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Abstract To reconstruct the evolution of ore-forming fluids and determine the physicochemical condi-
tions of deposition associated with seafloor massive sulfides, we must better understand the sources of rare
earth elements (REEs), the factors that affect the REE abundance in the sulfides, and the REE flux from
hydrothermal fluids to the sulfides. Here we examine the REE profiles of 46 massive sulfide samples col-
lected from seven seafloor hydrothermal systems. These profiles feature variable total REE concentrations
(37.2-4092 ppb) and REE distribution patterns (Lacn/Lucy ratios = 2.00-73.8; (Eu/Eu*)cy ratios = 0.34-7.60).
The majority of the REE distribution patterns in the sulfides are similar to those of vent fluids, with the sul-
fides also exhibiting light REE enrichment. We demonstrate that the variable REE concentrations, Eu anoma-
lies, and fractionation between light REEs and heavy REEs in the sulfides exhibit a relationship with the REE
properties of the sulfide-forming fluids and the massive sulfide chemistry. Based on the sulfide REE data, we
estimate that modern seafloor sulfide deposits contain approximately 280 t of REEs. According to the flux of
hydrothermal fluids at mid-ocean ridges (MORs) and an average REE concentration of 3 ng/g in these fluids,
hydrothermal vents at MORs alone transport more REEs (>360 t) to the oceans over the course of just 2
years than the total quantity of REEs in seafloor sulfides. The excess REEs (i.e., the quantity not captured by
massive sulfides) may be transported away from the systems and become bound in sulfate deposits and
metalliferous sediments.

1. Introduction

The chemical properties of rare earth elements (REEs) in a trivalent state under most natural conditions are
fundamentally similar [Henderson, 1984], but slight differences in their behavior are caused by the decrease
in atomic radii across the group, which influences fractionation, complexation, adsorption, speciation, and
mobility [Henderson, 1984; Elderfield et al., 1988]. The study of REEs in seafloor hydrothermal systems is key
to evaluate the sources of fluid constituents, mixing processes, and fluid evolution [Alt, 1988; Elderfield et al.,
1988; Gillis et al., 1990; Haas et al., 1995; Humphris, 1998; Humphris and Bach, 2005; Embley et al., 2007; Zeng
et al.,, 2009]. In addition, REE data may be used to evaluate the physicochemical conditions of hydrothermal
fluids [Michard et al., 1983; Michard and Albaréde, 1986; Michard, 1989; Klinkhammer et al., 1994; James et al.,
1995; Douville et al., 1999; Bach et al., 2003; Mills and Elderfield, 1995]. As such, REE data provide important
information about (1) the geochemical nature of ancient hydrothermal activity [Rimskaya-Korsakova and
Dubinin, 2003; Schmidt et al., 2010; Cole et al., 2014]; (2) the impact of hydrothermal activity on the chemical
mass balance of elements between sulfides and seawater [German et al., 1990; Mitra et al., 1994; Bau and
Dulski, 1999; Sherrell et al., 1999]; (3) magmatic degassing in seafloor hydrothermal systems [Craddock et al.,
2010]; and (4) the formation conditions and sources of seafloor sulfides, sulfates, and native sulfur balls and
chimneys [e.g., Graf, 1977; Alt, 1988; Barrett et al., 1990; Gillis et al., 1990; Mills and Elderfield, 1995; Bach et al.,
2003; Rimskaya-Korsakova and Dubinin, 2003; Zeng et al., 2007, 2009, 2010, 2011].

The majority of seafloor hydrothermal fluids have REE concentrations that are several orders of magnitude
higher than those of seawater [Turekian, 1968]. Seafloor hydrothermal fluids have remarkably uniform REE
distribution patterns, exhibiting greater enrichment in light REEs (LREEs) than heavy REEs (HREEs), and posi-
tive Eu anomalies [e.g., Michard and Albaréde, 1986; Michard, 1989; Klinkhammer et al.,, 1994; Mitra et al.,
1994; Douville et al., 1999]. However, in some hydrothermal systems (e.g., the Comfortless Cove vent field,
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Mid-Atlantic Ridge (MAR) near 5°S and the East Scotia subduction zone located in the Atlantic sector of the
Southern Ocean), the hydrothermal fluids have extremely high REE concentrations (up to 123 nmol/kg), are
enriched with mid-REEs (MREEs), and have negative Eu anomalies due to the accumulation of particulate
anhydrite, which is MREE enriched and sourced from black and white chimneys [Schmidt et al., 2010; Cole
et al.,, 2014]. In the Manus Basin, the REE patterns in different vent fluids range from LREE enriched, to MREE
and HREE enriched, to flat, and show positive Eu anomalies due to the differences in the degassing of mag-
matic volatiles (i.e., HF and SO,) and the precipitation of anhydrite in submarine hydrothermal systems
[Craddock et al., 2010]. The different REE patterns in the hydrothermal fluids are mainly attributed to differ-
ences in REE solubility due to variations in the relative abundance and stability of REE-chloride, fluoride, and
sulfate complexes as a function of fluid temperature, pH, and ligand concentration [Craddock et al., 2010].

To date, limited data are available on the REE compositions of sulfides from various deep-sea hydrothermal
systems in mid-ocean ridges (MORs) and back-arc basins (BABs), due to the difficulty in obtaining pure sul-
fide mineral or aggregate samples that exclude other minerals such as sulfates and oxides [Graf, 1977; Bar-
rett et al., 1990; Mills and Elderfield, 1995]. However, the range of REE concentrations in the sulfide minerals
(10-100,000 ppb) [Graf, 1977; [Gillis et al., 1990; Mills and Elderfield, 1995; Zeng et al., 2010] encompasses the
REE concentrations in the oceanic crust (~57 ppm) [Hofmann, 1988] and vent fluids (<33 ppb) [Michard and
Albaréde, 1986; Michard, 1989; Klinkhammer et al., 1994; Mitra et al., 1994; James et al., 1995; Bau and Dulski,
1999; Douville et al., 1999, 2002; Schmidt et al., 2007]. The REE patterns are variable in hydrothermal sulfides.
For example, the massive sulfide-sulfates in the Southern Explorer Ridge exhibit three REE patterns: (1)
enrichment in LREEs with positive Eu anomalies, (2) flat REE patterns with positive Eu anomalies and nega-
tive Ce anomalies, and (3) enrichment in LREEs with moderately negative Ce anomalies [Barrett et al., 1990].
The varying sulfide-sulfate REE patterns are interpreted as the result of variable mixtures of hydrothermal
fluids and seawater [Barrett et al., 1990]. In the Rainbow, Broken Spur, and Trans-Atlantic Geotraverse (TAG)
hydrothermal fields, the chondrite-normalized REE patterns of 10 seafloor hydrothermal sulfide samples dis-
play enrichment in LREEs relative to HREEs, which has been attributed to crystallographic control [Mills and
Elderfield, 1995; Rimskaya-Korsakova and Dubinin, 2003]. The REE patterns of the massive sulfides in the Rain-
bow field and Southern Explorer Ridge exhibit positive Eu anomalies, but those in the TAG, Broken Spur,
and Snake Pit field feature negative Eu anomalies [Barrett et al., 1990; Gillis et al., 1990; Rimskaya-Korsakova
and Dubinin, 2003]. The variability in the Eu anomalies may be related to the temperature (from <200 to
>300°C) of sulfide precipitation in these seafloor hydrothermal systems [Mills and Elderfield, 1995].

In this study, we analyzed the REE compositions of 46 seafloor massive sulfide samples from seven hydro-
thermal fields associated with the MAR, East Pacific Rise (EPR), Central Indian Ridge (CIR), Southwest Indian
Ridge (SWIR), and North Fiji basin (NFB). The REE compositions of the massive sulfides from these seafloor
hydrothermal systems are presented in combination with the major and trace element compositions to (1)
identify the sources of the REEs in sulfides, (2) understand the factors that cause variations in the REE distri-
bution patterns in sulfides, and (3) evaluate the flux of REEs from hydrothermal fluids to seafloor massive
sulfides.

2. Geological Setting and Sample Mineralogical Descriptions

Sulfide samples were recovered by TV-grab samplers from the fast spreading EPR near 13°N, the ultrafast
spreading EPR near 1°S-2°S, the Kairei hydrothermal field (KHF) and the Edmond hydrothermal field (EHF)
on the intermediate spreading CIR near 25°S, the “A” area of the ultraslow spreading SWIR, and the
Logatchev hydrothermal field (LHF) on the slow spreading MAR near 15°N in 2005 and 2008 during the
DY105-17 and DY115-20 cruises of the R/V Dayang Yihao. Sulfide samples from the Sonne 99 hydrothermal
field (S99HF) in the back-arc NFB were collected in 1998 during the SO134 cruise of HYFIFLUX Il (Figure 1
and Table 1).

The massive sulfide deposits of the EPR near 13°N and 1°5-2°S, EHF, and the “A” area are hosted by mid-
ocean ridge basalts (MORBs) [Zeng et al.,, 2014]. In the KHF, the massive sulfide deposit is hosted by basalt
that is adjacent to mafic-ultramafic olivine-rich rocks [Kumagai et al.,, 2008], and the hydrothermal fluids
interact with and circulate through ultramafic rocks [Nakamura et al., 2009]. In the LHF, the massive sulfide
is associated with ultramafic rocks in a debris flow that consists of heterogeneous ultramafic and mafic
intrusive rocks, including serpentinized harzburgite, serpentinized dunite, gabbronorite, and olivine-bearing
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Figure 1. Locations of the seafloor massive sulfide samples from deep-sea hydrothermal fields. The red stars indicate the seven sulfide sample sites from the East Pacific Rise (EPR) near
13°N and 1°5-2°S, Kairei hydrothermal field (KHF) and Edmond hydrothermal field (EHF) in the Central Indian Ridge (CIR), “A” area hydrothermal field (“A” area) in the Southwest Indian

Ridge (SWIR), Sonne 99 hydrothermal field (S99HF) in the North Fiji Basin (NFB), and Logatchev hydrothermal field (LHF). The gray stars indicate the sulfide sample sites from the Trans-
Atlantic Geotraverse (TAG), Snake Pit (SP), New Brunswick (NB), Southern Explorer Ridge (SER), Green Seamount (GS), and JADE in the Okinawa Trough (OT).

basalt, and the area is largely covered by pelagic sediment [Mozgova and Efimov, 1999; Rouxel et al., 2004;
Petersen et al., 2009]. The S99HF in the NFB is hosted by normal mid-ocean ridge basalt (N-MORB) and ocean
island basalt (OIB) [Eissen et al., 1994; Nohara et al., 1994; Koschinsky et al., 2002; Kim et al., 2006]. Massive sul-
fide deposits include those formed from both focused high-temperature (>300°C) fluid outflow through
chimneys and medium (300-200°C) to low-temperature (<200°C) fluids from mounds in the EPR (near
13°N), KHF, EHF, LHF, and NFB [Michard et al.,, 1984; Bowers et al., 1988; Merlivat et al., 1987; Ishibashi et al.,
1994a, 1994b; Koschinsky et al., 2002; Gallant and Von Damm, 2006; Schmidt et al., 2007] (Table 2).

Tables 1 and 3 provide information on the sampling locations, depths, and mineralogy of the massive sul-
fide samples. The massive sulfide samples consist primarily of pyrite = marcasite, chalcopyrite, sphalerite,
anhydrite, barite, amorphous silica, and minor galena (Table 3). Four sample types were studied: Fe rich, Zn
rich, Fe-Cu rich, and Si rich (Table 3).

3. Samples and Analytical Methods

3.1. Sampling Procedures

The collected samples were separated into small (<1 cm) chips according to differences in color, grain size,
porosity, conduits, and concentric zones. The samples did not have a fixed shape and volume, but the pri-
mary weight of most samples ranged from 4 to 46 g, except for the samples from EPR near 13°N, which
exceeded 100 g. All the sample chips were crushed with an agate mortar and pestle and sieved to select
sulfide grains between 50 um and 2 mm in size [Zeng et al, 2014]. The sulfides were separated from

Table 1. Locations of the Sulfide Samples From the Seafloor Hydrothermal Systems?

Field Sample Number Latitude Longitude Depth (m)
13°N, EPR EPRO5-TVG1-2-1, 3,4, 5 12°42.669'N 103°54.426'W 2628
13°N, EPR EPRO5-TVG1-3-1, 3,4,5,6 12°42.669'N 103°54.426'W 2628
13°N, EPR EPR05-TVG2-1-1, 2,3,4,5,6,7,8 12°42.678'N 103°54.414'W 2633
1°-2°S, EPR 20I1-S4-TVG1-1-2, 3,4 1°22.130'S 102°37.360'W 2747
KHF, CIR IR05-TVG9-1, 2, 3 25°19.221'S 70°02.420'E 2437
EHF, CIR IR05-TVG12-3, 8-4, 14 23°52.678'S 69°35.808'E 3293
EHF, CIR IR05-TVG13-4-2,9.2-1,9.2-2 23°52.684'S 69°35.795'E 3292
“A" area, SWIR 20V-S35-TVG17-1-1,1-2, 2, 3-2, 4-2,5-1,5-2,6 37°46.812'S 49°38.886'E 2783
S99HF, NFB 26.2GTV-2 16°57.602'S 173°54.991'E 1976
S99HF, NFB 42GTV-1, 2,3 16°57.533'S 173°54.978'E 1975
S99HF, NFB 113.1GTV-1,2, 4 16°57.322'S 173°54.970'E 1967
S99HF, NFB 113.2GTV 16°57.322'S 173°54.970'E 1967
LHF, MAR MARO05-TVG1-9, 10-2 14°45.186'N 44°58.772'W 3025

ZENG ET AL. REES IN SEAFLOOR MASSIVE SULFIDES 2681



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2015GC005812

Table 2. Major Physicochemical Compositions of Hydrothermal Fluids in Various Seafloor Hydrothermal Systems From Different Tec-
tonic Settings

Field T(°C) pH (25°C) ™ (mmol/kg) SO;~ (mmol/kg) Host Rock

13°N, EPR? <283-354 3.1-33 712-760 0 MORB

KHF, CIR® 315-365 3.35-3.51 571-620 0.479-1.56 MORB + mafic-ultramafic rock
EHF, CIR® 273-382 <297-3.13 926-933 0-0.615 MORB

HBS, diffuse fluid, NFBC 11.29-12.46 6.98-7.35 552-555 - MORB + OIB

Kaiyo site, NFB® 291 4.7 267 = MORB + OIB

LHF, MAR® 170-353 3.3-39 515-551 0.8-2.5 Ultramafic rock +

basalt + sediment
Seawater’ 2-4 7.8-8.1 542-560 28

?Data from Bowers et al. [1988], Fouquet et al. [1988], Merlivat et al. [1987], and Michard et al. [1984].
PData from Gallant and Von Damm [2006].

“Data from Ishibashi et al. [1994a, 1994b] and Koschinsky et al. [2002].

9" No data available.

®Data from Koschinsky et al. [2008].

fData from Charlou et al. [2002], Douville et al. [2002], and Gallant and Von Damm [2006].

nonsulfide minerals, e.g., sulfates and amorphous silica, via ethanol elutriation [Zeng et al., 2014]. This purifi-
cation of the sulfide aliquots by ethanol elutriation is based on specific gravity and uses a stream of ethanol
that flows counter to the direction of grain flow in a glass dish. The less dense particles rise to the top

Table 3. Mineralogy and Types of Sulfide Samples From Seafloor Hydrothermal Systems Based on XRD, Polarized Optical Microscopy, and SEM Analysis®

Mineralogy
Field Sample Number Macroscopic Descriptions Abundant Major Minor Sample Type

13°N, EPR EPRO5-TVG1-2 Fe-rich dense massive sulfides coated with orange Fe oxides, Py Cpy, Sp Fe rich
occurrence of small conduits and well-developed crystals

13°N, EPR EPRO5-TVG1-3 Fe-rich massive sulfides coated with orange oxides, local Py Cpy, Sp Fe rich
occurrence of oxidized pyrite druse

13°N, EPR EPRO5-TVG2-1 Fe-rich massive sulfides with many oval cavities inside, occur- Py, Mc Sp Fe rich
rence of mineral zonation, and tube worm casts

1°5-2°S, EPR 20111-S4-TVG1-1 Fragment of porous chimney with two partially filled con- Py Cpy, Mc Fe rich
duits, dense exterior, locally altered to bluish purple

KHF, CIR IRO5-TVG9 Fragment of chimney, occurrence of finely bladed Py Cpy Sp Fe-Cu rich
chalcopyrite

EHF, CIR IRO5-TVG12-3 Fragments of gray silica minerals and brown oxides with Silica Mc, Py, Sp Ba Si rich
finely disseminated sulfide minerals, minor barite

EHF, CIR IR05-TVG12-8-4 Fragment of gray-black Zn-rich porous massive sulfides Sp Py, Mc, S Cpy Zn rich
coated with red to brown oxide crusts

EHF, CIR IRO5-TVG12-14 Gray-black fragment of porous massive sulfide associated Sp Py, Mc, S Cpy Zn rich
with yellowish brown oxides

EHF, CIR IR05-TVG13-4-2 Oxidized columnar chimney coated with red-brown oxides, Cpy, Mc Sp, Py Fe-Cu rich
dense without apparent zonation, two oval fluid conduits

EHF, CIR IR05-TVG13-9.2 Fragment of chimney, a small columnar chimney attached, Mc, Anh Cpy, Py, Sp, Gyp Ba Fe rich
abundant red, brown, and yellowish green mixture of
oxides, anhydrite, and barite

“A" area, SWIR 20V-S35-TVG17 Dense massive sulfide consisting mainly of pyrite and pyrrho- Py Po Cpy, Mc, Sp Fe rich
tite, partially oxidized interior, dark brown oxide crusts

S99HF, NFB 26.2GTV-2 Gray zinc-rich fragment from the exterior of a chimney, local Sp Mc Cpy, Py, Gn Zn rich
honeycomb structure, and coarse black sphalerite crystals

S99HF, NFB 42GTV-1 Fragment of Cu-rich chimney with several conduits inside. Mc Py, Cpy Fe—Cu rich

S99HF, NFB 42GTV-2 Subsamples were taken from outside to inside Mc, Cpy Py Fe-Cu rich

S99HF, NFB 42GTV-3 Mc, Cpy Py Fe—Cu rich

S99HF, NFB 113.1GTV-1 Fragment of porous massive sulfide, Fe-rich interior, and sili- Py Cp, Mc Fe rich

S99HF, NFB 113.1GTV-2 ceous exterior. 113.1GTV-1 and 113.1GTV-2 were taken Py Ma, Cp Fe rich

S99HF, NFB 113.1GTV-4 from the interior, and 113.1GTV-4 was taken from the exte- Silica Py, Cpy, Sp Ba Si rich
rior, which consists of amorphous silica, with minor barite

S99HF, NFB 113.2GTV Fragment of massive sulfide, higher-porosity exterior Py Mc Sp, Cpy Fe rich

LHF, MAR MARO05-TVG1-9 Cu-rich massive sulfide with more porous exterior, light blue Cpy Py Sp Fe-Cu rich
secondary minerals on the surface

LHF, MAR MARO05-TVG1-10-2 Cemented block of gypsum and amorphous silica, dissemi- Cpy Py Mc Fe—Cu rich

nated chalcopyrite and marcasite, mottled oxides outside

Py: pyrite; Mc: marcasite; Cpy: chalcopyrite; Sp: sphalerite; Po: pyrrhotite; Silica: amorphous silica; Ba: barite; S: sulfur; Gn: galena; Anh: anhydrite; Gyp: gypsum. Abundant: >30%,
major: 5-30%, and minor: <5%.
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(overflow) because their terminal grain velocities are lower than the velocity of the rising fluid. Because
most of the samples were fine grained and intergrown, an integrated mechanical separating method was
used to obtain a pure monomineralic sulfide or mineral aggregate separate. The separation methods
included a high-frequency dielectric splitter, magnetic separator, and electromagnetic separator [Zeng et al.,
2014]. All the elemental analysis sulfide samples were then carefully picked manually under a binocular
microscope to avoid sulfates and oxides and were ultrasonically cleaned in ultrapure alcohol to remove any
seawater influences, e.g., the presence of salts and altered seawater products. Then, all the samples were
ground to a powder finer than 63 um in an agate mortar [Zeng et al., 2014]. Fine-grained glass powder was
used as an abrasive to polish the mortar and pestle between samples to exclude cross contamination.

3.2. Analytical Methods

The sample mineralogy was determined by X-ray diffraction (XRD) (D/MAX-2400) at the Institute of Geology
and Geophysics and by polarized optical microscopy at the Institute of Oceanology, Chinese Academy of
Sciences. The D/MAX-2400 instrument was operated at 40 kV and 40 mA, at a scan range of 20 = 3°-65°, a
scan step of 0.02, and a scan velocity of 0.5 s/step. In addition, polished thin sections were analyzed with a
TESCAN VEGA 3 LMH scanning electron microscope (SEM) to obtain qualitative analyses of sulfide, oxide,
and sulfate minerals from back-scattered electron (BSE) images and energy dispersive spectrometry (EDS).

Each sample was divided into two subsamples, one for major and trace elements and one for REE abundan-
ces. The major and trace element abundances were measured on separate 40 mg splits of powdered sulfide
separates. These pretreated samples were digested in vials by using 0.5 mL of 22.5 mol/L HF, 2 mL of
12 mol/L HCl, and 0.7 mL of 16 mol/L HNO3 (all acids at metal-oxide-semiconductor pure grade) at 150°C
for 24 h in closed Teflon vials on an electrothermal hotplate. Then, 0.2 mL of 12.4 mol/L HCIO, was added,
and the samples were dried at 120°C until no white smoke was present. When the samples were almost
dry, T mL of 16 mol/L HNO3; and 1 mL of deionized Milli-Q water (18.2 MQ cm resistivity) were added, and
the mixture was reheated in closed vials on the hotplate at 120°C for 12 h [Yin et al.,, 2011]. The major ele-
ments Fe, Cu, and Zn were analyzed with an IRIS Intrepid Il XSP ICP-AES (Thermo Fisher Scientific) at the
Qingdao Institute of Marine Geology. The relative standard deviation (RSD), which was calculated from
standard reference materials, was <2%. The trace elements were analyzed by an ICP-MS (ELAN DRC II) at
the Institute of Oceanology, Chinese Academy of Sciences. The RSD was <10%. The reference materials
GBW07267 (pyrite), GBW07268 (chalcopyrite), GBW07270 (sphalerite), and WMS-1a were run as external
standards by using the above analytical protocols to evaluate the accuracy and precision during our meas-
urements (Table 4).

A modified inductively coupled plasma mass spectrometer (ICP-MS) technique was developed to measure
the 14 REEs and to correct for analytical interferences in Ba-rich samples. The process was performed on
100 mg of a powdered sulfide sample in a Teflon vial, into which 2 mL of 12 mol/L HCl, 0.5 mL of 22.5 mol/L
HF, and 0.6 mL of 16 mol/L HNOs; were added in turn. Then, the mixture of sample and acid solution was
heated at 150°C for 48 h in a closed vial. The resulting solutions were clear and free of precipitates. Follow-
ing digestion, the samples were dried at 120°C, and when they were almost dry, 2 mL of 2 mol/L HCl was
added and heated again for 12 h in closed vials. A Chinese 732 cation-exchange resin column (a strongly
acidic styrene-type cation exchange resin) was washed with 6 mL of 2 mol/L HCl before passing the dis-
solved samples through the column. To remove the matrix elements (e.g., Fe, Cu, Pb, Zn, and Ba), 4 mL of
2 mol/L HCl was added. To remove the Ba, 3 mL of 2.5 mol/L HNOs was added (90% recovery), along with
6 mL of 4 mol/L HNOs to elute the REEs into Teflon vials. The collected REEs were evaporated until almost
dry. The samples were redissolved with 2 mL of 0.32 mol/L HNOs and diluted to 5 mL in a centrifugal tube.
Finally, the REEs were analyzed with an ICP-MS (ELAN DRC Il) at the Institute of Oceanology, Chinese Acad-
emy of Sciences. The efficiency of Ba removal was >90%. An isotope correction formula was applied to cor-
rect for the interference of residual Ba (<10%) on Eu: | ("*'Eu). =1 ("*'Eu),, — (A ("*°Ba)/A ("**Ba)) X (/
(*95m)m — (A ("*°Sm)/A (**7Sm)) X I (**Sm),,), where | (">"Eu). is the corrected intensity of ">'Eu, | ("°'Eu)m
is the measured intensity of '*'Eu, A ('**Ba) is the relative abundance (6.592%) of '>*Ba [Rosman and Taylor,
1998], A (**Ba) is the relative abundance (2.417%) of '**Ba [Rosman and Taylor, 1998], I ("**Sm),, is the
measured intensity of '*°Sm, A (**°Sm) is the relative abundance (13.8%) of *°Sm [Rosman and Taylor,
1998], A ("*’Sm) is the relative abundance (15.0%) of '*’Sm [Rosman and Taylor, 1998], and | ("*’Sm),, is the
measured intensity of '*’Sm. In this formula, the unit of intensity is counts per second (CPS). Data on yttrium
(Y) are not provided here because of the low recovery rate (between 45 and 60%). Using GBW07270, the
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REE recovery rates were 79% for Ce
and between 91 and 113% for other
Yo A WY X% % - EPR13°N elements. Using WMS-1a, the REE
* X * IE(EI': 1-2°8 recovery rates were between 82% and
& K & + EHF 116% for La-Gd and between 98% and
* 'A' area 106% for Th-Lu. An internal standard
Aok Eg%HF (Re solution—5 ug/L) was used
ook throughout the analysis process to
P g monitor instrument stability and signal
drift. The RSD was <10%.
TAG The normalized REE data refer to C1-
SP chondrites  (subscript CN) [Sun and
EPR 13°N (Zeng et al. 2010) McDonough, 1989]. The Eu and Ce
NB anomalies are defined as (Eu/
Ge Eu¥)eny = Euen/(Smey + Gdey)®? and (Ce/
Ce¥)en = Cean/(Lacy + Prey)®®. LREES
SER include La, Ce, Pr, Nd, Sm, and Eu; HREEs
JADE include Gd, Tb, Dy, Ho, Er, Tm, Yb, and
BERELALLLL BRI AL B L IR LU R Lu. The REE data for the MORB from the
1 10 100 1,000 10,000 100,000 1,000,000  EPR, CIR, SWIR, and NFB and for the
ZREEs (ppb) ultramafic rocks from the MAR were

obtained from the updated PetDB data-
Figure 2. Y REEs of the sulfides from the EPR 13°N and 1°5-2°S, KHF, EHF, “A”

area, S99HF, and LHF. Sources: sulfide data for TAG, Snake Pit (SP), EPR 13°N, and base (www.petdb.org).
New Brunswick (NB) from Mills and Elderfield [1995], Gillis et al. [1990], Zeng et al.
[2010], and Graf [1977]. Green Seamount (GS) Si-rich sulfide, Southern Explorer

Ridge (SER) sulfides-sulfates, and JADE sulfides-sulfates data from Alt [1988], Bar- 4, Results

rett et al. [1990], and Zeng et al. [2009]. The symbols indicate the ) REE values in ) A )

the sulfides from the EPR 13°N and 1°5-2°S, KHF, EHF, “A” area, S99HF, and LHF. 4.1. REE Concentrations in Massive
The lines indicate the _REE ranges in the sulfides from TAG, Snake Pit, EPR 13°N Sulfides

and New Brunswick, Green Seamount, Southern Explorer Ridge, and JADE. The total REE concentrations (ZREES)

of the seafloor massive sulfide samples
in the EPR near 13°N and 1°5-2°S, LHF, KHF, EHF, “A” area, and S99HF are highly variable (37.2-4092 ppb)
but are similar to > REEs of the hydrothermal products (including sulfides, sulfates, and oxides) from the
EPR and the MAR (Figure 2). Among our samples, the massive sulfide samples from the EPR near 13°N
exhibit both the highest > REEs (4092 ppb, EPRO5-TVG1-3-4) and lowest Y REEs (37.2 ppb, EPRO5-TVG2-1-7)
(Table 5). The >"REEs (<5 ppm; Table 5) of all the sulfides are far lower those of the basalts [e.g., Sun et al.,
2003] and ultramafic rocks [e.g., Augustin et al., 2008] (Figures 3 and 4).

4.2, LREE Enrichment, Eu and Ce Anomalies in the Massive Sulfides

The C1-chondrite-normalized REE distribution patterns of the seafloor massive sulfide samples from the EPR
near 13°N and 1°5-2°S, LHF, KHF, EHF, “A” area, and S99HF are shown in Figures 3 and 4. The REE patterns
of all the sulfides show evidence of LREE enrichment (LREE/HREE ratios of 2.55-20), variable Lacn/Lucy ratios
that range between 2.00 and 73.8, Eu anomalies ((Eu/Eu*)cy ratios of 0.34-7.60), and minor or negligible Ce
anomalies ((Ce/Ce*)cy ratios of 0.79-1.21).

The sulfides are divided into three types based on these Eu anomalies: Type | has a positive Eu anomaly
((Eu/Eu*)cn > 1.20; Figures 3 and 4), Type Il has a weak or negligible Eu anomaly ((Eu/Eu*)cy &~ 1.00; Fig-
ures 3 and 4), and Type lll has a negative Eu anomaly ((Eu/Eu*)cy < 0.80; Figure 4). Most of the massive
sulfides from the EPR near 13°N are Type | and are characterized by positive Eu anomalies that range
between 1.21 and 4.08 (Figures 3 and 4). All the sulfides from the KHF and the LHF, sample IR05-TVG12-3
from the EHF, and sample 113.1GTV-4 from the S99HF are also Type | sulfides. The sulfides from the EPR
near 13°N (EPR0O5-TVG2-1-52) and the EHF (IR0O5-TVG12-8-4, IRO5-TVG12-14, IRO5-TVG13-4-2, IRO5-TVG13-
9.2-1, and IR05-TVG13-9.2-2) are Type Il and are characterized by weak or negligible Eu anomalies
between 0.81 and 1.18 (Figures 3 and 4). All the sulfides from the EPR near 1°5-2°S, the “A” area of the
SWIR near 38°S, and most of the sulfides from S99HF are Type lll, with negative Eu anomalies between
0.34 and 0.77 (Figure 4).
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Table 5. Chemical Compositions of the Hydrothermal Sulfides From the EPR Near 13°N and 1°5-2°S, KHF, EHF, LHF, “A” Area, and S99HF

Fe Cu Zn Mn Al Ti Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu XREEs (Eu/Eu®)cy (Ce/Ce*)cn

EPRO5-TVG, EPR near 13°N, fast spreading ridge (>8 cm/yr)
1-2-17 459 8169 4,170 116 1,258 294 211 779 166 218 80 19.1 7.14 157 266 139 29 864 134 868 15 427 1.26 0.99
1-2-4 467 8611 15560 723 256 249 094 263 61.1 917 353 114 417 729 078 3.16 0.55 158 021 163 021 163 14 0.96
1-2-4° 283 646 948 399 117 49 8.16 068 283 055 1.77 021 145 027 175 1.53 0.97
1-2-52 459 11430 488 101 303 245 068 20 434 635 259 73 36 526 045 22 049 122 022 129 017 118 1.77 0.95
1-3-17 462 8272 6083 121 341 832 187 67 163 311 161 68 304 584 633 284 59 178 291 21.1 346 664 1.48 0.87
1-3-3 46.5 16,346 105 85 189 364 247 108 269 366 165 366 11.1 215 186 883 19 64 1 585 097 675 1.21 1.05
1-3-4 46.1 6,299 500 125 1,765 522 144 512 1,054 211 951 330 199 287 321 171 39.1 123 205 140 23.6 4,092 1.97 0.79
1-3-5 468 6,134 450 155 898 135 076 284 702 101 471 133 689 992 884 398 742 237 339 24 355 1970 1.83 1.01
1-3-5° 287 712 103 500 140 734 100 9.09 41.1 7.81 241 3.58 237 3.77 2,028 1.9 1.02
1-3-6 464 7,759 3,932 180 148 421 083 423 109 158 766 289 149 265 3.01 159 325 101 15 104 162 360 1.65 1.04
2-1-1° 47.1 227 2,801 433 969 221 193 232 466 634 26 674 59 67 104 647 124 389 056 396 059 139 2.68 0.94
2-1-1P 238 456 621 266 569 51 637 088 599 1.19 381 057 4.1 066 137 2.59 0.92
2-1-2 46.2 450 5977 117 51.1 228 944 254 558 7.23 305 8 947 684 1.12 6.7 124 371 054 396 0.51 161 391 1.01
2-1-3 466 613 1,609 184 653 23 823 23 437 557 235 6.04 368 636 1.08 635 1.19 395 059 398 0.68 130 1.81 0.96
2-1-4 459 413 1425 652 165 269 164 772 166 2137 879 21.1 162 214 308 19.1 392 119 184 129 204 466 233 1
2-1-51 468 427 5688 71 176 238 14 182 373 419 168 3.61 337 402 069 418 092 283 044 267 045 100 2.71 1.05
2-1-52 152 33 374 157 424 132 464 066 477 1.04 351 054 383 055 928 091 1.07
2-1-6° 452 1,610 34790 119 362 21.8 465 287 655 836 344 88 9.16 79 1.08 66 117 33 053 392 0.58 180 336 1.04
2-1-7 46.2 729 3657 179 655 218 078 7.08 124 151 566 19 09 184 023 182 044 144 021 155 022 37.2 1.47 0.93
2-1-8 457 343 6208 572 10 218 4.17 122 262 353 15 429 515 347 061 355 072 188 03 199 032 792 4.08 0.98
2011I-54-TVG, EPR near 1°5-2°S, ultrafast spreading ridge (>8 cm/yr)
1-1-2 464 8,365 609 139 247 188 0.21 196 372 408 154 282 056 286 033 204 031 122 0.17 128 0.2 88 0.6 1.02
1-1-3 464 5130 327 101 296 214 035 696 148 152 506 847 1.73 888 098 509 098 295 038 239 036 315 0.61 112
1-1-32 699 142 147 50 833 197 85 091 544 097 3.02 038 238 033 308 0.72 1.08
1-1-4 46.6 1,051 531 159 165 173 -© 17 365 322 106 191 048 209 024 138 027 074 0.1 065 0.09 753 0.74 1.21
IRO5-TVG, KHF, intermediate spreading ridge (4-8 cm/yr)
9-1 423 76665 3,054 108 493 182 0.18 107 252 347 176 6.56 10.1 588 056 265 046 1.17 027 1.17 02 86 4.95 1.01
9-1° 114 281 404 197 743 12 6.12 079 297 045 1.06 022 096 0.17 954 5.46 1.02
9-2 425 99827 2,887 798 388 169 009 326 783 11.1 542 132 128 881 058 205 032 1.03 023 09 0.14 216 3.65 1.01
9-37 42.7 70,004 30,130 107 331 177 038 975 234 322 147 341 154 19 124 354 051 189 027 133 0.14 588 1.86 1.02
IRO5-TVG, EHF, intermediate spreading ridge (4-8 cm/yr)
12-3 347 600 29,501 712 121 2 2124 714 114 177 897 358 585 31.8 281 141 229 593 079 526 08 451 53 0.79
12-3° 774 123 176 865 316 376 295 236 123 2.1 551 075 488 0.78 432 3.77 0.82
12-8-4 17.5 899 413300 23 963 747 532 481 110 127 481 149 284 76 097 6 129 3.81 055 4.12 069 262 0.81 1.09
12-147 11.9 938 432404 382 581 434 16 649 117 115 40.1 948 268 689 092 516 0.99 3.57 046 3.53 0.59 268 1.01 1.05
13-4-2 339 121,922 31,679 298 269 141 323 153 348 33 103 164 425 155 167 938 181 6.01 085 6.12 1.03 699 0.82 1.2
13-9.2-17 364 39,067 10404 54.1 446 173 259 105 232 226 7684 143 382 145 1.69 991 1.83 588 1.01 6.78 1.13 498 0.81 117
13-9.2-2 36.5 30,140 28901 109 30.7 168 328 734 145 151 541 967 362 9.12 109 578 1.13 322 045 33 05 326 1.18 1.07
20V-535-TVG, “A” area, ultraslow spreading ridge (1-4 cm/yr)
17=1=1 42.1 15910 ° 106 1,110 127 = 236 435 451 155 28,6 497 284 331 2096 446 141 22 164 265 997 0.53 1.03
17-1-2 404 2447 1,014 183 272 17 067 80.1 165 158 587 112 241 11 13 778 159 524 072 506 08 366 0.66 113
17-1-2° 864 176 165 567 117 284 108 133 734 125 432 061 425 068 380 0.77 1.14
17-2 445 20,162 277 109 119 104 005 170 328 313 109 196 331 234 248 152 3.02 99 157 117 197 731 0.47 1.1
17-3-22 413 2,637 2480 168 202 15 031 125 238 244 847 151 3.07 148 184 988 201 6.02 1.01 735 1.17 534 0.63 1.06
17-4-22 411 2580 138 114 29 184 - 652 131 136 465 824 15 846 1.01 645 127 392 06 475 074 293 0.55 1.08
17-5-1 = = = 104 1,110 6.99 = 64 127 124 415 796 16 82 096 533 1.12 326 047 379 0.64 278 0.61 111
17-5-2 432 27,687 21655 135 1,146 965 152 149 303 285 969 172 299 166 243 129 23 7.82 1.08 891 131 651 0.54 1.14
17-6 452 15,098 244 104 976 86 0.06 625 127 122 413 755 099 9.09 095 588 1.28 3.83 0.58 434 0.73 278 0.37 1.13
MARO5-TVG, LHF, slow spreading ridge (1-4 cm/yr)
1-9° 31 314,180 1,422 888 7.88 302 325 857 162 241 108 297 205 333 064 472 1.04 3.18 045 3.06 046 59.8 2 0.87
1-9° 9.77 188 277 127 3.18 2.04 358 0.72 465 096 3.16 045 32 04 664 1.85 0.89
1-10-22 37.3 125,219 267 374 1,512 120 114 605 132 17 781 194 528 233 4.16 275 579 17.1 263 181 29 462 7.6 1.01
S99HF, NFB, back-arc basin
26.2GTV-2 628 8530 535700 102 163 579 342 383 795 68 247 493 086 4.13 046 322 061 225 029 203 042 169 0.58 1.21
42GTV-1 39 48071 57146 134 159 168 905 109 207 20 699 123 272 122 133 813 174 548 084 6.1 1.03 457 0.68 1.09
42GTV-1P 111 205 203 701 121 29 128 138 7.86 157 495 0.76 596 1.05 458 0.71 1.06
42GTV-2 37.1 114,736 4,558 14 528 159 142 958 187 185 648 126 1.89 118 1.18 761 1.61 517 0.75 557 091 415 0.47 1.09
42GTV-3? 293 197,581 10,239 7.1 113 116 229 9 185 18 627 114 13 119 124 827 167 517 084 591 1.01 411 0.34 1.09
113.1GTV-1° 379 10357 7,875 111 399 167 119 149 291 293 101 189 287 19.1 227 135 271 821 125 974 1.61 650 0.46 1.08
113.1GTV-2° 36 22,903 3,734 876 275 172 861 136 259 261 889 167 29 163 17 109 214 7.7 1.3 824 13 578 0.54 1.07
113.1GTV-4 524 13,725 16,830 232 3,224 951 6.16 694 207 32 152 445 564 46.1 7.03 389 7.01 193 293 216 3.62 708 3.81 1.08
113.2GTV® 383 20,238 15960 244 228 167 3.11 152 296 295 101 205 3.78 195 203 126 266 84 1.19 933 172 659 0.58 1.08

“Indicates the Fe, Cu, Zn data from Zeng et al. [2014].

PIndicates the analysis result of a parallel sample.

<" indicates no data available. The units are % for Fe; ppm for Cu, Zn, Mn, Al, Ti, and Ba; and ppb for La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and ZREEs.
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10 5. Discussion

Type | 5.1. Variable REE Concentrations
EPR 13°N sulfide and Fractionation Between LREEs
and HREEs in Seafloor Sulfides
The " REEs in our sulfide samples
vary considerably (37.2-4092 ppb),
and the > REEs exhibit no system-
atic variation with Fe, Cu, and Zn.
The >"REEs and associated ranges in
Fe-rich sulfides (e.g., pyrite) (Table
y 5) all exceed the ) REEs and associ-
) / ) ated ranges in Cu (i.e., chalcopyrite)
= e EPR 13°N vent fluid and Zn-rich (i.e., sphalerite) sulfides,
S which precipitated from high-
temperature (>300°C) and medium-
temperature  (300-200°C) fluids,

0.0001 T T T T T T T T T T T T T 1 respectively [e.g., Fouquet et al,
e CeErhd  samiEn Bd o [By e Er I v Lo 1988; Kim et al, 2006]. Therefore,

Figure 3. REE patterns in Type | and Type Il (red lines) sulfides from the EPR near the high ZREES and ranges in the
13°N. Sources: vent fluid data from Douville et al. [1999], Klinkhammer et al. [1994], seafloor massive sulfides are likely
and Michard and Albaréde [1986]. Normalization data from Sun and McDonough related to Fe-rich sulfide minerals
[1989]. o . . '

which is consistent with the fact
that Fe-rich sulfide minerals show a wide range of formation temperatures (<100°C to >300°C) [e.g.,
Fouquet et al., 1988; Hannington et al., 1991].

| R

0.01

Sample/C1-chondrite

0.001

e

11 IIlIII|

Furthermore, the substitution of REEs into Fe, Cu, and Zn-rich sulfides appears to be strongly influenced by
the larger ionic radii of the REEs [e.g., Alt, 1988; Mills and Elderfield, 1995]. The degrees of fractionation
between the LREEs and HREEs in the seafloor massive sulfides from the EPR near 13°N and 1°5-2°S, LHF,
KHF, EHF, “A” area, and S99HF are highly variable (Figures 3 and 4). The greatest fractionation difference
between the LREEs and HREEs (LREE/HREE = 20, sample IR05-TVG9-3; Table 5) is present in the KHF sulfides,
which consist of abundant pyrite, and the smallest fractionation difference (LREE/HREE = 2.55, sample
MARO05-TVG1-9; Table 5) is present in the LHF sulfides, which consist of abundant chalcopyrite. Thus, greater
HREE enrichment occurs in Cu-rich sulfide minerals than in Fe-rich sulfide minerals, which is consistent with
the fact that the ionic radius of Cu®>" (73 pm) and Zn®" (74 pm) are similar to that of Lu** (86.1 pm),
whereas the ionic radius of Fe?™ is much smaller (55 pm) [Rimskaya-Korsakova and Dubinin, 2003].

5.2. Origin of Eu Anomalies

The REE patterns in most sulfides from the EPR near 13°N (e.g., EPRO5-TVG2-1-1 and EPRO5-TVG2-1-2) and
all the sulfides from the LHF exhibit positive Eu anomalies of 1.26-7.60 (Figures 3 and 4), similar to the
sulfide-forming fluids at the EPR near 13°N and the LHF [Michard and Albaréde, 1986; Klinkhammer et al.,
1994; Douville et al., 1999; Schmidt et al., 2007]. These similarities suggest that these sulfides inherited their
positive Eu anomalies from the sulfide-forming fluids [e.g., Barrett et al., 1990; Gillis et al., 1990; Mills and
Elderfield, 1995]. Furthermore, the stability of soluble Eu*>* species has been found to increase in association
with C1~ complexing, low to high-temperature acidic fluids, and reducing conditions [e.g., Sverjensky, 1984;
Schade et al., 1989; Wood and Williams-Jones, 1994; Haas et al., 1995; Mills and Elderfield, 1995; Allen and
Seyfried, 2005]. Therefore, the positive Eu anomalies in the sulfides were likely formed by CI~ complexing
under high-temperature, low-pH, and strongly reducing conditions [e.g., Mills and Elderfield, 1995].

The sulfides from the EPR near 13°N (EPRO5-TVG1-3-3 and EPR0O5-TVG2-1-52) and the EHF (IR05-TVG12-8-4,
IR05-TVG12-14, IRO5-TVG13-4-2, IRO5-TVG13-9.2-1, and IR05-TVG13-9.2-2) are characterized by weak or neg-
ligible Eu anomalies of 0.81-1.21 (Figures 3 and 4). All the sulfides from the EPR near 1°5-2°S, the “A” area
of the SWIR near 38°S, and most of the sulfides from S99HF in the NFB exhibit negative Eu anomalies of
0.34-0.77 (Figure 4) and positive Gd anomalies (Figure 4), which are both considered to be signals of
low-temperature seawater [de Baar et al., 1985]. Furthermore, a large proportion of the Eu in the
low-temperature fluid is trivalent because divalent Eu is stable at temperatures above approximately 250°C
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Figure 4. REE patterns in (a) Type lll sulfides from the EPR near 1°5-2°S, (b) Type | sulfides from the KHF, (c) Type | and Type Il sulfides from
the EHF, (d) Type Il sulfides from the “A” area, (e) Type | sulfides from the LHF, and (f) Type I and Type Ill sulfides from the S99HF. Sources:
vent fluid data from Schmidt et al. [2007]. Normalization data from Sun and McDonough [1989].

[Sverjensky, 1984]. Decreases in the formation temperatures of the hydrothermal sulfides, i.e., from medium
(200-300°C) to low temperatures (<280°C in the EPR near 13°N and <12°C in the NFB; Table 2), directly cor-
relate with decreases in the Eu?"/Eu®" ratios in the sulfide-forming fluids [e.g., Mills and Elderfield, 1995].
Thus, the accumulation of Eu** in sulfides that formed at medium to low temperatures is also reduced,
which is consistent with the fact that negligible or negative Eu anomalies are related to lower Eu contents
in the sulfides (Figure 5).
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Consequently, the Eu concentrations of
the sulfide-forming fluids may influ-
ence the Eu anomalies in the resulting
sulfides. The negligible or negative Eu
anomalies in the sulfides can be inter-
preted as the results of medium to
low-temperatures and less Eu enriched
fluids [Michard and Albaréde, 1986; Gillis
et al, 1990] due to mixing between
hydrothermal fluids and seawater. Fur-
thermore,  seafloor  hydrothermal
recrystallization (i.e., zone refining) may
also have caused remobilization of
REEs, particularly Eu**, producing neg-
ligible or negative Eu anomalies in the
sulfides [Mills and Elderfield, 1995].

5.3. Sources of REEs in Sulfides

| ' The REEs in the sulfides may reflect the
0 0.04 0.08 0.12 016 Sources and evolution of hydrothermal
Eu/zREEs fluids [e.g, Mills and Elderfield, 1995,
Figure 5. Eu anomalies in seafloor massive sulfides versus Eu/>_REEs ratios. The Previous studies on REEs in sulfides
solid gray line indica‘tes a‘correlation between elevated Eu anomalies and ele- from the Rainbow, Broken Spur, and
vated Eu concentrations in the sulfides. TAG hydrothermal fields on the MAR
have suggested that the REEs are all
derived from hydrothermal fluids [Barrett et al., 1990; Rimskaya-Korsakova and Dubinin, 2003] and are incor-
porated into sulfide mineral crystals during the mixing of the hydrothermal fluids and seawater. Compari-
sons show that the REE patterns of the massive sulfides from the EPR near 13°N and 1°5-2°S, the LHF, the
KHF, the EHF, the “A” area, and the S99HF are similar to those of vent fluids (Figures 3 and 4). Thus, the REEs
in the seafloor massive sulfides are likely all derived from hydrothermal fluids that leached REEs from sub-
seafloor wall rocks (MORBs or ultramafic rocks) and deposited them in the sulfides [Piepgras and Wasserburg,
1985; Langmuir et al., 1997].

5.4. REE Flux

The analysis of our 46 massive sulfide samples from modern seafloor hydrothermal fields permits realistic
estimation of the magnitude of hydrothermal REE flux into the ocean water. The simple calculation below
presumes that vent fluids readily supply REEs to massive sulfide deposits. Data from the new massive sulfide
deposits from 10,000 km of ridge, arc, and back-arc spreading centers indicate that the amount of massive
sulfide deposits on the seafloor of the world’s oceans is on the order of 6 X 108 t [Hannington et al., 2011].
The formula for estimating the approximate amount of REEs in seafloor massive sulfide is

Srees = Msuifide X XRets (M

where Sgees is the mass of REEs that hydrothermal fluids have supplied to the massive sulfide deposits, Mg,
fide is the total mass of seafloor massive sulfide deposits (6 X 108 t) [Hannington et al., 2011], and Xgees is the
>_REEs of the massive sulfides. Calculations were performed for each sample using the observed REE con-
centrations (Y _REE = 37.1-4092 ppb) in the seafloor massive sulfides from the EPR near 13°N and 1°5-2°S,
MAR, CIR, SWIR, and BAB, and an averaged calculation was conducted for all 46 massive sulfide samples.
These calculations estimate that approximately 20-2500 t (an average of 280 t, n = 46) of REEs from hydro-
thermal fluids have been supplied to the sulfide deposits. Moreover, the slow (1-4 cm/yr), intermediate (4-
8 cm/yr), and fast (>8 cm/yr) spreading ridges account for 86%, 12%, and <2%, respectively, of the total
tonnage (6 X 10® 1) of seafloor massive sulfides [Hannington et al.,, 2011]. The S_REEs of the massive sulfides
from the slow (e.g., the “A” area and LHF), intermediate (e.g., the KHF and EHF), and fast (e.g., the EPR near
13°N and 1°5-2°S) spreading ridges are approximately 66-997 ppb (avg 425 ppb, n = 12), 86-699 ppb (avg
356 ppb, n=11), and 37-4092 ppb (avg 541 ppb, n = 24), respectively (see Table 5). According to formula
(1), we estimate that an average of 219 t (n=12), 26 t (n=11), and 6.49 t (n = 24) of REEs have been
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supplied by hydrothermal fluids to the sulfide deposits in the slow, intermediate, and fast spreading ridges,
respectively.

The flux of hydrothermal fluid at the mid-ocean ridges is currently on the order of 6-12 X 10" t yr™'

[Elderfield and Schultz, 1996]. Assuming an average REE concentration of 3 ng/g in the hydrothermal fluids
(0.27-33 ng/g, n = 84) [Michard and Albaréde, 1986; Michard, 1989; Klinkhammer et al., 1994; Mitra et al.,
1994; James et al., 1995; Bau and Dulski, 1999; Douville et al., 1999, 2002; Schmidt et al., 20071, the global REE
flux from hydrothermal vents into the oceans is approximately 180-360 t yr~'. These figures suggest that
the hydrothermal vents at MORs alone transport larger quantities of REEs to the oceans over the course of
just 2 years than is estimated to be present in all the seafloor hydrothermal sulfide deposits at ocean ridges.
The fate of the excess REEs (i.e., REEs not captured by massive sulfides) is unclear, but sulfate deposits and
metalliferous sediment are known to be enriched in REEs deposited from hydrothermal fluids and plumes
that are associated with MOR and BAB hydrothermal systems [e.g., Ruhlin and Owen, 1986; Owen and
Olivarez, 1988; Barrett et al., 1990; Mills and Elderfield, 1995; Bach et al., 2003; Kato et al., 2011]. These sulfate
deposits and metalliferous sediment may account for a large fraction of the REEs that are not represented
in the massive sulfide deposits [e.g., Barrett et al., 1987; German et al., 1990; Bach et al., 2003].

6. Conclusions

A total of 46 seafloor massive sulfides show a widely varying range of S _REEs (37.2-4092 ppb). These depos-
its are notably more enriched in LREEs than HREEs and exhibit positive, weak/negligible, or negative Eu
anomalies and weak or negligible Ce anomalies. The variation in the proportions of LREEs and HREEs is con-
sistent with those observed in hydrothermal fluids, indicating that the REEs in global seafloor massive sul-
fides are sourced from hydrothermal fluids and that the LREE/HREE ratios are inherited by the precipitated
massive sulfides from the hydrothermal fluids. The REE concentrations and patterns of seafloor massive sul-
fides are related to the mineral chemistry but are also influenced by the physicochemical composition, REE
concentrations and REE patterns of the sulfide-forming fluids, the degree of mixing between the hydrother-
mal fluids and seawater, and interactions with subseafloor rocks. Of these factors, we propose that the min-
eral chemistry and the REE concentrations and patterns of the sulfide-forming fluids are the principal
factors that control the REE chemistry of massive sulfides.

A positive correlation between Eu anomalies and Eu concentrations is observed (R* = 0.91, p < 0.01). Three
types of REE patterns related to variations in the Eu anomalies are recognized in the sulfides. Type | exhibits
positive Eu anomalies ((Eu/Eu*)cy > 1.20). These positive Eu anomalies occur in sulfides precipitated at high
temperatures in association with acidic or reducing fluids. Type Il exhibits weak or negligible anomalies
((Eu/Eu®)cn = 1.00), and Type Il exhibits negative Eu anomalies ((Eu/Eu*)cy < 0.80). Weak, negligible (Type
1), or negative Eu (Type lll) anomalies in sulfides are indicative of lower Eu concentrations, medium to low-
temperature conditions, mixing between the hydrothermal fluids and seawater and the mineral chemistry.
Therefore, Eu anomaly values could possibly be used to infer the REE properties of the sulfide-forming flu-
ids, for example, positive Eu anomalies in all the sulfides from the KHF formed from high-temperature
(>300°C) acidic (pH < 3.6) fluids (see Table 2).

Based on analyses of the REE concentrations in the seafloor massive sulfides, we estimate that all the sea-
floor massive sulfide deposits in the world contain approximately 280 t of REEs. Therefore, discovering a
deposit that contains large amounts (>20 t) of rare earth elements in seafloor hydrothermal fields is
unlikely. The global flux of REEs from hydrothermal vents is up to 180-360 t yr . Over the course of 2 years,
the minimum amount (>360 t) of REEs from hydrothermal vents is far greater than the sum total contained
in all the sulfide deposits. The excess quantities of REEs (i.e., REEs not captured by massive sulfides) might
be partially hosted by sulfate deposits and metalliferous sediments far from the hydrothermal vents, imply-
ing that global seafloor massive sulfides are not a significant sink of hydrothermal REEs.
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