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Abstract
Two active hydrothermal vent sites, North and South mounds, from the Hakurei site were recently discovered in the Izena cauldron, Middle
Okinawa Trough. Five samples from two mounds have been examined by microscope, X-ray diffraction and electron probe microanalyzer to
evaluate the decomposition mechanism of submarine hydrothermal deposits. Regarding the primary minerals, barite, sphalerite, pyrrhotite,
pyrite, galena and pyrargyrite have been found in the North mound samples, while barite, sphalerite, pyrite, galena, jordanite, geocronite and
isocubanite are present in the South mound samples. The most remarkable difference between the two mounds is that pyrrhotite occurs in the
North mound, whereas only pyrite exists as Fe-sulfide in the South mound. Pyrrhotite decomposes to Fe-hydroxides and native sulfur, and
galena changes to anglesite in the North mound. On the other hand in the South mound, pyrite changes to only Fe-hydroxides, and galena
changes to mimetite and cerussite.

The North mound is located on the flat bottom of the caldera where thick sediments pile up, resulting in highly reducing, and also in lowering
pH, while the South mound is on the caldera slope where oxidation overwhelms on the weathering of this site. Finally all minerals and precipitates

in ores exposed on the seafloor decompose in a few to tens of cm from the surface, and toxic elements such as As, Pb and Sb dissolve in seawater.
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Introduction

Submarine hydrothermal massive sulfide deposits are formed in
mainly two types of tectonic environments; at the mid-ocean ridges
(MOR) and at back-arc basins (BAB). The MOR type is large in
general; for example, the TAG hydrothermally active mound is as
large as 250 m wide and 50 m high (e.g., Rona and Speer, 1989)
because the water depth is deep and resultant temperature of
hydrothermal fluid is high. Since such MOR deposits are located
away from continents and not covered by terrigenous sediments,
most of them interact with oxidized seawater, resulting in
dissolution and decomposition (weathering) on their surface.
Weathering is defined in this paper as: a process whereby rocks and
ores on the seafloor, when in contact with oxidized seawater,
change their mineral composition due to oxidation, hydration,
carbonatization, etc. On the other hand, the BAB type such as the
Okinawa Trough are called sediment-hosted ridges and covered by
thick terrigenous and pelagic to hemipelagic sediments (e.g., Sibuet
etal., 1987) and the deposits are easily preserved as metal resources
on a geologic timescale (Nakashima, 1996, 2006).

Mineralization type of the MOR deposits is simple and dominant
in Cu and Zn (e.g., Rona, 1988), whereas that of the BAB deposits
is a multi-element mineralization such as Zn, Pb, Sb, As, Ag and
Au (e.g., Halbach et al. 1997). These differences are attributed to
their tectonic settings and surrounding rocks/sediments because
host rocks in the MOR are merely basalt, whereas those in the BAB

are terrigenous and pelagic sediments and/or continental crust

(Halbach et al., 1997). Since the mineralization types and tectonics
of the BAB are similar to those of the Kuroko deposits of the
Miocene Hokuroku district of Japan, the Okinawa Trough sulfide
mineralization is thought to be a modern analogue of the Kuroko-
type deposits (Halbach et al., 1989).

There are many papers and reports concerning mineralogical and
chemical as well as biological and physical studies on submarine
hydrothermal deposits (e.g., Lange, 1985), but few studies have
been done on the weathering of the deposits (e.g., Thompson et al.,
1988; Knott et al., 1998; Fallon et al, 2018). Understanding the
weathering process of submarine hydrothermal deposits has great
importance not only on mineral resources but on the flux of toxic
metals and sulfur between the lithosphere and biosphere on the
earth's surface. The aim of this study is to elucidate the weathering
process and mechanism of submarine sulfide minerals using active
chimney and mound samples from the Hakurei site, Izena cauldron,

Okinawa Trough.

Tectonic setting and outline of sample

location

The Okinawa Trough is a back-arc basin located behind the
Ryukyu trench and Ryukyu Islands (Fig.1). The trough is about
1200 km long and 230 km wide, with a maximum water depth of
about 2300 m (Letouzey and Kimura, 1986). Currently, seven
hydrothermally active sites have been found (Kawagucci et al.,
2010).

The Izena cauldron is located in the Middle Okinawa Trough and
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Fig.1 Location of the Izena cauldron and two hydrothermal sites, Jade
and Hakurei, in the cauldron (modified after Kawagucci et al.,
2010; Glasby and Notsu, 2003).

has a rectangular shape of 6 x 3 km, and a maximum depth of
1,665m. There are two large hydrothermal fields in the Izena
cauldron, Jade and Hakurei sites. The Jade site is located on the
inside slope of the north-eastern wall of the Izena cauldron at a
water depth of 1,550—-1,300 m (Fig. 1). Hydrothermal activity, up
to 320 °C, was recognized in an area of 500 x 300 m. The Hakurei
site is located on the southern bottom to foot of the depression of
the Izena cauldron, at water depths of 1,600—1,630 m (Fig. 2). This
site has been explored intensively by JOGMEC (Japan Oil, Gas and
Metals National Corporation) under the framework of the ocean
energy and mineral resources development program since 2008,
and Zn-rich polymetallic sulfide mineralization was extensively
recognized (METI, 2013). Geological and geochemical features are
well summarized by Kawagucci et al. (2010) and Ishibashi et al.
(2014). Based on recent seismological observations during the R/V
Kaiyo KY02-11 cruise, the Hakurei site is covered by a sediment
layer over 150 m in thickness (Kawagucci et al., 2010). Sediments
in the cauldron comprise tuff, tuff breccia, tabular-jointed pumice
and mud (Kato et al., 1989).

Sample and methods

Samples used in this study were collected by the Hakurei-maru,
during the No. 5 Survey Cruise of JOGMEC, in August 2013. There
are two hydrothermal mounds at the Hakurei site, the North and
South mounds. The South mound is located on the slope of the

caldera wall and only thin sediments are deposited, while the North

mound is on the bottom of the caldera where a thick sediment pile
has accumulated.

In this study, we selected five samples which have a remarkable
weathered appearance and also have many types of minerals; two,
FPG 10-2 and FPG 12, from the North mound, and three, FPG 03,
ROVO01-1 and FPG 08-2 from the South mound.

Mineral compositions were deteremined by wavelength-
dispersive electron probe microanalyzer, JEOL JXA 8900, at the
Earth Science Lab. in Yamagata University. Accelaretion voltage
and beam current were set to 20 kV and 20 nA, respectively. The
weathered rinds (red brownish and rusted surface) of samples were
also examined by XRD, RIGAKU Mini Flex II.

Results

Minerals and weathered products observed in each mound are
summarized as Table 1. Barite and sulfide minerals are formed
earlier in the hydrothermal stage, and so are referred to as primary
minerals while sulfates, carbonates and arsenate are identified as
secondary minerals, and hydroxide and amorphous phases are as
weathering products. Mineral occurrences in each sample are
summarized in Table 2. Since identification of the real phase name
is difficult for some hydroxides and sulfates, the following criteria
are made for convenience; Fe-hydroxides are FeO > 30 wt.% and
SO; < 10 wt.%, Fe-sulfates are FeO > 20 wt.% and SO3 > 10 wt. %,
and Fe-silicates are SiO2 > 30 wt.% and containing FeO in some
amounts (Tables 3, 4).

Weathering process in the North mound

Sample FPG 10-2 is a dark and porous ore. The weathered rind
is brownish orange in color and 1-5 mm in thickness (Fig. 3a, b).
This sample consists of pyrrhotite, barite, sphalerite and galena as
the primary minerals. Sample FPG 12 has a weathered rind that is
ocher-brown in color and 1-2 mm in thickness (Fig. 3c, d) and
includes pyrrhotite, barite, sphalerite, galena and pyrargyrite as the
primary minerals.
Fe-sulfide: In the North mound, it is striking that pyrrhotite exists
as a Fe-sulfide in addition to pyrite. The pyrrhotite has been broken
up along its cleavage and it remains as a stripe (Fig. 4a). In such
altered pyrrhotite, native sulfur has been often precipitated as well
as Fe-hydroxides (Fig. 4b, c).
Sulfosalts (Pyrargyrite): pyrargyrite is present in some
sphalerite crystals in FPG 12. There are no secondary minerals and
weathering products including Ag and Sb around this mineral (Fig.
4f).
Barite and Sphalerite: There are no weathering products
including Ba and Zn around barite and sphalerite. In the weathered
rind, most of these minerals have dissolved and Fe-hydroxides and
Fe-sulfates have precipitated around these minerals (Fig. 4g).
Galena: Anglesite is frequently observed around galena (Fig. 4h).
This means that anglesite has formed after galena, in later oxidized

conditions.
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Table 1 The abbreviations and composition of each mineral Table 2 Mineral assemblages of each sample.

observed in this study

Minerals Abbreviations Compositions Minerals North Mound South Mound
Barite Ba Baso, FPG 102 FPG12 FPG03 ROVO0l-l FPG 08-2
Barite v v v v
Sphalerite Sph (Zn, Fe) S Sphalerite v v v v
Pyrite Py FeS, ® Pyrite v v v
i . Pyrrhotite Po Fe;Sg 3 Pyrrhotite v
Primary Minerals Jordanite Jo Pby4(As, Sb)sSzs é Jordanite v
Geocronite Ge Pby4(Sb,As)sS53 3 Geocronite v
Galena Gl Pbs i—’ Galena v v v
Isocubanite lcu CuFe,S;3 Isocubanite v
Pyrargyrite Pyr AgsShS; Pyrargyrite v
Anglesite Ang PbSO, Anglesite v v v v
Mimetite Mim Pbs(ASO),Cl & Mimete v
Secondary Cerussite Cer PbCO3 % 2 Cerussite” v
Minerals Amorphous silica  Ams Si0, E ‘; Amorphous _5"'” v
Weathering Fe-hydroxide Fe-hy FeOOH 3 Fehvdode v \ v v
Products Fe-sulfates Fe-sul (FeSOs) § % Fe-sulfates v v v
Fe-silicates Fe-Si (Fe+Si0,) g " Fe-silicates v v
Native sulfur Sul S Native sulfur v

Table 3 Representative analytical results of chemical composition of primary minerals (in wt. %)

Element Sphalerite Pyrite Pyrrhotite Jordanite ~ Geocronite Galena Isocubanite Pyrargyrite
S N S N S S N S S N
As n.d. 0.09 0.02 0.25 n.d. 9.45 5.62 n.d. 0.36 n.d. 1.71
Sb n.d. 0.02 n.d. nd. n.d. 0.07 0.31 0.03 0.05 n.d. 18.64
Zn 46.12 64.34 n.d. 0.09 n.d. n.d. 0.65 0.32 0.73 2.85 0.04
S 33.79 33.48 53.16 52.72 38.98 17.92 17.01 13.03 13.85 35.29 17.79
Fe 19.35 2.59 47.03 46.97 59.54 0.05 n.d. 0.15 0.02 40.09 0.36
Ag n.d. 0.01 0.09 0.03 0.03 n.d. n.d. n.d. n.d. 0.07 60.68
Mn 0.11 0.01 0.02 0.05 n.d. n.d. 0.03 n.d. n.d. 0.02 n.d.
Pb 0.18 0.22 0.16 0.51 0.30 69.45 67.85 86.41 85.48 n.d. 0.07
Cu 0.31 0.57 0.01 0.01 n.d. n.d. 0.03 0.05 0.04 20.30 0.10
Cd n.d. n.d. n.d. n.d. n.d. 0.09 0.01 n.d. n.d. n.d. n.d.
Hg n.d. n.d. n.d. n.d. 0.15 n.d. 0.12 n.d. n.d. 0.05 0.13

Total 99.86 101.33 100.49 100.64 99.01 97.02 91.65 99.99 100.53 98.68 99.52
n.d.: not detected
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Table 4 Representative analytical results of chemical composition of secondary minerals and weathering products (in wt. %)

Metal Anglesite Mimetite  Cerussite Amgirlii;ous Fe-hydroxides Fe-sulfates Fe-silicates
Oxdes N s s s s N s N s s
Sio, n.d. 0.08 0.08 n.d. 47.48 0.11 1.10 0.01 0.28 38.56
AlL,O3 0.01 0.13 n.d. n.d. n.d. n.d. 0.01 0.02 n.d. 0.02
TiO, n.d. n.d. n.d. 0.04 n.d. n.d. n.d. 0.03 0.02 n.d.
FeO 0.34 0.75 0.08 0.05 7.29 34.23 37.91 20.08 28.69 15.44
Na,0 n.d. 0.03 0.66 0.02 n.d. 0.25 0.17 3.25 1.13 1.34
MnO 0.06 0.02 n.d. n.d. n.d. 0.12 0.03 0.07 0.07 0.08
P,0s n.d. n.d. 0.04 n.d. 0.14 n.d. 0.20 0.03 0.20 0.29
K0 0.12 0.05 0.13 0.05 0.04 0.05 0.06 1.53 0.02 0.20
CuO n.d. 0.22 0.38 0.04 0.24 0.08 n.d. 0.01 0.03 n.d.
As,0s5 n.d. n.d. 15.14 n.d. 0.54 2.67 2.96 n.d. 3.52 0.44
Cl 0.13 3.34 2.95 1.40 1.29 0.21 114 0.08 1.47 0.08
Cr,03 n.d. 0.02 n.d. 0.03 0.02 0.02 n.d. n.d. n.d. 0.01
SO; 24.01 22.34 2.37 n.d. 4.97 4.69 5.05 25.57 21.33 8.52
Zn0O 0.12 131 0.06 0.03 26.61 1.63 0.41 0.25 0.03 0.34
PbO 71.94 68.14 76.23 83.24 0.85 0.20 0.04 4.93 0.46 0.83
Bi,O3 3.81 2.30 1.76 1.00 1.30 2.04 n.d. 0.98 n.d. 2.69
Sb,05 n.d. 0.01 0.06 n.d. 1.04 0.23 0.33 0.21 0.32 0.22
BaO 0.55 n.d. n.d. 0.13 0.05 n.d. 0.01 n.d. 0.30 n.d.
Total 101.14 98.04 99.33 85.81 92.08 46.47 49.63 57.08 57.72 69.13

n.d.: not detected

Weathering process in the South Mound

The sample FPG 03 is a gray-colored ore which consists of pyrite
and barite, and ocher and powdery weathered rind develops
characteristically on the surface (Fig. 5a, b). Sample ROV 01-1 is a
dark colored and porous ore which consists mainly of barite and
sphalerite, and galena, jordanite and geocronite in minor amounts
as primary minerals, and a weathered rind of 1-5 mm in thickness
develops from the surface to inner part (Fig. Sc, d). In sample FPG
08-2, red to brown colored weathered rind has been observed (Fig.
Se, ), and it contains sphalerite, pyrite, galena and isocubanite.
White-colored crystals observed on the surface are also rozenite
which was formed after collection in the air.
Fe-sulfides: Pyrite is the sole Fe-sulfide in the South mound. The

Fig.3 Photographs of ores and cut sections of the North mound
samples.
a, b (FPG10-2): Brownish to orangish weathered rind
develops on the surface, and white small needle-like
aggregates have crystallized on most of the surface which
were formed in the air after collection and identified as
rozenite (FeSO,+4H,0) by XRD (Fig. 3a); Reddish rust
zone develops along inner porous part of the ore (Fig. 3b);
¢, d: Ocher-brownish weathered rind covers the surface
(Fig. 3c), and white products, mostly amorphous silica,
precipitate around pores arranged in lines, and a reddish

and brownish zone develops in the inner parts (Fig. 3d).

pyrite changes to Fe-hydroxides and Fe-sulfates (Fig. 6a, b). Fe-
silicates precipitate on the surface of the heavily weathered part. In
some cases, there are two layers on the barite crystals, Fe-
hydroxides and Fe-sulfates with the former as the innermost layer
(Fig. 6¢c-¢e).

Sulfosalts (jordanite and geocronite): Jordanite is a solid
solution with geocronite and these minerals are closely associated
with each other (Fig. 6g). Mimetite, a secondary Pb-As oxide
mineral, precipitates on the eroded and rounded surface of jordanite
(Fig. 6g). In heavily weathered parts, galena and jordanite
decompose and only mimetite remains (Fig. 6h).

Barite and sphalerite: Barite and sphalerite dissolve in the
weathered rind and there is no Ba- or Zn-bearing secondary minerals.
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Amorphous silica including Zn, Fe and CI in some amounts (Table
4) precipitates in these altered parts. Sphalerite dissolves at the
boundary between the fresh ore part and weathered rind, and Fe-
hydroxides and Fe-sulfates precipitate around sphalerite (Figs. 6b,
7d and 7e).

Galena: Anglesite frequently surrounds galena which often
accompanies mimetite and cerussite as secondary Pb-bearing
minerals (Fig. 6f, g, i). Galena is also rounded and contacts with
jordanite and mimetite precipitated on the surface of these minerals
(Fig. 6f, g). Cerussite precipitates in contact with mimetite or
among mineral grains interstitially.

Cu-bearing sulfide: Isocubanite, the sole Cu-bearing sulfide in
this site, occurs in sphalerite with a diseased texture (Fig. 7¢), and

there is no secondary Cu-bearing phase in the weathered rind.

Mineral sequence

Based on our observation, a sequence of mineral formation and
precipitation was obtained (Fig. 8). Three major stages are observed
in both mounds: hydrothermal, retrograde and weathering stages.
During the hydrothermal stage primary sulfide minerals precipitate
at an elevated temperature; during the retrograde stage sulfate and
carbonate mineral replacement occurs after sulfide minerals in a

moderate to lower temperature hydrothermal solution mixed with

BSE (Back-scattered electron) images
and elemental mappings of the North
mound samples.

a (FPG 12): BSE image showing

alteration of pyrrhotite; b-c: Elemental

mappings of Fe (b) and S (c) of the
square 1 in (a) showing an occurrence
of native sulfur; d-f: Elemental
mappings of Fe (d), Zn (e) and Ag (f) of
the square 2 in (a) showing pyrargyrite
in sphalerite; g: Weathered rind of FPG
12 showing barite and sphalerite
decompose and Fe-hydroxides and Fe-
sulfates precipitate around them; h:
Anglesite is formed around galena

(FPG 10-2)

seawater; during the weathering stage hydroxides and amorphous
phases precipitate in the seawater (Fig. 8A). These sequences are
based on the following observations; sphalerite decomposed and
Fe-hydroxides and Fe-sulfates precipitated around sphalerite and
pyrite (Fig. 6a-c); anglesite (in both mounds) and mimetite and
cerussite (in the South mound) formed around galena; amorphous
silica and Fe-hydroxides precipitated in most of the weathered rinds
(Fig. 7a, d). Around the primary sulfide, sulfates, carbonates and
oxides of the retrograde stage were formed next, and then
weathering precipitates as shown by the lower total of EPMA

analyses were formed finally.

Discussions

Mineral change during weathering
Fe-S minerals: There are pyrite and pyrrhotite in the North
mound but only pyrite in the South mound. In the weathered rind
of ores studied, pyrite changed to Fe-hydroxides and Fe-sulfates,
whereas pyrrhotite changed to Fe-hydroxides, Fe-sulfates and
native sulfur (Figs. 4a, 6a). The XRD measurements revealed that
the brownish to reddish outer rind is mainly composed of goethite
and lepidocrocite, both are Fe-hydroxides.

These differences are based on the degree of oxidation; at

elevated temperatures, pyrrhotite precipitate easily under a reductive
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Fig.5 Photographs of ores and cut sections of the South mound sample.
a, b (FPG 03) Sample surface changes to ocher-colored and
powdered weathered rind; ¢, d: A thick red brownish weathered

rind surrounds the sample; e, f: A thin reddish weathered film
develops on the surface (e), and secondary white needles of Fig.6 BSE images and elemental mappings of the South mound

rozenite develop along cracks (f). samples.
a (FPG 03): Decomposition of barite and pyrite,

and Fe-hydroxides, Fe-sulfates and Fe-silicates
precipitate in the surroundings; b (FPG 08-2):
Break down of sphalerite and pyrite, and Fe-
hydroxides and Fe-sulfates precipitate around
them; c-e (FPG 03): two layers of Fe-hydroxides
and Fe-sulfates precipitate on the barite surface
with the former as the innermost layer; f (ROV 01-
1): Intimate association of galena and jordanite is
covered by anglesite and mimetite; g (ROV 01-1)
Jordanite and geocronite, a solid solution of As-Sb
substitute, is covered by mimetite; h (ROV 01-1):
Galena or jordanite perfectly dissolved and ring-
shaped mimetite remains; i (ROV 01-1): Cerussite
fills cavity and contacts with mimetite and

jordanite.

Fig.7 BSE images and elemental mappings of the South mound samples (Continued).
a (ROV 01-1): Amorphous silica precipitates in the space where barite and sphalerite
dissolved. Cerussite precipitates in mineral spaces; b, ¢c: Amorphous silica contains Zn,
Fe and CI; d: (FPG 08-2): Fe-hydroxides and Fe-sulfates precipitate on the surface of
sphalerite, and Fe-silicates precipitate among them; e, f: Sphalerite includes isocubanite

in a diseased texture.
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Fig.8 Paragenetic sequence in mineral formation of the
North mound (A) and the South mound (B).
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condition than pyrite (e.g., Cooke et al., 2000; Hanor, 2002). This
condition is inherited to low temperatures as shown in Figure 9A;
pyrrhotite (FeS) is stable at lower Eh than pyrite (FeS2). This means
that the North mound is relatively reductive and the South mound
is oxidized.

Pyrrhotite in the North mound changed to Fe-hydroxides and
native sulfur. This is caused by a large pH decrease (Fig. 9A). Pyrite
changed to Fe-hydroxides, and this is caused mainly by oxidation
influenced by seawater. These changes in pyrrhotite and pyrite are
expressed by the following reactions (1) and (2), respectively
(Nesbitt and Jambor, 1988).

FerSs + 4H20 + 502 — 7FeOOH + H* +8S + e (1)
pyrrhotite
FeSa +2.5H20 + 3.2502 — FeOOH + 4H* +2S04>  (2)

pyrite

Fe-hydroxide native sulfur

Fe-hydroxide

Sphalerite: Sphalerite is a solid solution between ZnS and FeS.
Fe-content in sphalerite in the North mound is higher (av. 16.7
mol.%, n = 17) than in the South mound (av. 4.5 mol.%, n = 21)
(Table 3). Fe-content in sphalerite changed mainly in accordance
with the sulfur fugacity of hydrothermal fluids (e.g., Scott and
Barnes, 1971), and this is nearly equal to the oxidation state; Fe-
enrichment is the reduced and Fe-scarcity is the oxidized condition.
This means that the North mound is more reducing than the South
mound.

In outer brownish rind of ore samples in both mounds, sphalerite

dissolved and Fe-hydroxides precipitated around sphalerite. This
dissolution of sphalerite and precipitation of Fe-hydroxides is
expressed in the following reaction (3). In this reaction, sphalerite

composition has been assumed to be ZnS : FeS=0.9: 0.1 (in mole).

(Znoyv, Feo1) S +0.915H20 + 1.57502
— 0.9Zn*"+ 0.1FeOOH + 2H" + SO4> (3)
Fe-hydroxide

sphalerite

Sphalerite does not form a secondary Zn-bearing mineral, and it
may have dissolved in reaction with the oxidized seawater (Fig. 9B).
Amorphous silica in the weathered rind includes Zn, Fe and CI, and
this is caused by dissolution of sphalerite and Fe-minerals in the
vicinity.

Galena: Anglesite (in both mounds), mimetite and cerussite (in
the South mound) occur around galena in the weathered rind. In the
Eh-pH diagram, a large decrease of pH leads to a change from
galena to anglesite in the North mound (Fig. 9C), whereas the
oxidation of galena in the South mound results in anglesite or
cerussite in three ways: galena to anglesite (arrow A in Fig. 9C;
reaction 4; Younger et al., 2002), galena through anglesite to
cerussite (reaction 5, Hideshima et al., 2013), and galena to
cerussite (reaction 6; arrow B in Fig. 9C). In the South mound,
mimetite has Cl in the crystal structure and cerussite includes Cl in
1 - 2 wt.% (Table 4). Therefore, the South mound is affected by
seawater more than the North mound, and the reaction proceeded

near the Eh and pH conditions of seawater.
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Fig.9 Eh-pH diagrams (modified after Brookins, 1988).
A: Fe-S-O-H system (Fe=10", S=10- M), pyrrhotite is
shown as FeS, and pyrite is FeS, B: Zn-O-H-S-C
system (Zn=10%* C=10"3, S=10”) C: Pb-S-C-O-H
system (Pb=10" %, S=10-, C=10") D: S-O-H system
(S=10° M)
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As-Sb sulfosalts: Since the secondary minerals of jordanite,
geocronite, isocubanite and pyrargyrite have never been seen in the
studied samples, these minerals finally dissolve under heavy
weathering. Therefore, toxic elements such as Pb, As and Sb would
have dissolved in seawater.

Barite: The solubility of barite in a hydrothermal solution reaches
apeak near 100 °C (Blount, 1977), therefore, barite dissolves under
slightly high temperature, at the retrograde stage of hydrothermal
mineralization (reaction 7). Ba dissolves in seawater, while S also
dissolves in seawater or is used to make secondary sulfides or
sulfosalts.

BaSOs — Ba?" + S04*

barite

0

Fe-hydroxides: There are several Fe-hydroxide phases in the

studied sample, and they are sometimes arranged into colloform or
banded texture (Fig. 6¢-¢). Since Fe content in these banded layers
decreases and S content increases outward, Fe in Fe-hydroxides

dissolved in seawater, and the phases finally decomposed.

Weathering environments of both mound sites

Weathering environments of both sites are different even in the
same caldera; the North is reductive and the South is oxidative.
Moreover, the North mound has a low pH, whereas in the South
mound it is higher and much affected by seawater (Fig. 9D). These
differences are explained as follows.

As described above, the North mound is located on the flat
bottom of the caldera and the mound occurs on a thick sediment
pile of about 150 m in thickness (Kawagucci et al., 2010), whereas
the South mound is located near the caldera slope and the thickness
of the surrounding sediments is thinner (Fig. 2B). In these
sediments in the Okinawa Trough, there is much organic matter,
and this leads to a reductive environment (e.g., Gamo et al., 1991)
The cause of low pH in the North mound is as follows; the reductive
environment leads to much Hz in the ambience and a part of Hz
dissociates into H" (reaction 8), and this causes high acidity.

Hy=2H"+2¢ (8)
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Table 5 Summary of formation and dissolution of minerals observed in this study.

Sequence of decomposition
Primary mineral
North Mound South Mound
Pyrrhotite — Fe-hydroxides,
Fe-sulfides Native sutfur Pyrite — Fe-hydroxides
Pyrite — Fe-hydroxides
Sphalerite Fe-hydroxides Fe-hydroxides
Galena Anglesite Anglesite — Mimettite, Cerussite
Barite dissolved dissolved
Pyrargyrite dissolved -
Jordanite - dissolved
Geocronite - dissolved
Isocubanite - dissolved

In the North mound, native sulfur occurs after pyrrhotite. This may
have been formed by abundant H> and H”, resulting in a lowering
of pH as the native sulfur formed (Fig. 9D).

As described above, the difference in oxidation state at both sites
leads to different secondary minerals and weathering products, and
this is caused by a difference in the geologic setting and special

location in the caldera.

Summary and conclusion

The weathering mechanism of submarine hydrothermal ores
from the Hakurei site, Izena Cauldron, Okinawa Trough, has been
examined mineralogically, and the following results were obtained.
The results are summarized in Table 5.

1. For Fe-sulfide minerals, pyrrhotite occurs in the North mound,
whereas only pyrite was observed in the South mound. This is in
harmony with the occurrence of Fe-rich sphalerite in the North
mound. These characters indicate that the North mound is more
reducing than the South mound.

2. Pyrrhotite in the North mound changed to Fe-hydroxides and
native sulfur, whereas pyrite in the South mound changed only to
Fe-hydroxides. Since native sulfur is stable only in a very low pH
condition, primary sulfides in the North mound have decomposed
in a high acidity environment.

3. Galena changed only to anglesite in the North mound, whereas it
changed to mimetite and cerussite in addition to anglesite in the
South mound. These facts indicate that pH is higher and more
oxidized in the South mound than the North mound.

4. There are no weathering products on barite in both mounds,
pyrargyrite in the North mound, jordanite, geocronite and
isocubanite in the South mound. These minerals dissolved directly
in seawater not through weathering products. In the weathering rind,
final precipitates are Fe-hyroxides, amorphous silica including Zn,

Pb, Bi, As and Cl and Fe-silicates, but these precipitates may finally

decompose and toxic elements such as Pb, As and Sb dissolved in
seawater.

5. The North mound is located on the flat bottom of the caldera, and
thick sediments lead to reduction and pH decreases by the
dissociation of Hz. On the contrary, the South mound is located on
the slope of the caldera, and the thickness of sediments is thinner.
This leads to a more oxidized condition than in the North mound,

and weathering proceeded near the pH-Eh conditions of seawater.
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HELR T 7 GHEA WD Hakurei A MZBWT, A~ v v REFEE~ Y > RO 2 BFTOEEK S Mo S A
ERRENTE. 202007y Rind 5 OOH o FITHOWTHMEESIZE, XRD, EPMA % MW\ CTHW DI & B4 iR
TERIZOWTHRET LTz, AL~ T > ROV ZMI3AESEY & UCEMSA, PIHENEL, BIRTEREL, dEEk8L, HEnds, JALR
gLl Esn, —hmEH~ Uy ROV VICITESA, PIEERIE, HEEkEL, Jignsk, INF UL, A u Lk, ¥ a—
AEREENTN 2. 220~ T v RORBBEELEVE, 6~ o R CIIBRMEIEAmHT 2 0I1Icxt L, i~ v KT
IEEROR L & L CEREEDAET D Z L ThD. dLi~ v v N CIIBREIEIT KR LER & BRI MR L, HErdkiTn
FRENILICZEL LT W2, —5, M~ 7> RTIL Fe iifbdh & U CHEEBLO L BIFE L, TN KBLERICZE(L L, FEndkix
I Ay MEEESHRIICEL L TV .

i~ 7 v RIZEWHEREWIZE DI D LT ZEEICALE LTS 72, EITIC/R Y pH IR T2 b 72567, — ik~
Uy RIEHNT TEECALE L, BROEBEERIC X - TRb ST, RAEAIITIRICEN Lm0 X ToOHEY & ik
eI OFRmED B~ em R L, As°Pb, S OHFBILENEK~NEMTD.
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