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ARTICLE INFO ABSTRACT

Editor: E. Béttcher Michael The newly discovered Yuhuang-1 hydrothermal field (YHF) on the Southwest Indian Ridge primarily contains
two different sulfide distribution areas: the southwest sulfide (SWS) and the northeast sulfide (NES) distribution
areas. In this study, Zn isotope compositions and element ratios of Zn, Fe, Cu, and Cd in the surface sulfides were
analyzed to characterize Zn isotopic fractionation, ore-forming conditions, and mineralization processes of the
YHF. The results indicate that sulfide-rich samples in the YHF exhibit intensive Zn isotopic fractionation, with
8°°Zn values ranging from — 0.43%o to 1.24%o. These values are not only larger than those currently reported for
seafloor sulfides but are also larger than the values reported for the deposits on land. Remarkably, the obtained
§%2Zn value (—0.43%o) is the lowest one observed in seafloor sulfides (—0.26%o-1.17%o), currently. A study of
Zn isotope systematics revealed that Zn isotope variations of sulfide-rich samples in the YHF were controlled by
the sphalerite and pyrite content; the study also revealed that early minerals are rich in light Zn isotopes, but
later minerals are rich in heavy Zn isotopes. A comparative study of previous data on Zn isotopes shows that Zn
isotope fractionations in the YHF are likely attributed to Rayleigh fractionation, caused by mineral precipitation
and multiple generations of pyrite. Further, Zn/Cd ratios of sulfide-rich samples indicate that the ore-forming
temperature of the silicified sulfide-rich samples in the SWS probably formed under lower temperatures as
compared with the silicified sulfide-rich chimney in the NES. Furthermore, sulfur and Zn isotope compositions in
the SWS are significantly different from those in sulfide-rich samples of the NES, which suggests pervasively
different metallogenic conditions, further indicating that they are probably products of separate mineralization
episodes.
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1. Introduction

In nature, zinc (Zn) has five stable isotopes: °*Zn (48.63%), ®°Zn
(27.90%), %“Zn (4.10%), ®*Zn (18.75%), and 7°Zn (0.62%) (Rosman,
1972). Several instrumentations can be used to analyze the Zn isotope
compositions, but advanced technology such as a multicollector in-
ductively coupled plasma mass spectrometer (MC-ICP-MS) enables
high-precision analysis of Zn isotope compositions. MC-ICP-MS has
long-term reproducibility of less than + 0.07% for §°°Zn measurements
(Mason et al., 2004). Such advances have provided new opportunities
for studying Zn cycling by detecting minor isotopic composition shifts
in nature, which in turn allows the elucidation of the geological pro-
cesses responsible for these fluctuations (e.g., Mason et al., 2005;

Cloquet et al., 2006; Toutain et al., 2008; Zhu et al., 2018). Zinc iso-
topes have several advantages over traditional stable isotopes: the
fractionation mechanisms of Zn isotopes are relatively simple, and they
remain unaffected by redox potential because Zn exists only in the form
of Zn or Zn?" in nature (Kavner et al., 2008). Therefore, the miner-
alization and metallogenic processes can be traced in detail when
combined with other geochemical indicators. In addition, Zn is a
dominant ore-forming element in different types of ore deposits; thus, it
could be directly used to determine the ore-forming elements' migration
and enrichment processes in hydrothermal fluids with a wide range
(White, 2014). Previous studies show the variability of Zn isotope
compositions in different end-members on the Earth such as rocks
(Maréchal et al., 2000; Chapman et al., 2006), marine sediments and
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sulfides (Pichat et al., 2003; John et al., 2008), biological materials
(Maréchal et al., 2000; Liu et al., 2017), seawater (Bermin et al., 2006),
and ore deposits (Mason et al., 2005; Kelley et al., 2009; Gagnevin
et al., 2012; Zhou et al., 2014a, 2014b, 2016; Wang et al., 2017c).
Preliminary analyses in the aforementioned studies illustrated that the
isotopic composition of Zn changed in various geological features,
which seem to be triggered by 1) changes in geochemical conditions
(Fujii et al., 2011; Pasava et al., 2014); 2) mixing of multiple Zn sources
(Wilkinson et al., 2005); and 3) kinetic fractionation during mineral
precipitation (Kelley et al., 2009; Gagnevin et al., 2012; Zhou et al.,
2014a, 2014b). As regards ore deposit studies, Zn stable isotopes have
been distinctly applied in the tracing of ore sources, mineral pre-
cipitation mechanisms, and ore genesis studies of different deposit
types, such as the volcanogenic massive sulfide (VMS) deposits (Kelley
et al., 2009), Mississippi Valley-type Pb—Zn deposits (MVT) (Gagnevin
et al., 2012; Zhou et al., 2014a, 2014b, 2016), magmatic hydrothermal
deposits (Wang et al., 2017c), volcanic hot springs (Toutain et al., 2008;
Chen et al., 2014), and mid-oceanic ridge hydrothermal activities (John
et al., 2008; Moller, 2012). Therefore, Zn isotopes are considered as
powerful tracers that could be used to enhance different geochemical
processes.

Sulfides on mid-ocean ridges are products of ongoing hydrothermal
activities. Sulfides from slow and ultraslow-spreading ridges are crucial
sulfide resources in modern seafloor hydrothermal systems, that con-
tribute approximately 86% of the total mid-ocean ridge (MOR) sulfide
resources (Hannington et al., 2011). Hydrothermal activities on such
types of ridge systems exhibit a diversity of sulfide mineralization
(German et al., 2010; Tao et al., 2011, 2014; Connelly et al., 2012;
Baumberger et al., 2016). Thus far, limited research has been conducted
on ultraslow-spreading ridges in hydrothermal systems based solely on
surficial sulfide samples owing to limited investigation and sampling
(Tao et al., 2012). Therefore, new approaches are required to constrain
subsurface processes in seafloor hydrothermal systems. The variation of
§%7Zn in hydrothermal systems is used to trace seafloor hydrothermal
processes, which play a vital role in promoting the study of the geo-
chemistry of vent fluid and hydrothermal circulation. Hence, in this
study, sulfide-rich samples from the Yuhuang-1 hydrothermal field
(YHF) on the Southwest Indian Ridge (SWIR), a typical ultraslow-
spreading ridge, were selected for Zn isotope analysis to reveal element
migration progressions and physical and chemical conditions during
mineralization processes. In addition, this study also provides new in-
sights into the applications of Zn isotopes to study ancient VMS de-
posits.

2. Geological background

The SWIR extends approximately 8000 km between the African and
Antarctic plates. It is defined as an ultraslow-spreading MOR, with a
semi-spreading rate of approximately 0.7-0.9 cm/year (Dick et al.,
2003). The SWIR is characterized by rugged topography with a series of
north-south striking transform faults (Fig. la). Topographical and
geophysical surveys revealed that the morphology, crustal thickness,
mantle composition, and magma activities of the SWIR are significantly
different along the ridge axis (Georgen et al., 2001; Sauter et al., 2009;
Jian et al., 2017). Along the 49°E-52°E sections, previous investigations
reported intensive hydrothermal activities with a hydrothermal site
frequency of ~2.5 sites per 100 km, which is similar to that of the Mid-
Atlantic Ridge at 36°N-38°N (Tao et al., 2012). The local magma supply
and crustal permeability have been proposed as the primary controllers
of the distribution of hydrothermal activities on this ridge (Tao et al.,
2012). The YHF, discovered on the 21st cruise of the RV Dayangyihao
in 2010 (Han et al., 2010), is located on the south rift wall of segment
29 of the SWIR. This segment exhibits asymmetric spreading features,
with a volcanic axis developed in the rift valley. This field is about
7.5 km away from the ridge axis and has a water depth of 1400-1600 m
(Han et al., 2010, 2015). The terrain, where the hydrothermal field is
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located, exhibits NEE-striking highland features about 1500 m above
the rift valley bottom (Fig. 1b) and develops a series of NE-NWW-
striking faults. As reported by the data of several cruises conducted by
the China Ocean Mineral Resources Research and Development Asso-
ciation (COMRA), the eastern side of the YHF mainly contains calcar-
eous sediments, whereas the western side primarily comprises basalt
and basaltic breccia. Furthermore, serpentinite were collected by TV-
grab during the 21st and 40th cruises, suggesting that the existence of
outcrops of ultrabasic rocks.

Two different sulfide-distributed areas have been discovered in the
YHF: the southwest sulfide area (SWS) and the northeast sulfide area
(NES). Both areas have diameters of about 500 m and are located at a
distance of approximately 600 m. Deep tow observation and sampling
results suggest that the SWS surface primarily contains discontinuous
distributed Zn-rich sulfides and silicified sulfide-rich samples that ex-
hibit mound features. Recent drilling exposed that some parts of the
SWS feature of Zn- and Cu-rich sulfides covered by ~50-cm-thick cal-
careous sediments. This feature implies the occurrence of ancient high-
temperature hydrothermal activities. The NES surface primarily com-
prises discontinuously distributed sulfide accumulations and sulfide
chimneys. These sulfide chimneys are distributed separately on the
basalts without collapsed sulfide accumulations, which is similar to Zn-
rich sulfide chimneys occurring on the East Pacific Rise (EPR; Paradis
et al., 1988). No active hydrothermal vents have been discovered in the
SWS, suggesting that hydrothermal activity has likely ceased. In terms
of mineralization, the collected sulfide samples mainly contain pyrite,
sphalerite, marcasite, chalcopyrite, and amorphous silicon with addi-
tional pyrrhotite in the NES.

3. Methods and materials
3.1. Sulfide-rich sample descriptions

Four sulfide-rich samples collected by TV-grab were selected for the
Zn isotope analysis, including a Zn-rich massive sulfide, a Fe-rich
massive sulfide with a siliceous crust, a silicified sulfide-rich sample
from the SWS, and a sample from a silicified sulfide-rich chimney from
the NES (Fig. 2). Moreover, we also measured the Zn isotope compo-
sitions of two basalt samples, which were collected from the same re-
gion.

Sulfide-rich samples in the SWS generally exhibit porous structures
without obvious concentrated venting features, indicating that they
were probably recovered from a sulfide-rich mound. The Zn-rich mas-
sive sulfide sample contains a pyrite crust and a sphalerite core with a
small fluid conduit (Fig. 2a). The crust primary contains pyrite
(60%-70%), amorphous silicon (10%-20%), sphalerite (5%-10%), and
marcasite (< 5%), whereas the core mainly contains sphalerite
(> 60%), amorphous silicon (15%-20%), and pyrite (5%) with minor
chalcopyrite (< 5%), marcasite (< 5%), and isocubanite (< 5%).
Sphalerite grains adjacent to the conduit exhibit coarse grain size up to
1 mm. Sphalerites have two generations that are replaced by chalco-
pyrite and pyrite (Fig. 3a). Pyrite replaces sphalerite or is replaced by
sphalerite, suggesting two generations of pyrite. The pyritic massive
sulfide with a siliceous crust mainly contains two layers with different
mineralogies. The siliceous crust primarily comprises amorphous si-
licon (40%-50%), pyrite (20%-30%), marcasite (10%), and sphalerite
(5%-10%), whereas its inner part mainly contains pyrite and marcasite
(Fig. 2b), characterized by multiple generation features (Fig. 3b, c).
Several fluid conduits surrounded by pyrite were observed, indicating
that the bottom pyrite zone minerals formed later. The silicified sulfide-
rich sample mainly contains a marcasite (60%-70%) and pyrite
(30%-40%) core with a crust comprising amorphous silicon
(70%-80%), minor pyrite (10%-15%), marcasite (5%-10%), and
sphalerite (5%-10%) (Fig. 2c). The sphalerite was commonly replaced
by pyrite that had intergrown with marcasite (Fig. 3d, e). These mineral
assemblages suggest that the SWS experienced multiple ore-forming
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Fig. 1. (a) Geotectonic setting and (b) topography of the YHF. The red lines indicate the ridge axis and the white lines represent normal faults inferred from
topography. The ridge segments and non-transform faults are based on Cannat et al. (1999) and Sauter et al. (2001). Data for (a) was taken from the General
Bathymetric Chart of the Oceans (GEBCO), 2008; data for (b) was obtained using multibeam sonar data. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

processes.

The silicified sulfide-rich sample of the NES was collected from a
1-2m elevated chimney that lacked apparent fluid venting, which in-
dicates that hydrothermal activity had ceased. The chimney grew di-
rectly on the basalt basement. The sample is porous and has multiple
fluid conduits in which late-stage coarse sphalerite and opal are de-
veloped (Figs. 2d, 3f). The chimney mainly contains amorphous silicon
(> 50%), sphalerite (20%-30%), pyrite (5%-10%), marcasite (5%),
and minor pyrrhotite. Sphalerite grains usually replace pyrite and
marcasite or are replaced by these minerals.

3.2. Microdrilling

On the scale of hand specimens, the sulfide-rich samples from the
study area primarily contain sphalerite and pyrite with small grains of
other sulfide minerals (e.g., chalcopyrite; Fig. 2 and 3). Separating pure
sphalerite and pyrite from other minerals is challenging; therefore, this
study employed a microdrilling system to obtain pure sphalerite and
pyrite from the hand specimens for Zn isotope analysis. This method
also provides a new approach to enhance the ability of understanding
spatial Zn isotope variations in the hand specimens.

Microdrilling was performed using a microdrill system equipped
with a 2-mm-diameter microdrill at the State Key Laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, China. The microdrilling targeted zones in the samples that
were concentrated sphalerite and pyrite areas and were visually free of
other minerals. However, obtaining pure sphalerite and pyrite without
the presence of other minerals such as amorphous Si and chalcopyrite is
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difficult because micro-inclusions are unavoidable in most cases.

3.3. Zn separation

Before conducting the Zn isotope analysis, the microdrilling samples
were chemically purified using a pre-cleaned 100-200 mesh AG MP-1M
anion-exchange resin (Bio-Rad, USA) by following the detailed proce-
dure provided by Zhu et al. (2018). Samples were individually trans-
ferred into Teflon digestion vials (Savilex; USA), and digested using
1 mL of concentrated HNO5 and 0.1 mL of concentrated HF at 110 °C for
approximately 24 h. After drying, the samples were dissolved into
10 mL of 1% HNOs3 (v/v%). Nearly 2 mL of a supernatant solution of the
individual samples were transferred into a 15-mL polypropylene cen-
trifuge tube for major and trace element analysis together with re-
covery-monitoring of Zn. Residual materials were evaporated to dry-
ness and dissolved using 2mL of 2N HCI for Zn isotope separation.
After adsorbing Zn onto the column, 10 mL of 2N HCI and 12 mL of
0.3 N HCI were continuously passed through the columns. Ultimately,
Zn was recovered using 12 mL of 0.012 N HCI. The remaining solution
was dried at 110 °C and dissolved in 2 mL of 1% HNO; for Zn isotope
measurement. Around 0.5 mL of the processed solution was transferred
for Zn content measurement. The residuals (1.5 mL) were used for Zn
isotope analysis. Finally, 99% of Zn was recovered by comparing the Zn
content of unprocessed and processed samples.

3.4. Mass spectrometry measurements

Major and trace elements were determined via inductively coupled
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Fig. 2. Photos of sulfide-rich samples from the YHF for zinc isotope analysis. Samples (a)-(c) were collected from the SWS, whereas sample (d) was collected from the
NES. (a) Zn-rich massive sulfide sample with a pyrite crust (34I1I-TVG22-2); (b) Fe-rich massive sulfide sample with a silicon crust (34II-TVG22-7); (c) silicified
sulfide-rich sample with a pyrite core (34II-TVG22-4); (d) silicified sulfide-rich chimney with a fluid conduit (34II-TVG23-1) and sphalerites on the conduit walls that
show coarse crystals. White and dark dots mark the microdrilling locations on the samples. Numbers with circles indicate microdrilling sample series for zinc isotope
analysis corresponding to Table 1. Numbers adjacent to the circles indicate corresponding zinc isotope analysis results.

ccptlch

Fig. 3. Microscope photos of sulfide-rich samples in the YHF: (a) dark sphalerite (Sphl) replaced by light sphalerite (Sph2) and chalcopyrite (34II-TVG22-2); the
chalcopyrite shows a grid structure with isocubanite; (b) Multiple generations of pyrite (341I-TVG22-7); (c) subhedral pyrite replaced by anhedral pyrite that
intergrowth with marcasite (341I-TVG22-7); (d) anhedral pyrite intergrowth with marcasite (341I-TVG22-4); (e) fine grain euhedral pyrite recrystallized and replaced
by sphalerite, and then replaced by anhedral pyrite(34II-TVG22-4); (f) sphalerite grains in the fluid conduit showing increasing diameters toward the conduit center
(3411-TVG23-1). Mineral abbreviations: Ccp, chalcopyrite; Icb, isocubanite; Mas, marcasite; Py, pyrite; Sph, sphalerite; Si, amorphous silicon.
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plasma optical emission spectrometry (ICP-OES) at the ALS Laboratory
Group in Guangzhou, China. Two standards (ALSWATO1 and
ALSWATx10, Inorganic Ventures, USA) were followed for determining
major and trace elements with relative differences between re-
plicates < 10%.

Zn isotope analyses were performed using a Neptune plus MC-ICP-
MS instrument at the State Key Laboratory of Crust-Mantle Evolution
and Mineralization, Nanjing University, China. Instrumental mass bias
correction of Zn isotopes was adopted from Zhu et al. (2015) through a
coupled method of sample-standard bracketing and Cu-doping. The
Faraday cups were aligned to measure ®3Cu (L3), °*Zn (L2), ®°Cu (L1),
667n (center cup), ”Zn (H1), °8Zn (H2), and 7°Zn (H4) isotopes. Zn and
Cu concentrated (ERM-AE633) samples and standards were diluted to
1.0pug/g and 0.5pg/g, respectively, using 1% HNOj3; (v/v). Subse-
quently, identical concentrations of both samples and standards were
prepared within a 10% difference. Both samples and standards were
analyzed at an uptake rate of ~100 uL/min and generally yielded a
total Zn voltage of 30 V. All samples and standard solutions were run in
three blocks of 15 cycles each. The nebulizer and spray chamber were
washed with 5% HNO; (v/v) after each run until the voltage reached its
original background level (~3 min). In this study, Zn isotope compo-
sitions were expressed in a standard delta notation of per mil units
relative to the IRMM 3702a Zn solution during measurements. The Zn
isotope compositions was shown as 8%°°Zn = [(*°Zn/ ®*Zn)sampte /
(°°Zn / **Zn)ra-3702a — 11 X 1000.

During the Zn isotope analysis, samples were analyzed twice to
calculate the analysis error. The CAGS-1 Zn standard solution was also
used as an inner-laboratory secondary reference material, providing a
long-term (n = 6) average 8°°Zngrmm 3702 Of —0.82%0 = 0.05%o,
which is consistent with previously reported values (8°°Znpym
3702 = —0.77%0 * 0.10%0, Tang et al, 2016; 8%Zngrum
3702 = —0.84%0 * 0.03%o, Zhu et al., 2018). The Johnson Matthey
(JMCQ)'s “Lyon solution” is used as an international Zn isotope compo-
sition standard. This study also reports Zn isotope data relative to the
JMC standard using an equation expressed as 8§°°Znjyc = 8°°Znpym
3702 + 0.29 (Wang et al., 2017b).

4. Results

In this study, we reported Zn/Fe, Zn/Cu, and Zn/Cd ratios, which
could be used to evaluate the mineral assemblages of the sulfide-rich
samples (Table 1). The data show that sphalerite and pyrite are the two
dominant minerals in the micro drilling samples (Table 1 and Fig. 3).

19 microdrilling samples of the specimens from the SWS exhibit
8%6Zn values ranging from —0.19%o to ~1.24%o, with an average value
of 0.53%o. The Zn isotope compositions of Zn-rich massive sulfide, Fe-
rich massive sulfide, and silicified sulfide-rich samples are range from
—0.19%o0 to 0.14%o, 0.13%o to 1.24%o, and 0.46%o to 1.02%o, respec-
tively. The Zn-rich massive sulfide exhibits lower §°°Zn values than Fe-
rich massive sulfide and silicified sulfide-rich samples (Fig. 4). In con-
trast, 10 microdrilling samples from the NES's silicified sulfide-rich
chimney exhibit §%°°Zn values between —0.43%o and 0.23%o, with an
average value of —0.10%o. These values are significantly lower than the
sulfide-rich samples from the SWS.

The two basalt samples exhibit §°°Zn values of 0.23%o and 0.25%o,
which are consistent with the reported values of MOR basalts from
different oceans (8°°Zn = 0.25%o; Ben Othman et al., 2003; Wang et al.,
2017Db).

5. Discussion
5.1. Occurrence of Zn in sulfide-rich samples
Seafloor sulfides are an amalgamation of different minerals, such as

chalcopyrite, isocubanite, marcasite, pyrrhotite, pyrite, and sphalerite.
Among them, sphalerite is the predominant Zn-bearing mineral.
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Microscopic observations revealed that sulfide-rich samples from the
YHF mainly contain pyrite and sphalerite with minor pyrrhotite, chal-
copyrite, and isocubanite. Hence, we propose that the Zn content of the
analyzed samples primarily originates from sphalerite. However, pyrite
could be a container of Zn (Zhang et al., 2014; Wang et al., 2017a).
Previous studies of in-situ analysis of seafloor pyrite reported high
concentrations of Zn within pyrite (up to 15,000 pg/g; Keith et al.,
2016), which most probably reflects micro-particle inclusions of spha-
lerite (Reich et al., 2013). Thus, the Zn isotope compositions of the
high-Zn-content pyrites are representative of Zn isotope compositions.
However, majority of the pyrite predominant samples exhibit low Zn
concentration in the YHF, implying that Zn likely does not originate
from sphalerite micro-particles in pyrite. Our reasoning for this con-
clusion is as follows.

First, microdrilling samples of the Fe-rich massive sulfide sample
(34I1-TVG22-7) have low Zn/Fe ratios and few sphalerite particles in
the pyrite concentrated area, suggesting low Zn concentrations (Fig. 2b
and Table 1). These results strongly suggest that Zn content in such
types of samples (e.g., 341I-TVG22-7-1) is derived from the pyrite lattice
(Bueker and Eyert, 1999). Further, previous electron probe micro-
analyzer (EPMA) results (unpublished data) show that pyrite Zn/Fe
ratios in the SWS and NES areas varied from 0.000 to 0.0113 (average
0.0015 * 0.003 (2SD; N = 24)) and 0.0002 to 0.0217 (average
0.0014 =+ 0.007 (2SD; N = 10)), respectively. Some samples exhibit a
Zn/Fe ratio lower than the highest Zn/Fe ratio (0.0217) measured using
EPMA. This result indicates that Zn constituents in some pyrite domi-
nant samples, whose Zn/Fe ratio is < 0.03, emanated from pyrite rather
than sphalerite micro-inclusions (e.g., 341I-TVG22-7-1; Table 1). Fur-
thermore, Zn isotope compositions in sphalerite-dominant samples (Zn/
Fe > 3; Fig. 5a) are relatively homogenous, ranging from —0.16%o to
0.23%o. In contrast, samples predominantly containing pyrite (Zn/
Fe < 0.03; Fig. 5a) exhibit large Zn isotope fractionation (—0.39%o to
1.24%o). Thus, Zn contents in samples predominantly containing pyrite
are not primarily sourced from sphalerite micro-particles; rather, they
are caused by the substitution of Fe in pyrite. Consequently, the oc-
currence of Zn is generally controlled by sphalerite and pyrite.

5.2. Zinc isotope systematics

Zn-rich massive sulfides in the SWS exhibit 8°Zn values
(—0.19%0—-0.14%o0), which is significantly lower than that of iron-rich
massive  sulfide (0.13%0-1.24%0) and silicified sulfide-rich
(0.46%0-1.02%0) samples. Micro observations revealed high content of
amorphous silicon in the iron-rich massive sulfide and silicified sulfide-
rich samples. The high content of amorphous silicon is likely a product
of low-temperature hydrothermal activity in the late stage (Yee et al.,
2003; Sun et al., 2015). Therefore, it could be deduced that, with
sphalerite precipitation, early sphalerite is rich in light Zn isotopes, but
later minerals are rich in heavy Zn isotopes. This is also confirmed by
the negative relationship between 8°°Zn values and Zn/Fe ratios of
different types of sulfides (Fig. 5a), suggesting that Zn isotope fractio-
nation in the SWS was controlled by mineral precipitation at the hy-
drothermal field evolution scale. Similar characteristics have also been
identified in sulfides of the EPR 9°N segment, where sulfides (Bio-9")
formed at high temperatures (383 °C) have high Zn/Fe ratios and low
8°Zn values. Conversely, K-vent sulfides formed at low temperatures
(203°C) have low Zn/Fe ratios and high 8%67Zn values (Fig. 5; John
et al., 2008).

Interestingly, the local 8°°Zn values of Zn-rich massive sulfide and
silicified sulfide-rich samples in the SWS increase with increasing Zn/Fe
and Zn/Cu ratios. On the contrary, in the Fe-rich massive sulfide
sample, the local §°°Zn values show negative relationships with the Zn/
Fe and Zn/Cu ratios (Fig. 5a and b). This indicates that the Zn isotope
compositions were controlled by the sphalerite content in the former
and by pyrite content in the latter, further indicating that samples with
heavy Zn isotope compositions are enriched in sphalerite and light Zn
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Table 1
Zinc and sulfur isotope composition of the sulfide rich samples in the YHF.
Sample Type Series Mineral 84S cpr(%0) 8070 j1c(%o0) 2SD Zn/Cd Zn/Cu 7n/Fe
34II-TVG22-2 Zinc rich massive sulfide 1 Py + Sph 2.55 0.10 0.04 575.00 15.54 0.026
2 Sph 0.75 0.14 0.03 1418.52 79.30 5.232
3 Sph 0.49 -0.09 0.02 580.00 54.12 5.194
4 Sph 0.80 -0.19 0.00 494.25 40.57 4.076
5 Sph + Ccp 0.53 0.14 0.01 966.67 56.80 5.284
6 Sph 0.47 -0.16 0.02 505.00 77.69 3.848
34II-TVG22-4 Silicified sulfide rich sample 1 Py + Si + Sph 1.04 0.68 0.02 3430.00 263.85 0.571
2 Py + Sph 2.65 1.02 0.00 89.00 0.072
3 Si + Py + Sph 0.83 1.02 0.00 3840.00 101.05 0.741
4 Py + Si 0.69 0.46 0.01 6.21 0.050
5 Py + Sph —0.34 0.82 0.02 2610.00 42.79 0.229
6 Si + Py 0.07 1.02 0.04 71.33 0.473
3411-TVG22-7 Iron-rich massive sulfide with a silicified crust 1 Py + Mas -1.37 1.24 0.06 2.75 0.002
2 Si + Py + Mas 0.13 1.15 0.03 3.00 0.005
3 Si + Py + Mas 0.58 0.18 0.06 3.65 0.023
4 Si + Py + Mas —-1.28 0.13 0.00 16.83 0.079
5 Py + Mas 1.18 0.77 0.05 3.17 0.022
6 Py + Mas —-1.09 0.79 0.02 5.00 0.005
7 Py + Mas 1.25 0.85 0.00 2.43 0.007
34II-TVG23-1 Silicified sulfide rich chimney 1 Si 0.21 0.03 177.00 0.294
2 Sph 3.75 0.23 0.02 1130.77 96.71 5.250
3 Sph 4.46 0.23 0.09 1733.33 88.14 4.063
4 Py + Sph 7.47 0.07 0.04 66.00 0.026
5 Sph 4.52 —0.34 0.03 0.181
6 Sph 5.45 —0.43 0.00 127.00 63.50 0.074
7 Sph + py 7.25 —0.24 0.01 87.50 0.310
8 Sph + py 4.14 -0.39 0.07 0.028
9 Sph 7.07 —0.31 0.09 0.068
10 Sph 7.11 —0.05 0.05 0.072
34II-TVG23-10 Basalt 0.25 0.02 972.73 1.18 0.001
34II-TVG21 Basalt 0.23 0.00 912.50 0.84 0.001

Note: Data of §*Scpr are from Liao et al. (2018). Series are micro sampling numbers shown in Fig. 2. Mineral abbreviations are the same as Fig. 3.
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Fig. 4. Zinc isotope compositions frequencies of specimens from the YHF.

isotope compositions are enriched in chalcopyrite and pyrite. This
conclusion was also confirmed by comparative studies of the EPR at 9°N
(John et al., 2008), the Alexandrinka deposit (Mason et al., 2005), and
the Red Dog deposit (Kelley et al., 2009). In addition, Fe-rich massive
sulfide primarily contains pyrite with minor distributed sphalerite in
the siliceous crust. Therefore, the Zn isotope compositions are probably
interconnected to the precipitation of pyrite, which is clearly exhibited
in Fig. 2b. The 8%°°Zn values can be observed as gradually increasing
from the edge to the core of the sulfide.

In the NES, 8%°Zn values of the silicified sulfide-rich chimney are
significantly lower (—0.43-0.23%o) than those observed in the SWS.
John et al. (2008) found that the variations of the vent fluid's Zn iso-
topes could be attributed to the precipitation of Zn-bearing minerals
below the surface, and further suggested that the Zn isotopes may be a
useful tool for evaluating the extent of Zn sulfide precipitation in dif-
ferent fluids. This result likely indicates the absence of intensive
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subsurface sulfide precipitation in the NES. Through deep tow ob-
servation results, it has been verified that sulfide chimneys in the NES
grow directly on the basalt basement, whereas sulfide in the SWS dis-
plays sulfide mound features. In addition, the local §°¢Zn values in-
crease with the increasing Zn/Fe ratios on the sulfide chimney scale
(Fig. 5a). The 8%Zn value of the early sulfide on the chimney edge is
significantly lower than that of the late-stage fluid channel sulfide
(Fig. 2d). Particularly, the two late-stage fluid channel samples with
extremely high Zn/Fe ratios exhibit heavier Zn isotope compositions.
This indicates that the Zn isotope compositions were controlled by
sphalerite precipitation. However, the Zn/Cu ratios are generally stable
with increasing §°°Zn values, suggesting that 8°°Zn values are not af-
fected by the chalcopyrite content. Therefore, it could be concluded
that Zn isotope fractionation of the sulfide on the chimney is mainly
controlled by mineral precipitation in the NES.

5.3. Intensive zinc isotope fractionation

The analysis results of sulfide-rich samples exhibit intensive Zn
isotope fractionations in the YHF. The measured §°°Zn value range
(—0.43%0-1.24%0) is larger than that of the Lau basin (—0.19%o;
Maréchal et al., 1999), the 9°N segment on the fast spreading EPR
(—0.09%0-1.17%o; John et al., 2008), the Edmond and Kairei hydro-
thermal fields on the intermediate spreading Central Indian Ridge
(—0.26%0—0.34%0; Wu et al., 2013), and the slow-spreading Southern
Mid-Atlantic Ridge (13°S-15°S) (—0.14%0—0.38%o; Li et al., 2018). Our
reported range is also significantly larger than the currently obtained
§%7Zn values of sulfides on the SWIR (—0.060%o to 0.308%o; Wang
et al., 2013). The value of —0.43%o obtained from the NES is currently
the lowest obtained value from seafloor sulfides (Fig. 6). Although
sulfide-rich samples of the YHF were formed under medium-low tem-
peratures, the range of §°°Zn values was still larger than that currently
obtained in magmatic hydrothermal deposits (Wang et al., 2017c),
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Fig. 5. Correlations between zinc isotope compositions and Zn/Fe (a), Zn/Cu(b) in the YHF. In the SWS, 8%07n values exhibit an increasing trending from Zn-rich
massive sulfide to iron-rich massive sulfide. In addition, the local 8°°Zn values of Zn-rich massive sulfide and silicified sulfide-rich samples increase with Zn/Fe (a)
and Zn/Cu(b) ratios increasing, while decrease in pyrite-rich massive sulfide. In the NES, the silicified sulfide-rich chimney exhibit §°°Zn values increasing with Zn/

Fe ratios increasing. Data of Bio-9” and K-vent are from John et al. (2008).
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Fig. 6. Comparison of Zinc isotope compositions of the YHF with other HFs and
mineralization types. Database: EPR 9°N (John et al., 2008); Lau Basin
(Maréchal et al., 1999); Edmond and Kairei HFs in the Central Indian Ridge (Wu
et al., 2013); Southern Mid-Atlantic Ridge (Li et al., 2018); Southwest Indian
Ridge (Wang et al., 2013); hydrothermal Sb-Pb-An-Ag deposit (Duan et al.,
2016; Wang et al., 2017c); Mississippi Valley-Type deposits (Wilkinson et al.,
2005; Gagnevin et al., 2012; Zhou et al., 2014a, 2014b, 2016; He et al., 2016);
VMS ore deposits (Mason et al., 2005; Kiibek et al., 2016); sedimentary ex-
halative deposits (Kelley et al., 2009; Gao et al., 2017); MOR basalts (Ben
Othman et al., 2003; this study); peridotite (Huang et al., 2016; Wang et al.,
2017b); nodules and deep sea surface sediments (Maréchal et al., 2000); and
deep seawater ((Bermin et al., 2006; Zhao et al., 2014). Note: SWIR, and CIR
data only plot minimum and maximum values because the references report
only their distribution range.

60

Mississippi Valley-Type deposits (Wilkinson et al., 2005; Gagnevin
et al., 2012; Zhou et al., 2014a, 2014b, 2016), sedimentary exhalative
deposits (Kelley et al., 2009; Gao et al., 2017), and ancient VMS de-
posits (Mason et al., 2005; Kiibek et al., 2016). This indicates intensive
Zn isotope fractionations in the hydrothermal field.

Zn isotope fractionation during mineralization is mainly caused by
1) Rayleigh fractionation due to mineral precipitation (Kelley et al.,
2009; Gagnevin et al., 2012; Zhou et al., 2014a, 2014b, 2016); 2)
fractionation between mineral assemblages (Mason et al., 2005; Wang
and Zhu, 2010); and 3) mixing of separate derived fluids (Wilkinson
et al., 2005).

The Zn isotopes of sulfide-rich samples in the YHF show a larger
distribution range than deep seawater (0.53%o0 * 0.14%o; Bermin
et al.,, 2006; Zhao et al., 2014), basalt (0.25%o; Table 1), deep sea
carbonates (0.81%0-1.34%o; Pichat et al., 2003), deep sea clay and
surface sediments 0.26%0-0.29%o0 and 0.12%0-0.79%o0 (Maréchal et al.,
2000; Qi et al., 2012), manganese nodules (0.53%o0—1.23%o; Maréchal
et al,, 2000; Little et al., 2014), and biogenic opal (0.8%0—1.5%o;
Andersen et al., 2011) samples, respectively. Based upon published Zn
isotope data of different end-members in such environments, mixing of
fluids derived from the above origin could not result in such intensive
fractionation during the formation of sulfide in the YHF.

We inferred that Zn isotope compositions of the YHF are mainly
controlled by Rayleigh fractionation because of a perfect linear positive
relationship existing between Zn/Cd ratios and §°¢Zn values (R = 0.95;
Fig. 7). This suggests that the lower §°°Zn-value sphalerite precipitated
at higher temperature. Previous studies have shown that light Zn iso-
topes are preferred to enrich in solid phase minerals instead of solutions
during sulfide precipitation (e.g., Mason et al., 2005; Wilkinson et al.,
2005). Therefore, early-stage sulfide-rich samples have lower §°°Zn
values than late-stage samples. The characterization of mineral texture
and ore structure indicates that early precipitated Zn-rich sulfide sam-
ples have lower 8°°Zn values than later massive pyrite sulfides, sug-
gesting kinetic fractionation after the deposition of the sulfide-rich
samples. This conclusion is consistent with previous studies that
showed that hydrothermal fluids with low temperatures have the
highest §°¢Zn values in seafloor hydrothermal systems (John et al.,
2008). However, the Zn isotope signatures under equilibrium fractio-
nation, where sphalerite precipitated at higher temperature, had higher
8%7Zn values (Fujii et al.,, 2011; Pasava et al., 2014). Therefore, Zn
isotope fractionation in sulfide-rich samples from the YHF is not likely
controlled by temperature. The relationship between fluid temperature
and 8°°Zn may reflect that Cd is easier to substitute than Zn at high
temperature.

Moreover, fractionation between mineral assemblages, caused by
multiple hydrothermal activities, likely plays a vital role in the
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formation of large Zn isotope fractions in the YHF. A microscopic study
shows that pyrite is formed at all stages in the YHF, and sulfide-rich
samples with low Zn/Fe ratios have significantly larger 8°°Zn values
than those of mixed and pure sphalerite sulfide samples (Table 1). Zn is
a minor element in pyrite and light Zn isotopes are more easily in-
corporated into pyrite structures. This is consistent with Zn isotope
signatures between chalcopyrite, pyrite, and sphalerite, which shows
that light Zn isotopes favor being accommodated into the pyrite and
chalcopyrite lattice (Mason et al., 2005; Wang and Zhu, 2010). Zn
isotope fractionations between pyrite and its parent fluids are larger
than fractionations between sphalerite and its parent fluids. Therefore,
the Zn isotope compositions increased among precipitated minerals and
parent fluids during multiple pyrite precipitation stages. As a result, the
late-stage pyrite exhibited significantly higher 8°Zn values and led to a
large distribution range of §°¢Zn values in pyrite-rich samples.

5.4. Ore-forming conditions of sulfide-rich samples

Wen et al. (2016) used the thermodynamic theory of the li-
quid-solid partitioning of Cd and Zn to conclude Cd distribution in
sphalerite. To this end, they used various competing parameter influ-
ences, such as those of temperature, the presence of Cd complexes,
salinity, and reduced sulfur and pH in hydrothermal fluids. As the
temperature increases, more Cd isomorphously susbstitutes Zn in
sphalerite. Thus, sphalerites formed under higher temperatures have
lower Zn/Cd ratios than lower-temperature sphalerites (Schwartz,
2000; Wen et al., 2016; Zhu et al., 2016). Statistical analysis of mid-
oceanic ridge sulfide Zn/Cd ratios shows that median Zn/Cd ratios
gradually increase from the high-temperature chalcopyrite rich sulfide
to the medium-temperature sphalerite—pyrite sulfide and low-tem-
perature amorphous silicon-sphalerite-pyrite sulfide (Hannington
et al., 2004). In the EPR 9°N, Cu-rich chimneys of the Bio 9’ vent formed
at high temperature (383 °C) exhibit significantly lower Zn/Cd ratios
than active Fe-Zn-rich chimneys and diffusers at the low-temperature
K-vent (203°C) (John et al., 2008; Fig. 7). Therefore, Zn/Cd ratios
could be used to determine the formation temperature of seafloor sul-
fides.

In the SWS, the silicified sulfide-rich sample shows a significantly
higher Zn/Cd ratio (average 3293.33) than that of the Zn-rich massive
sulfide (average 756.57). This indicates that the latter formed at higher
temperatures, which is consistent with the occurrence of isocubanite
intergrowth with chalcopyrite in the Zn-rich sulfide. However, the si-
licified sulfide-rich chimney sample of the NES illustrates a Zn/Cd ratio
(average 997.03) similar to that of the Zn-rich massive sulfide of the
SWS, suggesting that the NES silicified chimney formed under higher

temperature than the SWS silicified sulfide-rich sample. This corre-
sponds to mineral assemblages that show silicified sulfide-rich samples
and Fe-rich massive sulfide samples in the SWS to have a higher con-
centration of  marcasite, which generally forms at
temperatures < 240 °C with pH = 3.9-5.0 (Murowchick and Barnes,
1986). In addition, previous studies have reported that Cd is strongly
associated with Zn in terms of extraction efficiencies from basalt,
transport, mixing, sulfide precipitation, and remobilization in seafloor
hydrothermal systems (Metz and Trefry, 2000). High-reduced sulfur
conditions favoring the formation of Cd-poor sphalerite, whereas low-
reduced sulfur conditions favor the formation of Cd-rich sphalerite
(Wen et al., 2016). Micro observations revealed that sulfide-rich sam-
ples in the NES contain pyrrhotite, suggesting that the ore-forming
environment contains more reduced sulfur than the SWS. However, the
Zn/Cd ratios of the Zn-rich massive sulfide samples from the SWS and
the silicified sulfide-rich chimney samples from the NES are very close
to those of the two basalts in the study area (Zn/Cd = 973, 913),
whereas the silicified sulfide-rich sample from the SWS shows appar-
ently higher Zn/Cd ratios, suggesting that the temperature likely has a
more critical role in affecting Cd content in the sphalerite of the YHF.
Therefore, the higher Zn/Cd ratios of the silicified sulfide-rich sample
from the SWS could evidence a lower ore-forming temperature than
that of the NES silicified chimney.

5.5. Two episodes of mineralization

Sulfide-rich samples of the SWS and NES have comparatively sig-
nificant variations of Zn and S isotopic compositions, which indicate
considerably different mineralization processes. The silicified sulfide-
rich sample of the SWS had higher §°¢Zn values (0.46%0-1.02%o) than
the Zn-rich massive sulfide sample (—0.19%0—0.14%o), suggested that it
was formed at the late stage. However, the Zn isotope composition of
the silicified sulfide-rich sample is distinctly higher than that of the
silicified sulfide-rich chimney in the NES (—0.43%0-0.23%o); this in-
dicates that the latter lacked a subsurface sulfide precipitation zone
(John et al., 2008). In addition, the Zn/Cd ratios of the silicified sulfide-
rich chimney and additional occurrence of pyrrhotite in the NES in-
dicate that the ore-forming fluid in the NES probably had a higher
temperature than that in the SWS. Furthermore, the SWS sulfide-rich
samples are characterized by mound-like accumulation with a rela-
tively closed metallogenic environment. Subsequently, the mixture of
ore-forming fluid and seawater was relatively weak and fluid cooling
was relatively slow (Tivey et al., 1995; Petersen et al., 2000). In con-
trast, the silicified sulfide-rich samples in the NES are isolated on the
basalt basement, and mineralization conditions were relatively open
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with a more rapid cooling process and sufficient seawater mixture
(Paradis et al., 1988). This is evidenced by the sulfur isotopic compo-
sition of sulfide in the SWS being relatively concentrated and char-
acterized by its proximity to basalt and bacteria-derived sulfur
(—1.37%0—2.65%0); whereas silicified sulfide-rich chimneys in the NES
are characterized by significantly heavier sulfur isotopic compositions
(3.75%0-8.73%o; Liao et al., 2018). Previous studies suggested that the
heavier sulfur isotopic composition of mid-oceanic ridge sulfides can
only be explained by seawater reacting within the feeder zones im-
mediately underlying seafloor deposits, which is possibly combined
with additional sulfate reductions within sulfide structures (Janecky
and Shanks, 1988). This indicates that the NES zone fluid undergoes
mixing with seawater and reduction before venting from the seafloor. If
sulfide-rich samples in the SWS and NES were formed in the same
mineralization episode, then the SWS sulfide-rich samples should ex-
hibit a tendency toward heavy-Zn isotope enrichment. Furthermore,
sulfide-rich samples in the NES contained additional pyrrhotite as
compared with the SWS sulfide-rich samples, suggesting prior forma-
tion in a relatively reduced environment (Kawasumi and Chiba, 2017).
Therefore, it could be concluded that the sulfide-rich samples of the
SWS and NES are likely products of different mineralization episodes.

6. Conclusion

(1) The sulfide mineralization processes of the YHF exhibit intensive Zn
isotope fractionation features, with 8°°Zn values ranging between
—0.43%0-1.24%o, which is not only larger than currently obtained
seafloor sulfide data but also larger than the values obtained from
deposits on the land. The Zn isotope fractionation was likely related
to Rayleigh fractionation that was trigged by mineral precipitation
and affected by mineral assemblages. The wide range of 8°°Zn va-
lues can be attributed to multiple generations of pyrite precipita-
tion.

The Zn/Cd ratios of sulfides indicate that the ore-forming tem-
perature of Zn-rich massive sulfides in the SWS is higher than that
of the silicified sulfide-rich samples, whereas the silicified sulfide
chimney in the NES had a higher formation temperature than that
observed in the SWS. The sulfide Zn/Cd ratios show a positive
correlation with 8%Zn values, which could be attributed to a de-
crease in temperature during mineralization.

Sulfide-rich samples in the SWS and NES are likely formed during
different mineralization episodes. Sulfide-rich samples in the NES
are probably formed under higher temperatures and a more re-
duced environment, whereas a subsurface sulfide precipitation zone
was probably lacking.
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