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Abstract

Studies of the Fe, Cu, and Zn isotopic compositions of volcanic rocks and sulfides
provide an important tool for understanding magmatic, hydrothermal, and alteration

processes, thereby enabling the determination of both transition metal sources and the



quantification of the petrologic environmental impacts of hydrothermal activities. In this
study, the 5°°Fe and &°'Fe values of the mid-ocean ridge basalts (MORBSs) are higher than
those of the seafloor hydrothermal fluids, while the reverse is true for the §°°Zn and §%*zn
values, suggesting that basalt-fluid interactions preferentially incorporate isotopically
light Fe and heavy Zn into the fluids, resulting in the relative enrichment of heavier Fe
and lighter Zn isotopes in altered basaltic rocks. Most of the #°°%e ‘alues (—1.96 to
+0.11%o) of the sulfide minerals are within the range of tl & vet fluids, but they are
significantly lower than those of the MORBSs and bz~k-& "¢ basin basalts (BABBS),
suggesting that the Fe in the sulfides was mair (v dcrived from the fluids. However, the
majority of the chalcopyrite §°°Fe and >'F - values are higher than those of the sphalerite
and pyrite. This suggests that high-ten.nerature sulfide minerals are enriched in **Fe and
*"Fe, whereas medium- and lovv-te mperature sulfides are depleted in *°Fe and *'Fe.
Moreover, the 8®>Cu (0 88 . —0.16%o) and §°°Zn (~0.39 to —0.03%o) values of the
sulfide minerals 2. siynificantly lower than those of the MORBs, BABBSs, and fluids,
suggesting that ®*Cu and ®*Zn were preferentially removed from the fluids and
incorporated into the chalcopyrite and sphalerite, respectively. Consequently, vent fluid
injection and deposition can cause the heavier Cu and Zn isotopic compositions of
hydrothermal plumes, seawater, and sediments.

Keywords: Fe-Cu-Zn isotopic fractionation; mid-ocean ridge basalts; seafloor

hydrothermal sulfides; magmatic processes and ore formation



1. Introduction

Seafloor hydrothermal fields often contain polymetallic massive sulfides, chimneys,
mounds, and their host rocks (e.g., basalts). Both high (>300°C) and low temperature
(<300°C) assemblages consisting of varying proportions of py:te, shalcopyrite, and
sphalerite have been found to be common in the most masive sulfides, chimneys, and
mounds in mid-ocean ridge and back-arc basin setti*\gs { 2.g., Hannington et al., 1991;
Herzig and Hannington, 1995; Fouquet et al., ’0.8). Chalcopyrite has also been found in
the host mafic rocks; however, pyrite e d sghalerite are unlikely to be a primary minerals
in basalts (Francis, 1990) and are usua:'v common hydrothermal and sedimentary
minerals. Copper (Cu) can be in a:~nersed in sulfides in mid-ocean ridge basalts (MORBS)
(Doe, 1994). For example, rv inded to sub-rounded globules of sulfide minerals
(chalcopyrite and . (i-L2ar.ng pyrrhotite) occur as inclusions in glass or in phenocrysts in
seafloor basalts from the Siqueiros Fracture Zone, Indian Ocean, and Lau Basin (Francis,
1990). Zinc (Zn) is a mildly incompatible element and is enriched in the glass phase
relative to olivine because Zn does not fit into the structure of plagioclase. The average
Zn and Cu contents of seafloor MORBs are 75 and 75 ppm (Doe, 1994), respectively;
and Fe?*, which is a major element in MORBs, substitutes readily for Mg in all of the

relevant crystallizing phases (O”Neill et al., 2018).



The stable isotopic systematics of iron (Fe), copper, and zinc have been applied
extensively as a tool for tracking fluid pathways and for fingerprinting sources of
volcanic rocks and seafloor hydrothermal systems (e.g., Zhu et al., 2000; Sharma et al.,
2001; Rouxel et al., 20044, 2004b; John et al., 2008; Liu et al., 2015). The Fe isotopic
systematics of MORBS, ocean island basalts (O1Bs), and back-arc basin basalts (BABBSs)
have demonstrated that MORBs and BABBs have homogene~ s +2 isotopic
compositions, while OIBs are isotopically heterogeneous ‘We ser & lonov, 2007;
Schuessler et al., 2009; Teng et al., 2013; Williams - nd v'izimis, 2014). However, in the
olivine phenocrysts in Hawaiian OIBs, eviden :e of significant Fe isotopic fractionation
during magmatic differentiation has be -n caserved on both the whole-rock and crystal
scales (Teng et al., 2008, 2011). The k. isotopic compositions of the silicate minerals in
peridotite and pyroxenite xenn ith. in Hawaiian OIBs were also analyzed to explore the
use of Fe isotopes as a tracer 2t both peridotite and pyroxenite components in the source
of OIBs (William, >nu Rizimis, 2014). Moreover, the Fe isotopic compositions of the
altered oceanic basalts from ODP Site 801C in the Mariana Trench exhibit depleted light
Fe isotopes relative to those of fresh basalts, suggesting the preferential leaching of light
Fe during alteration of Mariana arc basalts (Rouxel et al., 2003).

Various volcanic rock types, including MORBs, OIBs, island arc basalts, and
subduction-related andesites and dacites, have been systematically analyzed to investigate

Cu isotopic fractionation during mantle metasomatism and partial melting and to



characterize the Cu isotopic compositions of the distinct silicate reservoirs in the Earth
(Ben Othman et al., 2006; Herzog et al., 2009; Li et al., 2009; Liu et al., 2015). However,
the Cu and Zn isotopic compositions of altered oceanic crust recovered from IODP Site
1256 on the East Pacific Rise (EPR) indicate that low-temperature hydrothermal
alteration results in limited Cu and Zn isotopic fractionation in altered oceanic crust,
while significant Cu and Zn isotopic fractionation occurs duriz2 hi2h-temperature
hydrothermal alteration of mid-ocean ridge rocks (Vance >t al , 2008; Little et al., 2014;
Huang et al., 2016). Moreover, high-precision Zn ic-\top. data for MORBs and OIBs have
revealed that MORBs exhibit homogeneous 8°°Z.1 *7alues (+0.25%o to +0.30%o0; Ben
Othman et al., 2006; Doucet et al., 201; Wang et al., 2017), which are similar to those of
OIBs (+0.31+0.09%o; Herzog et al. 2019; Chen et al., 2013; Wang et al., 2017). Ben
Othman et al. (2006) also repn teu that MORBSs from different ocean basins exhibit little
variation from their average omposition of §°°Zn = +0.25%o. Moreover, it has been
established that tk< 8¢ 7n values of four andesitic samples from the Merapi island arc
volcano are homogeneous, with values between +0.23%o and +0.25%o (Toutain et al.,
2008).

Thus far, the Fe isotopic compositions of seafloor hydrothermal sulfides have been
determined for hydrothermal systems on mid-ocean ridges (Sharma et al., 2001;
Severmann et al., 2004; Rouxel et al., 2004a, 2008; German et al., 2008; Bennett et al.,

2009). On the Juan de Fuca Ridge, the hydrothermal fluids venting into the overlying



water column provide a source of light Fe isotopes to the deep oceans and contribute to
the Fe isotope variations observed in seafloor sediments from the mid-ocean ridge in the
northeast Pacific (Sharma et al., 2001; Chu et al., 2006). The Fe isotopic composition of
the plume particles in the Rainbow hydrothermal field on the Azorean segment of the
Mid-Atlantic Ridge (MAR) has remained invariant over at least the past 16,000 years,
implying that changing the Fe isotopic composition of the se~..te. in the North Atlantic
Ocean requires changes in the relative fluxes of Fe to the ncecn (Beard et al., 2003a;
Severmann et al., 2004). However, in the Lucky Strike I ydrothermal field of the MAR,
the light Fe isotopic compositions (as low as 3 2/%,) can be explained by equilibrium
fractionation during sulfide precipitatic a ir a subsurface environment, which provides
further evidence for abiotic fractionaticn of Fe isotopes in hydrothermal systems in the
North Atlantic Ocean (Rouxel 2t a; 2004a). A study of the §*°Fe values of the 5°S
hydrothermal fields on the v AR concluded that a stable, dissolved Fe fraction may have
an isotopic signat., ~ .7t .s heavier than that of the original hydrothermal fluid, and this
fraction could be used to trace hydrothermally sourced dissolved Fe throughout the
deep-ocean (Bennett et al., 2009). Furthermore, in the hydrothermal fields on the EPR
between 9°N and 10°N, the 5°°Fe values of the marcasite/pyrite of a single chimney are
lower than those of the chalcopyrite and fluids, suggesting that the Fe isotopes of the
sulfides and fluids are in disequilibrium, which can be explained by isotopic exchange

during the precipitation of pyrite or during the rapid formation of pyrite from FeS in



mid-ocean ridges (Sharma et al., 2001; Rouxel et al., 2008; Polyakov and Soultanov,
2010).

The Cu isotopic compositions of MAR sulfides indicate that the subsurface precipitation
of Cu-rich sulfides does not significantly control the §°°Cu values of the hydrothermal
chimneys, and the oxidation of primary Cu-sulfides may be the major cause of Cu
isotopic fractionation in hydrothermal systems (up to 3%o) (Shi~la. et al., 1965; Rouxel et
al., 2004b; Markl et al., 2006; Fernandez and Borrok, 20(9). t lowever, the presence of
mid-ocean ridge sulfides (MORSs) with heavy 8°°C 1 va ues can be explained by the
processes occurring on the seafloor, such as th: h.yc'rothermal reworking of previously
altered sulfides by high-temperature fl' 1ds while sulfides with negative §°°Cu values
may have undergone extensive recrvsillization (Rouxel et al., 2004b; Mason et al., 2005).
Furthermore, the chalcopyrite “rorn.: the sulfide chimneys at 21°N and 13°N on the EPR,
at 86°W in the Galapagos ki In the Pacific, and in the Broken Spur field at 29°N on the
MAR, exhibit a le. =r av.ation in 5%°cu values, from —4.81 to +11.47%o (Zhu et al.,
2000). The 5°°Cu variations of these MORSs can be explained using a two-stage model,
which involves the preferential leaching of §°>Cu during hydrothermal processes and the
subsequent isotopic exchange between the crystallized Cu-sulfides and fluids (Zhu et al.,
2000; Mason et al., 2005; Markl et al., 2006). The variation in the §°°Cu values of the
seafloor hydrothermal vents in back-arc basins (eastern Manus basin, North Fiji back-arc

basin (NFB), and northeastern Lau basin) and island arc settings (Tonga Arc) in the



western Pacific (Kim et al., 2014) may be attributed to Cu isotope fractionation during
the alteration and redox reactions associated with the maturation of venting sites near the
surface (Rouxel et al., 2004b; Pgkala et al., 2011; Kim et al., 2014).

The Zn isotopic compositions of the vent fluids of mid-ocean ridges and those of
chimney sulfides indicate that there are large variations in the 5°°Zn values of
hydrothermal fluids, which has been interpreted to suggest th~: 7n -ulfide precipitation is
a primary factor causing the variations in the §°°Zn value. of /luids (Mason et al., 2005;
John et al., 2008; Fernandez and Borrok, 2009). Hc: veve v, the Cu and Zn isotopic
compositions of the hydrothermal fluids of the e~st2rn Manus back-arc basin indicate the
systematic enrichment of heavy Cu (8° Cu = +0.3 + 0.2%o) and Zn (5°°Zn = -0.04 to
+0.94%o) isotopes, which has been imc oreted to be the result of subseafloor
precipitation/redissolution precesscs, rather than the result of the
evaporation/condensation o1 metal-rich magmatic fluids at a certain depth (Dekov and
Rouxel, 2012).

In this study, Fe, Cu, and Zn isotopic analyses were performed on MORS, back-arc basin
sulfides (BABS), and their host MORBs collected from the EPR near 13°N, the EPR
between 1° and 2°S, the Edmond hydrothermal field (EHF) on the Central Indian Ridge
(CIR), A area on the Southwest Indian Ridge (SWIR), and the Sonne 99 hydrothermal
field (S99HF) in the NFB (Fig. 1). Our findings may aid in 1) revealing the Fe-Cu-Zn

isotopic characteristics of the MORBs, MORS, and BABS, 2) determining the sources of



these metals, and 3) investigating the effects of the fluid-rock interactions and mixing
between the fluids and seawater on the Fe-Cu-Zn isotopic compositions of the MORS
and BABS, which will improve our understanding of the relationships between the
sulfides and their host volcanic rocks as well as the hydrothermal processes involved in
the transfer of Fe, Cu, and Zn between mantle sources, hydrothermal fluids, host rocks,

and sulfides.

2. Sampling and methods

2.1. Sample Collection, Descriptions, ¢ad F rocessing

The studied MORS and BABS, which formed from both focused high-temperature
(>300°C) fluid outflow through cr.:mneys and from medium- (300 to 200 °C) to
low-temperature (<200°C) 1, ius expelled from mounds (Michard et al., 1984; Merlivat
etal., 1987; Bowr o e 1, 1988; Ishibashi et al., 1994a, 1994b; Koschinsky et al., 2002;
Gallant and Von Damm, 2006; Schmidt et al., 2007), as well as their host MORBs and
BABBs, respectively (e.g., Kumagai et al., 2008; Zeng et al., 2010, 2014, 2015a, 2015b),
were recovered from seafloor hydrothermal fields using a TV-grab sampler in 2005, 2007,
2008, 2009, and 2010 during the DY105-17, DY115-19, DY115-20, and DY115-21
cruises of the R/V Dayang Yihao, respectively (Zeng et al., 2014, 20153, 2015b, 2017).

The BABS samples from the S99HF in the NFB were collected in 1998, during the



S0134 cruise of the R/V Sonne for the German HYFIFLUX Il project. In the NFB, the
S99HF is located directly south of the triple junction point at 16°50'S, and it is hosted by
basaltic rocks, the trace element compositions of which indicate that the magma
generation was influenced by two different sources: normal MORB and OIB related to
enriched MORB (Eissen et al., 1994; Nohara et al., 1994; Koschinsky et al., 2002; Kim et
al., 2006).

Tables S1 and S2 and Figure 1 present information regarcing he sampling locations and
depths and the mineral compositions of the MORS, 3At'S, and their host MORBSs. The
major minerals of the host MORBSs included o 1vin» and plagioclase, with minor
clinopyroxene and orthopyroxene. The MC RS and BABS mineral aggregate samples
consisted of major pyrite + marcasite, chalcopyrite, sphalerite, anhydrite, barite, opal,
minor galena, and amorphous silic> (Table S2). The descriptions of the sulfide samples
and related mineralogy were ecailed by Zeng et al. (2014). The sulfide minerals from the
EPR 13°N and th, Zdi.~or.d field used for the isotopic analysis include pyrite,
chalcopyrite, and sphalerite. Pyrite and chalcopyrite were used for EPR1-2°S; whereas
for EPR13°N, and A area in the SWIR, only pyrite was concentrated for this study.

The fresh MORB chips were powdered (200 mesh) using an agate mortar for the Fe, Cu,
and Zn isotopic analyses. All of the MORS and BABS samples were crushed using a jaw
crusher and then sieved to obtain coarse grains (~5 mm in size). First, the coarse grains

were examined with the naked eye to exclude grains with apparent oxidation. Then, they



were crushed using an agate mortar and pestle and were sieved to obtain sulfide mineral
grains between 50 um and 2 mm in size, which were subsequently treated (e.g., ethanol
elutriation) (Zeng et al., 2014, 2015a, 2015b, 2017). As most of the samples were fine
grained and contained intergrown phenocrysts, an integrated mechanical separation
method (involving a high-frequency dielectric splitter, a magnetic separator, and an
electromagnetic separator) was used to obtain a monomineral’Z su. fide as described in
Zeng et al. (2017). Thereafter, the sulfide minerals were caret illy manually selected
under a binocular microscope to avoid sulfates and xia\ s, and then, they were
ultrasonically cleaned in ultrapure alcohol to r 'move any seawater influences (Zeng et al.,
2014). Finally, all the sulfide mineral < ‘mp.es were ground to a <63 um powder using an

agate mortar for major and trace elements, Fe, Cu, and Zn isotopic analyses.

2.2. Major and trace elemeri. analyses

The major and tr.~ el=ment compositions of the volcanic rocks were determined using
an X-ray fluorescence spectrometer (XRF) and an inductively coupled plasma-mass
spectrometer (ICP-MS, ELAN DRC II), respectively, at the China National Nuclear
Corporation (CNNC), Beijing Research Institute of Uranium Geology. First, 0.9 g of
sample powder was mixed with 9.0 g Li,B40O; to produce specially made glass disks at
1050—1100°C in an automatic melting instrument. Loss on ignition (LOI) values were

determined from the weight difference after ignition at 1000°C. The accuracy of the



analytical procedure was assessed using certified reference materials (GBW07112) (Table
S3). The precision of the analysis was better than £5%. The accuracy was better than 5%
for SiO,, Al,O3, Fe,03, MgO, Ca0, Nay0, and K;O; and it was better than 9% for TiO»,
MnO, and P,0s.

Forty milligrams of whole-rock powder were dissolved in a Teflon beaker using a
mixture of 0.5 mL of concentrated HNOs; and 1.5 mL of HF *hich was heated at 150°C
for 24 h. Then, 0.2 mL of HCIO, was added and the temerature was maintained at
120°C. When no more HCIO, volatilized from the Tetion beaker, 1 mL of HNO3 and 1
mL of Milli-Q water (18.2 MQecm) were adc 2c tc redissolve the residue. After this, the
solution was cooled and diluted 1000 -im¢s with pure 2% HNOg, and then, the solution
was analyzed for trace elements e analytical results of the reference materials
(GBWO07104 and GBWO0731%) agree well with the certified values (Table S4). The
ICP-MS detection limits of .~e rare earth elements (REES) and other trace elements were
0.001-0.1 pg/g; @1 we analytical accuracy of each measured element was better than

5%.

2.3. Fe, Cu, and Zn Isotopic Analyses
The isotopic ratios of all of the MORB, MORS, and BABS samples were measured on
either the Nu Plasma | (Zn in basalts) or the Nu Plasma Il (Fe, Cu, and Zn in basalts and

sulfides) multiple collector-inductively coupled plasma-mass spectrometer (MC-ICP-MS,



Nu Instruments, Wrexham, UK) at the Université Libre de Bruxelles (ULB, Laboratoire
G-Time), Brussels, Belgium. The dissolution; the Fe, Cu, and Zn purifications; and the
isotopic analyses were conducted using the established procedure described by Petit et al.
(2008) and Sossi et al. (2015), which was slightly modified, following the method of
Debret et al. (2018). In brief, the powdered samples (approximately 5 mg for the sulfide
minerals and 50 mg for the bulk rocks) were dissolved in closz2 surew-top Savillex
Teflon beakers using a mixture of double-distilled concer trate 4 HF, HNO3, and HCI for a
minimum of ~3 days at 125°C. After complete dissc'uticn was achieved, 1 ml of 8 N HCI
+ 0.001% H,0, was added to the beaker, and t1e sclution was heated to dryness at 80°C.
This process was repeated two or three tims to ensure that all the cations were converted
into chloride species. The final residuc= were dissolved in 1 ml of 8 N HCI + 0.001%
H,0, in preparation for the ion exchange separation. The Fe, Cu, and Zn in the samples
were separated from the san.~le matrix constituents (e.g., Ti, Cr, and Mg) using an anion
exchange resin (B« -kod 4G1-X8, 100 to 200 mesh) in an HCI medium. A second
passage for the Cu and Zn was preferred to avoid any spectral or non-spectral
interferences from the potential residual matrix elements during the isotopic analysis.
The Cu and Zn isotope ratios were measured using the doping method with the addition
of a JMC Zn (Art. Nr 13835, lot Nr 0620611.10, ‘Zn110’) or Cu (Art. Nr 13867, lot Nr
13.0140203.10, ‘Cu310’) in-house standard solution, and the sample-standard bracketing

technique (Petit et al., 2008). The isotopic determinations of the Zn in the basalts were



carried out in the wet plasma mode, while the Cu in the basalts and sulfides and the Zn in
the sulfides were analyzed under higher sensitivity dry plasma conditions using an ESL
Apex-Q desolvator (Elemental Scientific, Omaha, Nebraska, USA). The solution
concentrations for the measurements were 400 ug/L of Zn (wet plasma) and 100 ug/L of
Zn or Cu (dry plasma) in 0.05 M HNOs.

To monitor the accuracy of the analyses and to report the date, the SRM NIST 976 Cu
and Lyon JMC 3-0749L Zn reference solutions and the IF'MN 3702 Zn certified
reference material were measured (Ponzevera et al., 2005). The Cu and Zn isotopic data
are reported in standard & notation in per-mil (%, ¢gainst international reference
materials SRM NIST 976 and JMC 3-C /49 _, respectively: §°°Cu =

[(°CurCu)sampie/ (°Cul®*Cu) nist a7 - 11 % 1000; and 8'Zn =
[(Zn/**Zn)=™Pe1(Zn/** Zn)mc - 0745 — 1] % 1000, where i refers to 66 or 68. Repeated
measurements of the in-hous~ JMC Cul10 and Zn310 solutions yielded average values of
0.0040.04%o (2STC, ‘n = 2V) for 8**Cuyi and 0.00 + 0.07%. (2SD) (n = 31) for °°Znay.
The Cuyst yielded 8%°Cuyyo = —0.97 + 0.13%o (2SD) (n = 27), while the ZNyyon Yielded
8%Zn310 = —0.10 + 0.04%0 (2SD) (n = 3). Furthermore, IRMM 3702 yielded §%°Zn3;0 =
—0.41 % 0.07%0 (2SD) (n = 11), which relative to the Zn Lyon gives 8°°Zn o, = —0.31 +
0.07%o (2SD) (n = 11). This is in excellent agreement with the results of previous studies,
e.g., Moeller et al. (2012) and Petit et al. (2008), who reported 8°°Znyon = —0.29 % 0.05%o

(2SD) (n = 5) and 6°°Znyon = —0.32 % 0.04%0 (2SD) (n = 4). The details of the analytical



session conditions and the mass bias corrections have been described by Petit et al. (2008)
and more recently by Debret et al. (2018).

The Fe isotope analyses were carried out on a Nu Plasma Il instrument in dry plasma
mode at medium resolution. A DSN-100 desolvator (Nu Instruments, Wrexham, UK) was
used for the dry plasma conditions. The solution concentrations for the measurements
were 800 pg/L of Fe and 1000 pg/L of Ni in 0.05 M HNOs. T~ 1s2topic ratios were
measured (*°Fe/**Fe and *'Fe/**Fe) by applying the samb.=-st: ndard bracketing method,
i.e., using IRMM 014 and external normalization ar 1 us ng Ni as a dopant. The data are
reported in delta (8) notation relative to the IR vI*- 014 standard (Taylor et al., 1992) and
were calculated using the equation &'Fr = I 'Fe/**Fe)sampie/(‘Fe/**Fe)irmm-o14 — 1] x 1000,
where i refers to 56 or 57.

The accuracy and precision of the e isotope analyses were assured by analyzing
reference material IRMM-0.1 as the bracketing standard and our in-house quality control
standard ‘MIX’. T1.~ 1,221 Fe isotopic compositions of these standards were as follows.
IRMM-014: §°°Fe = 0.00 + 0.07%,, and &°"Fe = 0.01 + 0.09%o (2SD, n = 68). MIX: 8*°Fe
=—1.55 + 0.11%o, and 8°'Fe = —2.26 + 0.16%o (2SD, n = 61). The long-term averages
(2014 to 2016) of the MIX standard are 8°°Fe = —1.55 + 0.10%o, and §°'Fe = —2.28 +

0.16%o (2SD, n = 126).



3. Results

3.1. Major and trace element compositions of MORB

The major element concentrations of the volcanic rocks from the EPR near 13°N and
1-2°S, the CIR, and the SWIR are prsented in Table S5. All the studied volcanic rocks are
basalts (SiO, = 49.13 — 41.49 wt.%; Na,O+K,0 =2.54 — 4.66 wt.%) and belong to the
low-K arc-tholeiitic series (KO = 0.05-0.48 wt.%). The bz2alhe from the SWIR have
larger variation ranges of SiO; (49.13 — 51.49 wt.%), MO (t .06 — 8.54 wt.%) and Na,O
(2.43 — 4.28 wt.%) than the basalts from the EF'R axd SWIR (Table S5). The trace
element concentrations of the volcanic rocks f or.1 *he EPR near 13°N and 1-2°S, the CIR,
and the SWIR are presented in Tate 6. The primitive mantle normalized spider
diagrams of the basalts show obvious “Jepletions of large ion lithophile elements (LILES)
relative to high field strength elements (HFSEs) and rare earth elements (REES). The
chondrite normalized rare ec+th element (REE) diagrams of the basalts exhibit flat REE
distribution patte’(.~ (~in. 2), and the fractionation between the LREEs and HREEsS is
inconspicuous ((La/Yb)y = 0.40—1.64). The basalts in this study exhibit insignificant Eu

anomalies (0Eu=0.96 — 1.15, Eu = 2Eun/(Smy+Gdy)) (Fig. 2).

3.2. Fe-Cu-Zn Isotopic Compositions of the MORBs
The Fe, Cu, and Zn isotopic data for the MORB samples are presented in Table 1. The

MORBs from the EPR near 13°N, the EPR between 1° and 2°S, the CIR, and the SWIR



exhibit 5°°Fe values between +0.06%o and +0.18%o (Table 1). The 5*°Fe values of the
basalt samples from the EPR near 13°N (+0.10 to +0.16%o, avg. +0.127%o, N = 6) are
similar to those from the EPR between 1° and 2°S (+0.06 to +0.18%o, avg. +0.129%o, N =
7) and those from the SWIR (+0.07 to +0.16%o, avg. +0.126%., n = 13) (Table 1). Most of
the 5°°Fe values of the MORBs (+0.06 to +0.18%o; this study) are within the range of
previously studied OIBs (—0.11 to +0.18%o.; Beard et al., 2002%: 1eng et al., 2013) but are
slightly higher than those of previously studied MORBs (+0.0C7 to +0.14%o: Teng et al.,
2013) (Fig. 3).

The measured 5°°Cu values of the MORB sam )-:s vary from —0.10 to +0.73%o (Table 1).
The 5°°Cu values of the basalts from tF= S\ VIR exhibit the largest range (-0.10 to
+0.73%o; avg +0.30%o, n = 13), with u.» highest (+0.73%o) and lowest value (—0.10 =
0.08%o) values of all of the M7RL samples (Table 1). With the exception of three basalt
samples, which have 8%°Cu \~lues (IR05-TVG10-1: —0.01 = 0.03%o; IR05-TVG3-1;
—0.04 + 0.23%o0; 2.1 20M1-S20-TVG17-1: —0.10 + 0.08%o0) that are lower than those of
previously studied MORBs (0 to +0.14%o; Liu et al., 2015; Savage et al., 2015), most of
the 5°°Cu values of the remaining basalt samples are substantially higher than those of
previously studied MORBs and OIBs (—0.07 to +0.18%o; Liu et al., 2015; Savage et al.,
2015) (Fig. 4).

The measured 5°°Zn and §°®Zn values of the basalt samples vary from +0.31 to +0.51%o

and from +0.62 to +1.06%o. (Table 1), respectively, and are higher than those of



previously studied MORBs (5°°Zn of +0.25 to +0.30%o; 6°*Zn of +0.53 to +0.60%.; Ben
Othman et al., 2006; Wang et al., 2017) and OIBs (5°°Zn of +0.25 to +0.40%o; 5°®Zn of
+0.50 to +0.79%o; Wang et al., 2017) (Fig. 5). Furthermore, the 8°*Zn values of the
MORB samples exhibit an increasing trend, from the EPR at 13°N to the EPR between 1°

and 2°S to the CIR to the SWIR (Fig. 5).

3.3. Fe-Cu-Zn Isotopic Compositions of the Sulfides

The Fe, Cu, and Zn isotopic data for the MORS anc' BA3S samples are presented in
Table 2. The measured §°°Fe and &°'Fe values f ch2 sulfide samples range from —1.96 to
+0.11%o and from —2.89 to +0.19%e., re sper dively, with no evident relationship between
8°°Fe, 5°'Fe, and mineral type (pyrite, ~halcopyrite, and sphalerite). The §°°Fe values of
the pyrite samples from the EFR n.oar 13°N vary between —1.05%o and —0.29%. (avg. of
—0.66%o, n = 7), which is wihin the range of the 5°°Fe values reported by Rouxel et al.
(2008) for pyrite ¥,.om *he EPR between 9°N and 10°N (—1.89 to —0.06%o). The 8°°Fe
values of the pyrite from the MORS and BABS exhibit a larger range than that of the
chalcopyrite (Fig. 3). However, the 5°°Fe values of the pyrite samples from the EPR
between 1° and 2°S range from —1.74 to —0.01%o (avg. of —0.77%o, n = 7), while the
majority of the 5°°Fe values (—0.18 to +0.11%o) of the chalcopyrite are substantially
higher than those of the pyrite (Table 2). In the S99HF on the NFB, the 5°°Fe value of the

chalcopyrite (—0.18 £ 0.05%o) is also substantially higher than those of the pyrite and



sphalerite samples (pyrite: 5°°Fe of —1.25 to —0.48%o, avg. of —0.91%o, n = 3; sphalerite:
8°°Fe of —1.17 to —0.90%o, avg. of —1.02%o, n = 4) (Table 2), which places it within the
8°°Fe range of the chalcopyrite from the EPR between 9°N and 10°N (—0.33 to —0.11%o;
Rouxel et al., 2008). Furthermore, most of the 5°°Fe values of the MORS and BABS
samples are significantly lower than those of their host MORBs (+0.06 to +0.18%o.; Teng
et al., 2013; this study) and BABBs (+0.087 to +0.106%.; Terg =t .., 2013) (Fig. 3) but
are similar to those of the hydrothermal fluids (—=1.85 to - 9.14%o; n = 49; Sharma et al.,
2001; Severmann et al., 2004; Rouxel et al., 2008; ™ 1oel er et al., 2014).

The measured 8°°Cu values of the chalcopyrite var from —0.88 to —0.16%o. This range is
smaller than those of the §°°Fe and 8°'Te v-.lues of the MORS and BABS minerals (Table
2) and is lower than those of the host 1."ORBs (§°°Cu of —0.10 to +0.73%o; Liu et al.,
2015; Savage et al., 2015; this stu.’) and the hydrothermal fluids (8*°Cu of +0.1 to
+0.5%o0; Dekov and Rouxel, 2112) (Fig. 4).

The 5°°Zn and 5%~ voliies of the sphalerite range from —0.39 to —0.03%. and from
—0.77 t0 —0.03%. (Table 2), respectively, which is significantly lower than those of their
host MORBs (5°°Zn of +0.25 to +0.51%o; this study) and the hydrothermal fluids (8%°Zn
of 0.00%o to +1.33%o; John et al., 2008) but is mostly within the range of seawater (5°°Zn

of —0.33 to +0.96%o; Little et al., 2014; Zhao et al., 2014; Samanta et al., 2017) (Fig. 5).



4. Discussion

4.1. Fe-Cu-Zn Isotope Variations in the MORBs

4.1.1 Fe Isotopes

In this study, the 5°°Fe values of the MORBs exhibit a narrow range of Fe isotopic
compositions (5°°Fe of +0.06 to +0.18%o, avg. of +0.13 + 0.05%., n = 28). However, the
5°°Fe ranges of the MORBSs from the EPR at 13°N and 1-2°S, *he =HF at CIR, and the A
area at SWIR (Table 1; for sample locations, see Table S2) are slightly larger than that of
previously studied MORBs (+0.04 to +0.14%.; Weyr & lonov, 2007; Teng et al., 2013)
from the EPR at 13°N, 06°N, 17-19°S, and 21°}.; *he MAR at 24—36°N, the Kolbeinsey
and Knipovich ridges, the Indian Ridg” ne7.r the Rodriguez Triple Junction and at 39°S,
and the Red Sea at 18°N and 20°N (kg 3), indicating that slight Fe isotopic fractionation
occurred during the melting of the mid-ocean ridge mantle (Weyer and lonov, 2007; Teng
et al., 2013). Moreover, the ¢*°re and §°’Fe values of the MORBSs are higher than those
of the hydrotherma! fiuids (5°°Fe of —0.18 to —1.84%o, 5°'Fe of —0.20 to —2.71%o; Sharma
et al., 2001; Severmann et al., 2004; Rouxel et al., 2008; Moeller et al., 2014) (Fig. 3).
This suggests that during the hydrothermal fluid-basalt interactions, the isotopically light
Fe may be preferentially incorporated into the hydrothermal fluids, while the isotopically
heavy Fe remains in the altered basaltic rocks (Rouxel et al., 2003).

However, several processes and factors that cause variations in the 5°°Fe values of

volcanic rocks should be considered, including the following four factors: alteration



and/or wall rock assimilation, degree of partial melting, fractional crystallization, and
spreading rate (Rouxel et al., 2003; Croal et al., 2004; Anbar et al., 2005; Weyer et al.,
2005; Dauphas and Rouxel, 2006; Weyer and lonov, 2007; Teng et al., 2008; Schuessler
et al., 2009; Williams et al., 2009; Hibbert et al., 2012; Weyer and Seitz, 2012; X. Zhao et
al., 2012).

1) The studied basalt samples were fresh and unaltered, whick. i~ sunported by their
measured loss on ignition values (0.20% to 0.58%, fresh ‘ock. have low LOI values

(<1 %)) (Table S4; Doucet et al., 2016). Therefore, *he i fluences of alteration, wall-rock
assimilation and biotic redox processes on the =¢ icotopic compositions can be ruled out
for the MORBSs analyzed in this study.

2) The degree of Fe isotopic fractiona..an during partial melting is dependent on the
degree of partial melting (e.g. the T10, content), the Fe**/> Fe (> Fe =Fe** + Fe®*) of the
magma source, and the tvpe ~f melting (buffered versus non-buffered) (Woodhead and
Johnson, 1993; Woodi~ar et al., 1998; Dauphas et al., 2009). However, the variation in
their TiO, contents is relatively small (1.19 to 1.93 wt.%) (Table S4), and there is no
obvious relationship between the 5°°Fe values and TiO, contents of the different samples
(Fig. S1). Although the estimated Fe®*/3 Fe ratios of the basalts vary from 0.15 to 0.35,
this amount is still considered to be relatively small (Weyer and lonov, 2007; Teng et al.,
2013). Moreover, the range of the degree of partial melting of mantle materials during

MORB production varies from 5 to 20% (Christie et al., 1986; Klein and Langmuir, 1987;



Bézos and Humler, 2005; Workman and Hart, 2005; Frost and McCammon, 2008), which
alone cannot produce a 5°°Fe isotopic variation of more than 0.02%o (Poitrasson and
Freydier, 2005; Schoenberg and von Blanckenburg, 2006; Teng et al., 2008; Dauphas et
al., 2009). Thus, partial melting of the mantle cannot fully account for the 0.12%o
variation in the °°Fe values of the basalts analyzed in this study.

3) The §°°Fe value may increase with the evolution of the frartinnc! crystallization of the
magma (i.e., as the SiO, content increases) (Poitrasson ar 1 Fr xydier, 2005; Heimann et
al., 2008; Schuessler et al., 2009). Petrographic anc 1eoc hemical studies have
demonstrated that olivine and plagioclase are t1¢ nmajor fractioning phases in our studied
basalt samples. The removal of plagioc-ase should not affect the melt’s Fe isotopic
composition since it has a substantiah, lower FeO content than the residual melt (Teng et
al., 2013). Previous studies have suqgested that olivine tends to have a light Fe isotopic
composition relative to mel. C1eng et al., 2008, 2011; Dauphas et al., 2009), and the
crystallization of ,i*vi.» ~an lead to an increase in the 5°°Fe value of the residual melt.
However, the olivine contents (a major crystallization phase) of the studied basalt
samples are similar, and there is no relationship between their 5°°Fe values and SiO;
contents (Fig. S1), indicating that different amounts of fractional crystallization of olivine
and plagioclase cannot explain the variation in the §°°Fe values of the studied basalts
(Teng et al., 2008; Dauphas et al., 2009; Schuessler et al., 2009).

4) The spreading rate is a potential factor affecting magmatism at MORs. The 13°N EPR



is a fast-spreading center, with a full spreading rate of 104 mm/a (Bluth and Ohmoto,
1988). The region between 1°S and 2°S on the EPR is an ultrafast spreading ridge
segment, with a spreading rate of approximately 150 mm/a (Searle, 1983). The spreading
center of the CIR has an intermediate-spreading rate of approximately 48 mm/a in the
EHF; Van Dover et al., 2001). The SWIR is an ultraslow-spreading ridge, with a
spreading rate of approximately 14 mm/a (Patriat and Segoufi::, 1238; DeMets et al.,
1994). These ridges and ridge segments constitute the ent -me nbers of the global
mid-ocean ridge spectrum, providing natural laborz*rie. for testing the potential control
exerted by the spreading rate on mantle meltin 1. Aawever, no clear relationship was
found between the variations in the Fe "sot.pic compositions of the basalts from the
different ridge segments and the locai cnreading rates of the ridge segments (Figs. 5a, S2),
suggesting that the variation in spi 2ading rate did not significantly affect the Fe isotopic
compositions of the basalts.

As was previousl), Jis.'esed, seafloor alteration, partial melting, fractional crystallization,
wall-rock assimilation, and mid-ocean ridge spreading rate cannot fully explain the slight
variation in the Fe isotopic compositions of the basalts. Moreover, distinct mantle source
regions have previously been invoked to explain the elemental (Prytulak and Elliott, 2007;
Dasgupta et al., 2010) and radiogenic isotopic (Hofmann, 1997; Workman et al., 2004;
Stracke et al., 2005; Salters et al., 2011) signatures of many oceanic basalt suites. This

suggests that the clear variation in the Fe isotopic compositions of the basalts in this



study supports the concept of Fe isotopic heterogeneity in the Earth’s lithospheric mantle
(Rouxel et al., 2003; Teng et al., 2013; Williams & Bizimis, 2014). However, the
mid-ocean ridge magma source’s Fe isotopic heterogeneity and the different mantle

melting processes require further investigation.

4.1.2 Cu Isotopes

The Cu isotopic compositions of the MORB samples exh bit s ignificantly greater
variations (—0.10 to +0.73%o., Table 1) than those of 7rev ously studied MORBs (0 to
+0.14%o; Liu et al., 2015; Savage et al., 2015). T'iese values are also slightly higher than
those of previously studied OIBs (—0.C to +0.18%o; Liu et al., 2015; Savage et al., 2015)
(Fig. 4), implying that during melting .nder the mid-ocean ridge, heavy ®>Cu was more
likely to be incorporated into *he L2saltic melt than into the ocean island environment.
The rather large range of the “u isotopic compositions of the studied MORB: is difficult
to explain by higt-.~n, ~erature equilibrium Cu isotopic fractionation, such as by partial
melting of the mantle, which generates a limited amount Cu isotopic fractionation and is
distinct from the behavior of the Fe isotopes, which are significantly fractionated during
mantle partial melting (Weyer and lonov, 2007; Liu et al., 2015). However, mantle
metasomatism can produce Cu isotopic fractionation (Fernandez and Borrok, 2009; Liu et
al., 2015). Metasomatism in basalts potentially results in sulfide dissolution/breakdown

or precipitation (Reisberg et al., 2005). If redox reactions are involved, the released Cu



may be isotopically heavy (Fernandez and Borrok, 2009), leaving the metasomatized
basalts isotopically lighter than primary MORBS. In contrast, the precipitation of
secondary minerals from fluids that have previously leached Cu from sulfides may enrich
the basalts in heavy Cu isotopes. During this process, isotopic fractionation may or may
not occur depending on which secondary phase is precipitated. Moreover, the light rare
earth elements (LREES) patterns and the lack of metasomatic :>inc-als can be used to
evaluate the effects of metasomatism (Zheng et al., 2005; Chu et al., 2009; Liu et al.,
2015; Zhao et al., 2015). The metasomatized basalt> exh'bit LREE-enriched patterns
((La/Sm)y >1) and commonly contain metasor1ecc products (e.g., phlogopite), whereas
the non-metasomatized basalts display < RF_E-depleted or flat rare earth element patterns
and lack visible metasomatic minerals ‘Liu et al., 2015). Moreover, evidence of
metasomatism was not observ«d 1. most of the studied samples ((La/Sm)y = 0.41-0.98,
avg. of 0.66, n = 22, except  ~r samples 20111-S10-TVG7 and IR05-TVG4-1) (Fig. S3).
Thus, the influence 2t melasomatism on the variation in the Cu isotopic compositions of
the basalts can be ruled out. However, samples 20111-S10-TVG7 and IR05-TVG4-1,
which have (La/Sm)y >1 (1.21 and 1.01, respectively) and higher 8*°Cu values (0.55%o
and 0.69%., respectively) than the other studied samples, can be explained by the
influence of metasomatism via melt/fluid-rock interactions (Fernandez and Borrok, 2009;
Liu et al., 2015).

Similar to the §°°Fe variability, one explanation for the relatively large variation in the



8%°Cu values of the basalt samples is that they were derived from Earth’s
8%°Cu-heterogeneous lithospheric mantle (Savage et al., 2014; Liu et al., 2015). This also
implies that the varied Cu isotopic compositions of the studied MORBSs may result from

the 5°°Cu heterogeneity of their mantle sources.

4.1.3 Zn Isotopes

The Zn isotopic values of the studied MORB samples rar.7e i om +0.31 to +0.51 %o,
which significantly exceeds the §°°Zn range of previnusi / reported MORBSs (+0.26 to
+0.30%0; Wang et al., 2017) and is higher on a se.a¢e than those of previously studied
OIBs (+0.25 to +0.40%o0; Ben Othman -t al , 2006; Wang et al., 2017) (Fig. 5). This
implies that the magma evolution proc2sses may have caused Zn isotopic fractionation,
and during melting under the miia-2cean ridge, heavy °®Zn and ®zn were more likely to
be incorporated into the basa'tic melt than into the ocean island environment (Ben
Othman et al., 207.C° vy et al., 2017).

However, the sedimentary carbonates exhibit substantially heavier Zn isotopic
compositions (up to +1.34%o; Pichat et al., 2003; Kunzmann et al., 2013) compared to the
studied MORBs (+0.31 to +0.51%o), and the recycling of sedimentary carbonates into the
mantle may result in elevated §°°Zn values, which has been observed in continental
basalts in eastern China (Liu et al., 2016). Moreover, certain highly evolved silica-rich

rocks (e.g., pegmatites) may exhibit high 5°°Zn values (+0.53 to +0.88%o; Telus et al.,



2012), and mantle metasomatism processes may cause significant Zn isotopic variations
in mantle rocks (Wang et al., 2017). Therefore, metasomatism by silica-rich melts may be
responsible for the heavier §°°Zn values of the basalts. However, the studied basalt
samples, which were recovered from a mid-ocean ridge tectonic setting with
mafic/ultramafic magma, were the major host magmas, and the addition of sedimentary
carbonates and silica-rich rocks to the magma source is unliks:* N'oreover, Znis a
monovalent element (Lodders, 2003); and thus, isotope fiactic nation induced by a change
in oxidation state can be excluded (Wang et al., 201™"). I -actional crystallization of
basaltic magmas and mantle partial melting ar * chzr possible mechanisms that could
cause the differences in the Zn isotopic corpositions of the basalts and the mantle
magma (Wang et al., 2017). Moreover, fractional crystallization has been proposed to
explain the Zn isotopic variaticns chserved in the Kilauea Iki lavas (Chen et al., 2013).
The basalt with an isotopicai'/ neavier Zn composition was thought to undergo
fractionation of 0'..inc ar.d Fe—Ti oxides, whereas the basalts with the lightest 5°°Zn
values were interpreted to be the result of olivine and chromite accumulation (Chen et al.,
2013). Furthermore, experimental studies have demonstrated that spinel is one of the
major Zn hosts in basaltic magma (Le Roux et al., 2011; Davis et al., 2013), and it is
isotopically heavier than other coexisting silicate minerals (Ol, Cpx, and Opx) (Wang et
al., 2017). Therefore, the preferential melting of spinel is another likely mechanism of Zn

isotopic fractionation, and the 5°°Zn values of the residual melt become lighter once the



spinel is exhausted. That is, the melts become isotopically heavier as larger amounts of
spinel are incorporated into the melts, until complete melting of the spinel occurs. Thus,
spinel melting is a reasonable mechanism for the Zn isotopic fractionation produced
during partial melting of the mantle (Wang et al., 2017).

However, as previously discussed, olivine and plagioclase are the major fractionating
phases, and the degrees of partial melting of the studied basal* 2an.les are similar. Chen
et al. (2013) found that fractional crystallization causes o.'ly v 2ry limited (<0.1%o) Zn
isotopic fractionation between lavas and their relate:! cui wlates. Therefore, it appears that
fractional crystallization and/or the degree of | ardel melting of the mantle cannot explain
the large variations in the Zn isotopic ¢ mr osition of our samples.

However, mantle heterogeneity has becn suggested as a potential cause of Zn isotopic
fractionation. This phenomenn h.~ been used to explain the distinctly different Zn
isotopic compositions of fer. e therzolites and refractory spinel harzburgites (lonov et al.,
2010; Chen et al., 2112: Coucet et al., 2016). This suggests that Earth’s heterogeneous
lithospheric mantle may be a major cause of the distinct variation in the §°°Zn values of
our basalts.

It is interesting that the studied samples not only exhibit heterogeneous isotopic
compositions, but there is a generally increasing trend in the §°°Zn values of the MORBs
from the EPR to the CIR to the SWIR (Fig. 6¢). This, coupled with the different

mid-ocean ridge spreading rates, suggests that ®Zn and ®®zn are more likely to be



incorporated into the basaltic magma under the ultra-slow-spreading SWIR than into that
under the fast-spreading EPR. Therefore, the variation in the mid-ocean ridge spreading
rates can explain the variations in the Zn isotopic values of the different mid-ocean ridge
tectonic settings. This implies that a faster spreading rate may result in lighter Zn isotopic

values, i.e., closer to a MORB-like Zn isotopic composition.

4.2. Fe-Cu-Zn Isotopic Variations in the MORS and BAB.!

4.2.1 Fe Isotopes

It is well known that the hydrothermal activity o’ the EPR near 13°N, on the EPR
between 1°S and 2°S, in the EHF on th» C'*, and in A area on the SWIR are hosted by
MORBS, while that in the S99HF on vu.= NFB is hosted by BABBs (Zeng et al., 2010,
2014, 20154, 2015h, 2017). The k. isotopic compositions of the hydrothermal fluids
(—1.85 to —0.14%o; Sharma ¢* a1., 2001; Severmann et al., 2004; Rouxel et al., 2008;
Moeller et al., 207} (i 3) differ significantly from the Fe isotopic compositions (+0.06
to +0.18%o; Teng et al., 2013; this study) of the MORBs and BABBs, which are
substantially lower than those of the host basalts (+0.06 to +0.18%.; Teng et al., 2013;
this study). Therefore, the Fe isotopic compositions of sulfides can be used as evidence to
determine the diagnostic isotopic signature of the Fe released into the oceans by seafloor
hydrothermal vents and the interactions between the various Fe reservoirs (Severmann et

al., 2004).



The 5°°Fe values of the MORS and BABS minerals range from —1.96 to +0.11%o (Table
2), which are significantly lower than those of their host basalts (+0.06 to +0.18%o; Teng
et al., 2013; this study) (Fig. 3) and are generally similar to the 8°°Fe values of
hydrothermal fluids (—1.85 to —0.14%o.; Sharma et al., 2001; Severmann et al., 2004;
Rouxel et al., 2008; Moeller et al., 2014) (Fig. 3). This indicates that the hydrothermal
fluids are a source of the Fe in the sulfide minerals, and the **™~ i1, their host MORBs and
BABBs is more likely to be incorporated into the fluids ¢ rin) fluid-basalt interactions.
Thus, it has been suggested that hydrothermal fluid: alsc provide a source of light Fe
isotopes to the deep oceans (Sharma et al., 20(1* S~vermann et al., 2004; Rouxel et al.,
2008; Bennett et al., 2009; Moeller et z«., 2J)14), and the interactions between the host
basalt and the fluids result in the prefe.=ntial leaching of lighter Fe isotopes from the
hydrothermally altered basaltic roc' s, while the heavier Fe isotopes remain behind in the
altered oceanic crust (Polyan~v and Mineev, 2000; Bullen et al., 2001; Schauble et al.,
2001; Sharma et 4., 2021, Johnson et al., 2002, 2003; Rouxel et al., 2003). This implies
that a plate subduction component containing altered rocks (with heavier Fe isotopic
compositions) has an influence on the back-arc basin and island arc magma sources,
thereby resulting in the preferential enrichment of heavier Fe isotopes in back-arc basin
and island arc volcanic rocks.

The chalcopyrite has a limited range of 8°°Fe values between —0.18%o and +0.11%o,

indicating a small amount of Fe isotopic fractionation (up to 0.3%o) between the host



basalts (+0.06 to +0.18%o) and the vent fluids (—1.85 to —0.14%o) (Fig. 3). This suggests
that the Fe in the chalcopyrite was derived from the interactions between the
hydrothermal fluids and the host basalt. As was previously observed by Rouxel et al.
(2008), in the hydrothermal field on the EPR between 9°N and 10°N, the §°°Fe values of
the chalcopyrite tend to be systematically more positive compared to those of the
coexisting pyrite and sphalerite (Table 2, Fig. 7a), suggesting >3t . small amount of
positive Fe isotopic fractionation occurs during chalcopy. ite . recipitation.

We also observed this phenomenon on the EPR bet:*'een 1°S and 2°S, in the EHF on the
CIR, and in the S99HF on the NFB, where the 5> F2 and 8°’Fe values of the chalcopyrite
are significantly higher than those of tF - ccaxisting pyrite and sphalerite (Table 2, Fig.
7a). This suggests that the Fe isotones ~f the sulfides and fluids are in disequilibrium
(Sharma et al., 2001; Rouxel e al., 2008), and that *°Fe and *’Fe are more likely to be
incorporated into chalconyn.~ under high-temperature fluid conditions (Butler and
Nesbitt, 1999). Tk..~ e liigh-temperature chalcopyrite is characterized by enriched
8°°Fe and &°"Fe values (Fig. 7a). Furthermore, the 5°°Fe values (+0.11 + 0.09%o) of the
chalcopyrite from the hydrothermal field on the EPR between 1°S and 2°S are close to
those of their host basalts (+0.06 to +0.18%o). This indicates that the Fe was mainly
leached from the local basaltic rocks and was incorporated into the chalcopyrite under
high-temperature fluid conditions. Moreover, this means that no significant Fe isotopic

fractionation occurred during the high-temperature basalt-fluid interactions.



The 5°°Fe values of the pyrite exhibit a large variation (—1.96 to +0.11%o) compared to
those of the host basaltic rocks (+0.06 to +0.18%.), with a large amount of Fe isotopic
fractionation (up to 2%o). This is consistent with the varying fluid temperatures, which
ranged from high to low during the pyrite formation (Fig. 7a) (Abraitis et al., 2004; Keith
et al., 2016). These values are slightly lower than the 5°°Fe values of seawater (—0.88 to
+0.10%o; Rouxel and Maureen, 2010) and are similar to the 5°°~e values of hydrothermal
fluids (—1.85 to —0.14%.; Sharma et al., 2001; Severmani et ¢!., 2004; Rouxel et al., 2008;
Moeller et al., 2014) (Fig. 3). All these findings ind: ~ate *hat the fluids may be a source of
the light Fe isotopic compositions of the sulfic 2¢, a1d that >*Fe is more likely to be
preferentially incorporated into pyrite facies during mixing between seawater and
hydrothermal fluids. This suggests tha: low-temperature pyrite is characterized by
depleted 8°°Fe and 8°'Fe values (7. 7a).

Rouxel et al. (2008) reparted that the relatively slow precipitation of pyrite in subsurface
environments due > ccnructive cooling of the fluids produces limited Fe isotopic
fractionation, while the rapid precipitation of pyrite as a result of mixing in chimney
environments produces significant kinetic Fe isotopic fractionation. Therefore, the large
variation in the Fe isotopic compositions of the sulfide minerals is likely to have been
influenced by the precipitation rate. The Fe isotope results reveal that the chalcopyrite has
systematically higher 6°°Fe values than the pyrite and sphalerite (Fig. 3), which means

that the pyrite, sphalerite, and chalcopyrite within a single hydrothermal field exhibit Fe



isotope disequilibrium. Moreover, there is no clear relationship between the Fe isotopic
compositions of the sulfides from the different ridge segments and the local mid-ocean
ridge spreading rates (Figs. 5a, S2), suggesting that the mid-ocean ridge spreading rate
did not significantly affect the Fe isotopic compositions of the sulfide minerals in the
local hydrothermal fields.

Furthermore, the sphalerite minerals from the EHF on the CIF. ~nu the S99HF on the
NFB include small amounts of pyrite and chalcopyrite, ai d th: §°°Fe values of the
sphalerite minerals from the EHF on the CIR and th» SY)HF on the NFB exhibit large
variations (—1.65 to —0.63%o) compared to tho :e of the chalcopyrite (Fig. 3), implying
that the Fe isotopic compositions of th” spkalerite are controlled by small pyrite and

chalcopyrite inclusions, which can he .sed to trace the sulfide inclusions in the sphalerite.

4.2.2 Cu Isotopes

The chalcopyrite /i am *he sulfide samples have consistently depleted $®>Cu values, with a
smaller 5°°Cu range (—0.88 to —0.16%o) than that of the Fe isotopes of the sulfide
minerals. They also exhibit a small amount of Cu isotopic fractionation (up to 0.7%o),
which is significantly lower than that of the host MORBSs and the hydrothermal fluids
(Fig. 4). This suggests that ®3Cu was preferentially removed from the hydrothermal fluids
and was incorporated into the chalcopyrite during the formation of the chalcopyrite,

while the heavier Cu isotope was more likely to remain in the high-temperature fluids



from which the chalcopyrite precipitated (Fig. 7b). This implies that the hydrothermal
fluids, which have heavier Cu isotopic compositions, may provide a source of heavy Cu
isotopes to hydrothermal plumes, seawater, and metalliferous sediments during
fluid-seawater mixing and the settling of hydrothermal materials.

This is consistent with the general observations of Zhu et al. (2000) regarding the EPR
hydrothermal fields, in which the inactive sulfide deposits ha»'z mc+e depleted 8%°Cu
values than the active high-temperature hydrothermal ver ts, v hich have significantly
lower values than the host MORBs (avg. of +0.07 = 0.0t %o; Liu et al., 2015; Savage et al.,
2015; this study) and the hydrothermal fluids (+.1 to +0.5%.; Dekov and Rouxel, 2012)
(Fig. 4). This suggests that the Cu isotc aes of the chalcopyrite and the hydrothermal
fluids are in disequilibrium, and that s, nificant Cu isotopic fractionation occurred
between the chalcopyrite and t1e 1. «drothermal fluids. This can be explained by the Cu
isotopic exchange that orcui. during redox processes and the precipitation of
chalcopyrite. Furt’.orn.~re, the hydrothermal processes did not lead to a large amount of
Cu isotopic fractionation in the chalcopyrite, suggesting that direct precipitation in
equilibrium with the end-member fluids produces positive Cu isotopic compositions, as
opposed to the observed negative Cu isotopic compositions of the chalcopyrite.
However, sulfides that are crystallized during early stage hydrothermal processes are
known to undergo extensive chemical and textural modifications during subsequent

hydrothermal diagenesis (Sharma et al., 2001; Rouxel et al., 2004b, 2008). This may lead



to reactions between the 8®°Cu-depleted, late-stage fluids and the earlier-formed sulfides
to produce the 8°°Cu-depleted sulfides (Zhu et al., 2000). Rouxel et al. (2004b) reported
that hydrothermal sulfides characterized by negative 8*>Cu values have undergone
extensive recrystallization. If heavy Cu isotopes are released during the reworking and/or
alteration of chalcopyrite, the 8°°Cu values of the residual sulfides should become more
negative as the replacement reactions proceed (Rouxel et al., 2004;). Therefore, the
negative 8°°Cu values of the chalcopyrite from the sulfidc san ples in this study may be
the product of replacement recrystallization via a rc-ctic 1 with later 5°*Cu-depleted fluids.
This suggests that the ®3Cu in the hydrotherma f.uids is more likely to be incorporated
into the chalcopyrite facies during rep! «cerent recrystallization, and the Cu isotopic
compositions of the sulfides can be uscd to decipher the details of seafloor hydrothermal
redox processes. Furthermore. the mid-ocean ridge segments from which our
hydrothermal sulfide sample: were collected are sediment starved, making the
incorporation of ¢.yih.~2"t amounts of Cu originating from a sedimentary source
unlikely. Moreover, seawater exhibits a large range of heavier Cu isotopic compositions
(—0.18 to +1.44%o; Vance et al., 2008; Little et al., 2014) compared to the chalcopyrite in
this study (Fig. 4). The Cu concentration of seawater is approximately 2 x10~° mol/kg
(Wu and Boyle, 1997), which is significantly lower than that of high-temperature
hydrothermal fluids (9.7-150 x10® mol/kg; Edmond et al., 1996; Elderfield and Schultz,

1996). Therefore, mixing between seawater and hydrothermal fluids or the mantle source



cannot explain the observed negative Cu isotopic compositions of the studied

hydrothermal sulfides.

4.2.3 Zn lIsotopes

In hydrothermal systems, Zn isotopes can also be used as tracers of seafloor hydrothermal
processes, thereby increasing our understanding of the plumb’=2 a.d chemistry of
hydrothermal vents (John et al., 2008). Possible Zn isoto}. ic fi actionation and the
magnitude thereof should be considered prior to evc'uating the potential of using Zn
isotopes to trace the source of ore-forming me al,. Several processes are considered to be
potential causes of Zn isotope variatior s di ring ore-forming processes, including: (1)
temperature effects (Mason et al., 200" Toutain et al., 2008), (2) the mixing of multiple
zinc sources (Wilkinson et al.. 20u3; Zhou et al., 2014), and/or (3) kinetic Raleigh
fractionation during minerar ~recipitation (Kelley et al., 2009; Gagnevin et al., 2012).
The 5°°Zn values ¢ the snnalerite (—0.39 to —0.03%) in this study are substantially lower
than those of the host basalts (>0.31%o, Table 1) and the hydrothermal fluids (+0.00 to
+1.04%o; John et al., 2008), which are in the range of seawater (Fig. 5) (—0.33 to +0.80%o;
Little et al., 2014; Zhao et al., 2014; Samanta et al., 2017). This suggests that the Zn
isotopes of the sphalerite and the hydrothermal fluids are in disequilibrium. Significant
Zn isotopic fractionation occurred between the sphalerite and the hydrothermal fluids due

to the Zn isotopic exchange during fluid-seawater mixing and sphalerite precipitation.



However, the ®*Zn in the hydrothermal fluids was more likely to be incorporated into the
sphalerite during the mixing of the seawater and hydrothermal fluids, resulting in the
hydrothermal fluids from which the sphalerite precipitated being preferentially enriched
in the heavier Zn isotopes (Dekov and Rouxel, 2012).

This suggests that fluids with heavier Zn isotopic compositions can provide a source of
heavy Zn isotopes to hydrothermal plumes, seawater, and metz!'ite-ous sediments during
fluid-seawater mixing and the settling of hydrothermal mterils. Furthermore,
equilibrium isotopic fractionation is a function of te*npe ature, with larger amounts of
fractionation occurring at lower temperatures (U e, 1947). The experimental studies
conducted by Maréchal and Sheppard /2002) demonstrated that limited Zn isotope
variation occurs within a temperature , "\nge of 30-50°C. The fluid temperatures in the
EHF and NFB are 273-382°C (Ga!'ant and Von Damm, 2006) and 285-291°C (Grimaud
et al., 1991; Ishibashi et al., 29Y4a, 1994b), respectively. These results indicate that the
deposition of the .~ ii. th~. sphalerite carried ®*Zn and ®®Zn out of the host basalts during
the fluid-basalt interactions under medium- and/or low-temperature fluid conditions (Fig.
7c¢), resulting in the preferential enrichment of the hydrothermally altered basaltic rocks
in the lighter Zn isotopes during the host basalt-fluid interactions. This implies that the
influence of a plate subduction component containing altered rocks on the magma source
results in the preferential enrichment of back-arc basin and island arc volcanic rocks in

the lighter Zn isotope. Furthermore, the 8%°Zn values of MORB:s are slightly higher than



those of OIBs (Fig. 5), implying that the isotopic heterogeneity of OIBs (Herzog et al.,
2009; Teng et al., 2013) may be explained by hydrothermally altered oceanic crust with
lower 8%°Zn values being injected into the OIB magma.

However, Rayleigh distillation can fractionate Zn isotopes in hydrothermal fluids, with
8%2Zn values increasing from the early to late stages due to the precipitation of
%Zn-enriched sulfides (such as sphalerite). John et al. (2008) 20, *ad that the subsurface
precipitation of isotopically light Zn sulfides is the main «aust of the isotopic variations
in hydrothermal fluids. Moreover, several studies hxve n'entified or inferred the
preferential incorporation of lighter Zn isotope s 'at? Zn sulfide precipitates (e.g.,
Wilkinson et al., 2005), and laboratory =xp :riments have also demonstrated that sulfide
precipitation is accompanied by isotop. i~ effects (i.e., A°*®Zn = —0.36%o; Archer et al.,
2004). Therefore, during the evolu:ion of hydrothermal fluids, the precipitation of
sulfides may cause Zn isotoy. '« fractionation, with the minerals being enriched in light Zn
isotopes and the kydrehe:mal fluid being enriched in heavy Zn isotopes. Theoretical
calculations indicate that the Zn isotopic fractionation between an aqueous Zn solution
and a sulfide species is 0.2%o at approximately 300°C (Fujii et al., 2011). However, when
Zn isotopic fractionation between hydrothermal fluids and sulfides (0.2%o) is considered
(Fujii et al., 2011), the 8%Zn values of the hydrothermal fluids were calculated to be
—0.06%0 and 0.00%. for the EHF and S99HF, respectively. These values are lower than

the measured 5°°Zn values of the hydrothermal fluids (0.00 to +1.33%o; John et al., 2008),



implying that other sources with low 5°°Zn values were involved. According to Figure 5,
seawater with low 8°°Zn values (—0.33 to +0.96%o; Little et al., 2014; Y. Zhao et al., 2014;
Samanta et al., 2017) may be a suitable candidate to explain the low §°°Zn values of the
sphalerite. When hydrothermal fluids mix with seawater, additional isotopically light Zn
is incorporated into the sulfide precipitates, which could account for the low §°°Zn values

of the sphalerite from the EHF and S99HF obtained in this str:2.

5. Conclusions

The Fe, Cu, and Zn isotopic compositi‘ns »,f the MORBSs analyzed in this study exhibit
various 8°°Fe (+0.06 to +0.18%o), 8°*C't (—0.10 to +0.73%o), and 8°°Zn (+0.31 to +0.51%o)
ranges, which are beyond the rangcs of previously studied MORBSs. The §°°Zn values of
the MORBs are slightly higi.~r than those of the OIBs due to the incorporation of
hydrothermally al.c-eu ~r2anic crust into the OIB magma. However, unlike the Fe and
Cu isotopes, the §°°Zn values of the basalts exhibit an increasing trend from the
fast-spreading EPR to the intermediate-spreading CIR to the ultraslow-spreading SWIR,
suggesting that ®®Zn is more likely to be incorporated into the basaltic magma under an
ultraslow-spreading mid-ocean ridge, despite the fact that the Zn isotopic composition of
the mid-ocean ridge mantle is heterogeneous. Furthermore, no relationship between the

variations in the Fe and Cu isotopic compositions of the MORBSs from the different ridge



segments and the local spreading rates was identified, suggesting that the mid-ocean
ridge spreading rate and the magmatic processes did not affect the Fe and Cu isotopic
compositions of the MORBs. As with the Zn isotopic compositions, the varied Fe and Cu
isotopic compositions of the studied MORBs could have resulted from the §°°Fe and
8%°Cu heterogeneities of the mantle sources.

The 5°°Fe values of the MORS and BABS vary from —1.96 tc .. 1%, which is within
the range of the hydrothermal fluids but is significantly lcwer than those of the host
MORBs and BABBS, suggesting that the hydrother:1al 1'uids could be a major source of
the negative Fe isotopic compositions of the st If.dcs. However, Fe isotopic fractionation
of up to 2% was observed for pyrite pr-cip.tated from high to low temperature
hydrothermal fluids, and the majoritv o the 5°°Fe and 5°'Fe values of the chalcopyrite
are higher than those of the sptiale.ite and pyrite. This indicates that the high-temperature
sulfides are characterized by ~nriched 5°°Fe and &°’Fe values, while the medium- and
low-temperature . 'fiu "< ure characterized by depleted 5°°Fe and 8°'Fe values.

The chalcopyrite from the MORS and BABS have a smaller range of 6°°Cu values (—0.88
to —0.16%o) and exhibit less Cu isotopic fractionation (up to 0.7%o.). These values are
significantly lower than those of their host MORBSs and hydrothermal fluids, suggesting
the preferential enrichment of the hydrothermal fluids from which the chalcopyrite
precipitated in heavier Cu isotopes.

The sphalerite in the MORS and BABS exhibit a small range of §°°Zn values (-0.39 to



—0.03%o), with a small amount of Zn isotopic fractionation (up to 0.3%.). These values
are also significantly lower than those of the host MORBs and hydrothermal fluids,
which are within the range of seawater, suggesting that the Zn deposition during the
sphalerite precipitation carried ®*Zn out of the hydrothermal fluids during
seawater-hydrothermal fluid mixing under medium- and/or low-temperature conditions.
The >*Fe in the basalts was more likely to be incorporated int~ *he ~ydrothermal fluids
during the fluid-basalt interactions, while the ®*Zn in the ."vdr.thermal fluids was more
likely to be incorporated into the sphalerite during caw. ter-hydrothermal fluid mixing.
This resulted in the preferential enrichment of th Feavier Zn isotopes in the fluids and
thus the heavier Fe and lighter Zn isotc aic _ompositions of the altered rocks. This implies
that the influence of a plate subductior. component containing hydrothermally altered
rocks on the back-arc basin ard isi>nd arc magma sources results in the preferential
enrichment of heavier Fe and lighter Zn isotopes in back-arc basin and island arc volcanic
rocks.

It is possible that hydrothermal fluids with heavier Cu and Zn isotopic compositions
result in the preferential enrichment of heavier Cu and Zn isotopes in hydrothermal
plumes, seawater, and metalliferous sediments during fluid-seawater mixing and the
settling of hydrothermal materials. Moreover, the Cu and Zn isotopes of the sulfides and
the hydrothermal fluids are in disequilibrium, which can be explained by isotopic

exchange during the precipitation of chalcopyrite and sphalerite. Furthermore, significant



Cu and Zn isotopic fractionation occurred between the hydrothermal fluids and the
precipitated sulfide minerals, and the redox processes, hydrothermal fluid-seawater
mixing, and sulfide precipitation likely caused the Cu and Zn isotopic fractionation. Our
findings improve our understanding of the Fe, Cu, and Zn isotopic compositions of
sulfides and volcanic rocks as well as the mechanisms responsible for these

compositions.
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Fig. 1. Locations of the seafloor mid-ocean ridge sulfide (MCRS, back-arc basin sulfide
(BABS), and their host mid-ocean ridge basalt (MORB, samples from deep-sea
hydrothermal fields analyzed for Fe, Cu, and Zn isc.op.~ compositions. EHF: Edmond
hydrothermal field; CIR: Central Indian Riage; SWIR: Southwest Indian Ridge; S99HF:

Sonne 99 hydrothermal field; NFB- North ~iji back-arc basin; EPR: East Pacific Rise.

Fig. 2. (a) Trace elem~... nawerns normalized to primitive mantle concentrations, and (b)
REE patterns normaliz 2d to chondritic values for the EPR13°N, EPR 1-2°S, CIR, and
SWIR volcanic rocks. The primitive mantle and chondrite normalization values are from

Sun and McDonough (1989).

Fig. 3. §°°Fe values of the mid-ocean ridge basalt (MORB), mid-ocean ridge sulfide



(MORS), and back-arc basin sulfides (BABS) samples. The 5°°Fe ranges of previously
studied MORBs (Teng et al., 2013), ocean island basalts (OIBs) (Beard et al., 2003; Teng
et al., 2013), seawater (Rouxel & Auro, 2010), sediments (Rouxel et al., 2003;
Severmann et al., 2004), and hydrothermal fluids (Moeller et al., 2014; Rouxel et al.,
2008; Severmann et al., 2004; Sharma et al., 2001), basalts from the North Fiji back-arc
basin (Teng et al., 2013), and MORS minerals from the EPR :2*we2n 9° and 10°N
(Rouxel et al., 2008) and the JAFR (Sharma et al., 2001) ¢ re a 50 illustrated. Py: pyrite;

Cpy: chalcopyrite; Sp: sphalerite.

Fig. 4. 5°°Cu values of the mid-ocean ,#dge basalt (MORB), mid-ocean ridge sulfide
(MORS), and back-arc basin sulfii~s (BABS) samples. The 8°°Cu value ranges of
previously studied MORBs ' iu et al., 2015; Savage et al., 2015), ocean island basalts
(OIBs) (Liuetal., 2112 Savage et al., 2015), seawater (Little et al., 2014; Vance et al.,
2008), sediments (Maréchal et al., 1999), and hydrothermal fluids (Dekov & Rouxel,

2012) are also presented.

Fig. 5. 8°°Zn values of the mid-ocean ridge basalt (MORB), mid-ocean ridge sulfide

(MORYS), and back-arc basin sulfides (BABS) samples. The 8%Zn value ranges of



previously studied MORBs (Ben Othman et al., 2006; Wang et al., 2017), ocean island
basalts (OIBs) (Wang et al., 2017), seawater (Little et al., 2014; Samanta et al., 2017; Y.
Zhao et al., 2014), sediments (Maréchal et al., 1999; Pichat et al., 2003), and

hydrothermal fluids (John et al., 2008) are also shown.

Fig. 6. Plots of mid-ocean ridge (MOR) spreading rate vs (a) 5°°Fe, (b) 8®°Cu, and (c)

8%Zn for the mid-ocean ridge basalts (MORBs) reg-rtec in this study.

Fig. 7. Plots of hydrothermal fluid ten,perature vs. (a) 8°°Fe of sulfides, (b) §°°Cu of
chalcopyrite, and (c) 8%°Zn of <ph'erite from seafloor hydrothermal fields. The
temperature data for the hyu,~tnermal fluids are from Bowers et al. (1988), Grimaud et al.
(1991), Ishibashi . al. “1€94a, b), Oosting and Von Damm (1996), Gallant and Von
Damm (2006), Foustoukos and Seyfried (2007), John et al. (2008), Proskurowski et al.

(2008), Rouxel et al. (2008), Ji et al. (2017), and Yamaoka et al. (2015).

Table 1 Fe-Cu-Zn isotopic compositions of the mid-ocean ridge basalts (MORBSs) and reference materials.

Sample Name Ty Locatio &° 25 57 25 N 8% 25 N 8% 25 5% 25 N
E27-1 bas EPR1® 01 0. 01 0. 6 02 0. 3 06 0. 03 0 3
E29-1 bas EPR1® 01 0. 01 0. 3 02 0. 3 07 0. 03 0 3
E33-1 bas EPR1® 01 0. 01 0. 4 00 0. 3 06 0. 03 0. 3




E44-1 bas EPR13* 01 0. 02 0. 3 00 0 3 07 0 03 0 3
E44-1* bas EPR13* 01 0. 01 0. 4 04 0. 3 06 0 03 0 3
E46 bas EPR13* 01 0. 01 0. 3 03 0. 3 06 0. 03 0 3
EPRO5-TVG4 bas EPR1-2 01 0 01 0 3 02 0 3 06 0. 03 0 3
20111-S4-TVG1 bas EPR1-2 01 0. 01 0. 3 03 0. 3 06 0. 03 0 3
20111-S8-TVG5-1 bas EPR1-2 01 0. 01 0. 4 05 0 3 06 0. 03 0 3
20111-S10-TVG7 bas EPR1-2 01 0. 02 0. 3 05 0. 3 08 0. 04 0 6
20111-S10-TVGT7* bas EPR1-2 01 0. 02 0. 3 01 0 3 09 0 04 0 3
20111-S11-TVG8-1 bas EPR1-2 01 0. 02 0. 3 00 0 3 07 0. 03 0 3
21111-S18-TVG14 bas EPR1-2 00 0. 01 0. 5 05 0 3 07 0. 03 0 3
IR05-TVG10-1 bas EHF, 01 0 01 0 4 -0 0 3 08 0. 04 0 3
IR05-TVG11-1 bas EHF, 01 0 01 0 5 01 0 3 08 0. 04 0 2
IR05-TVG1-1 bas Aarea, 01 0. 01 0. 6 03 0O 3 08 0. 04 0 3
IR05-TVG3-1 bas Aarea, 01 0. 02 0. 4 -00 v 3 09 0 04 0 3
IR05-TVG4-1 bas Aarea, 01 0. 02 0. 4 06 0. 3 09 0 04 0 3
IR05-TVG4-1* bas Aarea, 01 0. 02 0. 6 ~7 ~° 1 09 0 04 0 5
IR05-TVG5-1 bas Aarea, 01 0. 02 0. 5 03 0. 3 09 0 04 0 3
201V-S4-TVG1 bas Aarea, 01 0. 01 0. ¢ Oo 0. 3 08 0. 04 0 3
20V-S11-TVG3 bas Aarea, 00 0. 01 0. ¢ J4 0. 3 08 0. 04 0 3
20V-S34-TVG16 bas Aarea, 00 0. 01 0. 5 04 0. 3 09 0 04 0 3
20VII-S3-TVG3 bas Aarea, 01 0. 01 r. 5 02 0. 3 10 0. 05 o0 3
20VII-S7-TVG5 bas Aarea, 01 0. (2 ¢. 3 00 0. 3 10 0. 05 o0 2
20VII-S7-TVG5* bas Aarea, 01 0. 0. J. 3 00 0. 3 10 0. 04 0 2
20VI1-S15-TVG13-1 bas Aarea, 01 v. ¢v?2 0. 3 01 0 3 10 0 04 0 3
20VII1-S20-TVG17-1 bas Aarea, 0. C¢. 02 0. 3 -00 0. 3 09 0 04 0 2
Reference materials

IRMM-014 v 0. 00 0 4

MIX - 0. -2. 0. 2

Average Quality control . 0. -2. 0. 6

JMC Cul10 in-house 10 0. 3

SRM NIST 976 Cu 0. 0. 2

BHVO-2 00 0. 9

JMC Zn310 in-house 0. 0. -0. 0. 2
IRMM-3702 Zn 06 0. 03 0. 8

" Indicates the ai.~ly.:> «esult of a duplicate sample.

Table 2 Fe-Cu-Zn isotopic compositions of seafloor hydrothermal sulfides from mid-ocean ridge basalts
(MORBS), back-arc basin basalt (BABBs), and reference materials.

Sample Name Miner Location §°°Fe 2SD &Fe 2SD N §%Cu 2SD N 5%z 2SD §%z 2SD N
Mid-ocean ridge sulfides (MORS)

EPRO5-TVG1-2-1 Py  EPR13°N -0.31 0.09 -0.41 0.09 6

EPRO5-TVG1-2-1* Py  EPR13°N -0.29 0.05 -0.40 0.16 6

EPRO5-TVG1-2-4 Py  EPR13°N -0.38 0.10 -0.57 0.20 6

EPR05-TVG1-3-2 Py  EPR13°N -0.86 0.08 -1.30 0.16 5

EPR05-TVG1-3-3 Py  EPR13°N -0.83 0.06 -1.26 0.07 3

EPR05-TVG2-1-2 Py  EPR13°N -1.05 0.08 -1.58 0.21 3

EPRO5-TVG2-1-4 Py  EPR13°N -0.88 0.10 -1.34 0.13 5

20111-S4-TVG1-1-1 Py EPR1-2°S -0.75 0.06 -1.11 0.14 3




20111-S4-TVG1-1-2 Py EPR1-2°S -0.62 0.04 -0.87 0.06 3

20111-S4-TVG1-1-3 Py EPR1-2°S -0.46 0.08 -0.68 0.13 3

20111-S4-TVG1-1-4 Py EPR1-2°S -0.58 0.11 -0.90 0.12 3

20111-S4-TVG1-2-3 Py EPR1-2°S -0.01 0.05 -0.08 0.11 3

20111-S4-TVG1-2-3* Py EPR1-2°S -1.74 0.01 -2.58 0.09 3

20111-S6-TVG3 Py EPR1-2°S -1.20 0.01 -1.80 0.07 2

20111-S4-TVG1-2-3 Cpy EPR1-2°S 0.11 0.09 0.19 0.03 3 -0.16 0.02 3

IR05-TVG12-11 Py EHF, CIR -0.14 0.05 -0.18 0.08 3

IR05-TVG12-14 Py EHF,CIR 0.11 0.06 0.12 0.09 3

19111-S18-TVG9 Py EHF, CIR -0.96 0.05 -1.43 0.06 6

IR05-TVG13-4-1 Cpy EHF,CIR 0.01 0.09 0.00 0.10 3 -0.57 0.09 3

19111-S18-TVG9 Cpy EHFCIR 005 0.11 0.07 0.16 3 -0.88 .13 3

IR05-TVG12-5-2 Sp EHF, CIR -0.65 0.02 -0.93 0.08 3 -0.35 0.03 -0.17 0.02 3
IR05-TVG12-8-2 Sp EHF,CIR -0.85 0.08 -1.27 0.15 4 -0.47 0.03 -0.25 0.01 3
IR05-TVG12-8-4 Sp EHF, CIR -0.65 0.07 -0.93 0.09 3 -0.61 0.09 -0.30 0.06 3
IR05-TVG12-8-4* Sp EHF, CIR -0.99 0.08 -1.45 0.20 3 -0.77 0.03 -0.39 0.02 3
IR05-TVG12-9-1 Sp EHF,CIR -1.65 0.07 -248 0. 1 -0.43 0.00 -0.22 0.00 3
IR05-TVG12-11 Sp EHF, CIR -0.63 0.08 -0.98 0L.’5 2 -0.49 0.07 -0.26 0.02 3
IR05-TVG13-9.2-1 Sp EHF,CIR -1.34 0.02 -197 J.06 » -0.45 0.11 -0.24 0.05 3
1911-S7-TVG4 Py A area, -1.96 0.04 239 2.07 6

21VII-TVG22 Py A area, -0.98 0.1 -1.4/ 0.06 4

Back-arc basin sulfides (BABS)

113.1GTV-1 Py NFB -0.90 215 -1.44 0.08 6

113.1GTV-4 Py NFB 0.48 0.05 -0.73 0.06 3

113.2GTV Py NFB 1.2y 0.07 -1.81 0.04 3

113.1GTV-4 Cpy NFB -1,,18 0.05 -0.25 0.10 3 -0.29 0.11 3

26.1GTV-1 Sp NFZ -0.99 0.02 -1.46 0.10 3 -0.44 0.05 -0.22 0.03 3
26.1GTV-2 Sp i.~B -1.03 0.01 -1.50 0.10 3 -0.55 0.05 -0.28 0.03 3
26.2GTV-1 Sp INE=) -0.90 0.02 -1.34 0.04 3 -0.03 0.07 -0.03 0.01 3
26.2GTV-3 S~ MiB -1.17 0.09 -1.77 0.17 3 -0.51 0.04 -0.25 0.03 3
Reference materials

IRMM-014 0.00 0.03 0.01 0.08 25

MIX -1.55 0.12 -2.25 0.17 32

Average Quality control ‘Mix' on Nu Plasmal -1.53 0.07 -2.26 0.15 6

JMC Cul10 in-house 1.06 0.16 30

SRM NIST 976 Cu -0.97 0.13 27

BHVO-2 0.00 0.07 9

JMC Zn310 in-house -0.20 0.09 -0.10 0.03 11
IRMM 3702 Zn 0.59 0.04 0.28 0.013

Lyon JMC 3-0749L Zn

0.00 0.03 0.00 0.04 3

" Indicates the analysis result of a duplicate sample.

Research Highlights



Isotopically light Fe and heavy Zn fractionate into the fluid in fluid-basalt
interactions.

Plate subduction results in the enrichment of heavier Fe and lighter Zn isotopes in
BAB and IA rocks.

The Fe in the seafloor hydrothermal sulfides is mainly derived from the fluid.

The °Fe, °’Fe, and **Cu in the fluid are partitioned into the high-temperature sulfides.
The fluids provide a source of heavy Cu and Zn isotopes to the plumes, seawater, and
sediments.
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