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thermal fields. The 6”"/%°Gayisr_g94 Values of the MORB samples vary little (+1.20%o to +1.23%o, with an average
of +1.22%.) and are consistent with the 6”'/%*Gaysr_ge4 values of two standard basalt samples (BCR-2 and BHVO-
2), indicating that Ga isotopes may either not fractionate or fractionate only slightly under high-temperature geo-
logical processes; therefore, the 6”/*Gayyst-094 value of oceanic crust may be +1.22%.. The sediments (+1.28%

Handling Editor: C. Spencer > 94V . . )
to +1.47%., with an average of 41.38%,) are rich in heavier Ga isotopes than the basalts, and the Ga present in the

Keywords: sediments may have originated from soluble Ga present in the seawater that was adsorbed by (Mn, Fe) oxides/
Ga isotope hydroxides. The Ga contribution of basaltic debris to the sediments was almost negligible. Thus, we speculate that
Hydrothermal sulfide the 6”"5°Ganist-994 Value of seawater in the study area fell within a range from 41.92%o to +2.36%.. The 6’/
YUhUﬂf_lg %9Gapist-o04 values of the sulfides in the Yuhuang hydrothermal field range from +0.99% to +1.57%o, with an av-
Duangiao erage of +1.25%., and the 6”"/%*Gaysr.g04 Values of the sulfides in the Duangiao hydrothermal field range from

Southwest Indian Ridge +0.93%, to +1.55%o, with an average of +1.19%.. The 6”/*°Gaysr.904 ranges of the sulfides in the Yuhuang

and Duangiao hydrothermal fields are similar, with the Ga isotopic fractionation reaching 0.58%. and 0.62%., re-
spectively. The average 6’ /**Gayist_g94 Values in the sulfides are close to those in the MORBs. This suggests that
Ga within the sulfides in the Yuhuang and Duangiao hydrothermal fields mainly originated from MORBs, with
seawater and sediments making only small contributions. The Ga isotopic fractionation in the sulfides may be re-
lated to processes associated with the formation of sulfides, such as rapid precipitation or the admixture of dif-
ferent stages of sulfide. This study is of great significance for understanding the global distribution of Ga
isotopes and the Ga cycle in submarine hydrothermal systems.
©2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ga has two stable isotopes (°°Ga and 7'Ga) with natural elemental
abundances of 60.1079% and 39.8921%, respectively (Meija et al. 2016;
Kato et al., 2017). The Ga isotopic compositions of meteoritic samples
and metal Ga were initially investigated in the early stages of geological
research (Inghram et al., 1948; De Laeter 1972). However, the fraction-
ation that occurs in the Ga isotopes of natural samples meant that
mass spectrometers could not measure the variation in Ga isotopic
compositions accurately, meaning that few studies investigating Ga
isotopes have been carried out. The development of mass spectrom-
eters with high accuracy and precision, such as the multi-collector
inductivity coupled plasma mass spectrometer (MC-ICP-MS), and the
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improvements made in chemical separation and purification pretreat-
ments (Yuan et al. 2016; Zhang et al. 2016; Kato et al., 2017) means
that the accurate analysis of Ga isotopes is now possible. Previous stud-
ies have demonstrated distinct Ga isotopic fractionation of lunar and
meteoritic samples, such as 6”/%°Ganysr_g94 values from +1.35%. to
+1.83%. observed in lunar mare basalts, +0.83%. to +1.28%. seen in
carbonaceous chondrites, and + 0.14%. to +1.13%. in ordinary chon-
drites (Kato et al., 2017; Kato and Moynier, 2017a,b). Different types
of standard terrestrial geological samples have different Ga isotopic
compositions (the maximum observed is 1.83%.) (Yuan et al. 2016;
Zhang et al. 2016). Kato et al. (2017) found that the Ga isotopic compo-
sitions of terrestrial igneous samples are relatively homogeneous, and
that the solid silicate Earth (6”/%*Ganist.g94 = +1.26%0 4+ 0.06%.) is
richer in lighter Ga isotopes than the Moon. The results of simulation ex-
periments indicate that the process by which Ga is adsorbed onto min-
eral (calcite and goethite) surfaces leads to a distinct Ga isotopic
fractionation, resulting in the solid phase being rich in lighter Ga
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isotopes while the solution phase is rich in heavier Ga isotopes. The
A"V®Gaggliq-sorution Value of calcite can reach —1.27%. and that of goe-
thite can reach —0.89%. (Yuan et al. 2018).

Ga is generally stored in bauxite deposits, Pb-Zn ore deposits, and
coal deposits, with the Ga in coals mainly concentrated in boehmite
and kaolinite (Liu 1982; Moskalyk 2003; Tu et al. 2003; Wang et al.
2011). Therefore, supergene weathering metallogenic systems and hy-
drothermal metallogenic systems are two important ore-forming pro-
cesses that involve Ga. Hydrothermal Pb-Zn deposits demonstrate
significant Ga storage; for example, the Ga concentration in sphalerite
can reach 3000 pg/g (Fleischer 1955; Tu et al. 2003 ). However, the ma-
terial source and enrichment mechanisms of Ga in hydrothermal Pb-Zn
deposits are still unclear. The hydrothermal systems on the modern sea-
floor are optimum areas in which ancient hydrothermal metallogenic
systems can be studied. Since the initial discovery of seafloor hot springs
and high-temperature hydrothermal mineralization in 1977 (Corliss
et al. 1979; Williams et al. 1979), more than 600 seafloor hydrothermal
vents have been discovered (www.interridge.com) with seafloor hy-
drothermal activities and polymetallic sulfide sediments located in
many different tectonic settings, including mid-ocean ridges (MOR),
back-arc spreading centers, and volcanic arcs. Approximately 65% of
all polymetallic sulfide sediments found are located on mid-ocean
ridges. MOR sulfides are the product of ongoing hydrothermal activity
and are important sulfide resources in modern seafloor hydrothermal
systems (Hannington et al. 2011; Liao et al. 2019). MOR sulfides are
mainly in the forms pyrite, chalcopyrite, and sphalerite, of which sphal-
erite is the most important host mineral for Ga. Metal (Fe, Cu, and Zn)
sources of sulfides have been thoroughly investigated via their isotopes
(e.g., Rouxel et al. 2004, 2008, 2018; John et al. 2008; Liu et al. 2019;
Wang et al. 2020). However, the sources of Ga and the enrichment
mechanisms of MOR sulfides are of great significance in understanding
the global oceanic Ga cycle, which has not yet been sufficiently
constrained.

Previous geophysical and geochemical studies (Georgen et al. 2001;
Sauter et al. 2009; Tao et al. 2014; Jian et al. 2017; Zhu et al. 2020) have
indicated that the Yuhuang and Duangqiao hydrothermal fields on the
Southwest Indian Ridge (SWIR) have different hydrothermal circulation
patterns and sources of metal materials, rendering them optimal objects
for a study investigating the differentiation of Ga isotopes. In this article,
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based on a systematic study of the sulfides in these two hydrothermal
fields together with the regional basalts and sediments, the sources of
Ga and the mechanisms of Ga isotopic fractionation in hydrothermal
systems are explored in order to establish a model of the Ga cycle in hy-
drothermal systems.

2. Geologic setting

The SWIR, the line that divides the Antarctic Plate from the African
Plate, stretches from the Rodrigues Triple Junction (RT]) in the east to
the Bouvet Triple Junction (BT]J) in the west, and is approximately
8000 km in length (Patriat et al. 1997) (Fig. 1). It is an ultraslow-
spreading MOR with a half-spreading rate of approximately
0.7-0.9 cm/yr (Dick et al. 2003). The center of this ridge contains
many deep axial rifts and is cut by a series of N-S striking transform
faults (Patriat et al. 1997). Topographical and geophysical surveys of
the area have revealed that the characteristics of the central rift valley,
including the thickness of the crust, morphology, mantle composition,
and the magmatic activity along the SWIR vary significantly along the
ridge axis from the BT]J to the RT] (Georgen et al. 2001; Sauter et al.
2009; Tao et al. 2014; Jian et al. 2017). Intense hydrothermal activity
has been observed along the sections lying at 49°-52°E with approxi-
mately 2.5 hydrothermal sites per 100 km, which is similar to the area
lying at 36°-38°N on the Mid-Atlantic Ridge (Tao et al. 2012).

The Yuhuang hydrothermal field (49°16E) is located between the
Indomed and Gallieni transform faults on the south rift wall in Segment
29 of the SWIR (Fig. 1). This segment is characterized by typical asym-
metric spreading, with a axial volcanic ridge developing in the central
rift valley. The northern ridge flank contains a series of normal faults
that form a graben terrain, while the southern ridge flank is composed
of comparatively high land terrain (Liao et al. 2018a). The average
water depth in this segment is 3180 m (Sauter, 2001). The Yuhuang
hydrothermal field, which was discovered by Chinese research cruise
DY-21, is located approximately 7.5 km from the ridge axis and has a
relative elevation of approximately 1500 m above the floor of the cen-
tral rift valley, in an area where the water is relatively shallow at
1400-1600 m (Han et al. 2010, 2015). Two sulfide accumulations with
a diameter of approximately 500 m have been found in the Yuhuang hy-
drothermal field, and drilling data suggests the likelihood of rich
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Fig. 1. Geologic map of the Southwest Indian Ridge (after Zhu et al. 2020). The ridge axis (red line) and normal faults (white lines) are inferred from the topography. Note: CIR - central
Indian Ridge; SEIR - Southeast Indian Ridge; SWIR - Southwest Indian Ridge; and BT] - Bouvet Triple Junction.
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sulfides below the surface layer of calcareous sediments (Liao et al.
2018a). Based on deep tow observations, the rock surrounding the
Yuhuang hydrothermal field is mainly basalt, with a small amount of ul-
tramafic rock, suggesting the development of detachment faults (Liao
et al. 2018a). The sulfides in the Yuhuang hydrothermal field are mainly
composed of sphalerite and pyrite, alongside small amounts of marca-
site and chalcopyrite.

The Duangiao hydrothermal field (50°24'E) is located in the middle
of Segment 27 of the SWIR, lying between the Indomed and Gallieni
transform faults (Tao et al. 2012) (Fig. 1). The segment is approximately
80 km long, with the water reaching a depth of only approximately
1700 m in the middle of this segment (Cannat et al. 1999). The area is
characterized by symmetric spreading, with a volcanic ridge under de-
velopment on the ridge axis. Both the northern and southern flanks con-
tain conjugate seamounts with steep slopes that face the axis and gentle
slopes that face away from the axis (Mendel et al. 2003). The Duangiao
hydrothermal field was discovered during Chinese research cruise
DY-20 and is located on an axial highland, surrounded by relatively
flat terrane (Tao et al. 2012, 2014). The hydrothermal activity in this hy-
drothermal field is widespread, covering an area of approximately
200 m x 125 m (Tao et al. 2012). The sulfides in the hydrothermal
field are arranged in loose accumulations or mounds, and the sulfide
chimney collapse is evenly distributed. The rock surrounding the
Duangiao hydrothermal field is mainly basalt, with sulfides mainly
composed of pyrite, chalcopyrite, and sphalerite.

3. Samples and methods
3.1. Samples and materials

Twenty-seven samples collected using a TV-grab system were se-
lected for the Ga isotope analysis, including 13 sulfides, 6 basalts, and
8 calcareous sediment samples. The sulfides were mainly collected
from massive sulfides, sulfide chimneys, and sulfide breccia, with
eight samples from the Yuhuang hydrothermal field and five samples
from the Duangiao hydrothermal field. The basalts were collected
from the MOR around the hydrothermal fields, and were unaffected
by the hydrothermal activity. The calcareous samples are surface sedi-
ments, which were also unaffected by the hydrothermal activity. Each
sample was cleaned with deionized water, dried, and crushed to 200
mesh (0.074 mm) prior to geochemical analyses. All acids used in this
study were purified by sub-boiling distillation, and the water was
18.2 MQ grade from a Millipore system.

3.2. Elemental analyses

A portion of each rock sample (0.1 g) was weighed into a Teflon bea-
ker and digested using the microwave digestion technique. The Fe, Cu,
Zn, Al, and Ca concentrations of the digested samples were measured
using an inductively coupled plasma optical emission spectrometer
(Varian Vista MPX). Concentrations were determined relative to the cal-
ibration curves. The Ga concentrations of the digested samples were
measured using inductively coupled plasma-mass spectrometry (ICP-
MS; PE ELAN DRC-e) and the calibration was performed using a multi-
element (including Ga, Ce, La, Y, Ho, Sr, Cd, and Mo.) standard solution.
The analytical uncertainty for the elemental concentrations was gener-
ally better than 5%.

For the analysis of the carbonate-phase Ga in the calcareous sedi-
ments, 0.2 g of each sample was weighed into a 50 mL centrifuge tube
after which 30 mL of 1.5 M HAc solution was added. Once the strong re-
action of the carbonate with the HAc subsided and stabilized, the centri-
fuge tubes were closed and shaken on an oscillator for at least 24 h.
Subsequently, the mixture was centrifuged to separate the supernatant
from the residue. The supernatant was evaporated to dryness and then
dissolved in 0.15 M HNOs for the HAc-phase Ga (carbonate-phase Ga)
concentration analysis. The residues were digested in HF and aqua
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regia and the Ga concentrations of the liquid samples were analyzed.
The HAc-phase Ga comprises the carbonate-phase Ga proportion of
total Ga (HAc-phase Ga + Ga in the residues).

3.3. Isotopic analyses

3.3.1. Ga separation

After the Ga concentrations in the powdered samples were deter-
mined, an aliquot containing more than 0.4 pg of Ga was placed in a Tef-
lon beaker with 4 mL of concentrated HNOs and 4 mL of concentrated
HF, and the samples were digested using microwave digestion. The
sample solution was evaporated to dryness on a hot plate at 120 °C
and then dissolved in 6 M HCl. The procedure described by Yuan et al.
(2016), which involves the use of two chromatographic columns
(loaded with AG 1-X4 and Ln-spec resin), was used to separate Ga
from the matrix. This method was calibrated using both synthetic and
natural samples and was validated by assessing the extraction yield
(99.8% + 0.8%, 2SD, n = 23) and the reproducibility (2SD uncertainty
of better than 0.05%., n = 116) of the measured isotopic ratio (Yuan
et al. 2016). The volume of the 6 M HCl was then increased to 40 mL
in order to remove as much Cu as possible from the samples, and a Cu
isotope standard was added to correct the instrumental mass bias
when using the MC-ICP-MS measured Ga isotopic ratios. A small
amount of solution, collected from all samples before and after the
chemical separation, was utilized for trace element analysis to assess
the Ga recovery and the removal of the matrix. Only samples in which
the Ga recovery reached 99% and potential forms of interference were
negligible (Ce, La, Nd, and Fe) or correctable (Ba) were measured to de-
termine their Ga isotopic compositions. In addition, two geological ref-
erence materials (BCR-2 and BHVO-2 basalts from the United States
Geological Survey (USGS)) were prepared to monitor the chemical sep-
aration and mass spectrometry measurements.

3.3.2. Mass spectrometry measurements

The Ga isotope ratio measurements were performed on the Neptune
plus multi collector ICP-MS instrument at the State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy
of Sciences. The Ga standards and the purified samples were dissolved in
0.15 M HNOs for MC-ICP-MS analysis in low-resolution mode, using a Pt
“Jet” sampler and a Ni “x-type” skimmer cone. A Teflon nebulizer with
an uptake rate of 50 pL/min was used to introduce the sample, with Ga
concentrations of the samples and standards at approximately 0.2 pig/mL.
Each measurement included 50 integrations lasting 4.194 s in 5 blocks of
10 cycles. The nebulizer and spray chamber were rinsed with 0.30 M
HNOs after each run until the signal intensity reached the original back-
ground level (generally after 4 min, ®*Ga < 0.5 mV). Signal acquisition
was performed using the following configurations: 3Cu™, ©>Cu*, $zn™,
13732+ 89Ga™, and 7!Ga™ ion beams were collected using Faraday cups
at positions L3, L1, C, H2, H3, and H4, respectively. Kato et al. (2017) re-
ported that the interference of 138Ba%* by %°Ga is significant when the
Ba/Ga ratio (ppb/ppb) of a sample is >4 x 10~ This interference can be
corrected using *’Ba®™ (with a mass of 68.5) and the equation:

59Garpye = 169 - 138Ba®" ~ 169-6.39 x 168.5.

169 represents the intensity measured with a mass of 69 and 168.5
represents the doubly ionized '*’Ba®™, at the mass of 68.5. The Ga isoto-
pic ratio measurements of the Ga reference standards indicate that this
calculation can correct the Ga isotopic composition of samples with Ba/
Ga ratios of less than 2 x 102 (Kato et al., 2017). We therefore used this
calculation method to correct for the interference of 1*®Ba?* by ®°Ga, as
recommended by Kato et al. (2017).

Previous studies have reported that a model combining standard-
sample bracketing with internal mass bias correction can produce
more accurate and precise Ga isotope ratios, and that Cu is a very useful
internal standard element for correcting the mass bias during Ga
isotope analysis (Yuan et al. 2016; Zhang et al. 2016). Here, the
ERM®-AE647 Cu solution, which was provided by the Institute for
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Table 1
The 6”"/%%Gayyst-094 values of the Ga reference standards.
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Reference Material Description

6"V%%Gayist-904 (%0) (2SD, n = 8) 8"V%9Gaist-994 (%0)

This Study Previous Studies
BCR-2 Basalt, from USGS 1.20 + 0.08 +1.26* Kato et al. (2017)
BHVO-2 Basalt, from USGS 1.19 + 0.04 +1.26" Kato et al. (2017)
Alfa Aesar Ga Plasma standard Ga solution, lot: 8129898, 2.04 4+ 0.06
supplied by Alfa Aesar China (Tianjin) Co., Ltd.
NIST 3119a Ga Standard solution, from NIST 2.65 4+ 0.04

*671/69Gays1-004 Was re-calculated from Kato et al. (2017). The 6”'/*°Ga values of BCR-2, BHVO-2, and NIST 3119a Ga relative to the IPGP standard are —0.01%o + 0.01%o, —0.01%0 == 0.05%.,
and + 1.38%. = 0.06%., respectively (Kato et al., 2017a). We can calculate the 6”/5Ga values of BCR-2 and BHVO-2 relative to NIST 3119a Ga (—1.39%.). In this study, the calculated
671/69Ga values of BCR-2 and BHVO-2 relative to NIST 3119a Ga are —1.45%. and —1.46%., respectively, which are consistent with the measurements of Kato et al. (2017) within the
applicable margin of error. To facilitate a more intuitive comparison, the 6”'/°Ga of NIST 3119a Ga relative to NIST 994 Ga in this measurement is 2.65%o -+ 0.04%., and we re-calculated
the 671/%9Ga values of BCR-2 and BHVO-2 from Kato et al. (2017) relative to NIST 994 Ga, with the 6”"/5°Gaysr_g94 values of both samples at +1.26%.

Reference Materials and Measurements and has a ratio of ®>Cu/%3Cu =
0.44560 4= 0.00074, was employed for correction during the determina-
tion of the Ga isotope ratios. The Ga isotopic compositions are reported
in the 6-notation relative to NIST SRM 994Ga, as defined by the follow-
ing relationship:
8"V%9Ganist-994
994 — 1] x 1000.
The 6”"/5°Ganist_g94 Values of the four Ga reference standards (two
geological reference materials and two Ga standard solutions), which

(%0) = [(7]Ga/sgca)sample/(ﬂGa/cha) NIST-

were prepared to monitor the chemical separation and mass spectrom-
etry measurements, are presented in Table 1.

4. Results

The §”5°Gapst_904 Values and Ga, Zn, Cu, Fe, Al, and CaCO5 concentra-
tions of the samples are shown in Tables 2 and 3. The 6”%*Gayisr_g94
values and Ga concentrations of the eight sulfide samples from the
Yuhuang hydrothermal field range from +0.99%. to +1.57%. (with an

Table 2
The 6”"/%%Gayyst-004 values and Ga, Zn, Cu, and Fe concentrations in the samples.
Samples Description 671%9Gayst-904 (%o) Ga Zn Cu Fe Al 10* x Ga/Al
(2SD,n = 3) (ng/g) (wt.%) (wt.%) (wt.%) (wt.%)
Yuhuang hydrothermal field
SC-1 Sulfide chimney 1.57 + 0.03 5.81 0.20 17.40 29.80 n.d.
SC-2 Sulfide chimney 132 £ 0.02 4.61 0.53 4.84 16.81 n.d.
SC-3 Sulfide chimney 146 + 0.03 3.47 9.00 0.07 6.18 n.d.
SB-1 Sulfide breccia 1.24 £+ 0.02 1041 0.15 22.61 31.11 n.d.
SB-2 Sulfide breccia 1.00 + 0.06 6.29 0.27 26.60 27.80 n.d.
SB-3 Sulfide breccia 1.17 £ 0.03 9.94 0.34 8.00 24.70 n.d.
MS-1 Massive sulfide 0.99 + 0.06 46.02 39.61 0.62 11.82 n.d.
MS-2 Massive sulfide 1.21 £ 0.02 2.29 1.18 0.20 11.50 n.d.
Average of total (8) 1.25
Duangiao hydrothermal field
MS-3 Massive sulfide 1.55 £+ 0.03 1.71 0.84 6.57 23.90 n.d.
MS-4 Massive sulfide 1.28 £ 0.02 10.71 237 3.87 27.21 n.d.
MS-5 Massive sulfide 1.15 £ 0.02 4.55 0.88 215 27.92 n.d.
MS-6 Massive sulfide 1.04 + 0.03 6.78 243 1.07 21.01 n.d.
MS-7 Massive sulfide 0.93 4+ 0.02 29.52 2.78 0.60 17.21 n.d.
Average of total (5) 1.19
BR-1 MORB 1.20 + 0.04 17.20 71.80* 109.01* 7.12 7.73 2.23
BR-2 MORB 1.23 £ 0.02 16.21 72.71* 96.41* 7.05 733 221
BR-3 MORB 1.23 £ 0.05 18.02 73.11* 79.20* 7.18 8.30 217
BR-4 MORB 1.20 £ 0.04 17.00 72.30* 85.41* 7.82 7.35 231
BR-5 MORB 1.23 + 0.06 15.60 71.22* 75.11* 7.23 7.02 222
BR-6 MORB 1.22 £ 0.02 17.51 81.21* 87.10* 7.96 7.51 2.33
Average of total (6) 1.22

Note: * is pg/g.

Table 3

The 6”"/%%Gayyst-094 values and major element compositions (Ga, Zn, Cu, Fe, Al, CaCOs, 10* x Ga/Al, and carbonate-phase Ga) of the sediment samples.

Samples 6715%Gayist-004 (%o) Ga 7n Cu Fe Al CaCO; 10% x Ga/Al carbonate-phase
(28D, n = 3) (ug/g) (ng/g) (ng/g) (wt.%) (wt.%) (wt.%) Ga (%)
SD-1 139 + 0.07 1.08 11.70 18.31 0.42 0.32 91.7 3.42 0.59
SD-2 1.45 + 0.06 211 26.81 2422 1.05 0.72 80.2 294 0.67
SD-3 142 £+ 0.04 1.59 20.11 25.61 0.85 0.55 82.3 2.89 0.77
SD-4 137 £ 0.08 1.36 13.92 30.63 0.59 0.42 79.9 3.17 0.52
SD-5 1.47 £ 0.06 2.12 21.91 50.02 0.88 0.71 734 291 0.36
SD-6 133 £ 0.10 0.54 7.35 6.11 0.19 0.15 88.2 3.61 0.85
SD-7 1.28 £ 0.08 0.97 16.52 12.81 0.41 0.31 82.7 3.11 0.98
SD-8 1.30 + 0.09 0.90 19.31 7.90 0.35 0.26 83.0 343 0.57
Average 1.38 133 17.24 2191 0.59 0.43 82.7 3.18 0.66

Note: The carbonate-phase Ga, for which the Ga in the samples was digested using 1.5 M HAc, represents the proportion of the total Ga.
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average of +1.25%.) and from 2.29 pg/g to 46.02 pg/g, respectively; while
the values of the five sulfide samples from the Duangiao hydrothermal
field range from +0.93%. to +1.55%. (with an average of +1.19%.) and
from 1.71 pg/g to 29.52 pg/g, respectively. The 6”/%°Gayst.ge4 values of
the six basalt samples range from +1.20%. to +1.23%. (with an average
of +1.22%,), which are consistent with those of the two basalt standards
(6”V%9Ganist-994 = +1.20%. for BCR-2 and + 1.19%. for BHVO-2 in this
study; 6”%°Ganisr-994 = +1.26%. for both BCR-2 and BHVO-2 in Kato
and Moynier, 2017a,b). The 6”/%°Gaysr_g04 values of the eight calcareous
sediments range from +1.28%. to +1.47%. (with an average of +1.38%o).
The Ga isotopic compositions of the calcareous sediments and basalts are
both homogeneous, whereas the sulfides from the Yuhuang and
Duangiao hydrothermal fields exhibit relatively distinct Ga isotopic frac-
tionation (of up to 0.58%. and 0.62%,, respectively) and have a similar
range of 6”'/%°Ganyst-o04 values. The Fe, Zn, and Cu concentrations in the
sulfides from the two hydrothermal fields are 6.18%-31.11%, 0.15%-
39.61%, and 0.07%-26.60%, respectively. The concentrations of Ga, Fe, Zn,
Cu, and Al in the basalt samples are 15.60-18.02 pg/g, 7.05%-7.96%,
71.22-81.21 pg/g, 75.11-109.01 pg/g, and 7.02%-8.30%, respectively. The
concentrations of Ga, Fe, Zn, Cu, Al, CaCOs, the carbonate-phase Ga, and
the ratio of 10* x Ga/Al in the calcareous sediments are 0.54-2.12 ve/g,
0.19%-1.05%, 7.35-26.81 pg/g, 6.11-50.02 pg/g, 0.15%-0.72%, 73.4%-
91.7%, 0.36%-0.98%, and 2.89-3.61, respectively. Carbonates dominate
the sediments, and the Ga, Zn, Cu, and Fe concentrations in the sediments
are all relatively low.

5. Discussion
5.1. Ga occurrence in seafloor sulfides

Previous studies have suggested that Ga has three dominant forms
in nature: (1) adsorbed onto the surface of minerals (Liu 1982; Wang
etal. 2011), (2) in the form of independent Ga minerals (Burton and
Culkin 1978; Wood and Samson 2006; Prokof’ev et al., 2016), and
(3) in isomorphic substitutions (Burton and Culkin 1978; Liu 1982;
Malvin and Drake 1987; Tu et al. 2003; Cook et al. 2009; Zhuang et al.
2019). We can eliminate the possibility of the adsorbed form of Ga in
the sulfides because Ga is a chalcophile element, and individual Ga min-
erals were not found in the micro-mineral studies. Therefore, we can
conclude that the dominant form of Ga in the sulfides is that of isomor-
phic substitution. The samples in this study are from different types of
sulfide assemblages; this means that the Ga concentrations in the sul-
fides from the Yuhuang and Duangiao hydrothermal fields have no cor-
relation with the concentrations of main metal elements such as Fe, Cu,
and Zn (Fig. 2). However, the form in which Ga was present in the sam-
ples could not be confirmed based on the data collected. Zhang (2019)
analyzed the in-situ trace element concentrations of sphalerite, pyrite,
and chalcopyrite from the Duangiao and Longqi hydrothermal fields,
with results indicating that the Ga concentrations are extremely low
in pyrite and chalcopyrite, while that in sphalerite are 0.18-871.69 pg/
g (Longqi hydrothermal field) and 0.03-460.55 pg/g (Duangiao hydro-
thermal field). Thus, the Ga is mainly present within sphalerite. In-situ
analyses of the sphalerite have shown that Ga is present within the lat-
tice of sphalerites in the dominant form of substitution (2Zn*>*—Cu™ +-
Ga®™) (Cook et al. 2009; Zhang, 2019; Zhuang et al. 2019). We also
conclude that, of the sulfides analyzed in this study, Ga occurs mainly
in sphalerite.

5.2. Ga isotopic compositions in basalts and sediments

The results of this study indicate Ga concentrations of
15.60-18.02 pg/g in the MORB samples, which is slightly higher than
the Ga concentrations (13.0-16.0 pg/g) in MORBs reported by Kato
et al. (2017). Although the Ga concentration is not uniform within the
MORBs, the range of the 6”1/%°Gayst-g94 values in the six MORB samples
is very narrow (+1.20%. to +1.23%., with an average of +1.22%.) in
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Fig. 2. Plots of Ga vs. Zn, Cu, and Fe for the sulfides from the Yuhuang and Duangiao
hydrothermal fields. YH - Yuhuang hydrothermal field; DQ - Duangiao hydrothermal field.

this study, which is consistent with the §”/%°Ganysr_g94 values of the
two basalt standards (BCR-2 and BHVO-2) within the applicable margin
of error, and is also consistent with the 6”/*°Gayst-g94 vValues for MORBs
reported by Kato et al. (2017) (Fig. 3). This suggests that, despite the
heterogeneous Ga concentration in the MORBs, the isotopic composi-
tion is homogeneous, and therefore the Ga isotopes may either not frac-
tionate at all or only slightly fractionate under high-temperature
geological processes.

The Ga isotopic compositions of seafloor sediments have not been
previously reported. Despite the fact that the Ga concentrations in
the sediments vary significantly (0.54-2.12 pg/g), the range of the
671%9Ganist_994 values within the sediments are narrow (+1.28%. to
+1.47%., average of +1.38%.), which implies that Ga isotopes may frac-
tionate slightly during the formation of sediments. Overall, compared to
the basalts (6”'/%°Gayisr-g94 Values of +1.20%. to +1.23%.), the sedi-
ments (6”1%9Gayist_g94 values of +1.28%. to +1.47%.) are richer in
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Fig. 3. Comparison of the Ga isotopic compositions obtained in this study with those from the literature.

heavier Ga isotopes (Fig. 3). Detailed reports on the sources of Ga in sed-
iments have not been published. Carbonates were predominant in the
sediments analyzed in this study (with CaCOsz concentrations of
73.4%-91.7%), whereas the concentration of the carbonate-phase Ga in
all the calcareous sediments was lower than 1% (Table 3). This implies
that the theory suggesting that Ga is adsorbed by the carbonate or dis-
solved in the pore water can be neglected. Previous studies have sug-
gested that basaltic debris and (Mn, Fe) hydroxides are also important
components of the surface sediments in Southwest Indian Ocean MOR
regions (Liao et al. 2018b). The 6”**Ganyst-g94 values and Ga/Al ratios
of the basalts are both relatively homogeneous. However, the range of
the 6”1/59Gayst-994 Values in the sediments differ from that of the ba-
salts while the range of Ga/Al ratios are wider than those of the basalts
(Fig. 4), and the concentrations of Ga and Fe in the sediments exhibit a
significant positive correlation (Fig. 5a). This suggests that basaltic de-
bris makes a minor contribution to the Ga in the sediments, and the
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Ga in the sediments mainly originates from the (Fe, Mn) oxides. Yuan
et al. (2018) concluded that goethite can adsorb Ga in solution when
the pH is 2.5-10.5. This suggests that both goethite and the Ga adsorbed
by it are insoluble in weak acids, suggesting that in this study the 1.5 M
HAc digested both the carbonate and the Ga within it, whereas it did not
digest the Ga in the Fe oxides/hydroxides. In Fig. 5, the Ga concentra-
tions and 6”'/%°Ganist-g94 Values of the sediments both have good posi-
tive correlations with the Fe concentrations. This implies that the Ga in
the sediments may have mainly originated from the soluble Ga in the
seawater, which was adsorbed by the Fe oxides/hydroxides. Based on
the study by Yuan et al. (2018), equilibrium fractionation of Ga isotopes
occurs when goethite adsorbs the Ga in the water, with the A7 Gasyjig-so-
lution Tanging from —0.45%. to —0.89%.. Assuming that the Ga isotope
fractionation between sediments and seawater has achieved an equilib-
rium in modern oceans, we speculate that the 6”'/6°Gaist_g04 Value of
the seawater in the study area is within the range from +1.92%. to
+2.36%..

5.3. Ga isotopic compositions of the sulfides

The 671/%°Ganysr-994 values of the sulfides from the Yuhuang hy-
drothermal field range from +0.99%. to +1.57%. (average of
+1.25%,), while the 6”'/%°Gayist_094 values of the sulfides from the
Duangiao hydrothermal field range from +0.93%. to +1.55%. (aver-
age of +1.19%.) (Table 2). The ranges of the 6’ /*°Ganyst-994 Values of
the sulfides from the two hydrothermal fields are similar, and the av-
erage 6’ /%9Ganist_994 Values of the sulfides are close to that of the
MORB (Table 2 and Fig. 6). Previous studies have shown that the
Yuhuang area is a detachment fault-type hydrothermal field (Liao
et al. 2018a); while the Duangiao area is a magmatic-controlled hy-
drothermal field. Based on geophysical data, an axial magma
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chamber is present 9 km below the seafloor (Sauter et al. 2009; Li
et al. 2015; Jian et al. 2017; Sun et al. 2018). A recent study suggests
that the metals in the Yuhuang hydrothermal field are derived from
both seawater and magmatites, while the metals in the Duanqiao hy-
drothermal field are derived only from magmatites (Zhu et al. 2020).
As the study area is a sediment-free MOR and sediments are ex-
tremely rare, the sediments are usually considered to contribute
less to the metals in these types of hydrothermal fields. Thus, the
Ga in the Yuhuang hydrothermal field may have been derived from
a mixture of seawater and magmatites, while the Ga in the Duangiao
hydrothermal field may have been derived solely from magmatites.
The mean 6”'/59Gayst-994 values of the sulfides in the Yuhuang and
Duangiao hydrothermal fields are 1.25%. and 1.19%., respectively,
which is consistent with that of the basalts. This implies that the
Ga in the two hydrothermal fields has the same source, in that it
mainly originates from the basalts. Based on existing models, the
volume ratio of the water-rock reactions is approximately from 1
to 4 in sulfide hydrothermal fields (Gregory and Taylor 1981). More-
over, the Ga concentrations of seawater are 2-56 pmol/kg (Orians
and Bruland 1988; Shiller 1998; Shiller and Bairamadgi 2006;
McAlister and Orians 2015), and the Ga concentrations of basalts
are approximately 4 x 10° to 1 x 108 times that of seawater. There-
fore, we speculate that no or very little of the Ga in the sulfides was
derived from seawater. In conclusion, the Ga in the sulfides in the
Yuhuang and Duangqiao hydrothermal regions mainly originated
from the leaching of MORB.

Ga isotopic behavior in hydrothermal systems is still unknown.
We could infer that some geological processes (such as fluid-
seawater mixing, magmatic processes, and sulfide precipitation)
may contribute to the Ga isotope fractionation occurring in hydro-
thermal systems. According to the previous discussion, the contribu-
tion of seawater to Ga in sulfides is very small, and it is probably
derived from the Ga leaching of MORB. The Ga isotopic compositions
in MORB are homogeneous. Therefore, we infer that fluid—-seawater
mixing and magmatic processes have little effect on the Ga isotope
fractionation in sulfides. To sum up, the samples analyzed in this
study indicate that the Ga isotopic fractionation in hydrothermal
systems can reach 0.64%., which may be mainly related to the
rapid precipitation during the formation of sulfides and the
admixing of the different stages of sulfide. Further Ga isotope inves-
tigation would be helpful to understand the processes that lead to Ga
isotope fractionation in hydrothermal systems.
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Fig. 6. Correlation between the Ga concentrations and isotopic compositions of the
Yuhuang and Duangiao hydrothermal fields. YH - Yuhuang hydrothermal field; DQ -
Duangiao hydrothermal field.
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6. Conclusions

(i) The 67/%°Ganyst_g94 Values of the basalts from the SWIR range
from +1.20%. to +1.23%., with an average of +1.22%., which are con-
sistent with the values of the two basalt standard samples (BCR-2 and
BHVO-2), within the applicable margin of error. The 6”/%*Gayist-994
values of the sulfides from the Yuhuang hydrothermal field range
from +0.99%. to +1.57%. (+1.25%. on average), and the 6”'/%°Gaysr.
994 Values of the sulfides from the Duangiao hydrothermal field range
from +0.93%. to +1.55%. (+1.19%. on average). The ranges of the
671%9Gayst-094 values in the sulfides from the two hydrothermal fields
are almost the same, and their mean 6”'/%°Gayst-994 values are very
close to those of mid-oceanic ridge basalts.

(ii) Ga in the sulfides from the Yuhuang and Duangiao hydrothermal
fields mainly originates from MORBs. The Ga isotopic fractionation in
the sulfides reaches 0.64%., which may be mainly related to processes
that lead to the formation of sulfides.

(iii) Ga in the sediments mainly originates from the soluble Ga in
seawater adsorbed by Fe oxides/hydroxides. The 6”'/%°Gay;st-go4 Value
of seawater in the study area is within the range from +1.92%. to
+2.36%o.
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