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Abstract

The seafloor massive sulfide (SMS) deposits, which were found in the Izena Hole, the

middle Okinawa Trough, show two modes of occurrence, namely, large sulfide mounds on

the seafloor and massive sulfide bodies beneath sediments. A 610-cm long sequence of

alternating beds of sediment and ore layers was drilled to investigate the lower ore body, at

high rates of core recovery (average 64 %), at the northern part of the Hakurei Site in the

Izena Hole, the middle Okinawa Trough. Observation on polished sections of the core

samples under reflection microscope indicates that the ores (18–166 cmbsf (cm below

seafloor)) above the sediment layer (166–221 cmbsf) are porous and contain acicular barite

and globular sphalerite with small barite inclusions. These textures are considered to have

formed as a result of rapid cooling. On the other hand, ores (221–510 cmbsf) below the

sediment layer (166–221 cmbsf) had a massive layer of sphalerite and galena on top (black

ore), a middle layer of pyrite and chalcopyrite-rich layer (yellow ore) and a bottom layer of

sphalerite and large barite.
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43.1 Introduction

Submarine hydrothermal activity in the middle Okinawa

Trough was first discovered at the JADE site in the Izena

Hole (Halbach et al. 1989). Although the numbers of sea-

floor massive sulfide (SMS) deposits found in arc-backarc

systems are less numerous than those found in mid-ocean

ridge systems, arc-backarc systems are associated with

larger SMS deposits with higher concentrations of elements

those are often enriched in epithermal environment

associated with arc magmas (e.g., Au, Ag, Pb, As, Sb)

(Ishibashi and Urabe 1995; Herzig and Hannington 1995,

2000; Urabe et al. 2009). SMS deposits in arc-backarc

systems are generally considered as modern analogue for

volcanogenic massive sulfide (VMS) deposits of arc-

affinity which are represented by Kuroko type deposits

(Halbach et al. 1989).

Most of SMS deposits around Japan are distributed along

Okinawa Trough basin and Izu-Ogasawara Arc. SMS

deposits in the Okinawa Trough contain, on average, high

concentrations of Pb, Zn, Sb, As and Ag (Glasby and Notsu

2003). Deep-sea hydrothermal fields in the Okinawa Trough

are unique among other back-arc basins in western and

southwest Pacific because of the sedimented nature of the

rifted basin. Recently, seafloor drilling during Integrated

Ocean Drilling Program Expedition 331 revealed sulfide
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mineralization associated with hydrothermally altered

sediment at two drilled sites, 100 and 450 m east of a

hydrothermal mound at the Iheya-North hydrothermal filed

in the Mid-Okinawa Trough (Takai et al. 2011; Yeats et al.

2012; Ishibashi et al. 2013; Yeats and Hollis 2013). As the

existence of sulfide ores beneath the seafloor has been

reported by METI (2011) at the Hakurei Site in the Izena

Hole, we conducted drilling at the rim of a sulfide mound

to obtain core material composed of sulfide ores between

sediment layers.

43.2 Geological Setting

The Okinawa Trough, which is located in the west side of

the Ryukyu arc, is back-arc basin that extends ~1,200 km

from Kyushu to Taiwan island (Fig. 43.1a). According to

Kimura (1990) and Sibuet et al. (1987), the Okinawa Trough

has been formed by subduction of the Philippine Sea

plate under the Eurasian continent since early Pleistocene

(2–1.5 Ma).

The Izena Hole in the middle Okinawa Trough is

located at about 110 km northwest from Okinawa Island

(Figs. 43.1a, b). The water depth of the basin floor of the

Izena Hole is ~1,600 m (Fig. 43.1b). Mud and pumice

have been deposited in the Izena Hole since middle

Pleistocene (0.9–0.4 Ma), based on biostratigraphic data

from calcareous nannofossil in unconsolidated mud

(Kato et al. 1989).

The central abyssal hill of the Izena Hole is formed from

dacite, and it is known that heat flow at the bottom of the

Izena Hole is high (Kato et al. 1989; Halbach et al. 1989).

At the center of the Izena Hole (Hakurei Site), the SMS

deposits have been found at the Hakurei Site. The Hakurei

Site is divided into the north, center and south parts (METI

2011). The target field of this study is located in the north

part of the Hakurei Site.

43.3 Material and Methods

43.3.1 Sampling

Drilling was conducted using the exploration vessel

Hakurei-Maru No.2 from May 31 to June 9, 2011 (Ishibashi

et al., Chap. 42). According to METI (2011), the SMS

deposits have been found in the north mound and underlying

subseafloor. These ore deposits are separated by silt and

pumice-rich sedimentary layer with a thickness of a few

meters. As the shallow subseafloor deposits have been

Fig. 43.1 Bathymetric maps of the drilling site and summary of drilled

cores. (a) Location of the Izena Hole (yellow circle) in the Okinawa

Trough in the northwest Pacific. (b) Bathymetric map of North mound

of the Hakurei Site in the Izena Hole. The blue circle shows the location

of the Hole TAIGA11 BMS H-1. (c) The core descriptions of

TAIGA11 BMS H-1. Numbers of the left side of the column show the

order of barrels used for drilling
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poorly studied, we drilled at the rim of the mound

(TAIGA11 BMS H-1) for researching the subseafloor

deposits by Benthic Multi-coring System (BMS) with five

core barrels with a length of 2 m. Each barrel was consecu-

tively used to drill to obtain a 10-m long rock sequence.

However, several core barrels were retrieved before full

penetration. The depth of recovered core is estimated by

the penetration depth of each core barrel. If the core length

is shorter than the penetrated depth, the core depth was

assigned by assuming that the recovered cores filled the

core barrel from the top without any void space. The cores

were cut into pieces and stored in plastic bags at room

temperature after visual description on board.

43.3.2 Sample Preparation and Analytical
Methods

For observations of mineral assemblages and textures,

polished sections were prepared by embedding in epoxy

resin and polishing with corundum powder and diamond

paste. The images of the polished sections were obtained

by an optical microscope (Nikon ECLIPSE E600POL E6TP-

M61) and a CCD camera (Zeiss AxioCam MRc 5). The

scanning electron microscope with energy-dispersive spec-

troscopy (Hitachi S4500) was used to analyze chemical

compositions of mineral grains. An accelerating voltage of

15 kV was used for carbon-coated thin sections.

43.4 Results and Discussion

43.4.1 Brief Description of Core Materials

The drilling depth and recovery rate at the hole TAIGA11

BMS H-1 was 610 cm and about 64 %, respectively

(Fig. 43.1c). The core column is divided into Unit 1–5

from those characteristics of sediments and ores

(Fig. 43.1c). Unit 1 (0–18 cmbsf) was a 18-cm thick layer

of dark brown pumice. Unit 2 (18–166 cmbsf) was com-

posed of porous dark ores with metallic luster. Unit 3

(166–221 cmbsf) was a clayish sediment layer including

sand-granule with a thickness of 55 cm. Unit 4 (221–510

cmbsf) was composed of massive ores, which color were

changed from black to yellow and the black ore including

white platy crystals. Unit 5 (510–520 cmbsf) was a 10-cm

layer of gray clayish sediment.

43.4.2 Mineral Assemblages and Textures

Polished sections of cored ore sequences of Unit 2 (18–166

cmbsf) and Unit 4 (221–510 cmbsf) were observed every

~10 cm interval using a reflection microscope, according to

Matsukuma (1989) for mineral identification. In addition,

SEM observations coupled to EDS analysis were conducted

to verify the mineral identification.

As for Unit 2 (18–166 cmbsf), pyrite/marcasite (cream

color; FeS2) and sphalerite (gray color; ZnS) were abun-

dant and found to be porous as indicated by black epoxy

area (Fig. 43.2a). There were the aggregation of small

grains of barite (dark gray; BaSO4) in sphalerite crystals

(Fig. 43.2b). In addition, dendritic textures of tetrahedrite/

tennatite (greenish gray; Cu10(Fe,Zn)2(As,Sb)4S13) were

observed in sphalerite (Fig. 43.2c). As dendritic texture is

generally known to form at low temperatures or under

rapid cooling in sulfide chimneys (Ramdohr 1969; Ueno

et al. 2003), dendritic tetrahedrite/tennatite might have

formed under rapid cooling at the seafloor. As shown in

Fig. 43.2d, the ore in bottom of Unit (116–166 cmbsf) was

associated with pyrite/marcasite and acicular barite

crystals.

On the other hand, as for Unit 4 (221–510 cmbsf),

Fig. 43.2e–g shows sphalerite and galena (white; PbS) with

the minor occurrence of chalcopyrite (yellow; CuFeS2) and

pyrite/marcasite in top of Unit4 (221-about 350 cmbsf),

indicating that these ores were continuous. In addition, the

minor occurrence of dendritic tetrahedrite/tennatite in

sphalerite was found (Fig. 43.2g). Furthermore, sulfide ores

of Unit 4 (221–510 cmbsf) were different from Unit

2 (18–166 cmbsf) in terms of low porosity and large

grains of metal sulfides. From the middle of Unit 4 (about

350–454 cmbsf), colloform pyrite/marcasite became pre-

dominant (Fig. 43.2h). Toward the bottom, mineral

assemblages were shifted to pyrite/marcasite and chalcopy-

rite rich ores relatively (Fig. 43.2i). The arrows in Fig. 43.2j

pointed out the co-occurrence of colloform chalcopyrite and

pyrite. Sulfide ores in bottom of Unit4 (454–510 cmbsf)

were also massive, and large euhedral cystals of barite

were observed to be different from barite crystals in Unit

2 (18–166 cmbsf) (Fig. 43.2k). From these peterologic

characteristics, five units were assigned and shown in

Fig. 43.1c.

The transition of mineral assemblage along depth from

black to yellow ores, which was found in the investigated

core, is one of main characteristics of the Kuroko type

deposits in northeast Japan formed by submarine hydrother-

mal activity between 17 and 11 Ma (Ohmoto 1996). The

cause of the spatial segregation of black to yellow ores in

Kuroko type deposits remains to be poorly understood,

because various geological processes including burial

metamorphism and denudation might have significantly

alter the original peteolorogic and geochemical signatures.

It is therefore important to investigate the SMS deposits at

the Hakurei Site as a modern analogue of Kuroko type

deposits.
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