailed information of each site.

Table 1. Information of water column anomaly and seafloor surface.

Observed Plume

Site Site Tvoe Seafloor Surface Longitude Latitude Plume Rise Arll\(I)TnIil Agcl){rlr)\al dE/dt
Name M Description CE) CN) Length  Height y Y (mvls)
(ANTU) (mV)
(km) (m)
Inferred Fragments of pillow lavas,  48.55 —38.04 - - - -291 —0.14
NLO3 low-temperature consolidated carbonate
diffused site sediments 48.54 —38.04 - B B —658 —015
Suspected
NLO04-B low-temperature Pelagic sediments 48.34 —38.08 - - - —5.37 —0.32
diffused site
Suspected
ELO1 low-temperature Pillow lavas 48.61 —38.08 - - - —5.36 —0.18
diffused site
Suspected
WL02 low-temperature Pelagic sediments 48.36 —38.13 43 0-60 0.01-0.04 - -
diffused site
Inferred
WL03 high-temperature Breccia or debris 48.30 —38.19 1.8 >300 0.01-0.07 - -

focused site

4.2.1. Suspected Sites

In this study, a suspected site is supported by evidence of an OPR-only anomaly or by
evidence of a weak NTU-only anomaly (i.e., plume rising height < 100 m and maximum
ANTU value < 0.04; [38,39]).

Site NL04-B (48.34° E/38.08° S) and site ELO1 (48.61° E/38.08° S) are considered as
two suspected low-temperature diffused sites. The ORP-only anomaly implies that a low-
temperature diffused fluid flow generated from a low-temperature discharge source may
exist around each site (generally within 1 km) (Figures 3b and 4) [3,11,47,49]. Recorded
images of the seafloor show mainly sediments at site NL04-B (Figure 6a) and pillow lavas
with few sediments cover at site ELO1 (Figure 6b), and direct evidence related to typical
low-temperature hydrothermal activity was not observed.

Site WL02 is provisionally located at 48.36° E/38.13° S, where the 4.3 km long NTU
anomaly has the maximum ANTU value (Figure 5b). The seafloor underlying the NTU
anomaly is primarily covered by sediments (Figure 6c), though a few pillow lavas and
breccia with sediment cover were occasionally seen on steep slopes or in fractures. The
lowest RBR (on the towed body) recorded a maximum ANTU value of ~0.04, and therefore,
we cannot rule out the influence of the resuspended bottom sediments. However, the
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RBR at 60 m altitude also recorded an NTU anomaly of ~0.015 ANTU (Figure 5d), and we
inferred that this NTU anomaly may result from a discharge source with low heat flux 1 km
away. As a result, site WL02 is designated as a suspected low-temperature diffused site.

~20em ~50 ¢cm
E—— ——

~100 ¢em ~10e¢m
s |

Figure 6. Typical seafloor photos below observed plumes. (a) Pelagic sediments below NL04-B plume. (b) Pillow lavas with

few sediments cover below EL01 plume. (c) Pelagic sediments below WL02 plume. (d) Fragments of pillow lavas with

sediment cover and (e) consolidated carbonate sediments below NLO3 plume. (f) Breccia/debris with few sediments cover

below WLO03 plume.

4.2.2. Inferred Sites

In this study, an inferred site is supported by evidence of a significant NTU-only
anomaly (i.e., plume rising height > 150 m and ANTU value > 0.01; [38,39]) or by evidence
of an ORP-only anomaly accompanied by a possible seabed anomaly.

Site NLO3 is regarded as an inferred low-temperature diffused site. The detected
ORP-only anomaly with two potential drops between 48.54° E and 48.55° E implies that
a diffused fluid flow may be present (Figure 3a). Recorded images below the anomaly
primarily show fragments of pillow lavas with sediment cover (Figure 6d). However, con-
solidated carbonate sediments (Figure 6e) that may be associated with a low-temperature
hydrothermal process [50,51] were observed at 48.55° E.

The NTU anomaly from site WL03 was only detected by the uppermost RBR at a
depth of 1900-2100 m, which is more than 300 m above the seafloor (Figure 5a,c). The
true thickness of the hydrothermal plume and the location of its source are uncertain. The
observed plume in the western NTD is exactly above the top of the rift valley wall where a
south-facing mode-E fault was identified by Liu et al. (2020) [33] (Figure 1b). This mode-E
fault has a length of ~11 km and a heave of ~2.5 km, and the depth of its fault plane ranges
from 2200 to 2800 m (Figure 1b). Recorded images of the seafloor along the mode-E fault are
mainly breccia/debris with few sediments (Figure 6f), which is consistent with the analysis
of Liu et al. (2020) [33]. This indicates that the area has relatively higher permeability
generated by tectonic activity and is favorable for hydrothermal activity. Owing to the
rising height of the detected NTU anomaly >300 m, we inferred that it results from a typical
high-temperature “black smoker” plume whose source has a higher heat flux [3,11,17,38].
Generally, the rising height of a “black smoker” plume is no more than 500 m above the
seafloor [11,14,17,49,52-54]. According to the depth range of the detected NTU anomaly,
the inferred depth of its source ranges from ~2000 to 2500 m, which bins in the depth range
of the fault plane. Consequently, the discharge source of the observed plume is more likely
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located on the mode-E fault plane. We consider site WL03 as an inferred high-temperature
focused site and momentarily located it at 48.3° E/38.19° S, below the observed plume.

5. Discussion
5.1. Geological Processes Contributing to Formation of Hydrothemal Activities

The SWIR is characterized by a starved magma supply; however, locally enhanced
magmatism caused by focused melt injection and sufficient permeability generated by
tectonic activity provide conditions to drive hydrothermal circulation [9]. The confirmed
hydrothermal fields along the SWIR occur on segment centers, including Duangiao [55],
Tiancheng [56] and Mount Jourdanne [57], and on detachment faults of the rift valley walls,
including Yuhuang [58], Longgqi [9] and Tianzuo [29]. Our newly inferred hydrothermal
anomaly sites based on plume mapping and the previously reported SDF occupy various
morphotectonic settings (white boxes in Figure 1b) around the large NTD area (Figures 7-9).

5.1.1. Hydrothermal Activity on Western End of Segment 30

Three hydrothermal anomaly sites (i.e., NL0O3, ELO1 and SDF) are located on the
western end of segment 30 (Figures 1b and 7). Two low-temperature diffused sites, namely
site NLO3 (~4.6 km off-axis) and site EL01, are situated on an axial volcanic zone (Figure 7).
A previous study assumed that low-temperature diffused venting predominantly occurs in
association with high-temperature venting [59], whereas our detection of a water column
anomaly around this area does not reveal any information related to high-temperature
venting. We thus infer that these two low-temperature diffused sites are isolated diffused
venting. Isolated low-temperature diffused venting seems to not be uncommon along
ridge crests, which is supported by seafloor observations [3,6]. These include seawater
mixing with upwelling hydrothermal fluids within porous erupted volcanic layers as
well as systems evolving from high- to low-temperature discharge [60-62]. For the first
scenario, isolated low-temperature diffused venting seems to be governed by episodic
volcanic eruptions on regions with a thickened crust (~10 km) (e.g., Lilliput field [63]) or
with strong melt supply, such as a fast-spreading ridge [3,61], because a highly ductile
crust with a few deep fractures on these regions obstructs the seawater from reaching
deep enough to be heated adequately [47,63]. Taking the western end of segment 30 into
consideration, the first scenario could be precluded for an average crustal thickness of
only ~5.9 km [36]. Therefore, the two isolated low-temperature diffused hydrothermal
activities may be the result that previously existed hydrothermal systems have evolved
from high to low temperature. On the eastern end of segment 30, due to the locally focused
melt supply, a high-temperature hydrothermal plume has been identified [17,34]. Similarly,
the locally focused melt supply on the western end of segment 30 appears to provide a
moderate heat source for driving the hydrothermal circulation, although the melt supply
may have decreased to a present waning state. In addition, the SDF (~9.4 km off-axis) is
situated on the southern axial valley wall (Figure 7b)—this location is consistent with many
vent fields that are controlled by rift-bounding faults along slow- and ultraslow-spreading
ridges [10,19,21,64]. Consequently, we infer that the rift-bounding fault may be activated by
the locally focused melt supply and, therefore, act as pathway for channeling hydrothermal
fluids to off-axis areas [17,39].
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Figure 7. Distribution of hydrothermal anomaly sites for the western end of segment 30. (a) Distribu-
tion of hydrothermal anomaly sites in three-dimensional view. The transparent area indicates the
axial volcanic zone. (b) Distribution of hydrothermal anomaly sites in schematic profile perpendicular
to the ridge axis.

5.1.2. Hydrothermal Activity on the Western NTD

Site WLO03 is situated at the top of the northern rift valley wall of the western NTD
(white box with number of 2 in Figure 1b) and ~6.7 km off-axis (Figures 2 and 8). Similar
to the Taiji hydrothermal field [65], site WLO03 also occurs on an off-axis lineament fault
dipping into the NTD (Figure 8a). The ~2.7-km average axial crustal thickness of the
western NTD [36] indicates an area of significantly diminished magmatism, which is
responsible for the cooler and thicker lithosphere [30,66]. Conventionally, a cooler and
thicker lithosphere beneath this area would increase the depth of mantle partial melting
and, thus, retard the upwelling of magma from the melt injection zone (i.e., brittle-ductile
transition zone), and this area is expected to be devoid of hydrothermal activity due to
the weak thermal supply [5]. Under this circumstance, we propose that the mode-E fault
(Figure 8a) might be the dominant controlling factor for the high-temperature hydrothermal
activity in this area.

In a study of young off-axis volcanism on an oblique spreading amagmatic segment of
SWIR, Standish and Sims (2010) suggested that although the cooler and thicker lithosphere
caused the brittle-ductile transition zone to be deeper, the depth to which faults penetrate
would deepen as well. Therefore, the faults are likely to reach the melt injection zone and
provide pathways for the transportation of melt [67]. Moreover, numerical modeling of
the spreading environments where more than 50% of the accretion is accommodated by
tectonic extension (i.e., the fraction of magmatic accretion M < 0.5) also shows that long-
lived, large-offset normal faults can extend far away from the axis and are often rooted in
the brittle-ductile transition zone [68]. Liu et al. (2020) measured the fraction of magmatic
accretion, M, and the depth of rift valley, D, of each segment between the In-Ga TFs, and
the M and D in the northern flank of the western NTD are 0.38 and ~1.1 km, respectively
(segment 5 in that study) [33]. According to the analysis of Liu (2019) [36], this mode-E
fault with a heave of ~2.5 km and a D of ~1.1 km is continuously slipping. On this basis,
we infer that this mode-E fault may extend into the melt injection zone beneath the western
NTD, thus being the pathway for the high-temperature hydrothermal circulation. It has
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been widely acknowledged that a heat source of magmatic origin is required to sustain
high-temperature hydrothermal circulation [69]. In a detachment faulting system in the
Dragon Horn area (49.7° E on SWIR), Tao et al. (2020) revealed a deep high-temperature
hydrothermal circulation that is ~6 km deeper than the Moho boundary and proposed
that the melt zone in the lithospheric mantle might be the magmatic heat source [50]. In
addition, within extension-dominated rift valleys, fault-aided melt flow along pre-existing
fractures can supply ample magma to crustal levels, resulting in thick gabbro sections
within the footwalls of high-angle faults [70,71]. In summary, it could be possible that the
high-temperature hydrothermal circulation is maintained by the cooling of gabbro sections
and melt directly transported from the melt injection zone along the deeply penetrating
mode-E fault [14], or the deeply penetrating mode-E fault may provide a permeable
pathway that permits the access of seawater to the melt zone in lithospheric mantle, as
with the high-temperature hydrothermal circulation in the Dragon Horn area [50].
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Figure 8. Location of site WLO03 for the western NTD. (a) Three-dimensional view around site WLO03.
The transparent area indicates an axial basin. (b) Location of site WL03 shown in schematic profile
perpendicular to the ridge axis.

5.1.3. Hydrothermal Activity on the Eastern NTD

Two suspected low-temperature diffused sites (Figures 2 and 9) are located in the
northwest flank area of the eastern NTD (white box with number of 3 in Figure 1b). Sites
NLO04-B and WLO02 are about 10.1 and 3.4 km off-axis of the eastern NTD, respectively,
and surrounded by several mode-C faults (Figure 9a). Studies along the CIR (8-17° S)
have shown that diffused venting is expected to be common on fault zones of ridge flanks
(up to 10 km off-axis) [10,64]. Similar to fault zones on the flanks of the Central Indian
Ridge, the mode-C faults in this area may facilitate the seepage of seawater. However, the
heat source sustaining the two low-temperature hydrothermal activities is ambiguous. In
terms of the average along-axis MBA value of each section shown in Figure 2, the value
of the eastern NTD is merely 3.6 mGal higher than that of the western end of segment 30,
indicating that they may have a similar level of melt supply. The magma supply beneath
the western end of segment 30 may now be at a waning stage as discussed above, and it
may be the same beneath the eastern NTD. Under the circumstance of waning magma
supply, there may be some geological process that can help to provide the needed heat to
drive the hydrothermal circulation in the northwest flank area. On the basis of a teleseismic
focal mechanism solution, this area is in a state of shear deformation and corresponds to a
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strain-focused area [72]. Numerical modeling of the strain distribution on ridge sections
oblique to the spreading direction has shown that a strain-focused area may be conducive
to the focus of magma supplied by the melt injection zone towards itself in the crustal
level [73]. We infer that this process may focus the melt to the northwest flank area of
the eastern NTD, therefore providing moderate heat for the two hydrothermal activities.
Additionally, the reduced magma supply beneath the eastern NTD can possibly now
only sustain low-temperature diffused hydrothermal activity, as with the western end of
segment 30.
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Figure 9. Distribution of hydrothermal anomaly sites for northwest flank of the eastern NTD. (a) Dis-
tribution of hydrothermal anomaly sites in three-dimensional view. The transparent area indicates
an axial basin. (b) Distribution of hydrothermal anomaly sites in schematic profile perpendicular to
the ridge axis.

5.2. Hydrothermal Vent Frequency (Fs)

Previous results of detailed surveys combing the use of optical and ORP sensors have
shown that the incidence of hydrothermal activity was underestimated between the In-Ga
TFs along the SWIR [17,39].

To evaluate the incidence of hydrothermal activity in this study, we used the total
measured length of 78 km as the survey length to calculate the vent frequency (sites/100 km)
of the entire study area, while the measured length of 54 km (white dotted line in Figure 1b)
was used only for the large NTD area. The full spreading rate of our study area is 12.2 mm/y
(from InterRidge Database), and thus, the expected Fs would be 1.1 as calculated by the
global trend model [6,7]. For the entire study area, the total of six hydrothermal sites
yielded an Fs value of ~7.7 (red star in Figure 10), which is ~7-fold the expected Fs value.
If we only take the large NTD area into consideration, three hydrothermal anomaly sites
(NL04-B, WL02 and WL03) would yield an Fs value of ~5.6 (red triangle in Figure 10), which
is significantly higher than the expected Fs value. By integrating our results with previously
reported hydrothermal activities between 48 and 52° E of the SWIR, 26 hydrothermal sites
(3 confirmed, 15 inferred and 8 suspected) [9,17,35,39,55,74] along the 404 km long ridge
axis yielded a modified Fs value of ~6.5 (purple diamond in Figure 10), which is lower
than that of our entire study area. In this study, four of six hydrothermal sites occurred
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on down-dipping faults of rift valley walls and shear deformation areas on the northwest
flank of the eastern NTD, indicating that the distribution of hydrothermal activity may
be more controlled by tectonism. Significantly, the Fs value of the large NTD is higher
than that of most of ridge sections and is even comparable to some fast-spreading ridges
with high-resolution surveys (Figure 10) [3]. This indicates that the NTDs along ultraslow-
spreading ridges may also be potential areas in fertilizing hydrothermal activities, and the
deeply penetrating faults on rift valley walls and strain-focused areas may contribute to
the formation of NTD-related hydrothermal circulation.
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Figure 10. Vent field spatial frequency (Fs) versus full spreading rate of OSR sections. Circles
represent 27 well-surveyed ridge sections spanning the entire range of spreading rates (data from
www.vent-data.interridge.org/; accessed on 25 March 2020). Green squares represent modified
values of ridge sections with high-resolution surveys [3]. CGSC is the Central Galapagos Spreading
Center, EGSC is the Eastern Galapagos Spreading Center, NLSC is the Eastern Lau Spreading Center
and NEPR is the Northern East Pacific Rise. The red star denotes our entire study area, the red
triangle represents the large NTD area in this study and the purple diamond is the modified value
for the ridge section between 48 and 52° E of the SWIR (comprehensive results of our study and
previously published reports). The black line is the linear regression trend using the 27 well-surveyed
ridge sections, and black dotted curves are £95% confidence intervals. This figure is modified
from [6,7].

6. Conclusions

We conducted a systematic hydrothermal exploration to seek evidence of seafloor
hydrothermal activity around the large NTD along the ultraslow-spreading SWIR between
the In-Ga TFs. In addition to the inferred Sudi hydrothermal field, four low-temperature
diffused sites (1 inferred and 3 suspected) and one inferred high-temperature focused
site were newly inferred to occur in diverse morphotectonic settings. The inferred high-
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temperature focused site provides new evidence of high-temperature hydrothermal activity
at NTDs along ultraslow-spreading ridges. Six hydrothermal sites in the entire study area
yielded a vent frequency (Fs) of ~7.7, higher than the modified value for 48-52° E of the
SWIR (Fs = 6.5). Even only for the large NTD area, the inferred high-temperature focused
site situated on a deeply penetrating mode-E fault of the rift valley wall and two suspected
low-temperature diffused sites occurring on a strain-focused area yielded an Fs value of
5.6, higher than that of most ridge sections, and is comparable to some fast-spreading ridge
sections with high-resolution surveys. Deeply penetrating faults on rift valley walls and
strain-focused areas may contribute to the formation of NTD-related hydrothermal activi-
ties along ultraslow-spreading ridges. We suggest that NTDs along ultraslow-spreading
ridges may also be further potential targets for hydrothermal exploration.
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