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Abstract

The redox state of hydrothermal fluids on mid-ocean ridges, which is indirectly affected by the depth of hydrothermal cir-
culation and crustal permeability, plays an important role on the diversity of hydrothermal precipitates and associated ecosys-
tems. Primary hydrothermal fluids that circulate along detachment faults are generally reducing as a result of the
serpentinization of ultramafic rocks, while significant seawater infiltration may shift the redox state from reducing to oxidiz-
ing. However, the depth of penetration of oxidizing fluids into detachment related systems remain unclear, largely because
current observations are based primarily on hydrothermal products that precipitated at the seafloor. Here, we report the first
observations of oxidizing mineral assemblages in stockwork samples from the Suye hydrothermal field on the ultraslow
spreading Southwest Indian Ridge. This field is hosted by mafic lithologies, while the low As, high Ni and Co contents,
and high Au/As, Ag/As, and Ni/As ratios in pyrite from the stockwork samples indicate that the fluids reacted with both
mafic and ultramafic rocks in the subseafloor. The high d34S values (average of 9.8‰) indicate a high proportion (up to
50%) of seawater derived reduced sulfur involved in the stockwork zone formation. The high homogenization temperatures
(�320 �C) and salinity (�12 wt.% NaCl) of fluid inclusions indicate that the stockwork zone of Suye was formed by a fluid
that underwent phase separation deeper in the system that was subsequently diluted by 4–5 times subsurface seawater. The
deep penetration of seawater is facilitated by the unique tectonic setting of the Suye hydrothermal field, which occurs between
the two stage detachment faults that creates high permeability. Our findings demonstrate that hydrothermal fluid associated
with detachment faults could be oxidized below the subsurface stockwork zone, and that deep-rooted detachment faults at
ultraslow-spreading ridges can sustain both reducing and oxidizing hydrothermal systems in the same fault system. These
results call for a reevaluation of the fate of base metal in ultramafic hosted hydrothermal fields.
� 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Hydrothermal activity on mid ocean ridge (MOR) sys-
tems is an important process for heat and chemical
exchange between the ocean and crust, creating important
habitat for biological communities on the ocean floor
(Elderfield and Schultz, 1996), and formation of metal-
rich massive sulfide ore deposits (Hannington et al.,
2011). The redox state of hydrothermal fluids is a key chem-
ical control on the concentration of elements in hydrother-
mal fluids and their precipitates (Seyfried and Ding, 1995;
Kawasumi and Chiba, 2017), and will influence the compo-
sition of associated mineral deposits and the composition
and diversity of vent-associated biological populations
(Sarrazin et al., 1999; Mcdermott et al., 2020).

At MOR systems, the redox state of hydrothermal fluid
is indirectly affected by the depth of hydrothermal circula-
tion, which controls the layers of oceanic crust and mantle
that the fluid will react with, and permeability, which con-
trols the influx of seawater into the system. Due to limited
magma supply along ultraslow-spreading ridges (<4 mm/
yr; Dick et al., 2003), tectonic mediated seafloor spreading
often results in large scale, steeply dipping, detachment
faults that facilitate seawater circulation to the deep oceanic
lithosphere (Cannat et al., 2019). Recent seismic observa-
tions from slow and ultraslow spreading ridges indicate that
deep hydrothermal alteration can result in extensive serpen-
tinization of the lithospheric mantle (Schlindwein and
Schmid, 2016), which would result in highly reducing
hydrothermal fluids due primarily to the addition of H2

(Charlou et al., 2002; Mccollom and Bach, 2009;
Connelly et al., 2012; Verlaguet et al., 2021). By contrast,
oxidizing systems, or less reducing systems that typically
precipitate iron-oxides, are expected due to shallow seawa-
ter infiltration (Fouquet et al., 2010; Dekov et al., 2018 and
references therein). However, present observations of oxi-
dizing hydrothermal systems are based exclusively on sur-
face hydrothermal products. The depth of penetration of
oxidizing fluids, and when and where the hydrothermal
fluid become oxidizing are still poorly constrained. Further-
more, oxidizing hydrothermal systems have never been doc-
umented among the currently confirmed hydrothermal
fields on ultraslow-spreading ridges (InterRidge Vents
Database Ver. 3.4).

In this study, we report the first documentation of a
hydrothermal system (Suye hydrothermal field, Southwest
Indian Ridge (SWIR); Fig. 1) associated with a detachment
fault on the ultraslow spreading ridge that features an oxi-
dized mineral assemblage. This field is hosted by mafic
lithologies. We report high hematite and magnetite contents
intergrown with pyrite in exposed stockwork-type samples
associated with the subsurface stringer zone of the
hydrothermal system (Hannington et al., 1998). This
oxide-rich mineralogy is significantly different from typical
sulfide-rich mineralogy documented at hydrothermal fields
on ultraslow-spreading ridges (Tao et al., 2014; Webber
et al., 2015; Yang et al., 2016; Liao et al., 2018; Snook
et al., 2018). We combine results from studies of the miner-
alogy, and geochemical and sulfur isotopic compositions of
pyrite to present evidence that the stockwork zone of the
Suye hydrothermal field was formed under oxidizing and
high seawater flux conditions. This finding gives new
insights to hydrothermal activities on detachment faults,
and it implies higher seawater rock interaction on multi-
stage detachment faults.

2. GEOLOGICAL BACKGROUND AND SAMPLES

The Suye hydrothermal field (49.73 �E, 37.78 �S, origi-
nally named Longqi-3) is located on the southern rift valley
wall of the 28th segment on the ultraslow-spreading SWIR
(Fig. 1a), approximately 5 km south of the ridge axis, at a
water depth of approximately 2200–2400 m. This area is
part of the Dragon Horn oceanic core complex, which is
composed of a twin detachment fault system (Fig. 1b and
1c; Yu et al., 2018; Tao et al., 2020). The older, first stage
detachment fault (DF1) forms a dome-shaped surface,
and is steeply dipping (�65�) into the mantle to a depth
of more than 13 km (Yu et al., 2018). The younger, active
secondary detachment fault (DF2) occurs at the basaltic
scarp of DF1 (Tao et al., 2020). The inactive Suye field
and active Longqi-1 hydrothermal field that occurs
�7.5 km to the west of Suye, are located on the footwall
and hanging wall of DF2, respectively (Fig. 1b). Two addi-
tional plume anomalies were detected on the lateral bound-
aries of DF1, suggesting the presence of additional
hydrothermal activity (Tao et al., 2014).

Deep-tow observations and grab sampling revealed that
the mineralization at Suye is hosted by intensely chloritized
basalt and basaltic breccia, and distributed along a NE-
striking normal fault on the secondary detachment surface
(DF2, Fig. 1d), covering an area approximately
300 � 250 m. Ultramafic rocks that exhibit differing degrees
of serpentinization were collected on or near the detach-
ment surface of DF2 (Tao et al., 2020; Wu et al., 2021;
Fig. 1b). No evidence of fluid venting, such as smoke, shim-
mering water, bacterial mats, or vent fauna, has been
observed, suggesting that this field is inactive or even
extinct (Jamieson and Gartman, 2020). Three stations of
mineralized samples were collected by TV-grab during the
34th and 40th cruises in 2015–2016 by RVs Dayangyihao
and Xiangyanghong 10, respectively. Based on mineral
intergrowth and replacement textures, the samples are
divided into stockwork and semi-massive type mineraliza-
tion. The stockwork samples are characterized by a chlori-
tized basalt breccia wall rock cut by veins and veinlets
composed by sulfide and iron oxide minerals (Fig. 2a–c).
These samples represent the feeder zone through which
hydrothermal fluids rise towards the seafloor. Pyrite-
hematite-quartz veins, and chalcopyrite-pyrite-magnetite-h
ematite-quartz veins are visible in hand specimens
(Fig. 2). Petrographic observations indicate that the main
hydrothermal minerals (which represent 20–30% of the
total sample volume) of the stockwork samples are pyrite,
chalcopyrite, magnetite, hematite, and ilmenite (Fig. 3).
The semi-massive sulfide samples contain 25–50 vol% of
massive sulfides, and are mainly composed of pyrite, pyr-
rhotite, chalcopyrite, and minor sphalerite (Fig. 2d). The



Fig. 1. (a) Location and (b) setting of the Suye hydrothermal field. Ridge axis was inferred based on the direction of gravity anomalies. The
detachment fault and lineation structures are those of Tao et al. (2020); the lithology of the sampling stations was from Tao et al. (2020), Wu
et al. (2021) and this study. (c) Inferred location of detachment faults based on distribution of seismic epicenters. The micro-earthquake and
seismic velocity profile are from Tao, et al. (2020) and Zhao, et al. (2013), respectively. The depth of the Moho was defined by velocity 7.0 km/
s. (d) Distribution of hydrothermal mineralization at Suye was mapped by deep-tow observations and sampling. The stars and circles
represent locations of samples collected by TV-grab. Topography data for b and d are from multibeam bathymetric surveys.
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matrix is mainly composed of quartz with minor basaltic
and early stage mineralized debris. Four typical samples
were chosen for analysis in this study.

(a) TVG05-1: stockwork sulfide rich sample

This sample is dark gray in color, and contains abun-
dant disseminated mineralization. The matrix consists of
intensively altered basalt that comprises chlorite, quartz,
epidote, and sphene. The matrix is generally fractured
and cross cut by pyrite-hematite-quartz veins or hematite-
pyrite-quartz veins (Fig. 2a).
(b) TVG21-2: stockwork sulfide rich sample

This sample is reddish-brown in color and consists pri-
marily of chloritized basaltic breccia (Fig. 2b). The brec-
ciated clasts are irregular shaped, with a maximum
diameter of 4–5 cm. Abundant disseminated euhedral to
subhedral cubic limonite crystals was identified, represent-
ing the weathered product of pyrite. Two types of sulfide
mineralization were observed in the fractured breccia
groundmass. Pyrite-chalcopyrite-hematite-magnetite rich
quartz cements the basaltic breccia and is cut cross and
replaced by pyrite bearing quartz veins (Fig. 2b).



Fig. 2. Hand specimen of the samples collected from Suye. Black and white dots represent the micro drilling samples for sulfur isotope
analysis. Numbers in circles represented sample numbers, and the results (d34S values in permil) are list besides the sampling position. (a)
Stockwork sample: disseminated pyrite mineralized basalt (substage I) was cut by pyrite-hematite, and hematite-pyrite bearing quartz veins
(substage I/II), TVG05; (b) Stockwork sample: disseminated pyrite mineralization (substage I) in basalt was cemented by pyrite-chalcopyrite-
magnetite-hematite-bearing quartz (substage II), and then cut by pyrite bearing quartz veins (substage III); the pyrite in the breccia was
partially limonitized, TVG21-2; (c) Stockwork sample: two stages of breccia were observed, and the first-stage breccia exhibited disseminated
pyrite mineralization features (substage I) and was cemented by pyrite-chalcopyrite-magnetite-hematite-bearing quartz (substage II), which
was subsequently cemented by pyrite-quartz veins as breccia (substage III), TVG21-6; (d) Semi-massive sample: pyrite-bearing quartz and
weakly altered basalt breccia were observed, TVG21-3.
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(c) TVG21-6: stockwork sulfide rich sample

This sample consists of a cemented sulfide breccia
(Fig. 2c). There are two types of breccia: an early highly
mineralized basaltic breccia (comparable with sample
TVG05-1), with irregularly-shaped clasts of generally less
than 0.5 cm. This texture is cemented by pyrite-hematite-
chalcopyrite bearing quartz. This early texture is over-
printed by a late-stage pyrite bearing quartz.

(d) TVG21-3: semi-massive sulfide rich sample

This silica-rich sample contains semi-massive (25–30%
by volume) pyrite with minor chalcopyrite and pyrrhotite,
with a siliceous conduit wall on the edge of the sample
(Fig. 2d). A small amount of weakly altered basalt breccia
with small diameters were cemented.

3. METHODS

3.1. Micro-drilling

Micro-drilling was carried out using a MICRODRILL
SYSTEM at the State Key Laboratory of Ore Deposit Geo-
chemistry in the Institute of Geochemistry at the Chinese
Academy of Sciences in Guiyang. This instrument can con-
duct in situ sampling during optical observations to ensure
the purity of each collected sample. The diameter of the



Fig. 3. Microphotographs of the samples collected from Suye. (a) Py1 coexisted with Hem in the first-stage breccia; (b) Py overgrowth with
Hem; (c) Ccp and Bn overgrowth with Py in quartz vein, Py intergrowth with Mt and Hem, which partially turned into Mt; (d) Ccp
intergrowth with Hem and Mt replacing Py in quartz vein; (e) Mt1 intergrowth with Ccp replacing Py in quartz vein and subsequent
replacement by Hem, which has partially been replaced by Mt2; (f) Mt intergrowth with Ccp and subsequently replaced by Hem;(g)Py3
replaced by Po and Ccp + Bn in the semi-massive sample; (h) and (i) Py3 with minor chalcopyrite in the quartz; Abbreviations: Bn, bornite;
Ccp, chalcopyrite; Cv, covelline; Hem, hematite; Mt, magnetite; Po, pyrrhotite; Py, pyrite; and Qtz, quartz.
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micro-drill bit ranged from 0.2 to 2 mm. A vacuum adsorp-
tion system was used to collect samples to ensure that the
samples were pure. The specific parameters for this instru-
ment and the sampling methods used in this study were
described previously (Dong et al., 2013). Because of the
interpenetration of the late-stage veins in the first-stage
breccia, the micro-drill cannot completely avoid the late-
stage minerals overlapping the early stage.

3.2. Pyrite trace element geochemistry

Standard thin sections were prepared for trace element
analysis of pyrite. Trace element concentrations of pyrite
from the stockwork and semi-massive sulfide-rich samples
from the Suye hydrothermal field were analyzed using laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences. A laser microprobe (ASI
RESOLution-LR-S155) coupled with an excimer laser
(Coherent Compex-Pro 193 nm ArF) was employed as a
laser sampler with an ICP-MS instrument (Agilent 7700x)
for the acquisition of ion-signal intensities. Argon gas was
used as the transport gas, with a gas flow rate at 900 ml/
min. Data were collected for 60 s after the signal intensity
stabilized (generally after 30 s). The pit size, pulse fre-
quency, and fluence were 26 lm, 5 Hz, and 3 J cm2, respec-
tively. Peru Py, an internal laboratory standard, was used
to calibrate the contents of the S and Fe, GSE-1G and
GSD-1G were used to calibrate the contents of the litho-
phile elements, and STDGL3 was used to calibrate the con-
tents of the chalcophile and siderophile elements
(Danyushevsky et al., 2011). A sulfide reference material
(MASS-1) was analyzed to monitor the data quality during
the MS measurements. The error in these test results was
consistently within 20% of the accepted value.
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3.3. Sulfur isotopes

Sulfur isotope ratios (34S/32S) were measured using a
Thermo Finnigan MAT 253 isotope ratio mass spectrome-
ter (Thermo Scientific, Bremen, Germany) at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of Geo-
chemistry, Chinese Academy of Sciences, in Guiyang. The
international measurement standard reference materials
for the sulfur isotope measurement were IAEA-S-1 (Ag2S
reference material 8554; d34SV-CDT = �0.3‰), IAEA-S-2
(reference material 8555; d34SV-CDT = 22.6‰), and IAEA-
S-3 (reference material 8529; d34SV-CDT = –32.49‰), which
yielded a relative error (2r) of < 0.15‰. All sulfur isotope
ratios are reported in standard delta notation, where d34S =
(RSample/RV-CDT – 1) � 1000, and R is the 34S/32S of the
sample of the Vienna Canyon Diablo Troilite reference.

3.4. Microthermometry

Microthermometry of fluid inclusions was conducted
with a Linkam THMSG600IR Heating-freezing Stage at
the Key Laboratory of Submarine Geosciences, Ministry
of Natural Resources, China. The precision of the temper-
ature measurements was approximately ±0.1 and ±2 �C for
freezing and heating, respectively. The heating/freezing rate
generally ranged from 0.2 �C/min to 5 �C/min but
decreased to less than 0.2 �C/min near phase transforma-
tion. Salinities were calculated using the following equation
(Bodnar and Vityk, 1994): Salinity (wt.%) = �1.78(T

m) + 0.0442(Tm)
2 � 0.000557(Tm)

3.

4. RESULTS

4.1. Mineral formation sequence

Based on mineral intergrowth and replacement textures,
the mineralization process can be divided into stockwork
and semi-massive stages, in which the stockwork stage
could be further divided into an early disseminated pyrite-
hematite stage, followed by a Cu–Fe sulfides + Fe
oxides + quartz vein stage (Fig. 4).

(1) Disseminated mineralization stage (Substage I): The
primary minerals formed in this stage are euhedral
pyrite, hematite, and minor magnetite disseminated
in the altered basalt. Pyrite crystals are generally less
than 0.2 mm in diameter and intergrown with hema-
tite (Fig. 3a, b) and magnetite, and are occasionally
replaced by chalcopyrite (Fig. 3c). Pyrite abundance
is approximately 5–10% by volume and generally
exhibits residual structures (Fig. 3a).

(2) Cu-Fe sulfides + Fe-oxides + quartz stage (Substage
II): The main minerals in the veins are quartz (40–
50%), chalcopyrite (10–20%), pyrite (10–20%), mag-
netite (5–10%), hematite (5%), and minor bornite
and pyrrhotite (<1%). The sulfide minerals occur as
veins that are either disseminated or cross-cut the
altered basalt rocks. Pyrite is mostly anhedral and
often replaced by chalcopyrite (Fig. 3d). The
magnetite precipitated in two generations: an early
euhedral magnetite (Mt1), which is distributed in
the quartz veins or intergrown with chalcopyrite
(Fig. 3e), and a late-stage anhedral magnetite
(Mt2), which occurs with hematite (Fig. 3e and 3f).
Hematite is replaced by magnetite to form needle-
like pseudomorphic crystals (Fig. 3f). Minor pyrrho-
tite also occurs as local replacement of chalcopyrite.

(3) Semi-massive stage (Substage III): The main minerals
in this stage are quartz (70–80%), pyrite (10–15%),
chalcopyrite (5–10%), bornite (3–5%), pyrrhotite (3–
5%), and minor sphalerite (<1%). The pyrite is euhe-
dral–anhedral (Fig. 3g-3i) and, occasionally, minor
chalcopyrite, pyrrhotite, and sphalerite particles
occur as inclusions (Fig. 3i). Chalcopyrite intergrown
with bornite replaces pyrrhotite and pyrite in the
quartz matrix (Fig. 3g). In this stage, minor basalt
breccia also occurs. Minor quartz veins are present
in this stage, and likely formed from the late-stage
hydrothermal activity.

4.2. Pyrite trace element geochemistry

Pyrite from stockwork veins (substage I and II) has S
and Fe concentrations that range from 53.46 to 57.11 wt.
% (average ± SD = 53.68 ± 0.52 wt.%, N = 58), and
41.34 to 44.62 wt.% (44.43 ± 0.47 wt.%, N = 58), respec-
tively. These concentrations are comparable to the pyrite
from the semi-massive samples (substage III), which con-
tain S and Fe concentrations that range from 53.46 to
54.50 wt.% (53.57 ± 0.17 wt.%, N = 52), and 43.49 to
44.71 wt.% (44.53 ± 0.18 wt.%, N = 52), respectively.
The Au and Ag contents of pyrite from stockwork veins
(substage I and II) are mostly below detection limit, and
range from 0.1 to 0.9 ppm (0.2 ± 0.2 ppm, N = 18), and
0.6 to 13.1 ppm (2.6 ± 3.1 ppm, N = 24), respectively (Sup-
plementary Table 1). Gold and Ag from substage III pyrite
exhibit comparable but slightly higher values, ranging from
0.1 to 1.1 ppm (0.3 ± 0.2 ppm, N = 41), and 0.7 to
53.9 ppm (5.9 ± 8.4 ppm, N = 45), respectively. The con-
centration of As in pyrite from stockwork veins are slightly
lower than that of substage III pyrite, with values of 0.4–
58.9 ppm (9.5 ± 13.0 ppm, N = 56), and 0.4–89.0 ppm
(15.8 ± 17.1 ppm, N = 51), respectively. However, pyrite
from the stockwork samples exhibit significantly higher
Co, and Ni contents (1541.8 ± 4455.1 ppm, N = 58;
254.1 ± 270.2 ppm, N = 58, respectively) than that of
semi-massive samples (540.1 ± 789.5 ppm, N = 52;
1.8 ± 8.2 ppm, N = 48, respectively).

4.3. Sulfur isotopes

The sulfur isotopic composition of 39 micro-drill sam-
ples ranges from d34 SV-CDT = 4.4–11.3 ‰
(average ± SD = 9.01 ± 1.57 ‰; Table 1), and exhibits a
nearly normal distribution, with a modal value between
9–10 ‰ (Fig. 5a). The stockwork (substages I and II),
and semi-massive (substage III) sulfide minerals exhibit a
trend of decreasing d34S values during the mineralization
process (Fig. 5b). Overall, the sulfur isotope compositions



Fig. 4. Mineralization stages in the Suye hydrothermal field. Abbreviations: Lm, limonite; the others are the same as in Fig. 3. The width of
the line indicates mineral abundance.
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fall within the range of MORB (d34SV-CDT = 0.1 ± 0.5‰;
Sakai et al., 1984) and endmember seawater-derived sulfur
(Fig. 6; d34SV-CDT = 21.24‰; Tostevin et al., 2014).

4.4. Microthermometry

Liquid rich fluid inclusions were only observed in quartz
veins from the stockwork and quartz matrix from semi-
massive samples. The homogenization temperature and
final ice melting temperature for the fluid forming the
stockwork samples range from 279.2 to 347.6 �C
(average ± SD = 313.8 ± 13.1 �C, N = 69, Table 2) and
�8.0 to �3.2 �C (�5.6 ± 1.0 �C, N = 69), respectively.
The calculated salinities range from 6.2 to 17.4 wt.% NaCl
(11.5 ± 2.2 wt.% NaCl, N = 69). The semi-massive stage
samples, however, exhibit a slightly lower homogenization
temperature of 269.4–329.6 �C (294.6 ± 15.2 �C, N = 30;
Fig. 7a) and salinity of 5.1–13.6 wt.% NaCl (10.0 ± 2.0
wt.% NaCl, N = 30; Fig. 7b). These observed salinities
are significantly higher than that of seawater (3.4 wt.%
NaCl).

5. DISCUSSION

5.1. Oxidizing mineral assemblages in the stockwork

mineralization

Abundant Fe oxides were observed in the stockwork
samples. The euhedral morphology of the hematite and
magnetite crystals and their coexistence with chalcopyrite,
quartz, and pyrite most likely indicate an authigenic origin.
The occurrence of these Fe oxide minerals is different from
occurrences at other vent fields, such as those on the Juan
de Fuca, Turtle Pit, Broken Spur, Snake Pits, 15�510 N
and 15�050 N MAR, Rainbow, Logatchev, and Ashadze,
and 6�N EPR. In these fields, hematite and magnetite were
commonly developed within Cu-Fe-rich chimneys or during
seafloor mineralization due to shallow seawater infiltration
(Fouquet et al., 2010; Dekov et al., 2018 and references
therein), or formed during later diagenesis (e.g., in the
Semenov vent fields; Melekestseva et al., 2014). On the
other hand, oxidizing mineral assemblages formed by sea-
water interaction with both mafic and ultramafic basement
rock were also observed on detachment faults along slow-
spreading mid-ocean ridges, as well as in ophiolite
sequences (Alt and Shanks, 1998; Kelley et al., 2001;
Delacour et al., 2008), and supported by experimental
results (Palandri and Reed, 2004). In serpentinized peri-
dotites collected from the Lost City hydrothermal field,
opaque minerals dominated by magnetite with relics of
magmatic Al-spinels rimmed by ferritchromite were formed
during oxidizing conditions at high water–rock ratios
(Delacour et al., 2008). However, at Suye, hematite and
magnetite were found to be major hydrothermal mineral
phases (20–30% by volume) of the veins within the basaltic
stockwork samples. Based on the mineral assemblages, the
estimated oxygen fugacity of the fluids (log fO2 > �27;
Fig. 8) for samples from the stockwork stages is higher than
for most of the ultramafic, mafic and hybrid rock hosted
hydrothermal fields (��33 to �28). Therefore, we conclude
that the early stage ore-forming fluid responsible for the
stockwork zone of the Suye hydrothermal system was
under oxidizing conditions (Fig. 8). The semi-massive sam-
ples are characterized by high pyrite-chalcopyrite-
pyrrhotite contents, suggesting that ore forming conditions
became more reducing during the late stage mineralization.



Table 1
Sulfur isotope composition of the sulfide rich samples in Suye.

Stage No Substage Sample Serial No. Description d34SV-CDT(‰) Main minerals

Stockwork 1 I TVG05 6 basement rock 10.6 Py
2 I TVG05 7 basement rock 10.6 Py
3 I TVG21-2 1 basement rock Breccia 9.8 Py
4 I TVG21-2 6 basement rock Breccia 11.3 Py
5 II TVG21-6 8 Sulfide Breccia 1 9.0 Py
6 II TVG21-6 14 Sulfide Breccia 1 8.8 Py
7 II TVG21-6 18 Sulfide Breccia1 9.6 Py
8 II TVG21-2 3 Ccp + Py + Qtz vein 11.1 Ccp + Py
9 II TVG21-2 4 Ccp + Py + Qtz vein 10.9 Ccp + Py
10 II TVG21-2 5 Ccp + Py + Qtz vein 11.0 Ccp + Py
11 II TVG05 1 Py vein 8.1 Py
12 II TVG05 2 Py vein 10.3 Py
13 II TVG05 3 Py vein 9.4 Py
14 II TVG05 4 Py vein 10.4 Py
15 II TVG05 5 Hem + Py vein 8.7 Py
16 II TVG05 8 Hem + Py vein 8.9 Py
17 II TVG21-3 8 Sulfide Breccia 2 9.3 Py
18 II TVG21-6 6 Sulfide Breccia 2 10.3 Py
19 II TVG21-6 7 Sulfide Breccia 2 10.5 Py
20 II TVG21-6 9 Sulfide Breccia 2 9.2 Py
21 II TVG21-6 13 Sulfide Breccia 2 7.7 Py
22 II TVG21-6 16 Sulfide Breccia 2 9.6 Py
23 II TVG21-6 17 Sulfide Breccia 2 9.8 Py
24 II TVG21-6 1 Sulfide Breccia 2 10.6 Py
25 II TVG21-6 2 Sulfide Breccia 2 9.6 Py

Semi massive 26 III TVG21-3 3 Py + Qtz Core 8.0 Py + Ccp + Po
27 III TVG21-3 4 Py + Qtz Core 9.1 Py + Ccp + Po
28 III TVG21-3 5 Py + Qtz Core 8.7 Py + Ccp + Po
29 III TVG21-3 6 Py + Qtz Core 9.2 Py + Ccp + Po
30 III TVG21-3 7 Py + Qtz Core 8.0 Py + Ccp + Po
31 III TVG21-6 3 Py + Qtz vein 7.0 Py
32 III TVG21-6 4 Py + Qtz vein 8.1 Py
33 III TVG21-6 5 Py + Qtz vein 7.8 Py
34 III TVG21-6 12 Py + Qtz vein 9.8 Py
35 III TVG21-6 15 Py + Qtz vein 7.4 Py
36 III TVG21-3 1 Qtz + Py crust 4.4 Py
37 III TVG21-3 2 Qtz + Py crust 6.9 Py
38 III TVG21-6 10 Qtz vein 5.1 Py
39 III TVG21-6 11 Qtz vein 6.9 Py

Note: The serial numbers represent the micro drilling samples, and their locations are shown in Fig. 2. Mineral abbreviations are the same as
in Fig. 3.
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5.2. The ultramafic reaction zone

Although we observed and collected only basaltic sam-
ples in the vicinity of Suye, there is evidence that indicates
an ultramafic influence in the subseafloor mineralization.
Trace element enrichment in sulfide minerals in seafloor
hydrothermal systems are mainly controlled by the compo-
sition of their source rocks (Patten et al., 2016;
Wohlgemuth-Ueberwasser et al., 2015), and depositional
conditions (Keith et al., 2016; Grant et al., 2018). During
alteration of peridotite, arsenic preferentially partitions into
serpentinite, relative to other fluid-mobile elements (e.g.,
Au and Ag; Deschamps et al., 2013). The solubility and
transport potential of Au in hydrothermal fluids would be
enhanced by an increase in H2S (Stefánsson and Seward,
2004), thus causing the resulting fluids and precipitates to
be relatively depleted in As (Deschamps et al., 2013) and
elevated Au/As and Ag/As ratios, compared to mafic to fel-
sic rock hosted systems (Keith et al., 2016). In addition,
ultramafic rocks generally contain significantly higher Ni
and Co (>1500 ppm and >100 ppm, respectively,
Dessimoulie et al., 2020) than mafic rocks (�100 ppm and
40–50 ppm, respectively; Yu and Dick, 2020), that likely
contributed to the observed high concentrations of Ni
and Co in stockwork mineralization from ultramafic related
fields (Marques et al., 2007). Temperature and sulfur fugac-
ity (f S2) also play an important role in the incorporation of
Co and Ni into pyrite. Cobalt preferentially enters the pyr-
ite crystal lattice at high temperatures (Keith et al., 2016),
whereas increasing sulfur fugacity causes increased Ni sub-
stitution and relatively lower Co/Ni ratios (Meng et al.,
2020).

At Suye, results of in situ LA-ICP-MS analysis of pyrite
from the stockwork samples show both high contents of Co



Fig. 5. (a) Histogram of sulfur isotope compositions for Suye; (b) Decreasing sulfur isotope compositions from stockwork to semi-massive
stage.
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and Ni, while the semi-massive pyrite exhibit high Co con-
tent and low Ni content (Fig. 9a; Supplementary Table 1).
Because the studied stockwork and semi-massive samples
were formed under relatively high temperature (average
homogenization temperatures of 313.8 �C and 294.6 �C,
respectively), and thus indicate relatively high sulfur fugac-
ity (f S2) of the substage I fluid, this observation is consis-
tent with the occurrence of high oxidizing mineral
assemblages. However, regardless of mineralization types,
the studied pyrites all have low As and high Au/As, Ag/As
and Ni/As ratios (Supplementary Table 1) that are
comparable with those of stockwork, massive and sulfide
chimneys from ultramafic hosted Tianzuo field, the hybrid
Kairei, TAG and Longqi-1 fields, but different from those
of the mafic hosted Meso zone and Wocan field, and fields
at 1–2�S, and 5�S East Pacific Rise (Fig. 9b-9d). Because the
different mineralization types represent a broad range of
mineralizing conditions, these geochemical characteristics
are most likely inherited from their source, which includes
both mafic and ultramafic rocks. At Suye, deep tow obser-
vations indicate that the exposed wall rock along the
detachment fault scarps are exclusively basalts, consistent
with the magnetic low that was probably caused by alter-
ation of mafic rocks revealed by recent near bottom mag-
netic survey (Wu et al., 2021). The velocity structure
obtained by wide angle seismic observation suggest a mafic
crustal thickness of 3–6 km in this area (isovelocity contour
7.0 km/s; Fig. 1c; Zhao et al., 2013; Tao et al., 2020). Thus,
the ultramafic signals observed in trace elements in pyrite
from the stockwork samples must reflect a relatively deep
hydrothermal circulation through the basaltic layer into
the ultramafic rocks. Pyrite from the semi-massive samples
have comparable trace element contents with those of the
hybrid Longqi-1, Kairei and TAG field (Fig. 9), but com-
paratively lower Ni contents than those of the stockwork
samples, likely due to preferential deposition of Ni in stock-
work mineralization under higher temperature (Marques
et al., 2007).
5.3. High seawater flux involved in the mineralization process

The sulfur isotope data suggest that the oxidizing
hydrothermal fluid in Suye was generated at very high
water/rock ratio. In sediment-starved MOR hydrothermal
systems, the sulfur is derived primarily from two sources:
MORB-derived S (d34SV-CDT = 0.1 ± 0.5‰; Sakai et al.,
1984) and seawater sulfate (d34SV-CDT = 21.2‰; Tostevin
et al., 2014). In some cases, sulfur may also be derived from
magmatic degassing and microbial related processes (Liao
et al., 2018 and references therein). At Suye, the data show
a range of d34S values that are greater than those of Longqi-
1 (4.2–8.82‰, 7.19 ± 1.06‰, N = 40; Ye, 2012; Zeng et al.,
2017), Duanqiao-1 (4.25–5.62 ‰, 4.67 ± 0.39 ‰, N = 29;
Yang, 2017), and Yuhuang-1 (�1.38–8.73 ‰, 2.54 ± 2.65
‰, N = 57; Liao et al., 2018) on the ultraslow-spreading
SWIR (Liao et al., 2018), and most hydrothermal fields
on other MOR systems, but close to the range at Rainbow
(2.00–12.5 ‰, 7.73 ± 3.44 ‰, N = 39; Lein et al., 2001;
Rouxel et al., 2004), TAG (0.35–10.27 ‰, 6.88 ± 1.08‰,
N = 229; Chiba et al., 1998; Gemmell and Sharpe, 1998;
Herzig et al., 1998; Knott et al., 1998) and Logatchev
(4.50–9.60 ‰, 5.64 ± 1.65 ‰, N = 20; Rouxel et al.,
2004) on the slow-spreading Mid Atlantic Ridge (Fig. 6),
implying high contribution of seawater reduced sulfate. In
addition, the stockwork (substages I and II), and semi-
massive sulfide minerals exhibit a trend of decreasing d34S
values during the mineralization process, with averages of
10.6 ± 0.6‰ (N = 4), 9.7 ± 0.9 ‰ (N = 21) and
7.6 ± 1.5 ‰ (N = 14) (Table 3), respectively. These results
are generally consistent with observations of slightly
increasing d34S values with depth in TAG, where the stock-
work samples (d34S = 6–8‰) are enriched in the heavier
sulfur isotope relative to the mound sulfide samples
(d34S = 5–6‰; Petersen et al., 2000), but show higher values
of about 2–4‰ in stockwork mineralization in Suye.

Studies have shown that isotope exchange between H2S
and SO4

2� can take place in the subsurface prior to venting



Fig. 6. Sulfur isotope comparison of Suye with other hydrothermal fields, modified after Liao et al. (2018). Data from Zeng et al. (2017) and
references therein; Seawater (Tostevin et al., 2014); MORB (Sakai et al., 1984); Duanqiao-1 (Yang, 2017); Longqi-1 (Ye, 2012; Zeng et al.,
2017); Yuhuang-1 (Liao et al., 2018); Suye (This study).
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at the seafloor (Ohmoto et al., 1983; Ono et al., 2007).
However, this exchange process generally results in relative
minor fractionation (within ±1‰) compared to the varia-
tions of d34S values among sulfide minerals from different
substages in Suye. Assuming that seawater-derived sulfate
is quantitatively reduced to sulfide, and applying a two-
component mixing model: d34Smix = X � d34Sseawater +
(1 � X) � d34SBasalt, the average amount of sulfur derived
from reduced seawater sulfate (‘‘X”) in the mineralization
process was calculated to gradually decrease from �50%
to �45%, and further to �36% for stockwork (substage I
and II) and semi-massive sulfide samples (substage III),
respectively (Table 3; Fig. 10a). These values, especially in
the stockwork mineralization, are higher than average val-
ues of other hydrothermal fields on sediment-starved MOR
systems (12–35%, Fig. 10b, Zeng et al., 2017 and references
therein), indicating high seawater fluxes during sulfide for-
mation in the stockwork zone of Suye. This conclusion is
consistent with interpretations of deep-seated sulfate reduc-
tion into the oceanic crust at, for example, TAG (Petersen
et al., 2000), ODP Hole 735B (Alford et al., 2011), and
15�20’N on the Mid-Atlantic Ridge (Alt et al., 2007). How-
ever, the higher d34S values at Suye, relative to these other
sites, suggests a higher contribution of seawater-derived sul-
fur. The twin detachment fault in Suye may provide a high
permeability substrate that allows influx of seawater sulfate
into the system, causing relatively oxidizing conditions to
form Fe-oxide minerals in stockwork zone.

5.4. Evolution of hydrothermal fluids

The timing and depth of oxidation of the hydrothermal
fluids at Suye are key parameters for understanding the
sub-seafloor evolution of the fluids. Firstly, the oxidizing
conditions beneath Suye may be a result of a high degree
of seawater infiltration along the first-stage matured



Table 2
Microthermometric data of Suye.

Stage Host
mineral

Fluid inclusion
type

N Size
(mm)

Homogenization
temperature(�C)

Final ice melting
temperature(�C)

Salinity
(wt.% NaCl)

Stockwork Quartz Liquid rich 69 4–15 279.2–347.6
(313.8 ± 13.1)

�8.0 to �3.2
(�5.6 ± 1.0)

6.2–17.4
(11.5 ± 2.2)

Semi massive Quartz Liquid rich 30 4–10 269.4–329.6
(294.6 ± 15.2)

�6.5 to �2.7
(�5.0 ± 0.9)

5.1–13.6
(10.0 ± 2.0)

Note: data in the brackets are average ± standard deviation.

Fig. 7. Samples collected from Suye showing decreasing homogenization temperature and salinity from stockwork to semi-massive stages.
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detachment fault (DF1) to the reaction zone, which creates
high water/rock conditions. However, the adjacent active
Longqi-1 hydrothermal field, located along the same
Fig. 8. Mineral assemblages showing stockwork samples of the Suye h
typical ultramafic-hosted, mafic-hosted and hybrid hydrothermal fields
assemblages of pyrite-hematite-magnetite, and chalcopyrite-pyrite-pyrrho
Stability fields for the Cu-Fe-S-O system and H2 concentrations are fro
300 bar. Data base except for Suye were from Kawasumi and Chiba (20
detachment fault does not show characteristics of deep-
rooted oxidized fluids (Tao et al., 2020), which make this
explanation less plausible. In addition, it has been proposed
ydrothermal field formed under oxidizing condition than most of
. The fO2 and f S2 conditions were determined by the mineral
tite in the stockwork and semimassive mineralization, respectively.
m Kawasumi and Chiba (2017) and are calculated for 350 �C and
17).



Fig. 9. (a) Variations in Co/Ni, (b) As, (c) Au/As, and (d) Ag/As vs. Ni/As in pyrite from hydrothermal systems at MOR systems. The Suye
data are comparable to hybrid fields. Database: ultramafic-hosted: Logatchev, and Tianzuo (Keith et al., 2016; Ding et al., 2022); hybrid:
TAG, Longqi-1, Kairei and Donglongjing-2 (Keith et al., 2016; Wang et al., 2018; Yuan et al., 2018; Grant et al., 2019; Liao et al., 2021);
mafic-hosted: Meso zone, 5�S East Pacific Rise and Wocan (Keith et al., 2016; Wang et al., 2017), 1-2�S East Pacific Rise (Meng et al., 2020);
and Tongguan (Wang et al., 2022).
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that oxygen and sulfur fugacity in ultramafic systems will
increase with water–rock interactions (i.e, serpentinization)
over time. Serpentinization would stabilize relatively S-poor
mineral phases such as pyrrhotite and heazlewoodite. With
ongoing water–rock interactions, more S-rich mineral
assemblages would form (Alt and Shanks, 1998;
Schwarzenbach et al., 2014) due to the rock losing its reduc-
ing power with increasing serpentinizaiton (Frost, 1985;
Klein and Bach, 2009), such as the observations in the Ibe-
rian Margin (Alt and Shanks, 1998), the southern wall of
the Atlantis Massif (Delacour et al., 2008) and the North-
ern Apennines (Schwarzenbach et al., 2012). The final pro-
duct of progressive water–rock reactions with increasing
time-integrated fluid flux would produce a predicted assem-
blage of pyrite-magnetite-hematite. However, this process is
unlikely to have occurred at Suye because: 1) complete ser-
pentinization of ultramafic rocks under high temperature
(200–300 �C) conditions would form abundant magnetite
(Klein et al., 2014), but near bottom magnetic surveys
revealed a magnetic low in Suye (Wu et al., 2021); and 2)
the sulfide mineral assemblage of pyrite-chalcopyrite-
sphalerite within chimneys in the adjacent active Longqi-1
field that formed along the same detachment fault indicate
a more reduced environment (Tao et al., 2014), implying
that the ultramafic basement has not been completely
exhausted by serpentinization.

Alternatively, we propose that oxidizing conditions were
caused by the mixing of infiltrated seawater with the
ascending hydrothermal fluid. Microthermometry data
indicate relatively high salinities of the fluid forming the
stockwork (average ± SD = 11.5 ± 2.2 wt.% NaCl,
N = 69) and semi-massive stage samples
(average ± SD = 10.0 ± 2.0 wt.% NaCl, N = 30; Table 2).
Previous studies revealed that hydration reactions may
cause the increase of fluid salinity at low water/rock condi-
tions in closed systems (Verlaguet et al., 2021), whereas, at
Suye, the development of a deep detachment fault likely
resulted in a more open system that facilitated the high sea-
water influx that is recorded by the high d34S values for the
stockwork mineralization. In addition, a high salinity fluid
may also be formed by mixture of the brine phase with its
vapor phase produced by phase separation under low-
pressure conditions (<25 Mpa; Coumou et al., 2009). How-
ever, the highest salinity observed in this study (17.4 wt.%
NaCl; Table 2) is significantly higher than the max salinity
produced by this mechanism (12 wt.% NaCl). Thus, the
documented high salinities at Suye, compared with seawa-
ter (3.4 wt.% NaCl), must be the result of brine formation



Table 3
Calculation of sulfur isotopic composition of sulfides from the Suye hydrothermal field.

Stage Substage Minerals d34SV-CDT(‰) Reduced
seawater
sulfate (%)

N Min Max Average Standard
deviation

Stockwork I Disseminated pyrite in altered basaltic debris 4 9.8 11.3 10.6 0.6 50 ± 3.0%
II Stockwork, Py + Ccp, cements the altered basaltic

debris
21 7.7 11.1 9.7 0.9 45 ± 4.5%

Semi
massive

III Semi massive, Py + Po, cement early mineralization 14 4.4 9.8 7.6 1.5 36 ± 7.0%
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due to phase separation lower in the system (Coumou et al.,
2009; Verlaguet et al., 2021). Numerical modeling results
demonstrating the process of phase separation and fluid
flow under high pressure conditions (e.g., >35 MPa) pro-
duces a relatively steady high salinity upflow fluid
(Coumou et al., 2009). The similar salinities of the stock-
work and semi-massive samples is consistent with phase
separation occurring deeper in the system. A deep brine
source is also consistent with the inference that hydrother-
mal circulation in Suye likely percolates more than 3–6 km
into the oceanic crust, as indicated by trace metal contents
in pyrite that are indicative of reactions with ultramafic
rocks that occur below the basalt cover. Numerical mod-
elling suggests that the initial downflow of seawater from
the recharge zone would be heated up to over 550 �C in
the reaction zone to form the ascending hydrothermal fluid
(Coumou et al., 2009; Tao et al., 2020). Components from
serpentinization of ultramafic rocks under intermediate
temperatures (200–400 �C; Mével, 2003) would be
introduced to the fluid during fluid circulation. The phase
separation process most likely occurred at a pressure of at
least >55 MPa (i.e. 3 km below seafloor at water depth
Fig. 10. (a) Decreasing seawater participation during the mineralization
seawater participation in the Suye formation with those of other fields on
fields on slow spreading ridges show a wide range of reduced seawater s
value (indicated by white circles). The reduced seawater sulfate cont
(1 � X) � d34SBasalt. Data from Zeng et al. (2017), Liao et al. (2018) an
2200–2400 m, and assuming hydrostatic pressure), because
the fluid would be single phase between hydrostatic and
lithostatic conditions during the infiltration into the oceanic
crust (Fig. 11). When the fluids enter the detachment fault
zone, the potential pressure decrease towards hydrostatic
pressure leads to phase separation and formation of a high
salinity brine and low salinity vapor phase (e.g., MAR
13�200N, Verlaguet et al., 2021). The highest salinity of
the brine phase would be around 60 wt.% NaCl, regardless
of temperature (Bischoff and Pitzer, 1989) and 4–5 times
volumetric dilution by seawater to produce the documented
high salinity fluid.

During the mixing between high-temperature fluid and
seawater in the subsurface, abiotic sulfate (SO4

2�) reduction
would significantly consume H2 at temperatures above
150 �C, and increase the Eh values in the low-temperature
diffuse fluid (McDermott et al., 2020). However, the
homogenization temperature of fluid inclusions in the stud-
ied stockwork mineralization (peak value 300–320 �C,
Fig. 7a) are comparable with the reported original high
temperature fluid, ruling out the possibility of such mixing
process. In addition, the fO2 increase caused by gas loss is
process from stockwork to semi-massive stage; (b) Comparison of
sediment-starved MOR systems. Ultramafic-hosted hydrothermal

ulfate content. However, the Suye field exhibit the highest average
ent is calculated using formula: d34Smix = X � d34Sseawater +
d references therein, that the same as in Fig. 6.



Fig. 11. Phase diagram showing the inferred fluid evolution process that occurs in Suye (phase diagram after Castelain et al., 2014). PH-Cold,
PH-Hot and PL showing relationship between fluid pressure and depth for hydrostatic pressure under cold (100 bars/km) and hot (30 bars/km)
gradients, and a lithostatic pressure gradient. Fluid infiltration in the oceanic crust occurs in single phase between lithostatic (PL) and
hydrostatic (PH) and pressure. The original fluid from the reaction zone added H2, CH4 produced by serpentinization. Phase separation
process most likely occurred during the transition from lithostatic to hydrostatic pressure when the fluid migrates to the detachment fault zone
(assuming happed at least 3 km subseafloor). The ascending brine was diluted by high seawater influx to produce the observed oxidizing fluid.
See text for details. CP: Critical point of seawater.
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very small (fO2 < 1) at such high temperature due to weak
gas partitioning at near-critical conditions (Kawasumi and
Chiba, 2017). Therefore, phase separation cannot cause
such significant shift in fluid redox state. Alternatively,
given 0.1–10 mM dissolved H2 in fluids of typical hybrid
hydrothermal fields (Fig. 8), the proposed 4–5 times seawa-
ter dilution is within the range required for shifting the fluid
redox state to the observed oxidizing fluid (final dissolved
H2 < 0.03 mM, requiring 3–100 times dilution). It further
implies that the oxidizing hydrothermal fluid was formed
by seawater influx during ascent in the upflow zone. The
high salinity fluid could further decrease the rate of serpen-
tinization of olivine thus decreasing the H2 flux into the sys-
tem (Lamadrid et al., 2017). A large influx of oxidizing
seawater into the upflow zone will shift the redox state of
the ascending fluid enough to form the observed
hematite-magnetite-pyrite assemblages. The reduction in
fluid temperature associated with seawater mixing is consis-
tent with the reduction in the homogenization temperatures
of the stockwork mineralization (peak value 300–320 �C,
Fig. 7a) compared with the maximum possible temperature
(ca. 370 �C from the boiling curve of seawater; Bischoff and
Pitzer, 1989), given a water depth of �2200 m and the
stockwork mineralization develops in the upper several
hundred meters below seafloor. Continuing mineralization
of the breccia would eventually reduce the permeability of
the substrate, resulting in a decrease in the influx of local
seawater and lower d34S values for the semi-massive stage
sulfide mineralization.

5.5. Diverse fugacity of the detachment-fault-associated

hydrothermal fluids

At the Dragon Horn oceanic core complex, Suye and the
Longqi-1 field develop on the footwall and hanging wall of
the DF2 of the twin detachment fault (Fig. 1b), respec-
tively. Passive ocean bottom seismometer deployments
and micro-earthquake studies suggest that the brittle/duc-
tile boundary beneath this ridge segment is relatively uni-
form and that no focused melting occurs in this region
(Zhao et al., 2013; Yu et al., 2018). Hydrothermal fluid cir-
culation at Longqi-1, which is likely driven by a deep melt



Fig. 12. Proposed hydrothermal fluid circulation at the Dragon Horn oceanic core complex (after Tao et al., 2020). Hydrothermal circulation
at Longqi-1 was inferred to be approximately 6 km deeper than the Moho boundary (Tao et al., 2020). The oxidizing hydrothermal circulation
in Suye likely resulted from its development between the twin detachment faults creating higher permeability than that of the Longqi-1 on the
hanging wall close to the ridge axis. High seawater flux infiltration along the DF1 give rise to the high water/rock ratio in the subsurface and
created the proposed oxidizing fluid. DF: Detachment fault. NF: Normal fault.
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zone in the mantle, penetrates to approximately 6 km dee-
per than the Moho boundary (Tao et al., 2020), a depth
that is considerably deeper than the inferred depths of cir-
culation at TAG and Logachev-1 on the slow-spreading
MAR (Demartin et al., 2007; Grevemeyer et al., 2013).
Trace element concentrations in pyrite indicate the involve-
ment of ultramafic rocks in Suye formation, also suggesting
a relatively deep hydrothermal circulation. The formation
of the Suye and Longqi-1 hydrothermal fields are both con-
trolled by the secondary active detachment fault (DF2) on
the Dragon Horn area (Fig. 1b). However, the Longqi-1
field is characterized by mineral assemblages of pyrite, chal-
copyrite, and sphalerite (Tao et al., 2011). In contrast, the
Suye hydrothermal field contains more oxidizing precipi-
tates of Fe oxides associated with increased seawater pene-
tration. This is probably due to the location of Suye which
is between DF1 and DF2 of the twin detachment fault
(Figs. 1b and 12), that creates a high permeability zone that
facilitates increased seawater infiltration, relative to the
Longqi-1field.

Other hydrothermal systems on mid-ocean ridges that
contain abundant Fe-oxide minerals largely occur on an
axial volcanic ridge (e.g., Turtle Pits, Broken Spur on the
MAR, 9�460N on East Pacific Rise, Butterfield et al.,
1997; Haase et al., 2007), or on oceanic core complexes
(e.g., Irina II in Logatchev, Dekov et al., 2018), and are
interpreted to have formed due to shallow seawater infiltra-
tion into the seafloor. By contrast, our study suggests that
the oxidizing fluid at Suye is formed deeper beneath the
stockwork zone. Our results suggest that multistage detach-
ment faults at ultraslow-spreading ridges can sustain both
reducing and oxidizing hydrothermal fluids in the same
fault system (Fig. 12), and thus focus higher seawater flux
into the deep oceanic crust than current knowledge, there-
fore causing larger chemical and energy exchange between
the ocean and crust on MOR systems.

6. CONCLUSION

Primary oxidized mineral assemblages were discovered
from stockwork samples in the Suye hydrothermal field
on the ultraslow spreading Southwest Indian Ridge. The
low As, high Ni contents of pyrite from the stockwork sam-
ples suggest that the source of the metals in the hydrother-
mal fluids were of hybrid mafic–ultramafic origin associated
with relatively deep hydrothermal circulation. The sulfur
isotope compositions of the collected samples range from
4.4 to 11.3‰ with an average of 9.0‰. During the mineral-
izing process, the amount of seawater-derived sulfur in the
hydrothermal system decreased from 50% at the stockwork
to 36% at the semi-massive stage. These data, combined
with results from fluid inclusion analyses, indicate that
these samples formed by 4–5 times seawater dilution of a
brine formed by phase separation of the original hydrother-
mal fluid associated with a multistage detachment fault and
ultramafic rocks. On slow-ultraslow spreading ridges, such
multistage detachment faults are widespread (Reston,
2018). Our results indicate that oxidized fluids may play a
significant role in the mineralization processes at
ultramafic-hosted hydrothermal systems. The sub-seafloor
precipitation of high fO2-f S2 mineral assemblages has a
significant impact on the composition and metal concentra-
tions of the fluids that vent at the seafloor, and hence affects
the composition of associated sulfide chimneys and
mounds. Thus, our results call for a reevaluation of the fate
of base metals in ultramafic hosted hydrothermal fields.
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