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Hydrothermal activity on mid-ocean ridges is an important mechanism for the delivery of Zn from the
mantle to the surface environment. Zinc isotopic fractionation during hydrothermal activity is mainly
controlled by the precipitation of Zn-bearing sulfide minerals, in which isotopically light Zn is preferen-
tially retained in solid phases rather than in solution during mineral precipitation. Thus, seafloor
hydrothermal activity is expected to supply isotopically heavy Zn to the ocean. Here, we studied
sulfide-rich samples from the Duangiao-1 hydrothermal field, located on the Southwest Indian Ridge.
We report that, at the hand-specimen scale, late-stage conduit sulfide material has lower 8°6Zn values
(—0.05 £ 0.15 %0; n = 19) than early-stage material (+0.13 + 0.15 %0; n = 10). These lower values correlate
with enrichments in Pb, As, Cd, and Ag, and elevated 5>4S values. We attribute the low §°6Zn values to the
remobilization of earlier sub-seafloor Zn-rich mineralization. Based on endmember mass balance calcu-
lations, and an assumption of a fractionation factor (ozns-so1.) of about 0.9997 between sphalerite and its
parent solution, the remobilized Zn was found consist of about 1/3 to 2/3 of the total Zn in the fluid that
formed the conduit samples. Our study suggests that late-stage subsurface hydrothermal remobilization
may release isotopically-light Zn to the ocean, and that this process may be common along mid-ocean
ridges, thus increasing the size of the previously identified isotopically light Zn sink in the ocean.

© 2022 Elsevier Ltd. All rights reserved.
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composition (e.g., 8°6Zn = +0.46 * 0.13 %.; average * SD; Lemaitre
et al,, 2020), compared to major Zn inputs (e.g., 8°6Zn = +0.33 %o

1. Introduction

Seafloor hydrothermal activity is an important geological
process for the delivery of Zn from the sub-seafloor to the oceans
(Tivey, 2007), thus constituting an important part of the global
marine Zn cycle and the Zn isotopic balance of the ocean (Isson
et al., 2018; John et al., 2018; Roshan et al., 2018). Current studies
on the balance of the global oceanic Zn flux have revealed that dis-
solved Zn in the modern ocean has an isotopically heavy
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for rivers and 8%Zn = +0.37 = 0.14 %o for Aeolian dust; Little
et al., 2014). Thus, an isotopically light sink is required to balance
the marine Zn budget (Little et al., 2014). A possible candidate was
suggested to be the preferential uptake of light Zn in organic-rich
continental margin sediments (Little et al., 2016).

Zinc is one of the primary mineral-forming base metals in mid-
ocean ridge (MOR) hydrothermal deposits. Significant variations in
Zn isotope compositions have been observed in seafloor sulfide
mineralization, and these variations have been mainly attributed
to the precipitation of minerals that are enriched in isotopically
light Zn relative to the fluid (John et al., 2008; Zeng et al., 2021).
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Thus, due to sub-seafloor mineralizing processes, the fluid
becomes continuously more enriched in heavy Zn, and late-stage
precipitated minerals from the fluid generally contain heavier Zn
than early precipitated minerals. As a result, hydrothermal activity
is expected to deliver relatively heavy Zn to the ocean. For exam-
ple, the highest fluid 8°¢Zn value was recorded from a low temper-
ature vent fluid at K-vent, a sulfide-rich edifice at EPR 9°N (8°¢Zn =
+0.98 to +1.04 %o; John et al., 2008), compared with hydrothermal
fluid formed by leaching from MORB that has not undergone sub-
seafloor zinc bearing minerals precipitation (5°°Zn= +0.24 %.; John
et al., 2008). However, because the formation of hydrothermal sul-
fides on MORs involves multiple processes, such as the contribu-
tion of biological activity, multi-stage mixing with seawater and
hydrothermal fluids, rapid precipitation of sulfide minerals, and
remobilization and re-precipitation of metals from early stage
minerals (Tivey, 2007), their Zn isotopic fractionation processes
may be more complex, particularly on slow- and ultraslow-
spreading ridges that develop deep, steeply dipping, large-scale
faults that provide feasible conditions for the formation of deeply
circulating, long-lasting, and stable hydrothermal systems
(Cherkashov et al., 2017; Grevemeyer et al., 2019). For example,
seafloor sulfide deposits contain the largest reported range in Zn
isotope compositions (5%°Zn = —0.43 %. to +1.24 %) among all
kinds of mineral deposits, both on land and on the seafloor (Liao
et al, 2019). Hydrothermal plumes with negative 5°°Zn values
were also recorded above the TAG active mound, on the Mid-
Atlantic Ridge (—0.5 %.; Conway and John, 2014), and at a
hydrothermal vent of the Reykjanes Ridge (—0.42 %o.; Lemaitre
et al.,, 2020). However, the mechanisms that generate such light
Zn isotope compositions in seafloor hydrothermal systems and
their influence on the oceanic Zn budget remains unclear.

In this study, we present the Zn isotope compositions of four
relict sulfide-rich-mound samples from the Duanqgiao-1 hydrother-
mal field (DHF) on the Southwest Indian Ridge (SWIR; Fig. 1a). We
find that late-stage conduit sulfide minerals exhibit isotopically
lighter Zn compared with those of early-stage pyrite dominated
framework, and propose that this apparent evolution of Zn isotopic
compositions results from zone refining processes associated with
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sub-seafloor mineralization. Our findings suggest that subsurface
remobilization may be a common feature during the formation of
seafloor sulfide deposits and contributes to the global oceanic Zn
isotopic mass balance.

2. Geological background and sample description

The study area is located on segment 27 of the ultraslow-
spreading SWIR (half-spreading rate of 0.7-0.9 cm/yr, Dick et al.,
2003) between the Indomed and Gallina transfer faults. Geophysi-
cal surveys have revealed that the morphology, crustal thickness,
mantle composition, and magma activity vary along the ridge axis
(Georgen et al., 2001; Sauter et al., 2009). In segment 27, the vol-
canic ridge axis is well developed without an apparent rift valley
(Fig. 1b). This segment features a ~9.5 km thick oceanic crust (Li
et al., 2015) and a well-developed magma chamber (Jian et al.,
2017), although the origin of the magma chamber is controversial
(e.g., associated with the Crozet hotspot, local magmatic condi-
tions, or regional mantle fertility driven by plate reorganization;
Yang et al., 2017; Yu and Dick, 2020).

The DHF, located on the ridge axial high at a depth of about
1,700 m, was discovered by deep-tow video imaging in 2008 dur-
ing the DY115-20 Cruise, and consists of a sulfide-rich mound cov-
ering a 200 x 125 m area (Tao et al., 2012). Massive sulfide rubble
and chimney fragments are distributed on the surface or adjacent
to the mound. Abundant opal was found covering the center of
the mound. The host rocks of the mineralization are basalts and
basaltic breccias, and sediments are distributed along the slopes
or in topographic depressions. Massive sulfide outcrop, sulfide
debris, and opal samples were collected using a TV-grab system
consisting of a cable-based vertical sampling tool equipped with
a live-feed camera. During tow-yo or CTD station investigations,
no turbidity, temperature, or methane anomalies were detected
(Tao et al., 2014).

Four sulfide-rich relic samples exhibiting mineral zonation
were collected from the sulfide mound for Zn isotopic analysis.
The main constituents of the studied samples are a pyrite-
dominated framework, that is overgrown and/or replaced by
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Fig. 1. (a) Location and (b) bathymetry of the study area. The bathymetric data for (a) and (b) were obtained from General Bathymetric Chart of the Oceans (Schenke, 2016)

and multibeam bathymetry survey, respectively.
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late-stage conduit minerals comprising chalcopyrite, sphalerite,
and opal. The late-stage conduits are divided into chalcopyrite-
dominated (Fig. 2a and b), sphalerite-dominated (Fig. 2c), and
opal-dominated (Fig. 2d), with the different primary minerals
reflecting variable formation temperatures. These conduit minerals
also occur in minor abundances within the pyrite-dominated
framework. At a hand specimen scale, the contact zone between
the framework and conduit minerals is distinct, with obvious over-
growth features. Dating results using 23°Th/?38U ratios indicate
that these samples may have been formed through a minimum
of four episodes of hydrothermal activity between 0.7 and 84.3
kyrs (Yang et al., 2016).

The pyrite-dominated framework mainly comprises anhedral
pyrite with minor marcasite (Fig. 3a). The chalcopyrite-
dominated conduit is primarily composed of anhedral to euhedral
chalcopyrite, sphalerite, and minor pyrite. In the conduit walls,
original euhedral pyrite was replaced by chalcopyrite (Fig. 3b),
which was subsequently replaced by sphalerite (Fig. 3c). Occasion-
ally, inner conduit walls are dominated by sphalerite or opal, sug-
gesting the sphalerite and opal-dominated conduits were formed
after chalcopyrite dominated conduits. Sphalerite-dominated con-
duit walls comprise sphalerite and anhedral pyrite (Fig. 3d and e),
with minor chalcopyrite. Opal-dominated conduits comprise high
contents of silica, and the conduit walls are mainly composed of
quartz, sphalerite, pyrite, and minor tetrahedrite (Fig. 3f).

3. Methods
3.1. Microdrilling

Microdrilling (Microdrill System) was conducted at the State
Key Laboratory of Ore Deposit Geochemistry, Institute of
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Geochemistry, Chinese Academy of Sciences. This instrument
conducts in situ sampling during optical observations to ensure
the purity of each collected sample. The diameter of the micro drill
bit ranges from 0.2 to 2 mm. To obtain pure samples, a vacuum
adsorption system was used to collect the drilled material. The
sampling methods and specific parameters for this instrument
have been previously described (Dong et al., 2013).

3.2. Sulfur isotopes

Sulfur isotope ratios of the microdrilling samples were mea-
sured at the State Key Laboratory of Ore Deposit Geochemistry.
<100 pg of sulfide material was combusted in a tin cup using a
Flash EA 2000 elemental analyzer attached to an isotope ratio mass
spectrometer (Thermo Finnigan MAT 253; Thermo Scientific,
Bremen, Germany). The International Measurement Standard
reference materials IAEA-S-1 (Ag,S reference material 8554),
IAEA-S-2 (reference material 8555), and IAEA-S-3 (reference mate-
rial 8529) yielded a relative error of <0.15 %o (n = 10). The S
isotope ratios are reported relative to Canyon Diablo Troilite
using standard delta notation, where &*S = [(**S/*?S)sample/
(345/32S)cpr — 1] x 1000.

3.3. Zinc isotopes

For zinc isotope analyses, the micro drilled samples were first
weighed and digested in Teflon digestion vials (Savilex; USA) using
1 mL concentrated HNO3 and 0.1 mL concentrated HF at 110 °C for
approximately 24 h. After drying, the samples were dissolved in
5 mL of 1 % HNOs (v/v%). For each sample, 2 mL of supernatant
solution was transferred into a 15 mL polypropylene centrifuge
tube for trace element analysis. The residuals were evaporated to

Fig. 2. Sulfide mound relict samples selected in this study. These samples show distinct and obvious overgrowth features between the conduit and framework (most evident
in a, ¢, and d), implying the early-stage debris were cemented by late stage sulfide. The microdrilling sample positions and sample numbers are represented by the white dots
and numbers, and the analyzed Zn isotope composition (%.) are represented by the yellow italic numbers. (a) Pyrite-rich framework replaced by chalcopyrite-rich conduit, (b)
pyrite-rich framework replaced by chalcopyrite-rich conduit, (c) pyrite-rich framework replaced by sphalerite- and chalcopyrite-rich conduits and sphalerite-silicon rich
veins, and (d) pyrite-silicon rich conduit developing opal and pyrite on the inner and outer walls of the conduits, respectively.
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Fig. 3. Photomicrographs of the studied sulfides. (a) Anhedral pyrite intergrown with marcasite in the pyrite-dominated framework, (b) chalcopyrite replacing euhedral
pyrite in the chalcopyrite-dominated conduit, (c) sphalerite overgrown with chalcopyrite in the conduit, (d) sphalerite replacing pyrite in the conduit, (e) sphalerite in the
conduit, and (f) sphalerite and pyrite intergrown with quartz in the opal-dominated conduit. Mineral abbreviations: Ccp, chalcopyrite; Mas, marcasite; Py, pyrite; Sph,

sphalerite; Ttr, tetrahedrite; Qtz, quartz.

dryness and then dissolved using 2 mL 2 M HCl for the Zn isotope
separation. Trace element concentrations were determined by
inductively coupled plasma optical emission (ICP-OES) at the ALS
Laboratory Group, Guangzhou, China. The Zn isotope aliquots were
chemically purified by pre-cleaned 100-200 mesh AG MP-1 M
anion-exchange resin. The method for purification is described
by Liao et al. (2019). The comparison of zinc content of unpro-
cessed and purified samples indicated > 99 % recovery of Zn.

Zinc isotope analyses were performed by multi-collector induc-
tively coupled plasma mass spectrometry (MC-ICP-MS) (Neptune
plus) at the State Key Laboratory of Crust-Mantle Evolution and
Mineralization, Nanjing University. A coupled method of sample-
standard bracketing and Cu-doping was used for correction of
instrumental mass bias of the Zn isotopes (Wang et al., 2015),
and Faraday cups were aligned to measure %3Cu (L3), %4Zn (L2),
55Cu (L1), °6Zn (center cup), 7Zn (H1), %8Zn (H2), and 7°Zn (H4) iso-
topes. The Cu and Zn concentrations of the samples and standards
(reference material ERM-AE633) were diluted to 0.5 pg/g and
1.0 pg/g, respectively (Zhu et al., 2018). Zn isotope ratios were ana-
lyzed in low-resolution mode with a combination of Ni Standard
sampler cone and Ni X-type skimmer cone. The samples and stan-
dards were both introduced into the mass spectrometer using a
Teflon nebulizer and spray chamber at an uptake rate of about
100 pL/min, and generally ranged at a total Zn voltage of
30 V/ppm. All the samples and standard solutions were analyzed
in three blocks, with 15 cycles per block.

The Zn isotopic ratios are expressed in standard delta notation
in per mil units relative to the Institute for Reference Materials
and Measurements (IRMM) 3702a Zn solution. The Zn isotope
composition was represented as §%Zn = [(°°Zn/**Zn) sample/
(GGZH/G4ZH) IRMM-3702a — 1] x 1000. CAGS-1 and the new AA-ETH
Zn isotope standard solutions were used as internal laboratory
secondary reference materials; the 5°6Zn 1gmm 3702 values of which
were —0.85 + 0.05 %0 (n = 6) and —0.01 = 0.05 %o (n = 6), respec-
tively, in which the AA-ETH value agreed well with previous
reported values (Archer et al., 2017). An international sulfide stan-
dard (J-Zn-1) was used as an internal laboratory solid standard to
monitor Zn isotope fractionation during Zn purification and isotope
analysis; the 8%6Zn \rmm 3702 value of J-Zn-1 was —0.08 + 0.05 %o,
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which was in alignment with published values (Yang et al.,
2022a). To compare this study to literature data, the Zn isotopic
data are converted to the JMC Zn isotope standard by the following
equation: 8%Znyyc = 8°°Zngmm 3702 + 0.29 (Wang et al., 2017).

4. Results

Zinc and S isotope compositions and trace element ratios of
selected Duangiao-1 samples are listed in Table 1. Location of
micro drilling samples collected for analyses are provided in
Fig. 2. Because of the unknown mass of the micro drilled samples,
the trace element concentrations are reported as ratios. The sam-
ples exhibit §°6Zn values ranging between —0.35 %o and +0.36 %o,
with the early-stage pyrite-dominated framework samples show-
ing heavier Zn (—0.05 %o to +0.36 %o; average + SD = 0.13 + 0.15
%o; n = 10) than the late-stage conduit wall sulfides (range of
—0.35 %o to +0.18 %o; average of —0.05 t 0.15 %.; n = 19)
(Fig. 4a). The range of the 8°6Zn values are consistent with current
seafloor sulfide observations (Fig. 4b). Most of the values were
lower than those of the host basaltic rocks (+0.28 + 0.03 %o;
Wang et al., 2017), which is in agreement with a process whereby
hydrothermal alteration of basalt preferentially releases light Zn
into the hydrothermal fluid (Huang et al., 2016). However, the
conduit-wall exhibited generally comparable but slightly increased
5%Zn values from Cu-rich (—0.09 * 0.18 %o, n = 7), to Zn-rich
(=0.05 + 0.17 %0, n = 7), and to opal-dominated samples (—0.01 +
0.07 %0, n = 5, respectively, Fig. 4a).

5. Discussion
5.1. Mineralogical controls on the occurrence of Zn

Petrographic observations reveal that the DHF samples are
mainly composed of pyrite, sphalerite, and chalcopyrite, with
minor tetrahedrite and marcasite (Fig. 3). Sphalerite is therefore
the dominant Zn-bearing mineral phase in these samples. Thus,
the Zn isotope compositions of the Zn-rich samples (e.g. the spha-
lerite dominated conduits) is expected to be largely controlled by
sphalerite. However, hydrothermal pyrite can also have a high Zn
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Table 1
Zinc, S isotope compositions and representing trace element ratios of the studied sulfide samples from Duangiao-1.
Sample Serie No. Description 5345 35Znymc 2SD Zn/Cd Zn/Cu Zn/Fe Co/Ni As/Ni Ag/Ni Cd/Ni As/(Cu+ Ag/(Cu+ Cd/(Cu+ Pb/(Cu+
(%cVcpr) (%o) Zn + Fe) Zn + Fe) Zn + Fe) Zn + Fe)
TVG08-1H 1 Py dominated framework +3.95 +0.36 0.03 818.0 20.14 0.15 1.00 7.00 3.20 1.00 11.38 5.20 1.63 69.92
2 Py dominated framework +5.05 - - - - - - - - - - - - -
3 Ccp dominated conduit +4.96 —-0.05 0.01 133.8 0.02 0.02 - - - - 1.48 3.10 0.74 -
4 Ccp-Py dominated conduit +2.42 - - - - - - - - - - - - -
5 Sph dominated conduit +4.42 - - - - - - - - - - - - -
6 Py dominated framework +4.30 +0.03 0.01 - 0.16 0.02 3.00 11.00 0.90 - 19.15 1.57 - 22.63
7 Ccp-Py dominated conduit +4.94 - - - - - - - - - - - - -
8 Py dominated framework +3.95 +0.16 0.02 201.5 1.18 0.05 1.33 5.00 0.27 0.67 15.70 0.84 2.09 39.77
9 Ccp-Py dominated conduit +4.90 -0.22 0.04 354.4 2.58 0.08 1.50 5.50 0.35 1.00 11.49 0.73 2.09 36.56
10 Ccp-Sph dominated conduit +5.74 -0.26 0.04 177.3 0.10 0.06 2.50 7.00 3.15 2.00 7.19 3.24 2.06 1.03
11 Sph dominated conduit +5.15 —0.06 0.03 213.1 6.42 0.25 2.00 5.50 0.98 2.00 24.69 4.38 8.98 21.32
12 Sph dominated conduit +4.58 - - - - - - - - - - - - -
13 Ccp-Py dominated conduit +5.04 +0.08 0.01 - 0.06 0.02 - - - - 8.91 1.34 - 13.36
TVG08-7 1 Py-Sph dominated framework +4.65 —0.03 0.04 152.2 47.49 0.82 0.09 0.79 0.19 2.82 8.18 1.98 29.24 35.85
2 Py dominated framework +4.67 - - - - - - - - - - - - -
3 Py dominated framework +4.36 -0.01 0.01 1335 1.44 0.13 0.17 0.57 0.12 0.29 16.44 3.37 8.22 32.88
4 Ccp dominated conduit +5.12 +0.14 - - 0.01 0.06 0.50 - 1.00 - - 3.06 - -
5 Ccp-Py dominated conduit +4.82 —0.02 0.01 145.7 1.04 0.25 23.00 83.00 8.30 58.00 16.28 1.63 11.37 7.26
6 Py dominated framework +4.69 - - - - - - - - - - - - -
7 Ccp-Py dominated conduit +3.84 - - - - - - - - - - - - -
8 Ccp dominated conduit +5.01 - - - 0.01 0.01 0.60 0.40 0.42 - 0.81 0.85 - -
9 Py dominated framework +5.29 - - - - - - - - - - - - -
10 Opal-Py dominated conduit +5.08 —-0.08 0.02 18.4 2.01 0.86 033 0.17 0.98 7.33 4.66 2747 204.84 111.73
11 Py dominated framework +4.60 - - - - - - - - - - - - -
12 Sph dominated conduit +4.99 - - - - - - - - - - - - -
13 Py dominated framework +4.78 - - - - - - - - - - - - -
TVG08-1 1 Opal dominated conduit - +0.09 0.04 - 0.56 0.59 0.14 0.36 - - 463.95 - - 278.37
2 Sph dominated conduit +6.11 +0.06 - 308.5 56.48 20.89 - - - - 9.36 445 30.42 266.79
3 Py dominated framework +4.50 +0.08 0.03 251.0 0.87 0.04 0.50 1.00 0.20 0.17 9.65 1.93 1.61 32.16
4 Sph dominated conduit +4.70 -0.13 0.03 14.4 1.12 0.28 0.67 1.33 1.03 10.00 17.10 13.26 128.29 8.55
5 Ccp dominated conduit +4.87 -0.33 0.01 122.8 0.24 0.11 2.50 4.00 2.00 2.50 9.04 4.52 5.65 5.65
6 Ccp dominated conduit +4.81 - - - - - - - - - - - - -
7 Sph-Py dominated conduit +5.22 +0.18 - 37.0 2.99 1.14 0.50 - 2.50 13.50 - 22.59 122.01 266.61
framework contaminated
8 Sph dominated conduit +4.26 -0.35 0.05 152.9 18.54 0.45 1.50 4.00 1.15 6.00 13.35 3.84 20.02 23.36
9 Py dominated framework +3.79 +0.36 0.04 214.6 5.80 0.03 1.00 5.50 1.15 0.50 17.21 3.60 1.56 26.60
10 Sph dominated conduit +5.35 —-0.02 0.01 200.6 25.07 1.30 1.00 3.00 5.60 18.00 4.60 8.58 27.59 27.59
11 Sph dominated conduit +6.33 -0.02 - 204.7 21.29 4.29 - - - - 347 4.16 38.16 28.62
TVG08-05 1 Opal-Py dominated conduit +7.97 - - - - - - - - - - - - -
2 Opal-Py dominated conduit +6.65 - - - - - - - - - - - - -
3 Py dominated framework +4.42 - - - 0.53 0.02 - - - - - - - -
4 Py dominated framework +4.59 +0.23 0.09 - 1.35 0.02 0.08 0.77 0.16 - 17.23 3.62 - 74.07
5 Opal-Py dominated conduit +5.44 —-0.06 0.04 150.0 7.50 0.30 0.50 2.00 1.60 3.50 8.49 6.79 14.86 33.97
6 Opal-Py dominated conduit +6.53 -0.04 0.04 23.9 9.20 0.93 - 1.00 0.66 20.20 9.52 6.28 192.28 26.65
7 Opal-Py dominated conduit +6.74 +0.02 0.02 - 166.18 19.48 - 1.00 2.60 25.00 1.67 435 41.85 17.58
8 Py-opal dominated framework +4.71 —-0.05 0.02 226.0 3.09 1.25 - 0.75 2.03 2.25 8.63 23.31 25.90 57.56
9 Py-opal dominated framework +4.83 +0.15 0.01 181.7 1.32 0.05 - 1.33 0.43 0.17 15.63 5.08 1.95 25.40
10 Py-opal dominated framework +6.06 - - 225.7 - - - - - - - - - -

Note: - represents no data. 5*4S data of samples TVG08-1H and TVG08-05 were from Yang et al., 2022b. The serial numbers correspond to the positions of the micro drilling samples were shown in Fig. 2. The ratios of As, Ag, Cd and
Pb to Cu + Zn + Fe were presented in x 10% Typical SD on §*S was <0.15 %e.
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content (up to 15,000 pg/g, Keith et al., 2016) in the form of
microparticle sphalerite inclusions (Reich et al., 2013). With the
exception of two samples with Zn/Fe of 0.82 and 1.25, the pyrite-
dominated framework samples have Zn/Fe between 0.02 and
0.15 (average: 0.06 + 0.05; n = 9), lower than the highest Zn/Fe
ratio obtained by an electron probe micro-analyzer (ranging from
0.0 to 1,820.8 x 1074 323.7 x 107* + 471.1 x 107% n = 16,
Zhang et al., 2018). As a result of the limited spot diameter and
by deliberately avoiding micro inclusions, these high Zn/Fe values
obtained by EPMA reflect Zn substitution of Fe in the pyrite, indi-
cating that Zn isotope compositions reflect Zn in both pyrite and
sphalerite in pyrite-dominated framework samples. The Zn/Cu
ratios in the chalcopyrite from the DHF samples exhibited signifi-
cantly lower values (0.02 to 0.10 x 1074; 0.03 = 0.02 x 1074
n = 15, Zhang et al., 2018) than those of our bulk samples (0.51 +
0.91; n = 8). Chalcopyrite is a relatively poor carrier of Zn
(George et al., 2018), and the Zn isotopic composition of the
chalcopyrite-dominated conduit samples likely reflect the Zn in
sphalerite. The opal-dominated conduit samples also show high
Zn/Fe and Zn/Cu ratios (0.30-19.48, and 0.56-166.18, respectively,
n = 5) that are comparable with that of sphalerite dominated con-
duit samples (0.25-20.89, and 1.12-25.07, respectively, n = 7), but
significantly higher than that of pyrite-dominated framework
samples. This observation suggests that their Zn isotope composi-
tion was also predominantly reflecting Zn in the sphalerite.

5.2. Zn isotope systematics

The sampled late-stage conduit minerals (8%6Zn = —0.05 *
0.15 %0; n = 19) contain isotopically light Zn compared to those
of the early-stage pyrite-dominated framework samples (0.13 *
0.15 %o; n = 10). In addition, among the late-stage conduit samples,
the inner chalcopyrite-dominated and the sphalerite- and opal-
dominated conduit samples have generally comparable §%6Zn
values (Fig. 4a). These results indicate decreasing §°6Zn values with
time during the formation of these samples. Case studies and
Ab initio simulations of mineral deposits indicate that lighter Zn
isotopes preferentially fractionate into the precipitating solid
phase relative to the mineralizing solution under low Pco, condi-
tions (Kelley et al., 2009; Fujii et al., 2011; Zhou et al., 2014). For
example, the predicted fractionation between sphalerite and asso-
ciated fluid is <—0.25 %o at 423 K and under low Pco, conditions
(Fujii et al., 2011). Therefore, after sphalerite precipitation, the
residual hydrothermal fluids are assumed to be enriched in heavy
Zn, and any subsequent sulfide mineral precipitation from these
fluids should contain relatively heavier Zn than the earlier precip-
itated sphalerite. To our knowledge, this is the first time that this
reversed evolution of Zn isotope composition has been docu-
mented at the hand-specimen scale in seafloor sulfide samples.
Therefore, we suggest that another source of light Zn must be
added during the mineralization process to produce later stage
Zn-bearing minerals with light §56Zn signatures.

The mixing of Zn isotope compositions from deep seawater,
deep-sea sediments, and biogenic opal as a source of light Zn can
be excluded, due to the late-stage conduit sulfide samples exhibit-
ing lighter 5°¢Zn distributions than these potential sources (Fig. 4b;
Liao et al.,, 2019 and references therein). The possible influx of a
bacterially-derived isotopically light Zn source can also be
excluded because the high temperature conditions in the reaction
zone inhibit bacterial activity (Sarrazin et al., 1999), and the S
isotope data are inconsistent with bacterial derived signals (see
below). In addition, it has been proposed that high temperature
fluids that have not precipitated subsurface Zn-bearing minerals
would exhibit comparable Zn isotope compositions to source rocks
(John et al., 2008). For example, measurements of active vent fluids
from Bio" 9 vent from the 9°N East Pacific Rise have revealed that
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high-temperature (>300 °C) hydrothermal fluids have °¢Zn values
(+0.24 %o; John et al., 2008) similar to those of MORB (+0.28 £ 0.0
3 %0, Wang et al, 2017). However, the §%Zn values of the
chalcopyrite-dominated conduit sulfide samples in our study
yielded a wide distribution range (5°°Zn value —0.33 % to
+0.14 %o0), with the lowest value being significantly lower than that
of MORB (Wang et al., 2017). Furthermore, although preferential
scavenging of heavy Zn by solids, such as oxyhydroxides, clay min-
erals formed by wall rock alteration, and organic compounds can
result in precipitates with low 8%Zn values (Liu et al., 2019;
Chen et al., 2014), the high sphalerite content of the conduit sam-
ples implies that zinc was not significantly absorbed, thus making
this process unlikely to be important at high-temperature
hydrothermal vents.

We propose instead that the light Zn of the late-stage conduit
samples is caused by the remobilization of early-stage subsurface
mineralization. This interpretation is supported by the studied
conduit samples exhibiting relatively high concentrations of
hydrothermally mobile elements (e.g., Ag and Cd) but lower
concentrations of immobile elements (e.g., Ni), compared to the
early-stage framework samples (Fig. 5a and b). The Ag, As, Pb,
and Cd contents of the conduit samples are also high compared
to other hydrothermal sites on the SWIR and other mafic and ultra-
mafic hosted sites on sediment-starved mid-ocean ridges (Fig. 5¢
and d; Yang et al., 2022b). However, the elevated values are com-
parable to sulfide minerals from white smokers on the surface of
the active TAG mound, where venting fluids are also hypothesized
to have been modified by the dissolution of earlier stage subsurface
Zn sulfide minerals (Tivey et al., 1995). This interpretation is also
consistent with the remobilized and reprecipitated sulfide miner-
alization (mainly comprise secondary sphalerite and chalcopyrite)
of the Alexandrinka volcanogenic massive sulfide deposit, which
exhibits significantly lower 5%°°Zn values (—0.30 %o to —0.05 %o)
than those of associated sulfide chimneys (—0.02 %o to +0.23 %o;
Mason et al., 2005).

The interpretation of remobilization of early-stage subsurface
mineralization is also supported by the results of S isotope ana-
lyzes. The 5>S values of the samples exhibit a reversed evolution-
ary trend relative to the 856Zn values (Fig. 4a and c, Fig. 6a), where
the late-stage conduit samples generally exhibited heavier S (534S =
+5.21 + 1.03 %0; n = 28) but lighter Zn isotope compositions
(8%%Zn = —0.05 = 0.15 %0; n = 19) than those of the early-stage
pyrite-dominated framework samples (8%S = +4.62 + 0.52 %o;
n = 18 and §%Zn = +0.13 + 0.15 %.; n = 10). At the hand-
specimen scale, the 5**S values of most of the conduit samples
were observed to be 1 %0-2%o. higher than the framework samples,
with the largest difference (+3.55 %0) observed in sample TVG08-5
(Table 1). Generally, the S isotope compositions of sulfide minerals
in sediment-starved MORs are mainly derived from basement
rocks (84S = +0.1 + 0.5 %.) and seawater (534S = +21.24 %o;
Tostevin et al., 2014). The increased &3*S values of the samples
probably resulted from the presence of different proportions of
mixed endmembers controlled by permeability variations of the
sulfide. However, such increased 5*4S values could also have been
caused by the metasomatism of early sulfate minerals, changes of S
isotopic composition of the H,S by deep water-rock reactions, or
local S isotopic disequilibrium during sulfide deposition (Zeng
et al., 2017 and references therein).

In our studied samples, the enrichment of 34S in the conduit
samples caused by variations in permeability of the sulfide struc-
tures can be excluded, because these effects would likely equally
cause variations in the framework samples. In addition, recent
experimental and theoretical studies have demonstrated that
deposited sulfide minerals exhibit minor different S isotope com-
positions compared to the parent fluid, with greater differences
exhibited under lower temperatures and longer times for
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equilibration (Ohmoto, 1972; Syverson et al., 2015). Equilibration
times within hydrothermal vents are generally very short, and thus
the sulfur isotope differences observed in this study cannot be
formed by this mechanism. In addition, the pyrite dominated
framework and the conduits were formed during different epi-
sodes of hydrothermal activities (Yang et al., 2016), which is also
inconsistent with this explanation. Furthermore, the Zn/Cd ratio
exhibits a low correlation with the §34S values in our samples
(Fig. 6b), implying that temperature had limited impact on the sul-
fur fractionation. The isomorphous substitution of Cd for Zn in
sphalerite is generally temperature dependent. Sphalerites in ore
deposits formed under higher temperatures have higher Cd con-
tents and lower Zn/Cd ratios than lower-temperature sphalerites
(Schwartz, 2000; Wen et al., 2016). Therefore, we propose that
the high 84S values of the conduit samples can be attributed to
intermittent hydrothermal activity, which is supported by the
framework and conduit samples having been formed during differ-
ent episodes of hydrothermal activity (Yang et al., 2016). The root
of the hydrothermal system would have been filled with seawater
during inactive periods, which could have supplied greater
amounts of S from seawater to the following re-activated stages
of mineralization (Petersen et al., 2000), thus increasing the §34S
values. In addition, the reduction of the hydrothermal fluid flux
during the waning stage of the hydrothermal activity may also
result in increasing seawater derived sulfur forming the conduits.

5.3. The extent of subseafloor remobilization

As discussed above, the conduit sulfide samples are products of
a sub-seafloor zone refining process. Therefore, the isotopic com-
position of Zn of the fluid that forms such products can be esti-
mated by an endmember mass balance calculation. The final-
stage fluids that form the conduit samples are considered a mix-
ture of the initial fluid, the leachate (remobilized fluid), and seawa-
ter. The initial fluid was derived from leaching from host rocks,
while the leachate is considered as leaching from earlier precipi-
tated minerals.

The initial fluids should have an S isotope composition slightly
higher than the host rocks (84S = +0.1 %o), due to the incorporation
of S derived from thermochemical sulfate reduction in the down-
welling fluids. Herein, a 8*Sinitial fiuia Value of +1.0 %o to +1.5 %o is
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assumed, based on typical 534S values of H,S in the reaction zone
released into the hydrothermal system (+1.0 %0 to +1.5 %o;
Shanks and Seyfried Jr, 1987; Woodruff and Shanks, 1988;
Shanks, 2001). The Zn isotopic compositions of the initial fluids
are assumed to be similar to high temperature vent fluids
(Huang et al., 2016) due to minimal Zn-bearing mineral precipita-
tion. Here, we assume that the §%6Znjnia auia value is about
+0.24 %o, based on the measured values of high temperature vent
fluids at Bio 9, EPR 9°50'N that are assumed to vent without signif-
icant sub-seafloor precipitation of Zn bearing minerals (John et al.,
2008).

The remobilized fluid is presumed to contain a component of Zn
that was leached from a source likely between the initial precipi-
tated sub-seafloor sulfide minerals and the pyrite dominated
framework. According to a fractionation factor (otzysse1.) of about
0.9997 between sphalerite and the parent solution (Fujii et al.,
2011; Jamieson-Hanes et al., 2017), the initial precipitated spha-
lerite should exhibit a range of values that average at a slightly
heavier value than the minimum (—-0.05 %o), and would have the
lowest 8°°Znpitial precipitates values of about —0.03 %, assuming
0 % to 20 % of Zn has precipitated from the fluid (Fig. 7). Hence,
the hydrothermal fluid from the remobilization of primary Zn
bearing minerals (such as sphalerite) would have a Zn isotope
composition comparable to the initially deposited sphalerite
(=0.05 %o; Fernandez and Borrok, 2009), or comparable to the
pyrite-dominated framework (average 8°°Zn = +0.13 %.). Thus,
the 8%6Znjeachate Values are presumed to be between —0.05 %o and
+0.13 %o. Subsurface mineralization generally occurs at high tem-
peratures, while there is limited equilibrium S isotope fractiona-
tion between H,S and sulfide minerals under temperatures of
>250 °C (Ohmoto, 1979). Therefore, the 534S values of precipitated
sulfide minerals likely reflect the isotopic composition of the par-
ent hydrothermal fluids (Bluth and Ohmoto, 1988). Thus, the S iso-
tope composition of the leachate of the subsurface sphalerite is
presumed to be comparable to the isotopic composition of the
pyrite-dominated framework (average 5>*Sjeachate = +4.62 %o).

Infiltrating seawater into the hydrothermal system has an iso-
topic composition of 8%°Zn seawater = +0.46 %o (Lemaitre et al.,
2020) and §3%S seawater = 21.24 %o (Tostevin et al., 2014). The final
mixed fluid is presumed to have a §>**Sgpa fuia value similar to the
precipitated chalcopyrite-rich conduit samples (average 534S =
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+4.71 %o), because sulfur fractionation between chalcopyrite and
the parent fluid H,S is negligible (8**Scpy-nzs = —0.1 %o at 350 °C;
Ohmoto, 1979). The Zn isotope composition is calculated as
8%ZNanal fiuia = +0.18 %o, based on a fractionation factor (oizps-sor.)
of 0.9997 and the 5%Zn value of the chalcopyrite-rich conduit
samples (averaged —0.09 %o; Table 1).

Therefore, the extent of the subsurface remobilization was esti-
mated by the coupled Zn and S isotope compositions of the studied
sulfide samples, as shown in the following equations:

66 66 66
a x 8™ ZNjeachate + b X 8™ ZNinitiar fiuid + € X 3 ZNseawater

66
= 0" ZNfinal fluid,

(1)

34 34 34 34
a X 8 Sieachate + b X 87" Sinitial fiuid + € X 8 Sseawater = 8 Sfinal fluids
(2)
and

at+b+c=1, 3)

where a, b, and c represent the ratio of leachate, initial hydrother-
mal fluid, and seawater, respectively.

Based on the above equations and input values, the leachate
component (a) is calculated as 29.5 %-67.2 %, while the values for
seawater(c) ranging between 5.8 and 12.9 %. These results indicate
that the remobilized Zn comprise about 1/3 to 2/3 of the total
Zn in the final hydrothermal fluid. Moreover, the lowest
85%Znfinal precipitates Value of the conduit sulfide samples (down to
—0.35 %o0) is lower than the value of the precipitates from the
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assumed leachate (8%6Znjeachate = —0.32 %o to —0.17 %0). Thus, we
propose that the light Zn isotope compositions (down to
—0.35 %0) of the conduit samples likely reflect recurring leaching
of isotopically light sub-seafloor sulfides. This interpretation is
consistent with dating results showing at least four episodes of
hydrothermal activity may have occurred at the vent field (Yang
et al., 2016).

5.4. Isotopic constraints on the hydrothermal Zn flux to the ocean

Distinct Zn isotope compositions are observed in the sulfide
framework and conduit samples, interpreted here as derived from
the remobilization of sub-seafloor sulfide minerals. Intensive Zn
isotope fractionation features and significant negative 5°6Zn values
have been observed in many seafloor hydrothermal fields located
on sediment-starved MORs (Fig. 4b). For example, 5°°Zn values of
—0.43 %o from Yuhuang-1 on the SWIR (Liao et al, 2019),
—0.39 %o from the Edmond field on the Central Indian Ridge (Wu,
et al,, 2013; Zeng et al., 2021), and —0.14 %o from the south Mid-
Atlantic ridge (Li et al., 2018) have been reported. Measured
5%Zn values as low as —0.43 %o were also reported from stockwork
mineralization in the Alexandrinka VMS deposit (Mason et al.,
2005). These 5%°°Zn values are all significantly lower than those of
precipitates (lowest value about —0.05 %., fractionation factor
(0lzns-sor.) Oof 0.9997) from the initial hydrothermal fluids formed
by the reaction of seawater with basement rocks (+0.24 %o; John
et al., 2008). Negative 8°6Zn values (—0.5 %0) were also recorded
from the hydrothermal plume above the TAG active mound
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(Conway and John, 2014), and hydrothermal vents along the Reyk-
janes Ridge (—0.42 %0; Lemaitre et al., 2020). We suggest that while
hydrothermal mineral precipitation is expected to generate late-
stage precipitates with heavier Zn (Fig. 7); but, because of the rel-
atively simple source of Zn in sediment-starved MOR hydrother-
mal systems, the negative values also probably resulted from
subsurface remobilization and re-precipitation. This interpretation
is also consistent with the finding that hydrothermal fields found
on slow- and ultraslow-spreading ridges exhibit relatively low
8%Zn values with a large distribution range (Fig. 4b), due to
long-lived hydrothermal activity occurring in stable, longer-lived
tectonic settings; than those of fast spreading ridges. Thus, our
study reflects that subsurface remobilization is likely a common
phenomenon in hydrothermal fields on MORs, particularly on
slow- and ultraslow-spreading ridges.

Previous studies have revealed that the Zn isotopic composition
of seawater (8°6Zn = +0.46 + 0.13 %o) is heavier than other postu-
lated Zn inputs (e.g., rivers; 8°°Zn = +0.33 %, and aeolian dust;
856Zn = +0.37 % 0.14 %.), while outputs in oxic settings, such as
deep-sea clay, surface sediments, manganese nodules, and bio-
genic opal are generally isotopically heavier than seawater
(Fig. 8). These inputs and outputs require an isotopically light Zn
sink of 3.1 x 10% mol/year with a 5%°¢Zn value of —0.3 %o (Little
et al., 2014). A possible isotopically light Zn sink is organic-rich
continental margin sediments (5.6 x 10% mol/year, average
856Zn = —0.09 %o to +0.12 %e; Little et al., 2016: Zhang et al.,
2021), that contain isotopically light Zn that is bounded by organic
matters (Fan et al., 2018; Weber et al., 2018), or incorporated into
authigenic oxides or sulfides (Vance et al., 2016; Zhang et al,,
2021).

Although the majority of Zn in hydrothermal fluids precipitates
immediately after fluid venting, recent studies suggest that signif-
icant amounts of Zn can be dispersed in hydrothermal plumes as
either particles or in dissolved forms at up to basin-scale distances
(German et al., 1991; Roshan et al., 2016; Lemaitre et al., 2020). For
example, particulate Zn accounts for about 85 + 23 % of the total Zn
in buoyant plumes at the Aisics site (Waeles et al., 2017), and sig-
nificant particulate Zn concentrations have been observed in
hydrothermal plumes among hydrothermal fields on a variety of
ridge systems (Edmonds and German, 2004; Sun et al., 2014;
John et al., 2018; Lemaitre et al., 2020). In addition to negative
8%6Zn values identified in hydrothermal plume in slow-ultraslow
spreading ridges (Conway and John, 2014; Lemaitre et al., 2020),
our study reveals that hydrothermal Zn may be even lighter than
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856Zn value of the conduit sulfide samples is lower than the proposed lowest value
precipitated from the remobilized fluid.

previously estimated (8°°Zn = +0.2 %0; John et al., 2008) due to
the process of subsurface remobilization, thus increasing the size
of the previously identified isotopically light Zn sink required to
balance the global oceanic zinc budget.

To date, estimates of the Zn flux in hydrothermal plumes on
MORs vary by orders of magnitude. The global oceanic hydrothermal
Zn flux, is estimated to be about 1.2-3.2 x 10° mol/year (Elderfield
and Schultz, 1996), provides about 1.2-3.2 x 108 mol/year of Zn to
plumes based on about 90 % of the Zn being deposited adjacent to
the field. However, more recent estimates suggest that the effective
hydrothermal Zn flux in a plume may be underestimated, and that
the global oceanic hydrothermal flux of dissolved Zn into the ocean
may be up to 1.75 + 0.35 x 10° mol/year (Roshan et al., 2016). The
above mentioned light sink of continental margin sediments was
found to only accommodate the lower end of the estimated
hydrothermal Zn input (0.4-2.8 x 10° mol/year; Roshan et al.,
2018). Based on slow-ultraslow spreading ridges constituting about
60 % of the length of the total ridge systems, their associate
hydrothermal Zn flux could be roughly estimated to be about
1.05 x 10°mol/year. Assuming 29.5 %-67.2 % of the Zn being of remo-
bilized origin with a 8%6Zn value of —0.05 %, as in Duanqiao-1 (Fig. 8),
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the size of previously identified isotopically light Zn sink would be
3.6 x 10® -4.3 x 10® mol/year, with a §°¢Zn value of —0.3 %. This
value is 15 %-40 % larger than the previously estimated flux
(3.1 x 10® mol/year with a §°6Zn value of —0.3 %o). Furthermore,
more intensive remobilization is implied because the 8°6Zn values
arising from remobilized Zn, such as the observations of plumes at
TAG and along the Reykjanes Ridge (Conway and John, 2014;
Lemaitre et al., 2020), is even lighter than those measured in this
study, implying that the recalculated value may be even larger.

6. Conclusion

(a) Sulfide samples recovered from the DHF on the SWIR exhibit
8%6Zn values ranging between —0.35 %o and +0.36 %.. For the
first time, hand-specimen-scale seafloor hydrothermal field
late-stage conduit samples are observed to have lighter Zn
isotope compositions (—0.35 %o to +0.18 %.) than early-
stage pyrite-dominated framework samples (—0.05 %o to
+0.36 %o).

(b) This isotopic distribution is interpreted to result from the
remobilization of subsurface mineralization, which is consis-
tent with Pb, As, Cd, and Ag enrichment and heavier S iso-
tope compositions within the sulfide minerals of the
conduit samples. Based on endmember isotope composi-
tions, remobilized Zn was calculated making up about 1/3
to 2/3 of the total Zn content in the final-stage hydrothermal
fluid that formed the conduit samples.

(c) Subsurface remobilization is likely a common feature during
the formation of seafloor sulfides, and it may significantly
increase the magnitude of the light zinc sink needed to bal-
ance the oceanic isotope mass balance.
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