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Abstract: Submarine hydrothermal sulfides from the ultraslow-spreading Southwest Indian Ridge
(SWIR) were sampled from three hydrothermal fields, and the Fe-Cu-Zn isotopic compositions
were analyzed in this study. The Fe isotopes ranged from —0.011%o. to —1.333%.. We believe the
processes controlling the Fe isotope variability in the hydrothermal systems include the sulfide
precipitation process, the initial isotopic composition of the hydrothermal fluid, and the temperature
during precipitation. Among these factors, the sulfide precipitation process is the dominant one.
The Cu isotope compositions of the sulfides varied from —0.364%o to 0.892%o, indicating that the
hydrothermal fluid preferentially leached %°Cu in the early stages and that hydrothermal reworking
led to decreases in the Cu isotopes in the later stages. In addition, because mass fractionation
occurred during sulfide precipitation, the Zn isotope variations ranged from —0.060%o to 0.422 %o.
Combined with the S isotopic compositions, these results also implied that different Fe-Cu-Zn
isotopic fractionation mechanisms prevailed for the different sample types. Based on these results,
we are sure that the metallic elements, including Fe, Cu, and Zn, were derived from the mantle in
the SWIR hydrothermal field, and the Fe-Cu isotope results indicated that these metallic elements
were provided by fluid leaching processes. Using the isotopic fractionation and sulfide results,
we calculated that the Fe-Cu-Zn isotopic compositions of the hydrothermal fluid in this field were
5°°Feqyid): —0.8~0.0%o0; 8% Cui(gyiqy: 0.3~1.3%o0; and 5°0Zngy;ig): 0~0.48 %.

Keywords: Fe-Cu-Zn isotope; isotopic fractionation; submarine hydrothermal sulfide; SWIR

1. Introduction

Submarine hydrothermal sulfide deposits are widely distributed in global oceans and
are rich in metallic elements, such as Cu, Zn, Pb, Au, and Ag; so, they are of great economic
value and strategic significance [1-7]. Hydrothermal systems in the Southwest Indian
Ridge (SWIR) are characterized by ultraslow spreading speeds compared to the other
mid-ocean ridge hydrothermal systems [7-11]. The published papers have reported studies
on the hydrothermal sulfides from the SWIR. However, they mainly focused on mineralogy
and elemental geochemistry [8,12,13], and many problems were not reasonably explained,
such as the metallogenic environment and the source and contribution mechanism of
metallogenic materials. In summary, these hydrothermal systems in the SWIR have received
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less attention than the extensively investigated hydrothermal systems in the Pacific Ocean
and the Atlantic Ocean and in back-arc basins [6,14,15].

To address the above issues, we can apply multiple isotope systems, which indicate
the sources of the metallogenic material, the evolutionary processes and the physical and
chemical changes occurring in the fluid, to study the ore-forming process synthetically.
Base metals (such as Fe, Cu, and Zn) are widely distributed in mineralized rocks and fluids
and play important roles in diagenesis, metallogenesis, and hydrothermal activities. If we
could study the Fe-Cu-Zn isotopic compositions directly, we would gather more clues and
evidence revealing the different geologic processes occurring in nature [16]. Additionally,
with the advent of multi-collector inductively coupled plasma mass spectrometry (MC-
ICPMS) in recent years, the stable Fe-Cu-Zn isotope variability has been measured with high
accuracy [17-20]. As a result, Fe, Cu, and Zn isotopes have been used frequently to trace
the ore-forming fluid paths and the sources of the hydrothermal systems [19,21-23]. Thus
far, the Fe isotopic compositions of seafloor hydrothermal sulfides and fluids have been
determined for the East Pacific Rise (EPR), Juan de Fuca Ridge, and Mid-Atlantic Ridge,
and they indicated an Fe isotopic fractionation mechanism operating in the hydrothermal
systems [21,24-32]. In addition, Cu and Zn isotopes have been used extensively to study
the metallogenetic mechanisms of hydrothermal areas in the Mid-Atlantic Ridge, East
Pacific Rise, and western Pacific back-arc basin [19,30,33-39].

Few studies have reported transition metal isotopes for the SWIR hydrothermal
systems. Zeng et al. [30] and Li et al. [40] have reported sporadic Fe isotope data of the
SWIR hydrothermal sulfides, but Cu and Zn isotope analyses are lacking. On the other
hand, Fe, Cu, and Zn are ore-forming elements; so, it is more reasonable to trace the origins
of the ore-forming elements by studying the Fe-Cu-Zn isotopes. As a result, we sought to
measure the isotopes of these ore-forming elements directly and to combine the information
with that for S isotopes to further understand the Fe-Cu-Zn isotope fractionation and the
metallogenic environment. In addition, because these sulfides precipitated directly from
the hydrothermal fluid, the origin of the ore-forming fluid can be traced by studying the
isotopic compositions of the hydrothermal sulfides.

2. Geologic Setting

The Southwest Indian Ridge (SWIR) extends from the Bouvet triple junction (BT]) at
55° S, 00°40" W to the Rodrigues triple junction (RTJ) at 25°30" S, 70° E (Figure 1), forming a
boundary between the African and Antarctic plates with a length of approximately 8000 km.
The SWIR spreads at the much slower rate of 13~18 mm/a; so, it is a typical ultraslow-
spreading ridge [10]. Furthermore, some segments of the ridge lie at high angles relative
to the regional spreading direction. The eastern section of the SWIR (25~70° E) is charac-
terized by the Indomed, Gallieni, and Melville fracture zones, which exhibit a relatively
uniform spreading rate of 14 mm/a. On the other hand, the western section of the SWIR
(0~25° E) exhibits an average spreading rate of approximately 16 mm/a, which can be
divided into two parts, 0~9° E, 9~16° E and 16~25° E, based on the spreading geometry [41].
From 0° E to 9° E, well-defined short ridge segments are offset by relatively long-lived
transform faults, which lie orthogonal to the regional spreading direction. In contrast,
the segmentation is poorly defined along the 400 km long section of the ridge between
9° and 16° E. This portion of the SWIR lies at a high angle relative to the regional spreading
direction. As a result, this SWIR section has an effective spreading rate of only 4.2 mm/a,
which is the slowest rate along the accessible portion of the global ridge system. Between
16° and 25° E, this portion of the SWIR is orthogonal to the regional spreading direction
and is composed of a series of short segments separated by nontransform offsets [42]. In
some segments, such as those around the transform faults, a significant amount of mantle
material is exposed, such as serpentinized peridotite. Some gabbros appears at the bottom
of some great fractures [43].
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Figure 1. Location map of the study area on the Southwest Indian Ridge (between the Indomed
and Gallieni fracture zones (FZs)) as well as the Central Indian Ridge (CIR) north of the Rodriguez
triple junction (RTJ). The inset shows the regional setting of the ultraslow-spreading SWIR. For more
detailed bathymetry and topography data of each of these six hydrothermal fields (marked with red
circles), please see previous publications [44-53].

Our study was based on a collection of samples taken from the eastern section of the
SWIR at 49~50° E; this is located between the Indomed fracture zone (Indomed FZ) and the
Gallieni fracture zone (Gallieni FZ) (Figure 1), where investigations of the hydrothermal
activity in the SWIR are the most advanced at present. Since 8-10 Ma, this segment of ridge
has developed a suddenly increased melt-supplying process. This hypothesis has been
proven by the shallower depth of seawater at both the axis of the ridge and the off-axis
and the increased thickness of the crust compared with the other ridge areas [54]. It is
known that the interaction between the Crozet hotspots and the SWIR is the result of
abnormal ridge accretion; however, the pattern and process have been argued about [55].
Geophysical investigations have shown that the central section of the ridge is the highest
melt-supplying area, where many flat-top volcanoes are developed, rift valleys disappear,
and the shallowest seawater depth is 1570 m. On both sides of the ridge, the depths are
greater and extend to the Indomed and Gallieni transform faults, respectively.

3. Samples and Methods

Our samples were obtained during the Chinese research cruise, which was supported
by the China Ocean Mineral Resources Research and Development Association (COMRA).
Samples of the hydrothermal sulfides, including those from S27-4, S35-22, 535-17, S7-4, and
525-21, and the hydrothermal sediments (56-3) were obtained by TVG (television video-
guided grab). Among them, S35-22, obtained from the Yuhuang hydrothermal field, is an
Fe-Cu-rich massive sulfide sample, consisting mostly of subhedral pyrite/marcasite chal-
copyrite with minor sphalerite. S27-4 is a Zn-rich massive sulfide sample, consisting mostly
of euhedral/subhedral sphalerite and wurtzite; S7-4 is an Fe-rich relict chimney debris sam-
ple; S6-3 is a metalliferous sediment sample; and 535-17 is a black smoker chimney fragment
containing anhedral pyrite and sphalerite and minor chalcopyrite; these were obtained
from the Longqi hydrothermal field. S25-21 is an Fe-Cu-rich relict sulfide talus sample
from the Tianzuo hydrothermal field and is principally composed of pyrite, bornite, and
isocubanite. Fe-oxyhydroxides fill in the microcavities or fractures, which appear to have
undergone extensive hydrothermal alteration and supergene weathering. Reflected-light
and SEM photomicrographs for some of the samples can be found in Wang et al. [56].

In addition, three hydrothermal sulfide samples (EPR-1, EPR-2, and S4-1) from the
East Pacific Rise (EPR) were studied for comparison. All the information on the samples is



Minerals 2023, 13, 843

40f19

shown in Table 1. The hydrothermal sulfides were ground into small particles with sizes
of 0.2~0.5 mm. Then, these sulfide particles were dried at room temperature and sieved
through a nylon griddle. To obtain homogeneous microcrystalline groundmass separates,
various types of metal sulfides (approximately 2 g) with small diameters, such as pyrite,
chalcopyrite, and sphalerite, were sieved and carefully hand-picked under a binocular
microscope for Fe-Cu-Zn isotope analyses. Finally, these particles were ground into pow-
ders with sizes of 0.08~0.05 mm in an agate mortar. Notably, during the whole process
non-metallic products were used to avoid pollution of the Fe-Cu-Zn isotope compositions
with metallic products.

Table 1. Sample information and analytical projects 1

Vent Field Sample ID Longitude/Latitude Depth (m) Sample Description Mineralogy Isotopic Analysis
Yuhuang 535-22 49.2° E/37.9°S 1445 Fe-Cu-rich massive sulfide Py-Cpy-Po Fe-Cu-Zn
527-4 49.6°E/37.8°S 2781 Zn-rich massive sulfide Sp-Wur-Py Fe-Cu-Zn
Longgi S7-4 49.6° E/37.8° S 2755 Fe-rich relict chimney debris Py-Mrc-Sp Fe-Cu-Zn
56-3 49.6° E/37.8°S 2777 Metalliferous sediment Py-Gth-Hem Fe-Cu-Zn
535-17 49.6° E/37.8°S 2783 Black smoker chimney fragment Py-Sp-Cpy Fe-Zn
Tianzuo 525-21 63.5° E/37.7° S 3666 Fe-Cu-rich relict sulfide talus Py-Bn-Iso Fe-Cu-Zn
. EPR-1 EPR13° N 2628 Fe-rich massive sulfide Py-Mrc-Sp Fe-Cu
EPR13"N EPR-2 EPR 13° N 2633 Fe-rich massive sulfide Py-Mrc-Sp Fe-Cu
Niaochao S4-1 Nearby EPR 0° 2747 Fe-Cu-rich massive sulfide Py-Mrc-Cpy Fe-Cu-Zn

1 Py—pyrite; Cpy—chalcopyrite; Sp—sphalerite; Wur—wurtzite; Bn—bornite; Iso—isocubanite; Mrc—marcasite;
Gth—goethite; Hem—hematite.

These powder samples were sent to the isotopic laboratory of the ALS Laboratory
Group in Switzerland for Fe-Cu-Zn isotope analyses. We used hydrochloric acid and nitric
acid to dissolve the sulfides. First, these samples were dissolved in dilute hydrochloric
acid for 3 h. After centrifugal separation, the residual samples were dissolved in nitric
acid. These solution samples were evaporated to dryness and dissolved in hydrochloric
acid again. They were further purified for mass spectrometry by anion exchange chro-
matography. After sample pretreatment, we used a multi-collector inductively coupled
plasma mass spectrometer (MC-ICPMS) with a Neptune-type flow meter to measure the
Fe-Cu-Zn isotopic compositions. For more details on the analytical methods, please re-
fer to Pérez et al. [57] and Rodushkin et al. [58]. The Fe-Zn isotopic reference materials,
IRMM-014 and IRMM-3702, which were provided by the Institute of Reference Material
and Measurements in Geel, Belgium, were employed as standards for the measurements of
the Fe and Zn isotope ratios, respectively. The Cu isotopic compositions were determined
relative to a Cu standard, such as NIST 976, which was provided by the American National
Institute of Standards and Technology. The Fe-Cu-Zn isotopic compositions were expressed
as 6°Fe, 657Fe (556Fe ~ 0.68 x 857Fe), °°Cu, and 5%°Zn and calculated as a deviation
relative to the standard with the following equations:

A>Fe = [(*°Fe/*Fe)sqmpic / *°Fe/**Fe)r14 — 1] x 1000

5°7Fe = [("Fe/>*Fe)sumpe/ (' Fe/**Fe)irmmr-14 — 1] x 1000
5°Cu = [(*Cu/®CW)sampre / (PCu/®Cu)nisrors — 1] x 1000
5%Zn = [(*°Zn/®*Zn)sumpre / (*°Zn/** Zn) rpn-3702 — 1] x 1000

4. Results

As previously mentioned, IRMM-014, NIST 976, and IRMM-3702 were used as stan-
dards for the Fe-Cu-Zn isotopic analyses. The results are shown in Table 2. To check the
reliability and accuracy, a linear relationship between the natural log of §°°Fe /&% Fe and
§%6Zn /5% Znis used to determine the mass bias relationships (Figure 2). We found that
the slopes for the Fe and Zn isotopic analyses were 1.493 and 1.992, respectively, and were
consistent with the results of Beard et al. [20] and John et al. [22], and they were also in
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Figure 2. Linear regression fitting line diagram of §°°Fe-5°Fe (a) and §°°Zn-5%Zn (b).

IRMM-3702 was used as the Zn isotopic standard in this analysis, but previous studies
commonly used the JMC Zn solution (finished) as the standard. Therefore, we converted the
results to the JMC Zn solution standard to facilitate a comparison. The formula used was:

860 Zniram-a702 & —0.33 + 8% Znpyic [59].

The results shown in Table 2 are those obtained after the conversion.

5. Discussion
5.1. Fe Isotopes

As shown in Table 2, the Fe isotopic compositions in this study fell within a large
range, with 8°°Fe changing from —0.011 to —1.333%. and 5%Fe changing from —0.024
to —2.021%.. We will focus on §°°Fe here to enable convenient discussions and com-
parisons. Table 2 and Figure 3 show that most of the 5°°Fe values determined in this
study fell within the range of those for global submarine hydrothermal sulfides (5°°Fe:
0.42~—2.13%o [21,24,27,28,60]). Compared with the average value for sulfide samples from
the EPR (—0.349%.), the hydrothermal sulfides from the SWIR showed a lower average
value of —0.621%o. In comparison with the Fe isotopic compositions in other geologic
bodies (Table 2 and Figure 3), the submarine hydrothermal sulfides showed greater iso-
topic fractionation due to kinetic fractionation. However, the §°°Fe values for the SWIR
displayed more concentrated results than those from Lucky Strike and EPR 9-10° N, which
agreed with the S isotopic results. The reason may lie in the geologic setting of the SWIR,
which is an ultraslow-spreading and sediment-starved mid-ocean ridge without obvious
biotic fractionation as a result. However, we cannot exclude the possibility that there
are no low-temperature samples in this study. Figure 3 shows that the §°°Fe values in
the SWIR approached the values of the mid-ocean ridge basalts (MORBs, approximately
0.0%o; [20]), indicating that Fe may be derived from the mantle and that the sulfide-forming
process leads to Fe isotopic fractionation. This conclusion is in agreement with a He-Ar
isotopic study [56]. When combined with the S isotopic compositions, there was an obvious
positive correlation between the Fe and S isotopes in the sulfide samples from the SWIR
and the Lucky Strike and EPR 9-10° N hydrothermal fields (Figure 4), suggesting that the
mechanisms for the formation of pyrite and chalcopyrite influenced the Fe-S isotopic com-
positions [60]. However, some samples showed a drift away from the positive correlation,
indicating fractionation of the Fe-S isotopes and different fractionation mechanisms.
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Table 2. Fe-Cu-Zn isotopic compositions of the hydrothermal sulfides studied herein .

. 2 5%Fe 5%Fe §%°Cu 8%0Zn 1rMMm-3702 8%8Zn 1rMm-3702 8%Zn ymc 34G (0, ) 4
Sample No. Analyzed Mineral %) +1sd (%) +1sd (%) +1sd (%) +1sd (%o) +1sd (%O)J 8°%8S (%o)

$35-22-1 Py 0011 0031 —0.024 0049 0892 0.042 —0.040 0.068 0.051 0.074 0.290 48

535-22 $35-22-2 WR. 0028 0028 —0059 0064  0.803 0.021 ~0.022 0.054 —0.034 0.068 0.308 49

$27-4-1 Sph 0376 0084 —0587 0104 0782 0.040 ~0.306 0.062 —0.603 0.057 0.024 34

S527-4 $27-4-2 WR. 0405 0048 —0.608 0060  0.798 0.038 —0.390 0.047 ~0.789 0.086 —0.060 32

$35-17-1 Py 1298 0046 —1959  0.105 - - —0.278 0.031 —0561 0.052 0.052 41

53517 g35.172 Sph 1333 0031 —2021  0.088 - - —0217 0.051 —0.419 0.068 0.113 43

7.4 7.4 WR. 0747 002 —1131 0086  0.634 0.021 ~0.220 0.079 —0.154 0.071 0.110 55

56-3 S6-3 WR. —0355 0055 —0536 0063 0316 0.032 —0.075 0.049 —0.438 0.068 0.255 75

$25-21-1a Py 0716 0070 —1.065 008  —0.300 0.036 —0.246 0.038 —0.499 0.063 0.084 9.3

mos  S52L1b Py —0731 0055 —1056 0073  —0349 0.042 ~0.259 0.044 —0514 0.039 0.071 9.8

- $25-21-2a WR. 0760 0074 —1146 0098  —0.364 0.033 —0334 0.024 —0.641 0.036 —0.004 8.4
$25-21-2b WR. 0691 0088 —1.074 0112  —0341 0.033 —0.347 0.040 —0.655 0.054 —0.017 -

EPR-1 EPR-1 Py —0395 0038 —0.629 0052  0.150 0.038 ) ; ) - 35
EPR-2 EPR-2 Py 0293 0056 —0472 0080  —0.537 0.030 - - - - -

S4-1-1 Py 0248 002  —0383 0047  —0.008 0.036 0.092 0.032 0.159 0.068 0.422 55

S4-1 S4-1-2a WR. 0404 0053 0577 0071  —0.127 0.030 0.020 0.044 0.087 0.061 0.350 38
S4-1-2b WR. —0405 0061 —059% 0077  —0.132 0.031 0.056 0.042 0.101 0.050 0.386 -

1w m o

means untested. 2 The mineral abbreviations are shown in Table 1, and W.R. stands for whole rock. 3 Parallel samples are marked as “a” and “b” for distinction. 4 S isotope
compositions were derived from the published literature [56] and unpublished data.
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Rouxel et al. [60] discussed the possible processes controlling Fe isotope variabil-
ity in hydrothermal fluids, including phase separation, high-temperature basalt alter-
ation, and subsurface processes. Among these processes, Beard et al. [26] found no more
than a 0.15% difference between the Fe isotope compositions of the vapor and the brine
phases derived from phase separation. Rouxel et al. [21] observed significant Fe isotopic
fractionation in secondary Fe-bearing minerals (e.g., celedonite and Mg-Fe amphibole)
formed during both low- and high-temperature alterations. Highly altered basalts that were
depleted in Fe, however, displayed an increase in 5°°Fe values relative to the fresh values,
which suggested preferential leaching of the light Fe isotopes (between —0.5 and —1.3%o)
during alteration. As a result, hydrothermal alteration fluids can exhibit relatively negative
Fe isotopic compositions. In addition, as suggested by Rouxel et al. [60], significant Fe
isotopic fractionations in hydrothermal fluids may also occur during Fe-sulfide precipita-
tion in subsurface environments. Using the Fe isotopic compositions of the hydrothermal
sulfides from EPR 9-10° N, Rouxel et al. [60] found that in the case of relatively slow
pyrite precipitation in subsurface environments caused by conductive cooling of the fluids,
limited Fe isotopic fractionation was observed; in contrast, when rapid precipitation of
pyrite occurred as a result of mixing with seawater, as is typical of chimney environments,
significant kinetic Fe isotope fractionation was expected. At the same time, the study by
Rouxel et al. [21] on the Lucky Strike hydrothermal fields showed that the hydrothermal
sulfide precipitates had lower §°°Fe values as the temperatures of the fluids decreased.
Based on the previous study, therefore, the author believes that Fe isotopic compositions in
hydrothermal sulfides are controlled by the initial isotopic composition in the hydrother-
mal alteration fluids, the sulfide precipitation process, and the precipitation temperature.
Accordingly, we can analyze and discuss the Fe isotopic compositions and fractionation in
the SWIR hydrothermal sulfides.

In the SWIR hydrothermal sulfides, most of the 5%°Fe values fell within the
range of —0.355 and —0.760%o., except for S35-17 and S35-22. Because S35-17 was a black
smoker sample, it was derived from the rapid precipitation of the sulfides produced by the
mixing of hydrothermal fluids and seawater. In this environment, rapid precipitation of
the sulfides produced by the mixture led to significant kinetic Fe isotopic fractionation (ap-
proximately —1.5%o, [66]). As a result, this conclusion was highly consistent with the 5°°Fe
values for 535-17 (—1.298~—1.333%0), suggesting that the kinetic isotopic fractionation led
to much more negative 5°°Fe values in this sample. For S35-17, we found that the §°°Fe of
the sphalerite (—1.333%o) formed from low temperatures in the outer zone was lower than
that of the high-temperature pyrite (—1.298%o) from the inner zone. This confirmed the
conclusion that a temperature reduction led to a decrease in §°°Fe. On the other hand, in
the massive sulfide samples, such as S27-4, S25-21, and S7-4, the 5%°Fe values were slightly
negative, ranging from —0.355 to —0.760%.. As in the previous results reported by Rouxel
et al. [60], when the hydrothermal fluid was isolated from the seawater in the subsurface
environment, conductive cooling led to the formation of massive sulfides through multiple
remineralization stages and produced sulfides with §°Fe values that were near to isotopic
equilibrium with the fluids (so, the Fe isotopic compositions of the massive sulfides fell in
the hydrothermal fluid area in Figure 4). As a result, the 5°°Fe values of the hydrothermal
fluids were inferred to be slightly negative and similar to those of the massive sulfides;
this was consistent with the fractionation effects of basalt alteration, suggesting that the Fe
was derived from basalt alteration and leaching processes. This conclusion can be verified
by the discovery of altered minerals (e.g., celadonite) in the basalt samples from around
these areas [67]. In contrast, S35-22, which contained more high-temperature minerals
(e.g., chalcopyrite), showed higher 5°°Fe values (—0.011 and —0.028%o) than the other
massive sulfides, such as 527-4, 525-21, and S7-4, inferring that the higher 5%°Fe values
in this sample were related to the higher initial isotopic composition and precipitation
temperature. Under high-temperature conditions, *°Fe and > Fe are more easily absorbed
by chalcopyrite [68]. Thus, chalcopyrite formed at high temperatures has higher §°°Fe
values. As a result, $35-22 with a higher §°°Fe is related to higher formation temperatures.
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In Figure 3, the average 5°°Fe values for chalcopyrite from the major hydrothermal fields
were higher than the average values for pyrite and sphalerite.
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Figure 3. Contrast of the Fe isotopic ratios in sulfide samples taken from different hydrothermal
fields, compared with the Fe isotopic ratios in iron-manganese concretion, BIF, abiotic, and biotic
fractionation (data are from the published literature [21,24,27-32,40,60-65]).

In conclusion, the Fe in the SWIR hydrothermal sulfides was mainly derived from the
oceanic crusts and upper mantle mafic-ultramafic source rocks (such as typical MORBs
and/or gabbros). The Fe input contribution from the seawater end-member and deep-sea
sediments can be considered negligible. However, the Fe isotopic fractionation in the
samples depended on the precipitation mechanism, the initial isotopic composition, and
the precipitation temperature. The precipitation mechanism played a more important role
in the Fe isotopic fractionation, as indicated by comparing the black smoker sample (S35-17)
with the massive sulfide samples (527-4, S35-22). Moreover, the chalcopyrite-rich sample
(S35-22) had a higher 5°°Fe because of the higher formation temperature.
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Figure 4. §5°Fe vs. §3*S plots for hydrothermal sulfides from the SWIR and the other hydrothermal
fields. The sulfur isotopic compositions of S6-3 and 525-21 samples were previously reported by
Wang et al. [56] (data for EPR 9-10° N, Lucky Strike, SMAR 15° N, and hydrothermal fluids (H.F.) are
from the published literature [21,24,29,60]).

5.2. Cu Isotopic Results and Discussion

The Cu isotopic compositions in this study varied from —0.364 to 0.892 %o, as shown in
Table 2, and fell primarily within the Cu isotopic composition range for global submarine
hydrothermal sulfides (5°°Cu: —0.98~3.14%o; Figure 5; [19,30,33]). The hydrothermal
sulfide samples from the SWIR had an average 5°°Cu value of 0.287%., while the average
§95Cu value for the samples from the EPR around the equator was —0.089%o. In comparison
with the data for the other hydrothermal fields in the world, the §°°Cu values of the SWIR
samples, which ranged from —0.364 to 0.892%., were consistent with those in the Lucky
Strike hydrothermal field from the Atlantic Ocean and more concentrated than those in the
Logatchev and Rainbow hydrothermal fields from the Atlantic Ocean. In contrast with the
other deposit types, the §°*Cu values for the SWIR hydrothermal sulfides were distributed
in a range which was consistent with those of the VHMS and magmatic deposits, which
were very close to the value of MORB (approximately 0%o; [69]) but far from the range
for seawater (665Cu:0.9~1.5 %o; [70]), indicating that the Cu was mainly derived from the
oceanic crusts and upper mantle mafic-ultramafic source rocks. The range of §°*Cu values
in the EPR samples was much more concentrated because there were fewer samples and
the samples also included those from previous studies [19]. The S isotopic compositions
show that this is very different from the situation with the Fe-S isotopes in that there was no
positive correlation between §°°Cu and §3*S in most of the hydrothermal sulfides (Figure 6).
This suggests that the Cu isotopic compositions were less affected by sulfide (chalcopyrite)
precipitation than the Fe isotopes.
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Figure 5. Comparison of Cu isotopic ratios for sulfide samples from different hydrothermal fields,
compared with Cu isotopic ratios for different types of deposits (data are from the published litera-
ture [19,23,33,69-81]).

As indicated in a previous study of high-temperature hydrothermal systems by
Rouxel et al. [33], copper isotopes can be fractionated by a variety of processes: (1) during
leaching of copper from basalts; (2) during precipitation; (3) by hydrothermal reworking of
copper sulfides below the seafloor by hydrothermal vents; and (4) by late-stage processes
occurring at low temperatures. Zhu et al. [19] thought that Cu isotopic fractionation was
different from Fe isotopic fractionation in the leaching processes since ®Cu was prefer-
entially leached from the basalt source and not relevant to the source rock; this caused
the early-stage fluids to display higher §®°Cu values. In comparison with the Fe isotopes,
subsea floor sulfide precipitation is not expected to kinetically fractionate the Cu isotopes
effectively, and the 5%°Cu values for the sulfides were therefore not affected [33]. However,
the reworking process and alteration of the primary copper sulfides played more important
roles in the Cu isotopic fractionation. During the reworking and alteration processes,
the Cu isotopes were exchanged between early-stage copper sulfides enriched in ®>*Cu
and late-stage hydrothermal fluid depleted in ®Cu. If heavy Cu was released during the
reworking and alteration of the copper sulfides, the residual sulfides and inactive vents
should have had their §°°Cu values shifted towards negative values as the replacement
reactions proceeded. This feature was much more obvious for the sulfides from the Lo-
gatchev hydrothermal fields (Figure 5; [19,33]). On the other hand, secondary processes
can lead to much higher $°°Cu values in secondary copper minerals because of periodic
incursions by seawater. Synthesizing these factors indicates that the reworking and alter-
ation of primary copper sulfides are the most common causes of Cu isotopic fractionation.
In addition, in the study of the EPR hydrothermal area reported by Zhu et al. [19], the
old inactive vent deposits were enriched in ®*Cu and showed lower §°°Cu values and
smaller variations relative to active high-temperature hydrothermal vents. These §®Cu



Minerals 2023, 13, 843

11 of 19

values were obviously lower than the average 5%5Cu values of MORB (665Cum,emge: 0.07 %o,
refs. [23,71]) and hydrothermal fluids (565Cuavmgg: 0.1%0~0.5%o, ref. [72]).
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Figure 6. 5°°Cu vs. 534S plots for hydrothermal sulfides from the SWIR and the other hydrothermal
fields (data for the Lucky Strike, Logatchev, and Rainbow and hydrothermal fluids (H.E.) are from
Rouxel et al. [33] and Dekov and Rouxel [72], respectively).

Using the conclusion described above, the Cu isotopic compositions can now be
discussed. The §%°Cu values for most of the SWIR hydrothermal sulfides fell within the
range of 0.316 to 0.892%., except for that of S25-21. Among these samples, S35-22 and
S27-4 displayed relatively positive §°°Cu values, indicating that these samples were formed
in an early stage. Because the early-stage hydrothermal fluids were enriched in ®*Cu
after the leaching of the basalt and through conductive cooling processes, these sulfides
were produced and did not experience hydrothermal reworking processes in a later stage.
Studies on the Au-Ag minerals in these samples also confirmed that the samples did not
experience reworking and secondary enrichment processes [82]. In contrast, S6-3 showed a
relatively low §%°Cu value of 0.316%o. The reason for this may be that this hydrothermal
sediment sample formed in the late stage, when the §°Cu value of the hydrothermal
fluid had decreased. Together with the higher 5%5Cu values in S27-4 and S7-4, the Cu
isotopic compositions in the SWIR samples confirmed that the early-stage fluids were
enriched in ®®Cu and that the late-stage fluids were depleted in ®*Cu. In comparison
with the higher values seen for these samples, 525-21 displayed a negative Cu isotopic
composition (—0.300~—0.364 %o ). We found that most of the primary Cu-Fe sulfides in this
sample (such as high-temperature isocubanite) were characterized by typical replacement
textures related to coupled dissolution—reprecipitation mechanisms [56], suggesting that
this sample might have undergone late-stage hydrothermal reworking or post-depositional
alteration (resulting from a long history of local hydrothermal activity), leading to a more
negative 5°°Cu value. The isotopic composition (1.12 Ra; [56]) in S25-21 also suggested
that this sample underwent reworking processes as well. On the other hand, the S isotopic
result for 525-21 [56] suggested that there was a large amount of seawater-derived S,
resulting in the higher S isotopic composition and the inconsistency with the other samples
in Figure 6. As a result, the reworking processes played important roles in the Cu-S
isotopic fractionation. In addition, Cu isotopic mass fractionation also occurred between
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different sulfides, and bornite was more enriched in the light isotopes than chalcopyrite [82].
In S525-21, bornite was one of the essential minerals (Table 1), and it showed relatively
negative values in some ways. On the other hand, the EPR samples near 0° (S4-1) had
§95Cu values (—0.132~—0.008%0) close to those of MORB, suggesting mantle-derived
Cu. In contrast, the hydrothermal sulfides from EPR 13° N showed variable Cu isotopic
compositions (—0.537%. and 0.150%.), which were close to those reported previously
(8%5Cu for active hydrothermal vents: 0.680~0.779%.; 8°°Cu for inactive hydrothermal
vents: —0.482~—0.186%o; [19]), and EPR-2 displayed a more negative value and might have
been sampled from an inactive hydrothermal vent.

On the basis of the analysis provided above, the Cu in the SWIR hydrothermal sulfides
was mainly derived from the mantle. However, Cu isotopic composition variations in the
SWIR sulfides were explained with a two-stage model [19], which involved preferential
leaching of ®*Cu during the hydrothermal processes and resulted in the enrichment of
heavy isotopes, while the reworking processes in the late stage resulted in Cu isotope
decreases, such as in 525-21. As Seo et al. [83] showed, the vapor phase contained light
copper isotopes preferentially leading to vapor fluids with negative §°>Cu values during
the magmatic degassing processes, such as with the Qulong porphyry copper deposit
in Tibet [84]. Yang and Scott [85] thought that magmatic degassing processes supplied
metallic elements to the submarine hydrothermal systems in the Manus Basin. If the
metallic elements were derived from magmatic degassing processes occurring in the SWIR
hydrothermal system, as in Seo et al.’s [83] study, the primary copper sulfides precipitated
from the vapor phase should display relatively negative §°>Cu values; this is inconsistent
with the positive §°°Cu results found in this study. The metallic elements in the SWIR
hydrothermal system were derived from leaching processes but not magmatic degassing
processes, suggesting different metallogenic mechanisms for different hydrothermal fields.

5.3. Zn Isotopic Results and Discussion

As shown in Table 2, the Zn isotopic values fell within a narrow range and varied
from —0.060 to 0.422%o. Therefore, in comparison with the Fe and Cu isotopes, there was
less Zn isotopic fractionation. On the one hand, the samples from the EPR around the
equator showed much higher 5%Zn values (0.350~0.422%o), and the §°°Zn values for the
samples from the SWIR ranged from —0.060 to 0.308 %o, suggesting regional differences
in Zn isotopic compositions. In contrast with the other hydrothermal systems (Figure 7),
the results obtained in this study agreed with the values for the hydrothermal sulfides in
the Bio 9 vent from EPR 9° N (—0.09~0.32%o; [22]) and the hydrothermal fluids from the
TAG hydrothermal systems (0~0.42%o; [22]). Overall, in contrast to deep-sea sediments, the
Zn isotopic ratios in the hydrothermal systems were close to the §°°Zn values in MORB,
suggesting that Zn was derived from the mantle. Together with the S isotopic compositions,
these results implied that there was an obvious positive correlation between the §°°Zn and
534S values for the Fe and S isotopes (except for the samples influenced by seawater-derived
S; Figure 8), suggesting that the mechanism for the formation of the Zn sulfides (sphalerite)
affected Zn isotopic fractionation.



Minerals 2023, 13, 843

13 of 19

Yuhuang, SWIR— ]
Longqi, SWIR+ EmE N . .
Tianzuo, SWIR- mm Indian Ridge
EHF, CIR+ N Emn
EPR Nearby 0° = -
EPR 13°N A al™F & """
EPR21°N = - EEm
Guaymas Basin [ ]
Lau Basin - ] East Pacific Rise/
North Fiji Basino  mm = Back-acr Basin
® Samples in this study
TAGT FmmmssSm Mid-AtlanticRidge | | ® Hydrothermal sulfides
VHMS-type deposits - —— ® Hydrothermal fluids
SEDEX-type deposits-| == Continental deposits " Continental deposits
Skarn deposits— I . .
®  Marine sedimentary
Ferromanganese Nodules —— enviroment
Deep-sea Sediments - — MORB
Deep-sea Carbonates- I
MORB—&> Sea water
Sea water-] + + Deep-seawater

T T T T
-0.8-06-04-02 0

T T T T T T T
0.2 04 06 08 1 12 14 16

666ZnJMc (%0)

Figure 7. Comparison of Zn isotopic ratios for sulfide samples from different hydrothermal fields,
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Figure 8. 5°°Zn vs. §3*S plots for the hydrothermal sulfides from the SWIR and the other hydrother-

mal fields.

The data on the Zn isotope and S isotope of the sulfides in EPR 9-10° N were given by

John et al. [22], respectively.

According to a previous study, several reasons can be invoked to explain the values
of %07 for the hydrothermal fluids, including differences in the source rock, fractionation
occurring during phase separation, kinetic or equilibrium fractionation occurring during
subsurface precipitation of Zn sulfides, and subsurface redissolution of Zn sulfides [22].
Because the total 5°°Zn range for the fluids is an order of magnitude greater than that
reported for basalt (0.20~0.30%o; [22]), the source rocks are unlikely to be the cause of the
isotopic variability. Additionally, phase separation does not appear to be an important
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factor in fractionating the Zn isotopes because no relationship was observed between
chlorinity and §%Zn in the hydrothermal fluids. As with the Fe isotopes, the precipitation
of sulfides containing light Zn isotopes from the hydrothermal fluids is the main cause of the
isotopic variation. Laboratory experiments have also demonstrated sulfide precipitation
exhibiting an isotope effect of A5%°Zn = —0.36%. [92]. Wilkinson et al. [93] suggested
that the variation in Zn isotopes was most likely due to kinetic fractionation involving
preferential incorporation of the light Zn isotopes in sphalerite precipitated rapidly under
disequilibrium conditions. On the other hand, minimal or slightly positive Zn isotope
fractionation factors (up to 0.1%o) for sphalerite and vent fluid could have resulted from
near-equilibrium isotope effects affecting Zn-sulfide precipitation [22], such as conductive
cooling. Moreover, Zn isotopic mass fractionation occurred for different sulfides during
the formation process. Compared with pyrite and chalcopyrite, sphalerite was enriched in
the heavier Zn isotopes [34]. Taking the VHMS deposit in the Ural area as an example, the
§60Zn value for the sphalerite-type samples was higher than that for the chalcopyrite-type
samples by 0.4%. [34]. In addition, the redissolution of Zn sulfides has not been tested in
the laboratory; so, the fractionation mechanism is not clear.

On the basis of the studies described above, the 5°°Zn values of the black smoker
samples (S35-17) were 0.052%o and 0.113%., which may be explained by the kinetic frac-
tionation resulting from rapid precipitation. When the results for Zn isotopic fractionations
in laboratory experiments (—0.36%o; [92]) were used to back-calculate the initial isotopic
compositions of hydrothermal fluids, the value did not exceed 0.48 %o, which was close
to the 5%Zn values for the fluids from the TAG hydrothermal fields (0~0.42%o; [22]) and
fell within the range for hydrothermal fluids (Figure 8, [22]); this shows that the source
rocks were unlikely to be the reason for isotopic variability. In the massive sulfide samples
(e.g., 535-22 and 54-1), the 5%07n values were very close to the values calculated for the
hydrothermal fluids, suggesting that the massive sulfides produced by conductive cooling
underwent limited fractionation of the Zn isotopes. However, there were relatively low
§%°Zn values for another massive sulfide sample (525-21). S25-21 contained many Cu
sulfides but little sphalerite. Moreover, the Zn isotopic mass fractionation of different
sulfides can result in the enrichment of the light isotopes in Cu sulfides. Consequently,
there was a lower Zn isotopic composition in this sample. In addition to 525-21, the mass
fractionation effects of different sulfides were seen in S35-17 and 527-4 as well. In these
samples, sphalerite-rich subsamples (527-4-1 and S35-17-2) had higher §°°Zn values than
the whole rock and pyrite subsamples (527-4-2 and S35-17-1; Table 2). However, the Zn-rich
massive sulfide sample (527-4) was characterized by a 5%Zn value lower than those for the
other samples. The author used TEM (transmission electron microscopy) and found there
were many sphalerite-type stacking faults in the wurtzite of this sample, indicating that
wurtzite transformed to sphalerite. Redissolution and transformation between Zn sulfides
may be a reason for the §%°Zn decrease.

As indicated by the discussion above, we found that the Zn in the SWIR samples
was derived from the mantle, as were the Fe and Cu isotopes. However, there was no
obvious fractionation occurring in the leaching processes. The main reason for Zn isotopic
fractionation involved sulfides that precipitated rapidly (e.g., S35-17).

5.4. Fe-Cu-Zn Isotopic System in the SWIR

The Fe-Cu-Zn isotopes in the SWIR hydrothermal sulfides were analyzed in this study.
We found that the metallic elements, such as Fe, Cu, and Zn, were derived from the mantle.
The Fe and Cu isotopic results indicated that these metallic elements were provided to the
hydrothermal systems by fluid leaching of the source rocks, which reasonably explains
the ore-forming material sources and contribution mechanisms in the SWIR hydrothermal
systems. However, did not analyze the Fe-Cu-Zn isotopic compositions of the hydrothermal
fluids directly, and the whole isotopic system should be studied further.

Using the Fe-Cu-Zn isotopic fractionation mechanism and the results for the hydrother-
mal sulfides, we can estimate the isotopic compositions of the hydrothermal fluids. As
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far as the Fe isotopes are concerned, conductive cooling led to the formation of massive
sulfides through multiple remineralization stages and produced sulfides with §°°Fe val-
ues that indicated isotopic equilibrium with the fluids; so, the 5%°Fe values of the fluids
were consistent with those of the massive sulfides. As a result, the §°°Fe values of the
hydrothermal fluids ranged from —0.8%o. to 0%., which was consistent with the Fe isotopic
composition of the hydrothermal fluids in the TAG, Rainbow, EPR 9-10° N, and Juan
de Fuca hydrothermal fields. Because of the limited Cu isotopic fractionation caused by
sulfide precipitation, the Cu isotopic compositions in the sulfides represent those in the
hydrothermal fluids after excluding the reason for the reworking processes. As a result, the
665CU(ﬂuid) values of the hydrothermal fluids may fall within the range of 1.0 to 3.0%. and
experience two stages, including ®®Cu enrichment in the early stage and ®*Cu depletion in
the late stage. Sulfide precipitation played an important role in Zn isotopic fractionation,
but the temperature and source rock did not. Therefore, we back-calculated that the 5%07n
values of the fluids ranged from 0 to 0.48% and fell within the §°°Zn range for the hy-
drothermal fluids tested in the TAG and EPR 13° N and 21° N hydrothermal fields. Based
on the discussion above, the Fe, Cu, and Zn in the SWIR hydrothermal fields were derived
from the mantle; the Fe-Cu-Zn isotopic systems in the 49~50° E hydrothermal fields from
the SWIR are shown in Figure 9.

Seawater:

Black Smoker:

Massive sulfides:

5°°Fe:=0%o

Hydrotherma
leaching process . ) 8°°Cu:=0%o

8°°Zn:0.2~0.3%0

Figure 9. Fe-Cu-Zn isotopic compositions of hydrothermal systems in 49~50° E from SWIR. Data of
basalt were given by Marechal [69,87] and John et al. [88].

6. Conclusions

In this study, we analyzed the Fe-Cu-Zn isotopic compositions of hydrothermal sul-
fides from the SWIR 49-50° E hydrothermal fields; the compositions suggested that the
metallic elements were derived from the mantle. The Fe and Cu isotope results indicated
that these metallic elements were provided to the hydrothermal systems by fluid leach-
ing of the source rock. The potential factors controlling Fe isotopic fractionation in the
hydrothermal fluids include the precipitation mechanism, initial isotopic composition,
and precipitation temperature. Hydrothermal fluid reworking processes played the most
important role in the Cu isotopic fractionation. However, the main reasons for the Zn
isotopic fractionation included rapid sulfide precipitation and mass fractionation. Us-
ing the Fe-Cu-Zn isotopic fractionation mechanism and the results for the hydrothermal
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sulfides, the Fe-Cu-Zn isotopic compositions of the hydrothermal fluids were estimated
(8°%Fefuiq): —0.8~0%o; 5% Cugyid): 0.3~1.0%o0; 5%6Zn gyiq): 0~0.48%).
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