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1. Introduction

Seafloor hydrothermal system was firstly discovered in the Pacific by scientists diving in the
submersible Alvin in 1977 (Corliss et al., 1979). They found not only hot, metal-rich fluids pouring
from seafloor, but also organisms previously unknown. So far, many hydrothermal vent fields have
been discovered in Pacific, Atlantic, and Indian Ocean (Figure 1). Hydrothermal system is defined
by circulatory system where cold seawater sinks into seafloor through cracks of the crust and is
heated whereupon it rises back to the rock-ocean interface due to the lower density (Figure 2). In
this process, cold, alkaline and metal-depleted seawater changes into hot, acidic, Mg-free and
metal-enriched vent fluid by water-rock interaction. When hot vent fluids encounter cold seawater,
lots of metal elements precipitate as sulfides and generate ore deposits on the seafloor. Edmond et
al. (1979) studied the elemental flux from hydrothermal systems to the ocean, and estimated that
hydrothermal systems contributed amount of chemical substance only next to the rivers.

Hydrothermal systems also transport heat from the interior of the earth to the surface efficiently.
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Figure 1. Global distribution of hydrothermal vent fields (Interridge vents database:

http://www.interridge.org/irvents/maps)
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Figure 2. Mechanism of hydrothermal system: cold seawater (blue column): low temperature
(~3°C), alkalinity (pH~8.1), SO4, Mg enriched, low heavy metal contents; hydrothermal fluid (red
column): high temperature (~350°C), acidity (pH~4), H,S enriched, Mg free, high heavy metal

contents (modified from Kawahata, 2008).

Geochemistry of hydrothermal vent fluids in mid-ocean ridge (MOR) site has been well studied.
East Pacific Rise (EPR) is known as one of the fastest spreading ridge in the Pacific. The chemical
compositions of vent fluids from EPR are broadly comparable to those of seawater-basalt
experiments (Mottl and Holland, 1977), suggesting that EPR is a typical hydrothermal system
dominated by seawater-basalt reaction. Von Damm et al. (1985a) reported that the chemical
compositions of vent fluids from EPR 21°N is extremely acid, hydrogen sulfide and metal enriched.
pH in EPR 21°N follows the range in 3.3 - 3.8. The H,S value is 6.6 - 8.4 mmol/kg. Likewise, in
Mid-Atlantic Ridge (MAR) of slow spreading center, chemical compositions of vent fluids are
consistent with those in EPR. MARK site in MAR shows K content of 23.6 - 23.8 mmol/kg,
relative to 23.5 mmol/kg in EPR 21°N, while TAG site in MAR shows similar Mn (1000 pmol/kg)
and Fe (1640 umol/kg), compared to EPR 21°N with Mn and Fe of 1024 pmol/kg and 1530pmol/kg,
respectively (Campbell et al., 1988). It seems that there is no difference of hydrothermal systems
between fast spreading centers and slow spreading centers. In arc and back-arc, major element
components varied greatly. In sediment-starved hydrothermal systems, Manus Basin shows
relatively low K content (14 - 20 mmol/kg) in Vienna Woods site hosted by basalt, while high K
content (80 - 90 mmol/kg) in PACMANUS site hosted by dacite, relative to EPR 21°N with 23 - 26



mmol/kg. Suiyo Seamount in Izu-Bonin Arc, which is hosted by dacite, shows low K content (30
mmol/kg), relative to PACMANUS (Chiba, 1995; Gamo et al., 1996; Reeves et al., 2011). Ca in
Forecast Vent in Mariana Trough (61 mmol/kg) is high relative to those in Alice Springs (22
mmol/kg) in Mariana Trough, while similar with those in Suiyo Seamount (89 mmol/kg) in
Izu-Bonin Arc and Vienna Woods (73 mmol/kg) in Manus Basin (Gamo, 1995; Gamo et al.,
1997b). It reflects that vent fluid undergoes different water-rock reaction relative to that in MOR.
Axial Seamount Hydrothermal Emissions Study (ASHES) of Juan de Fuca Ridge, which is
supposed to undergo phase separation, exhibits great variation of chemical components. The dense
brine was collected in Inferno site, and vapor-rich fluid was collected in Virgin Mound site. Inferno
site shows high contents of major elements such as 638 mmol/kg of Cl, 47 mmol/kg of Ca and 26.8
mmol/kg of K, and high contents of trace elements such as 0.64 mmol/kg of Li, 1150 pumol/kg of
Mn. While Virgin Mound site shows low contents of major elements such as 176 mmol/kg of Cl,
10 mmol/kg of Ca and 7 mmol/kg of K, and low contents of trace elements such as 0.18 mmol/kg
of Li and 140 pmol/kg of Mn (Butterfield et al., 1990). It suggests that phase separation influences
chemical compositions of vent fluids significantly. In sediment-hosted hydrothermal systems, it
shows high NHy4 content in Guaymas Basin (11 - 16 mmol/kg) and Escanaba Trough (5.6 mmol/kg)
in MOR, and Okinawa Trough (4.6 - 12 mmol/kg) in back-arc, relative to that in EPR 21°N, which
is less than 0.01 mmol/kg, suggesting that chemical components of vent fluids are also derived
from sediments (Gamo, 1995). In sediment-hosted hydrothermal systems in arc and back-arc, Sr
content is high in Minami-Ensei (215 - 227 pmol/kg) relative to JADE site (94 mmol/kg) in
Okinawa Trough, while similar with that in Suiyo Seamount (303 mmol/kg) in Izu-Bonin Arc.
CLAM site has relatively thick sediment and shows highest NH4 content (8.0 - 12.0 mmol/kg) and
H;S content (15 - 25 mmol/kg), suggesting significant contribution of sediment (Gamo, 1995).
Boron is metalloid in the periodic table, with the symbol of B and the atomic number 5. Boron has
two natural stable isotopes: '"B and '°B, whose relative abundances are 80.18% and 19.82%,
respectively. For the significant isotopic fractionation, boron isotopic geochemistry has been
developed rapidly along with the technical improvement and innovation. Recently, boron isotopic
application has been attracting attentions since it can provide valuable information about
geological and environmental processes. Boron usually combines with oxygen in nature,
constituting the B-O bond. Boron has only two existential states, which are trigonal B(OH); and
tetrahedral B(OH), anion. The heavy isotope "B is enriched in trigonal species, while the light
isotope "B is enriched in tetrahedral species. Since the different boron isotopic composition (SHB)
in different ion species, boron isotopic application is widely used in global environmental analyses,
such as nebula formation process and solar cosmic ray event, the formation of seafloor ore deposits,

presumption of pH of seawater, derivation of seafloor sediment, process of crust-mantle and



subduction evolution (Jiang, 2000). Due to high solubility and significant difference of 3''B
between seawater (+39.6%0) and mid-ocean ridge basalt (MORB, -4%o), boron is also applied to
seafloor hydrothermal systems as a tracer during water-rock reaction.

Spivack and Edmond (1987) reported the boron isotope exchange between seawater and the
oceanic crust based on analyzing B content and ¢ "B of vent fluids from the East Pacific Rise
(EPR). The B contents of the vent fluids were between 0.43 - 0.51 mmol/kg, § "B of the vent
fluids were between 30.0 - 36.8%0, which were considered as that boron was extracted from rock
during seawater and basalt reaction at high temperature (Spivack and Edmond, 1987). Butterfield et
al. (1990) reported the chemistry of the vent fluids from ASHES. Although the contents of major
elements showed great difference between Inferno field and Virgin Mound field, boron contents
were measured as 0.59 mmol/kg in Inferno field and 0.45 mmol/kg in Virgin Mound field
(Butterfield et al., 1990). Both of the concentrations were elevated over seawater. The §''B value
was 32.5%o0 in Inferno field and 34.5%0 in Virgin Mound field. Although Virgin Mound is
supposed to undergo a substantial water-rock reaction after becoming segregated (Massoth et al.,
1989; Butterfield et al., 1990), how phase separation influences boron compositions needs a further
study. Sediment-hosted hydrothermal systems were discovered in Guaymas Basin and Escanaba
Trough. Guaymas Basin had 1.6 - 1.7 mmol/kg of boron content and 17.5 - 23.2%0 of 8''B
(Spivack et al., 1987), while Escanaba Trough had 1.7 - 2.2 mmol/kg of B content and 10.1 -
11.5%0 of 8''B (Palmer, 1991; Campbell et al., 1994). It showed high B contents and low 8''B in
sediment-hosted vent fluids relative to sediment-starved MOR. The vent fluid from Mariana
Trough in arc and back-arc was also studied. It showed high B contents (0.7 - 0.8 mmol/kg) and
low §''B (22.5 - 29.8%0) relative to those in MOR. It was thought that the contribution of slab
subducting in arc and back-arc influenced the component of boron during water-rock reaction
(Palmer, 1991). However, one site in Mariana Trough can hardly indicate the difference between
arc, back-arc hydrothermal systems and MORB-type hydrothermal systems. Several hydrothermal
systems have been discovered in arc and back-arc following the discoveries of MORB-type
hydrothermal systems including sediment-starved hydrothermal systems, phase separated
hydrothermal systems and sediment-hosted hydrothermal systems. In this study, vent fluids
collected from sediment-starved Manus Basin (Vienna Woods, PACMANUS), Izu-Bonin Arc
(Suiyo Seamount), Mariana Trough (Alice Springs, Forecast Vent), North Fiji Basin (White Lady,
Kaiyo, LHOS); sediment-hosted Okinawa Trough (JADE, Minami-Ensei, CLAM) in arc and
back-arc in the western Pacific were studied. The purposes of this study are to investigate
water-rock reaction in (1) sediment-starved hydrothermal systems with various host rocks; (2)
phase separated hydrothermal systems; (3) sediment-hosted hydrothermal systems, using boron

contents and isotopic compositions.



2. Geological settings
Samples for this study were provided by Professor Toshitaka Gamo in Atmosphere Ocean
Research Institute of the University of Tokyo, and mapped in Figure 3. The geological settings are

summarized as follows (Table 1).

40°N

. - Izu-Bonin Arc
Minami Ensei

cl AM.‘ ® Suiyo Smt
JADE
Okinawa Trough :
20°N Mariana Trough

® Alice Springs

® [Forecasl Venl Field

0o : Manus Basin

aRna WoodSe. o . CMANUS

North Fiji Basin
o White Lady
200°S Kaiyo * LHOS

120°E 140°E 160°E 1800

Figure 3. Locations of hydrothermal systems in this study

2.1 Manus Basin (Vienna Woods, PACMANUS)

The Manus Basin (150°E - 152°E, 3°S - 4°S) is located in the southwest of the Pacific, behind the
New Britain arc-trench system (Figure 4). It is a back-arc basin where the spreading is thought to
occur on three successive ridge segments, which are western Manus spreading center (WMSC),
Manus spreading center (MSC), and southeastern ridges (SER) (Taylor et al., 1994; Taylor and
Martinez, 1996). The southern part of the Manus spreading center has the fastest spreading rate (10
cm/yr) among back-arc basins (Taylor, 1979; Taylor et al., 1994; Martinez and Taylor, 1996).
Hydrothermal activity in the Manus Basin was firstly found at Vienna Woods site (3°09.8°S,
150°16.7°E) along the Manus spreading center (Both et al., 1986; Tufar, 1990; Lisitsyn et al., 1993).
PACMANUS site was observed along the southeastern ridges (Gamo et al., 1993).
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Figure 4. Topographic map of Manus Basin: Red rectangle: Vienna Woods site; Blue rectangle:
PACMANUS site; WMSC: western Manus spreading center; MSC: Manus spreading center; SER:

southeastern ridges (Taylor et al., 1979)

The Vienna Woods site has a depth of approximately 2500 m. It consists of basaltic rocks and
has a lot of anhydrite-sulfide chimneys with a height of 10 - 15 m from the seafloor. Opaque fluids
erupting from the chimneys are observed. The maximum temperature of the fluid in the Vienna
Woods was measured at 302°C in 1995 and 292°C in 2000 (Lisitsyn et al., 1993; Auzende et al.,
1996; Gamo et al., 1997a; Douville et al., 1999; Fourre et al., 2006). The pH of the fluid is 4 - 4.5.
The fluid chemistry is reported to be similar to observations from basalt-hosted hydrothermal
systems in mid-oceanic ridge settings (Von Damm, 1995; German and Von Damm, 2003). Sr
concentration in the Vienna Woods is more than 200 pumol/kg, which is considered as being
controlled by the reactions involving plagioclase minerals (Reeves et al., 2011). Potassium
concentration in the Vienna Woods is low (14 - 20 mmol/kg), suggesting low K concentration in
the host rock of Manus Basin Center (Reeves et al., 2011). SiO, concentration in the Vienna Woods
was observed in 1995, approximately 15 mmol/kg (Gamo et al., 1997a). Including the low Fe
concentration (0.12 - 0.17 mmol/kg) and the high Mn concentration (0.21 - 0.37 mmol/kg), it is
suggested that the Vienna Woods fluid may be experiencing great extend of conductive cooling

with time (Reeves et al., 2011).



The PACMANUS site has a depth of approximately 1710 m. It consists of dacitic rocks and has
sulfide chimneys where the black smokers are observed. The temperature of the PACMANUS fluid
has a large range, the maximum temperature was measured at 268°C in 1995 (Gamo et al., 1996).
The pH of the fluid is 2.5, lower than that in the Vienna Woods. The concentrations of some
components in the fluid such as total carbon and trace elements are higher than those of vent fluid
in Vienna Woods due to the dacitic host rock (Shitashima et al., 1997). It shows higher K
concentration (80 - 90 mmol/kg) and lower Ca concentration (10 - 20 mmol/kg) relative to those in
the Vienna Woods fluid, which are 14 - 20 mmol/kg and 75 - 80 mmol/kg, respectively. It reflects
interaction between the seawater and the host rock of dacite (Chiba, 1995; Gamo et al., 1996). The
Sr concentration in the PACMANUS is similar to that in the seawater (89.6 pmol/kg), lower than
that in Vienna Woods (225 - 247 umol/kg). The ¥7Sr/*Sr ratios range at 0.70394 - 0.70428, which

are consistent with a predominantly rock-derived source of Sr (Reeves et al., 2011).

2.2 Izu-Bonin Arc (Suiyo Seamount)

The Suiyo Seamount (Suiyo Smt.) (140°39’E, 28°33’N) is a submarine volcano in the Izu-Bonin
(Ogasawara) Arc, which is an intraoceanic island arc in conjunction with the Izu-Ogasawara
Trench (Figure 5). It consists of low-K dacitic rocks (Nagaoka et al., 1992) and has a height of
approximately 1600 m and basal dimensions of 31.5 km in an E-W direction, and 15 km in a N-S

direction (Nagaoka et al., 1991). It has a summit caldera measuring 1.5 km in diameter and 500 m
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Figure 5. Topographic map of Izu-Bonin Arc: Red rectangle zone: Izu-Bonin Arc (Taylor et al.,

1990); Red star mark: Suiyo Seamount



in depth. The active hydrothermal vent at the bottom of the caldera was discovered in 1991 during
dive of the Shinkai 2000 (Kasuga and Kato, 1992). The chimneys contain the mixture of
chalcopyrite, anhydrite, sphalerite and barite (Kasuga and Kato, 1992).

The vent fluids collected from Suiyo Seamount show high temperature of 226 - 311°C (Ishibashi
et al., 1994a), and low pH about 3.7 (Tsunogai et al., 1994; Gamo et al., 1995). Ishibashi et al.
(1994a) reported the fluid chemistry of Suiyo Seamount. The fluid chemistry is common to other
hydrothermal systems: 1) lack of Mg and SOy; 2) enrichment in cations relative to seawater; 3)
reducing property due to H,S. On the other hand, the vent fluids from Suiyo Seamount show some
unique characteristics. First, Si concentration of the fluid is lower than that from East Pacific Rise
21°N (EPR 21°N). This is due to low solubility of SiO, in the fluid because of low pressure and low
temperature (311°C) in Suiyo Seamount relative to EPR 21°N (350°C). For Ca enrichment (and Na
depletion) in the fluids, Ishibashi et al. (1994a) proposed some hypotheses as follows: 1) phase
separation due to boiling, 2) complex formation as CaCOs in CO, enriched fluid, 3) difference in
compositions of altered mineral. Tsunogai et al. (1994) analyzed chemical and isotopic
compositions of dissolved gas in the fluids from Suiyo Seamount. The CO,/*He ratio is comparable
to typical value of island-arc volcanic gases. On the other hand, helium isotope ratio (3He/4He) is
close to the value of the mid-ocean ridge helium. *He/*He ratio is a very strong indicator for the
study about the origin of volcanic gases due to lack of chemical reactivity of He. The 8"C values of
CO; are quite high compared to other subaerial arc volcanic gases and those from mid-ocean ridges.
These results are unlikely to result from fractionation process or crustal contribution, but are

regarded as the intrinsic value of the magma source of Suiyo Seamount (Tsunogai et al, 1994).

2.3 Mariana Trough (Alice Springs, Forecast Vent)

Mariana Trough is an extending back-arc basin behind the Mariana Trench, where the Pacific
plate subducts under the Philippine Sea plate (Gamo et al., 1997b) (Figure 6). There are two
hydrothermal active sites with hot fluid venting in the Mariana arc and back-arc system: one is
sediment-starved back-arc type at the mid-Mariana Trough (Alice Springs), the other is
sediment-starved arc type at the southern Mariana Trough (Forecast Vent). The Mariana Trough
consists of basaltic rock having transitional composition between normal MORB and Mariana
Island Arc basalt (Volpe et al., 1987).

The hydrothermal fluids taken from the Alice Springs (18°12°N, 143°30°E; depth: 3600 m) in
1992 showed the maximum temperature of 280°C and pH of 3.9 (25°C), which was similar to those
taken in 1987 (287°C and pH of 4.4) (Gamo et al.,, 1997b). The similarity in fluid chemistry
between 1987 and 1992 showed that there was little variation in hydrothermal activity during five

years. Gamo (1995) concluded the fluid chemical characteristics of the Mariana Trough in



comparison with those of other submarine hydrothermal active sites. The fluid in mid-Mariana
Trough shows the common characteristics with those in arc and back-arc basin. High CO,
concentration in the Mariana Trough is reported as that it is likely derived from the subducting slab
materials below the Mariana Trough (Gamo et al., 1997b). The fluid shows almost no NH4and I,
which are strongly enriched in fluids that have a marine sedimentary input (Von Damm et al.,
1985b; Campbell and Edmond, 1989). Therefore, it could be known that there is no sediment in

Alice Springs. The ¥7Sr/*Sr ratio (0.7038) in the fluid is similar to that in sediment-starved MOR
site (East Pacific Rise 21°N: 0.7030~0.7036) (Gamo, 1995).
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Figure 6. Topographic map of Mariana Trough: Alice Springs is in back-arc while Forecast Vent

is in arc (Stern et al., 2003; Shaw et al., 2008).

At the Forecast Vent (13°24°N, 143°55°E; depth: 1470 m), clear solution (maximum
temperature of 202°C) was emanating from white chimneys. Gamo et al. (1997b)
concluded the Forecast Vent chemical components compared to those of Suiyo Seamount. It seems
to be more similar to those of Suiyo Seamount, a typical island-arc hydrothermal site, than those of
Alice Springs, which is back-arc hydrothermal site. The fluid also shows high Cl concentration
(593 mM) in the Forecast Vent. The fluid of Forecast Vent has lower SiO, concentration than that
in other arc or back-arc site. It is likely due to the low temperature (maximum in 202°C) relative to
that in Suiyo Seamount, according to the relationship between SiO, concentration and equilibrium

condition with quartz (Von Damm et al., 1991). Ca concentration in the Forecast Vent (61



mmol/kg) is close to that in the Suiyo Seamount (89 mmol/kg), while higher than that in Alice
Springs (22 mmol/kg) (Gamo, 1995; Gamo et al., 1997b). The §"°C(CO,) and 8"*C(CH,) values of
the Forecast Vent fluid (-1%o0 and -11%o0) were almost equal to those of Suiyo Seamount fluid,
significantly higher than those of the back-arc and mid-ocean ridge hydrothermal fluids (Tsunogai
et al., 1994; Tsunogai, 1996). Tsunogai (1996) stated that the "°C(CO,) and 8"°C(CHj) values
should be explained by original characteristics of the magma source, several percents of which
might be the slab subducting material. This explanation is consistent with the fact that the *He/*He
ratio of the Forecast Vent as well as that of the Suiyo Seamount is almost the same with those

observed at mid-ocean ridges (Tsunogai, 1996).

2.4 North Fiji Basin (White Lady, Kaiyo, LHOS)

The North Fiji Basin located at the boundary of the Pacific and Indo-Australian plates is observed
to be an active marginal basin (Figure 7). It started to spread at 10 - 12 Ma ago having a complex,
multi-stage tectonic story and the present spreading began about 1 Ma ago (Auzenda et al., 1988;
Tanahashi et al., 1991). The main tectonic structures in the North Fiji Basin were considered as rifts
in the New Hebrides back-arc, a main spreading system and triple junction in the central part of the
basin (Johnson et al., 1992), and the Fiji Transform Fault (Clarke et al., 1993). The Indo-Australia
Plate is subducting eastward at the New Hebrides Trench beneath the New Hebrides Arc. Lava
tubes, pillows, lava lakes and massive flows are observed over the entire area, showing the
morphologic features of oceanic ridge basalts. Vent fluid samples were taken from three vent fields,

White Lady, Kaiyo, and Long-term Hydrothermalism Observation System (LHOS).
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Figure 7. Topographic map of North Fiji Basin: (a) North Fiji Basin (Stratford and Rodda, 2000);
(b) Hydrothermal systems (White Lady, Kaiyo, LHOS) in North Fiji Basin (Ishibashi et al., 1994b).
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The highest fluid temperature in the White Lady was measured as 285°C and the pH was less than
4.7 (Grimaud et al., 1991). Grimaud et al. (1991) reported the fluid chemistry of White Lady. The
concentration end members of all major elements are significantly lower than those of most other
hydrothermal systems. Cl and Na have especially low concentrations. White Lady fluids showed
similar characteristics to the vapor-rich fluid in the ASHES vent field and strongly supported that
the fluids experienced phase separation and segregation during hydrothermal circulation (Ishibashi
et al., 1994b). Si concentration (14 mmol/kg) in the fluid is close to those in AHSES of Juan de
Fuca Ridge, while is lower than those in many previously studied hydrothermal systems (Grimaud
et al., 1991). Ishibashi et al. (1994c) reported the gas contents in the North Fiji Basin. The vent
fluid of White Lady did not show a high CO, concentration, with comparison to the CO,-rich fluid
in ASHES, with 14.4 mmol/kg in COs,.

The Kaiyo and LHOS vents are in the southwest of the White Lady. Ishibashi et al. (1994b)
reported the Kaiyo-LHOS fluid chemistry, which showed common characteristic with the White
Lady fluid. The Cl-Mg linear correlation of the Kaiyo-LHOS did not show clear difference from
that of the White Lady. Sodium (Na) concentration in the Kaiyo-LHOS (239 mmol/kg) is a little
higher than that in the White Lady (210 mmol/kg). Potassium (K) concentration is 14.5 mmol/kg
relative to 10.5 mmol/kg in the White Lady, which might result from the K-rich basaltic rock in the
Kaiyo-LHOS site. It also suggested that the fluid in the Kaiyo-LHOS experienced phase separation
process. CO, concentration was measured as 11.0 mmol/kg and CH4 as 43.5 umol/kg (Ishibashi et
al., 1994c¢), relative to the White Lady with 14.5 mmol/kg and 30.4 pmol/kg, respectively. It
showed that the gas geochemistry of the fluid from the Kaiyo-LHOS had several similar
characteristics to that of the White Lady. In the North Fiji Basin, CHy is in the range of 30 - 120
pmol/kg, while He is in the range of 2 - 5%107 cm3/g. This signature suggested that magma beneath
White Lady and Kaiyo-LHOS hydrothermal systems had the similar gas abundances and that the
mechanism of the process that introduce the gas species into the circulation of these hydrothermal
systems was common. Both the gas contents and isotopic compositions of the vent fluids from the
North Fiji Basin revealed several similar characteristics to the mid-ocean ridge hydrothermal

systems and no apparent derivation from slab subducting.

2.5 Okinawa Trough (JADE, Minami-Ensei, CLAM)

The Okinawa Trough (24°N-32°N, 122°E-130°E) behind the Ryukyu arc-trench system is
considered to be an intra-continental plate back-arc basin in the initial stage of rifting (Kimura et al.,
1986; Sibuet et al., 1987) (Figure 8). It is an elongated trough with length at approximately 1000
km, width at approximately 100 km, maximal depth at approximately 2.7 km. The mid-Okinawa

Trough is considered as a transitional region between the northern trough with a thin continental
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crust and the southern trough characterized by echelon graben depressions (Sibuet et al., 1987). The
graben system along the central axis consists of five segments with elongated basaltic ridges, which
are composed of a bimodal assemblage of young volcanic rocks (Chiba et al., 1997). High
temperature hydrothermal fluids are found in the mid-Okinawa Trough: JADE site at the Izena
Cauldron (27°16°N, 127°05’E) in 1988 (Halbach et al., 1989) with a depth of 1400 m; CLAM site
at the lheya ridge (27°33’N, 126°58’E) in 1988 (Tanaka et al., 1989); Minami-Ensei at the
Minami-Ensei Knoll (28°24°N, 127°39°E) in 1990 (Hashimoto et al., 1990).

[an}
- 30°N
(a)
- 29°N
30°N
- 28°N
L i
* |lheya CLAM site
* |zena JADE sit
/ ‘) [ 279N
25°N 1
- 26°N
T T T B 25°N
120°E 125°E 130°E 135

127°E 128°F 129°E 130°
Figure 8. Topographic map of Okinawa Trough: (a) Red rectangle: topographic map of Okinawa
Trough (Wang et al., 2008); (b) Hydrothermal sites in Okinawa Trough (Chiba, 1997): Yellow
rectangle: Izena cauldron (JADE site); Green rectangle: Minami-Ensei; Blue rectangle: Theya Ridge

(CLAM site).

The fluid from JADE site shows high temperature of approximately 320°C (Shitashima et al.,
1994) and pH of 4.7 (Gamo, 1995). Besides the common characteristic hydrothermal fluids, JADE
site shows some unique characteristics. Compared to the fluid from MOR, Li and K concentrations
are high, and Ca concentration is relatively low at 22.3 mmol/kg. It is considered as the
contribution of the distinctive andesite-rhyolite rock in back-arc compared to the basalt in MOR
(Gamo et al., 1990). The fluid shows similar CI concentration with the ambient seawater, and is
supposed not undergoing phase separation process (Gamo et al., 1990). Zn concentration in JADE
site is high (7.6 umol/kg), approximately 20 times than that in CLAM site. It suggests that the
hydrothermal circulation in JADE site occurs more pronounced (Shitashima, 1994). Mn in JADE

site shows high concentration (110 pmol/kg) compared to Fe (2.8 pmol/kg). It is reported that Mn
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will not precipitate while Fe precipitates as sulfide. Ni, Cu and Pb show extremely low
concentrations due to the precipitation later than Fe, and removed after eruption (Shitashima, 1994).
JADE site shows high CO, and CH, contents. The carbon, helium isotopic compositions and
CO,/*He ratio are within the range of island arc magmatic gases, suggesting that both CO, and He
are dominantly derived from a magmatic source beneath the system (Ishibashi et al., 1995).

The fluid from Minami-Ensei shows a temperature range of 265 - 278 °C and pH of 4.90 - 5.08
(Chiba et al., 1993). The fluid from Minami-Ensei shows similar metal contents to the fluid from
JADE site. The high alkalinity (3.02 - 3.15 mmol/kg) and NHy (4.56 - 4.70 mmol/kg) contents
suggest that the fluid also undergoes the interaction with sediment. ¥7Sr/*0Sr (0.7100) ratio in
Minami-Ensei is higher than that in seawater (0.709), suggesting that the fluid interacts with
sediment having higher ¥7Sr/*Sr ratio (Chiba et al., 1992). Although CO; content (63.9 - 95.7
mmol/kg) from the Minami-Ensei is higher than other fluids from MOR, it is lower than half of that
from JADE site (209 mmol/kg). It is considered that there is a gradual boiling under the
Minami-Ensei vent, rather than a large scale boiling (Chiba et al., 1993), suggesting that CO, in
Minami-Ensei is also derived from magma activity according to the C isotopic composition
following in the range of -0.4 - -5.3%o, which is similar to that in JADE site. *He/*He ratio (6.97 -
7.51) is higher than that from JADE site. It is suggested that He is derived from mantle, not
radioactive decay from continental crust (Chiba et al., 1993).

The fluid from CLAM site shows a maximum temperature of 220°C and high pH of 5.3 (Chiba,
1997). 1t is reported that there is thicker sediment on the CLAM site than that on the JADE site
(Shitashima, 1994). Therefore, NH4 and H,S contents are higher than those in JADE site. Metal
concentrations such as V, Mo, and Cd, are low because of increased precipitation of sulfides in
sediment (Shitashima, 1994). Normal Cl concentration was also reported in CLAM site and
suggested that the fluid did not undergo phase separation process (Gamo et al., 1990). The 8**s
value shows various range of -0.2%o - +3.0%o. It is considered as the attribution to multiple
evolutionary stages of sulfate reduction among the CLAM vents. The fluid shows higher CO,/’He
(120) and CH,/’He (4200) than those in the JADE site, which are 26 and 920, respectively. A
substantial part of the CLAM gas species is considered as deriving from an additional shallow
source during hydrothermal water-sediment reaction, though the mechanisms are somewhat unclear

(Ishibashi et al., 1995).
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3. Methods

Major elements of the fluid samples were measured by ICP-AES at the department of Geological
Survey of Japan. The samples whose major elements were consistent with those from reference
data were selected for further boron experiments. The experiments for dating boron contents and
isotopic compositions were conducted in the Kochi Core Center. The experimental pretreatments
were carried out in clean room to minimize the contamination by boron from the experiment

environment.

3.1 Boron contents

The procedure used in this study was reported in Nagaishi and Ishikawa (2009) in detail. Each
sample was transferred by 10 pl into 7-mL PFA Teflon vial and dissolved by 5 mL internal solution
(400 ng/mL Be and 10 ng/mL In and Re). The dilution rates of samples were calculated by weight
that was measured in each step. The quadrupole ICP-MS, ELAN DRC Il (Parkin Elmer, USA) was
used in this study. The analytical error was <+5% RSD. Sample measurements were followed by
sample-washout with 0.015 M HF/0.15 M HNOs, which can not only stabilize the signals of boron,

but also enable effective washout of boron and beryllium (Nagaishi and Ishikawa, 2009).

3.2 Boron isotopic compositions

Each sample was transferred into 7-mL PFA Teflon vial by the volume that contain 200 ng boron
calculated by the measured boron concentration. Then, 0.1 mol/L HCI was added to each vial to 1
mL. The sample solutions passed through a centrifuge ultrafiltration device (Centricut V-10,
MWCO 10000, Kurabo, Japan) were prepared for the further step. In pretreatment, ion-exchange
chromatography was used to obtain the eluates that contain the boron ion in the shape of Cs,BO, .
Measuring Cs,BO," by positive ion thermal ionization mass spectrometry (P-TIMS) is supposed to
be one of the most precise and accurate techniques for boron isotope analysis (Ishikawa and
Nagaishi, 2011).

Firstly, samples were passed through 0.6 mL of cation-exchange resin column (Bio-Rad, USA,
AG 50W - X12B, 200 - 400 mesh), which had been cleaned with 1.5 mL of 6 mol/L HCI three
times and 1.0 mL of H,O twice. Then, 0.2 mL H,O and 60 pL 38%-HF (AA - 100) were added in
sequence to remove major cations completely and yield a HF concentration of 1 mol/L of the eluate.
Secondly, the solutions were passed through 30 pL anion-exchange resin column (Bio-Rad, USA,
AG 1—X4B, 200 - 400 mesh), which had been cleaned with 1.0 mL of 6 mol/LL HCI three times and
0.1 mL of H,O twice and conditioned by 0.1 mL of 1 mol/L HF. Then, 120 pL of acid mixture (0.5
mol/L HF + 2 mol/L HCI) were added and result in the absorption of boron in anion-exchange resin

column. The solution catchers were changed with concave-bottom 5 mL Teflon beaker containing

14



Cs solution and mannitol solution. 150 pL of 6 mol/L HCI were added to collect the final boron
fraction resulting in a B/Cs mole ratio of 2 and a ratio of 50 pL mannitol per 100 ng B. The
resulting boron fraction was then evaporated to dryness at 60°C overnight.

The dried sample was dissolved with 1.6 uL of milli-Q, and 0.8 puL of the solution was loaded on
a degassed Ta filament (single filament configuration) after loading of 1.5 pL acetone solution and
1.2 pL of graphite slurry in turn. The filament was dried with the current to 0.7 A. The filaments
were then fixed up to a sample magazine and placed into an oven at 260°C for 40 min. The
temperature of filaments were raised to 240°C rapidly and kept for another 40 min. Then, the
sample magazine was introduced to a vacuum flowing N, gas for 30 min to cool down to room
temperature. After that, the sample magazine was loaded to the TRITON thermal ionization mass
spectrometer (Thermal Finnigan, Germany) at Kochi Core Center, and Cs,BO," ions (m/z = 308
and 309) were detected to calculate the boron isotope ratio.

Boron isotope ratio was calculated as per mil deviation relative to boron isotopic reference
material NIST SRM 951 boric acid by natural boron isotope (IOB and 11B).

8'"B(%o) = [{("'B/"*B)ample —0.00079}/{(''B/"*B)srmos1 —0.00079}-1]x1000%o

where 0.00079 is a correction term for the 7O interference.

In this study, four separate analysis of SRM 951 showed a mean value of "B/''B = 4.05418 +
0.00064 (2SD), which is indistinguishable from the value of SRM951 reported by Ishikawa and
Nagaishi (2011), which is 4.05291+0.00031 (2SD, N = 31). The analytical reproducibility is less
than 0.1% (2SD). The procedural blank of boron was negligible with regard to the 3''B.
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4. Results
The result data of boron contents and &''B are listed with geological setting of each hydrothermal

site in Table 1.

4.1 Manus Basin

Vienna Woods shows vent fluid components similar with EPR 21°N in B content and 8''B, which
are 0.41 - 0.53 mmol/kg and 30.1 - 38.0%0, respectively. Although in the same Manus Basin,
different B content and 8''B were observed in PACMANUS. The B content of PACMANUS is
0.52 - 1.04 mmol/kg, which is higher than that of Vienna Woods. The 3''B value of PACMANUS

reaches the range in 17.8 - 31.0%o, which is lower than that of Vienna Woods.

4.2 Izu-Bonin Arc
Suiyo Seamount follows the similar pattern with PACMANUS, shows B content of 1.15 - 1.64
mmol/kg, 8''B of 18.6 - 21.2%.

4.3 Mariana Trough
Alice Springs shows 0.62 - 0.82 mmol/kg of B content and ~20.3% of 8''B, which are
consistent with the data conducted by Palmer (1991). Forecast Vent has the range of B content in

0.42 - 0.53 mmol/kg, while the 8''B is 28.9 - 35.5%.

4.4 North Fiji Basin

White Lady exhibits a range of 0.42 - 0.44 mmol/kg and 8'"'B of 36.3 - 37.5%. The B content and
§8'"'B values of Kaiyo are measured as 0.47 - 0.53 mmol/kg and 34.9 - 37.5%0, respectively, while
LHOS has ~0.44 mmol/kg of B content and 36.7 - 37.9%. of §''B. Three sites of North Fiji Basin
show low B contents and high §''B relative to those in arc and back-arc hydrothermal fluids, and

similar to those in EPR 21°N.

4.5 Okinawa Trough

JADE site has a range of B content in 0.68 - 4.70 mmol/kg and §"B in 4.1 - 19.1%.
Minami-Ensei is observed 3.43 - 4.25 mmol/kg of B content and 2.3 - 4.4%0 of 8''B. CLAM site is
measured 1.74 - 2.49 mmol/kg of B content and 6.3 - 7.2% of 8''B. All of the fluids from

Okinawa Trough show high B contents and low 3''B relative to those in sediment-starved sites.
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Table 1. Results of B contents and 8''B values of vent fluids

Host Depth Temp. pH Mg B "B

Sites Sample Type Sediment rock  (m) ) (25°C) (mM) (mM)® (%0)’
1]\34:;;‘;? \\;}gggz B:f:" Starved Basalt 2500 285-300 4.5
303-TS1 463 041 380
307-1 203 047 33.0
307-2 25 053 301
PACMAN Back- 1650 - 2.7 -
Us arc Starved Dacite 1700 260 31
301-6 217 1.04 178
304-1 420 052 310
Izu-Bonin? Sei‘;-‘{)fmt Arc Starved Dacite 1380 296-311 3.7
D630-3 17.7 115 212
D631-2 08 1.64 186
D631-6 37 130 189
%‘;ﬁ;ﬁ? S’;rli‘flzs B:f:" Starved Basalt 3600 280 3.9
D154-2 09 062 203
D154-5 1.0 082 203
FO{,ZIC;‘“ Arc Starved Basalt 1490 202 ;
D182-4 432 042 355
D187-2 253 053 289
Ng;ti‘if;ﬁ White Lady B:rcck' Starved Basalt 1970 350-400 4.7
1ST5-2 86 044 363
1ST6-1 257 042 375
Kaiyo B:fcl" Starved Basalt 2000 291 47
D80-3 315 047 375
D80-4 85 053 349
LHOS B:rcck' Starved Basalt 2000 291 4.7
D93-3 244 044 367
D93-4 335 044 379
Okinawa 1, Back- ) (ted AMdSSIC 40 300 47
Trough arc -rhyolite
D423-3 1.0 470 4.1
D423-5 452 0.68 19.1
Minami- Back-"yosted - 710 267-278 %0
Ensei arc 5.1
D621-5 272 343 44
D622-1 49 425 23
D622-2 14 373 26
CLAM B:rccl" hosted Basalt 1400 100-216 5.4
D426-6 395 174 72
D427-6 334 249 63
SW 533 041 396

1. Gamo et al., 1996; 2. Gamo et al., 1997b; 3. Ishibashi et al., 1994b; 4. Chiba, 1997; 5. this study.

Mg refers to 1, 2, 3, 4; SW is seawater.
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5. Discussions

5.1 Sediment-starved hydrothermal systems

During water-rock reaction, Mg concentration becomes zero due to the formation of magnesium
silicates (Bischoff and Dickson, 1975; Mottl and Seyfried, 1980). The Mg contents measured in the
samples are considered as the contribution from seawater during the mixing with the vent fluids.
Therefore, Boron content of end member fluid is calculated by extrapolating to Mg=0 (Figure 9a).
The B contents and 8''B are calculated with mass balance calculations:

R Ci =Ry Cy f+ Ry Cy (1-1) €))
Cn=Cuf+Cy (1-) 2)
where Ry, Ry, and R, are 5''B of hydrothermal fluid, seawater and mixture, respectively. Cp, Csy
and C,, are B contents of hydrothermal fluid, seawater and mixture, respectively. f is the mixing
ratio of hydrothermal fluid. Therefore,
Rin=0a/Cp+ 8 3)

where, @=Cj, Cqy (Rgw - Rp)/(Cp - Cow), B=(Rp, C - Rgy Csu)/(C - Cy)

It means the 5''B value and 1/B play a linear correlation. By this linear correlation, end member
8'"'B values can be computed by B content end members (Figure 9b). The end members of 1/B and
§''B are summarized in Figure 10.

In this section, sediment-starved sites are discussed except North Fiji Basin, which are discussed
in the later section. The end member fluid of the Vienna Woods shows 0.53 mmol/kg of B content
and 29.8% of SHB, which are similar with those in EPR 21°N, which are 0.53 mmol/kg of B
content and 31.0% of §''B, respectively. Low K concentration in the Vienna Woods (14 - 20
mmol/kg) (Reeves et al., 2011) is similar to those in MOR (Gamo, 1995). The Ca/Cl and Na/Cl,
end member Sr/Cl and St/Ca ratios in the Vienna Woods are in the range of MOR hydrothermal
systems (Berndt et al., 1988). Combined with major elements, Vienna Woods shows high degree of
uniformity and compositionally similar with those in MOR, indicating the MORB-like property
(Reeves et al., 2011).

In the Mariana Trough, B content and §''B of vent fluid from the Alice Springs obtained in this
study are consistent with the previous reported values (Palmer, 1991). The 3''B value of Alice
Springs is 19.9%0, the B content is 0.72 mmol/kg, while the Forecast Vent shows 3''B of 24.0%
and B content of 0.63 mmol/kg. The B contents in Mariana Trough exhibit higher than those in
Vienna Woods in Manus Basin and EPR 21°N in MOR, and the &''B values in the Mariana Trough
are low relative to those in Vienna Woods and EPR 21°N. High CO, from the Alice Springs and the
Forecast Vent are observed, which are 43.4 mmol/kg and 42.1 mmol/kg, respectively, relative to

that of EPR 21°N, reflecting the contribution from slab subducting (Palmer, 1991). In the Mariana

18



2
£ 40
0 T —
g 2 z |
) TED T @ m
2 E % 201
CEU @ ’\.\.:‘a'x | @ ® Vienna Woods
@ PACMANUS
0 0
B!
c 40
& £ |° F
mn o 14 o
. € =
5 — 204
R E 2
m i
: 0
2
<
- £ T
@ o 14 —
s E D 20
5 = :\'\N °
— — —
© m e - ® Alice Springs
= ® Forecast Vent
0 0
2
c
@ 40 3
m g \'g' _ - 7
= o 14 =
I € m 20-
< £ w A White Lady
% oM 7 A Kaiyo
Z A LHOS
0
S
-] 40
e B —
= = 3
o) =,
S £ m 20
8 £, w0 ® JADE
= - 7] B Minami-Ensei
O O CLAM
0 J T 0 T T T
0 20 40 60 0 1 2 3
Mg [mmol/kg] 1/B [kg/mmol]

@ Sediment-starved A Phase separation B Sediment-hosted X Seawater ’ End member

Figure 9. Results of B contents and 8''B: boron (B) contents are plotted with Mg. (a) The B values
extrapolate to end members while Mg contents fall to zero. The end members are considered as the
values of the vent fluids since Mg is completely removed from fluid during water-rock reaction
(Bischoff and Dickson, 1975; Mottl and Seyfrid, 1980). (b) The §''B values are plotted with 1/B
due to mass balance calculation, and the B content end members are used to calculate the 5''B

values of the vent fluids.

19



“UOI}OBAI JUSWIIPIS-IAJEM IO JO0I-I)eM
Suump spinjj jusA jo suonisodwod 91dojosT UOIOq IOMO] PUB SJUSIUOD UOIO0q JOYSIY UL JNSAI UBD JUSWIPAS IO YOOI JSOY WOI] PIALIOP SIUAJUOD
U0I0q IoYSIY SUBOW UONR[A1100 dANISOd d [, "s1oquiaw pud g/] yim pano[d are sioquiaw pud g Q@ (q) 'SANS PaISOY-1UaWIPAs pue sayis uoneredos
oseyd ‘sa)Is PIAIRIS-JUSWIPIS AIe YIIYM ‘spred 991y} ojul POPIAIP dIe Aprys sIy) Ul sa)is Py 1uoA oy [, "panojd osje are (g Q) suonisoduwios drdojost

U0I0q JO SI9qUIdW pud pue ‘YdeId 1eq o) St POMOYS dIe SHUSU0O () U0Iog JO SIquIAW pug (8) :f Q@ PUE SIUGIUOD g JO SIOqUIdW puyg "] 21

N 0> & )
N > N A% O
Q 9@ 2P A7 %» S
[lowwy/By] g1 0 o\%/n S %@ N o
€ 4 L 0 & & S &S &
| _ L1
0
U m| |m| | _ "
_ _ _
0k 1T _ _ | o
p— a . 1 L | | . | N —_
3 o | | 5 | E
wm.oml . [ ] =1+ | i . ) | - W
.NO ] 4 L | | | |.v =
0€ 8 JE = U | o =
v _ v _ " i
vV | | \Y4 v ! | i
oY X - + pasoy- | uoneledas | _ X 9
(a) Juswipes | oseyq |,  PoMElsjuswipes (®)

20



Table 2. B content and 8''B end members of vent fluids with other chemical components

Sites Manus Basin ~ Izu-Bonin ~ Mariana Trough North Fiji Basin Okinawa Trough MORB
end Vienna  PAC Suiyo Alice  Forecast White . Minami-
members Woods MANUS Seamzunt Springs Vent Lady Kaiyo LHOS  JADE Ensei CLAM  EPR2I°N
Reference 1,4 4 1 1,3 1 5 6 1 1,2 1 1,7
Li (mM) 0.7 - 0.6 0.59-0.83 0.3 0.20-0.28 0.28 248  54-58 3-4 0.89-1.48
K (mM) 23 89 30 31-48 26 10.5 14.5 72 49-51  50-60 23-26
Na(mM) 512 487 446 438 438 210 239 425 410-431 - 432-510
Ca (mM) 73 18 89 22 61 6.5 9 22 21-22 ~20  11.7-20.8
Sr(mM) 312 102 303 72-90 165 30 43 94 215-227 - 65-97
0.7030 -
87S1/%Sr - - - 0.7036  0.7038 0.7046 - 0.7089  0.7100 - 07036
Cl(mM) 640 639 658 544-557 593 255 267 550  501-527 550 489-579
Rb (uM) - - - 30 - 8.8 17.1 360 - 180-220 23-28
Mn (M) 297 3221 587 295 300 12 26 110 88-94 400-500 700 -1020
Fe (uM) 71 4337 435 6.4 11 13 8.8 2.8 - - 650 - 2430
NH;" (mM) - <0.1 <0.1 0 <0.1 - - 50 46-4780-12.0 <0.01
CO, (mM) - - 34-42 43.4 42.1 14.4 11.1 209 64-96  160-200  5.7-8.0
H,S (mM) - - 1.2-1.6 25 04 2.0 4.0 124 1624 1525 6.6-8.4
Al(krik,‘[‘)”y 01 40 02 01-04 0.8 0.12 -0.87 19 30-35 10-20 -02--05
B(mM) 054 1.93 14 0.71-0.83 - 0.47 0.48 34 3740 5-6 0.50-0.55
3B (%o) - - - 20-30 - - - -1.0 - 7-9  29.0-33.0
This study
B(mM) 053 1.45 1.52 0.72 0.63 0.44 0.56 0.48 4.74 4.41 5.89 -
"B (%)  29.8 13.6 18.5 19.9 24.0 359 34.5 352 2.6 2.4 1.5 -
Cs(mM) 0.0003 00026 0.0018 00007  0.0005 0.0001 0.0002  0.0002 0.0241 0.0267 0.0225 -
Cs/B*1000 0.6 1.8 1.2 1.0 0.8 0.2 0.4 0.4 5.1 6.1 3.8 -

1. Gamo et al., 1995; 2. Chiba et al., 1993; 3. Gamo et al., 1994; 4. Gamo (pers. comm.); 5.
Grimaud et al., 1991; 6. Ishibashi et al., 1994b; 7. Von Damn et al., 1985a.

Trough, it can be considered that boron is also contributed from slab subducting since boron is
easily extracted into melt and increase the host rock boron content. The slightly high 8'"'B in the
Forecast Vent relative to the Alice Springs might reflect that the basaltic host rock of the Forecast
Vent contains slightly higher 3''B than the basaltic host rock of the Alice Springs due to the arc
geological setting. Meanwhile, the Forecast Vent has maximum temperature of 202°C, lower than
the Alice Springs that has maximum temperature of 280°C. This temperature difference is
supported by SiO; in vent fluids. In fact, SiO, in the vent fluid of the Forecast Vent (7.7 mmol/kg)
is lower than that of the Alice Springs (12.3 - 14 mmol/kg). 611Bsolid_ﬂuid fractionation, which is a
function of temperature, has been established (Wunder et al., 2005) as follow: SllBsolid_ﬂuid =
-10.69(1000/T[K]) + 3.88. Based on this calculation, -18.6%. difference between vent fluid and
host rock in 8''B at 202°C in Forecast Vent is calculated. In the contrast, in the Alice Springs, the
difference is -15.4%.. Thus the difference of reaction temperature causes 3.2%0 difference in vent
fluid, if basalt in Forecast Vent is quite similar to Alice Springs in terms of 8'"'B. It is consistent
with the result in this study. Therefore, it is possible that the different §''B composition between
Alice Springs and Forecast Vent is mainly controlled by temperature.

B content (1.45 mmol/kg) is high and 8''B (13.6%0) is low in PACMANUS in Manus Basin
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relative to those in Vienna Woods and EPR 21°N. Suiyo Seamount in Izu-Bonin Arc also shows
high B content (1.52 mmol/kg) and low §''B (18.5%0), which are similar to those in PACMANUS.
It can be also considered that the host rocks of PACMANUS and Suiyo Seamount are influenced
by slab subducting and the host rock boron contents increase as in Mariana Trough. Compared to
those of Mariana Trough, PACMANUS and Suiyo Seamount also show high B contents and low
§''B of vent fluids. Therefore, as well as the contribution from slab subducting, boron compositions
in the host rocks of PACMANUS and Suiyo Seamount may also derived from another materials. It
is known that host rocks in PACMANUS and Suiyo Seamount are dacite (Gamo et al., 1996;
Nagaoka et al., 1992). Dacitic rocks are generally enriched in boron due to derivation from
boron-rich dacitic magma resulting from the magma differentiation in subduction zone and slab
subducting (Gurenko et al., 2005; Gross, 2012). Izu-arc has boron contents in the range of 0.4 - 2.3
mmol/kg (Ryan and Langmuir, 1993), while mid-ocean ridge basalt (MORB) has typical range in
0.02 - 0.04 mmol/kg (Spivack and Edmond, 1987). High B content leached from dacite can result
in high B content of vent fluid during water-rock reaction. In this study lower 3''B of vent fluids
from dacite compared to basalt are measured, although the dacitic rock is supposed containing
higher 8''B, such as Izu-arc dacitic rock exhibits the 8''B value in the range of +1 - +7% (Barth,
1993; Ishikawa and Nakamura, 1994), than those in MORB (-4%o). Reaction with "B-enriched
rock might result in high 3''B of vent fluid. However, the low 5''B values of the vent fluids from
dacite-hosted hydrothermal systems strongly suggest that the amount of boron originated from rock
dominates the boron isotopic composition of vent fluid. Although boron is efficiently leached from
rock during water-rock reaction at high temperature, fluid-rock distribution coefficient of boron (D)
depend on the secondary mineral assemblage and alteration temperature (Yamaoka et al., 2012).
Assuming same water/rock ratio and D, higher boron content of host rock results in larger amount
of boron leached from rock during seawater-rock interaction. Differences in §''B value in host rock
and isotopic fractionation between fluid and rock would have relatively small effect since the
possible §''B values of dacitic rocks (+1 to +7%o) are much lower than the 8''B value of seawater
(+39.6%o).

The B contents and 8''B of vent fluid that generated during water-rock reaction can be estimated
based on closed system according to the mass balance equations, if the initial values of host rocks
are given:

C'HW/R)C'=C'+W/R)C'; 4)
{R\.C'HW/RRC'} / {CHW/R)CY ={R C+W/R) RICH/{C+W/R)C  (5)

where C'yand C'sare initial B contents of host rock and fluid (seawater), respectively. C'rand C'rare
final B contents of host rock and fluid, respectively. R';and R';are initial ''B/'’B of host rock and

fluid, respectively. R and R’ are final 'B/'°B of host rock and fluid, respectively. W/R is
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water-rock ratio. Rfr/RfFa is introduced for the isotope fractionation factor, which is 0.986 in
300°C and 0.981 in 200°C (Wunder et al., 2005). C'/C'=Kd is for concentration fractionation
factor. In Vienna Woods of Manus Basin, since it has MORB-like feature, the B content of initial
host rock is supposed as 0.26 mmol/kg, which is in the boron content range of Sumisu rift back-arc
basin (0.26 - 1.1 mmol/kg) (Ryan and Langmuir, 1993), while the 3''B value is -4%, which is
typical value in MORB. In PACMANUS and Suiyo Seamount, the B contents of initial host rocks
are supposed as 2 mmol/kg, which is in the range of boron content of Izu-arc (0.4 - 2.3 mmol/kg)
(Ryan and Langmuir, 1993), while the 8''B are 4%, which is the average of +1 - +7% (Barth,
1993; Ishikawa and Nakamura, 1994). In Alice Springs and Forecast Vent of Mariana Trough, the
B contents are supposed as 0.68 mmol/kg, which is the average value in Sumisu rift back-arc basin
(0.26 - 1.1 mmol/kg) (Ryan and Langmuir, 1993), while the 8''B values are -4%, which is the
average §8''B value of Mariana Trough (-6.7 - -1.4%0) (Barth, 1993). Given that W/R=2, 0=0.986,
Kd= 0.1 which is common in water-rock reaction (Yamaoka et al., 2012). The B contents and §''B

of vent fluids are quite similar to the results in this study (Table 3).

Table 3. The presumption of B contents and 8''B of vent fluids during water-rock reaction

Sites Host rock Vent fluid
B (mmol/kg) 3B (%o) B (mmol/kg) 3B (%o0)
Manus Basin Vienna Woods 0.26 -4.0 0.55 29.8
PACMANUS 2.0 4.0 1.38 15.0
Izu-Bonin Arc Suiyo Seamount 2.0 4.0 1.38 15.0
Mariana Trough Alice Springs 0.68 -4.0 0.75 20.5
Forecast Vent 0.68 -4.0 0.75 20.5
EPR 21°N! 0.04 -4 0.50-0.55 29.0-33.0
Seawater 0.41 39.6

1. Spivack and Edmond (1987). The B contents and §''B of host rock are supposed by references.
The B contents and 8''B of vent fluids are presumed based on the mass balance equations, and
quite similar to the result of experimental data in this study (Table 2), given that water-rock ratio
(W/R) is 2, isotope fractionation factor (a) is 0.986 (300°C), concentration fractionation factor (Kd)

is 0.1 (Yamaoka et al., 2012).

5.2 Phase separated hydrothermal systems

Phase relation of seawater was experimented by Bischoff and Rosenbauer (1988), indicating that
phase-boundary of seawater exists in 3.2%wt of NaCl in H,O system. Many evidences were given,
especially wide chlorinity (Cl) variation, to support the experience of phase separation of vent

fluids. Butterfield et al. (1990) reported the phase separation hydrothermal system in Axial
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Seamount Hydrothermal Emissions Study (ASHES) vent field of Juan de Fuca Ridge in the eastern
Pacific. It clarified the variety of chemical compositions between saline brine and vapor-like fluid.
The unique characteristics of phase separated fluid was concluded as (1) variation of Cl and most
major element contents, (2) gas contents has negative correlation with Cl, (3) Fe depletes in
vapor-rich fluids (Butterfield et al., 1990; Ishibashi et al., 1994b). In ASHES vent field, vent fluid
of Inferno site was observed as brine with high Cl content (631 mol/kg), including high Fe (1065
pmol/kg) and low CO; content (50 mmol/kg), while vent fluid of Virgin Mound was identified as
vapor-like fluid with low CI content (220 mmol/kg), low Fe (12umol/kg) and high CO, (285
mmol/kg). Besides, the major elements such as Na, Ca and K, and halide elements such as Br, and
trace elements such as Li also have high separated degree (Butterfield et al., 1990). Nevertheless, B
contents in Inferno (0.59 mmol/kg) and Virgin Mound (0.45 mmol/kg) did not behave high
separation (Butterfield et al., 1990), as well as the 8''B values.

In North Fiji Basin, major elements and gas contents are listed in Table 2. It shows low
concentrations of vent fluid in White Lady, Kaiyo and LHOS in North Fiji Basin, similar with those
in Virgin Mound of ASHES, indicating vapor-like characteristic except low gas contents. Gas
contents in vapor-like fluid should be highly concentrated described by Butterfield et al. (1990),
while CO, (11.1 - 14.4 mmol/kg) and H,S contents (2 - 4 mmol/kg) are depleted when Cl content is
depleted in North Fiji Basin (Grimaud et al., 1991; Ishibashi et al., 1994b). It responds to the
suggestion that the vent fluid in ASHES might contain high gas contents originally, and gas
contents in North Fiji Basin system would properly result from a vapor-like fluid (Ishibashi et al.,
1994b).

B contents of North Fiji Basin measured in this study are especially low, approaching to seawater,
but still higher than seawater. All the 8''B values in North Fiji Basin are high, approaching to
seawater. To investigate boron behavior in phase separation in North Fiji Basin, B contents and
8''B are plotted with CI in Figure 11, compared to those in ASHES. In Figure 11(a), although there
is a positive linear correlation between B and CI contents of vent fluids in ASHES, and B contents
of fluid samples in North Fiji Basin entirely plot in Cl-depleted site of ASHES, resulting in low B
content end members, the gradient of the correlation line is too small to judge whether B contents
vary with Cl contents. In Figure 11b, both of ASHES and North Fiji Basin reveal high 8''B
irrespective of Cl variation. It suggests that there is just a feeble separation for boron in vent fluid.
For further study about boron in phase separation, Liebscher et al. (2005) carried out an experiment
of liquid-vapor fractionation of boron contents and boron isotopes, indicating that boron would
behave different between closed system and open system. For closed system that the bulk
compositions of NaCl, B content and §''B remain constant, B content slightly reduces in vapor-like

fluid and slightly increases in brine while §8''B is almost unchanged. For open system that the bulk
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compositions continuously change, B content slightly increases in brine as in closed system, while
reduces significantly with the fluid dilution. §'"'B in open system behaves similar with closed
system in condensed fluid, while increases slightly when the fluid dilutes and increases
significantly when the fluid is highly diluted (Liebscher et al., 2005). Since the B contents and 3''B
values of vent fluids in North Fiji Basin and in ASHES are approached to those in seawater, phase
separation can be hardly detected in boron component, and it responds to the suggestion that phase

separated fractionation is negligible in boron component (Berndt and Seyfried, 1990; Spivack et al.,
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Figure 11. Boron (B) vs chlorine (Cl) in phase separated hydrothermal systems: (a) Correlation of
Cl and B contents in ASHES vent field and North Fiji Basin (White Lady, Kaiyo and Forecast
Vent); (b) Correlation of CI contents and §''B in ASHES vent field and North Fiji Basin (White
Lady, Kaiyo and Forecast Vent): the diamond shows the end member value, black to white
diamonds show B contents and 3''B from brine (Cl-enriched) to vapor-like fluid (Cl-depleted).
Triangles show the values of samples collected from North Fiji Basin in this study, and the
different colors show different sites. The values of Cl, B and 8''B in ASHES were reported by
Butterfield et al. (1990) and Gamo (1995). The values of Cl in White Lady were reported by
Grimaud et al. (1991), while the values of Cl in Kaiyo and LHOS were reported by Ishibashi et al.
(1994b).
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Other process than fluid phase separation should be considered as the domination of boron
chemistry in North Fiji Basin. Ignoring the phase separation process, the B content and 3''B of vent
fluid can straightly reflect the water-rock reaction in sediment-starved hydrothermal systems
because there is no other process can vary boron chemistry of fluid so widely. Compared to those in
EPR 21°N and Vienna Woods, the B contents and 5''B of vent fluids in North Fiji Basin in this
study can be considered as the result of water-rock reaction and respond to the suggestion that
North Fiji Basin is hosted by basalt with MORB-like feature (Eissen et al., 1991, 1994; Nohara et
al., 1994).

5.3 Sediment-hosted hydrothermal systems

Significantly high B contents and low 3''B are detected in the vent fluids in sediment-hosted
Okinawa Trough (Table 1). At JADE site, 4.74 mmol/kg of B content was found in the vent fluid.
At Minami-Ensei, B content was 4.41 mmol/kg, and at CLAM site, B content was 5.89 mmol/kg.
The 8''B value of JADE site is 2.6%, similar with that in Minami-Ensei (2.4%), while CLAM site
is 1.5%. Compared to sediment-starved hydrothermal systems in arc and back-arc which are
dominated by water-rock reaction, it exhibits higher by 3 - 5 mmol/kg in B contents in Okinawa
Trough, while lower by 10 - 30%0 in §8''B values. It seems that basaltic rock even if dacitic rock
reacting with seawater can not deplete the 3''B (+39.6%0) of seawater to 1.5 - 2.6%o, and increase
the B content (0.41 mmol/kg) of seawater to 4.41 - 5.89 mmol/kg. Therefore, it should be
considered that the vent fluids in Okinawa Trough undergo another process such as water-sediment
reaction, contribution of subducted material associating with water-rock reaction. In
sediment-hosted hydrothermal systems, Okinawa Trough also behaves high B contents and low
8''B relative to those in Guaymas Basin and Escanaba Trough (Table 3). JADE site in Okinawa
Trough shows host rock from andesite to rhyolite (Chiba et al., 1997) similar with that in
Minami-Ensei, while CLAM site shows basaltic host rock (Chiba et al., 1993). CLAM site is
reported having thick sedimentary layer relative to JADE site and Minami-Ensei (Shitashima,
1994). For the various geological settings, vent fluids in Okinawa Trough showing high B contents
and low 5''B values should be considered that the vent fluid undergo a complex process including
water-sediment reaction, contribution of subducted material associating with water-rock reaction.

Boron combined with caesium can be a useful approach to distinguish whether fluid reacts with
sediment since sediment contains large amount of Cs relative to rock (White and Dupre, 1986). The
trace mobility was experimented, suggesting that boron and caesium have similar extraction
efficiency in fresh basalt (Seyfrield et al., 1984; Seyfrield et al., 1998) and sediments (You et al.,
1996; Seyfrield et al., 1998). §''B vs Cs/B of sediment-hosted hydrothermal systems is plotted

compared to those of sediment-starved hydrothermal systems (Figure 12), and the data of 3''B and
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Cs/B are concluded in Table 4. In Figure 12, 3''B and Cs/B play a negative linear correlation in
sediment-starved hydrothermal systems, relative to positive linear correlation between 8''Band 1/B
(Figure 10b). It may be considered that seawater plays an important role in boron exchange during
water-rock reaction, while Cs content in seawater is negligible. Given that Cs content in seawater is
0, Cs and B contents in vent fluids are the mixture of those from rock and seawater in simple
water-rock reaction pattern, the §''B value will play a negative linear correlation, according to
equation (3). Therefore,
Rm=-(a/Bga)Cs/B+ /By + B (6)

where, Rm, @, [ refer to equation (3). By, is boron content in seawater. a is for Cs/B ratio from
rock, considering as a constant due to the similar extraction efficiency between Cs and B in same
host rock.

The plots of 8''B vs Cs/B in sediment-hosted hydrothermal systems are out of the linear
correlation, reflecting significantly high Cs contents in vent fluids of sediment-hosted hydrothermal
systems. It indicates that the generation of the vent fluid in Okinawa Trough undergoes the
water-sediment reaction following the water-rock reaction resulting in significantly high B contents

and low 5''B, demonstrating strong sediment contribution (You, et al., 1994). In fact, the sediment
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Figure 12. 3''B vs Cs/B in sediment-hosted hydrothermal systems: in sediment-starved sites,
§8''B and Cs/B show a negative linear correlation, while in sediment-hosted sites, the plots are out
of the range of the correlation line, indicating the significant increase of Cs extracting from
sediment. The values of 5''B are low and Cs/B are various in Okinawa Trough, relative to those in

Guaymas Basin and Escanaba Trough, reflecting complex geological settings in Okinawa Trough.
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Table 4. 5''B and Cs, B contents, Cs/B of vent fluids in sediment-hosted sites

Sites B (mmol/kg) Cs (mmol/kg) Cs/B*1000 "B (%)
g‘) JADE 4.74 0.0241 5.1 2.6
[T; Minami-Ensei 441 0.0267 6.1 24
]
g CLAM 5.89 0.0225 3.8 1.5
Guaymas Basin' 1.6-1.7 0.0058-0.0065 3.7 16.5-23.2
Escanaba Trough? 1.7-2.2 0.0077 3.9 10.1-11.5

1. Spivack et al., 1987; Gamo, 1995 2. Palmer, 1991; Gamo, 1995

of Okinawa Trough is mainly originated from the Eurasian continent. Boron is almost contained in
neritic clay consists of detrital illite, chlorite, quartz and feldspars, and the B content is reported as
4 - 8 mmol/kg, which is higher than seawater, the 8''B value is reported as -2.2 - -5.4%0 (Ishikawa
and Nakamura, 1993). With the mass balance equation (4), water-sediment ratio can be estimated.
Supposing the reaction in a closed system, and use the average values of vent fluid contents
obtained in sediment-starved systems, and sediment Cs content of 0.045 mmol/kg (Taylor and
McLennan, 1985). Water-sediment ratio can be calculated in the range of 1.4 - 2.3. Although some
parameters are presumed, and might deviate from the precise data, the similar water-sediment ratio
relative to water-rock ratio in EPR reported by Spivack and Edmond (1987) can respond to the
result in Figure 12 that the plots of Cs/B vs §8''B in sediment-hosted hydrothermal systems are out
of the linear correlation of sediment-starved hydrothermal systems. The result suggests that
sediment contributes strong influence to vent fluid due to water-sediment reaction following the
water-rock reaction.

Compared to Guaymas Basin and Escanaba Trough (Table 4), which are sediment-hosted in MOR,
Okinawa Trough shows entirely high B contents and low §''B, indicating different geological
conditions between back-arc basin and MOR. Since 1/B and 8''B value has a linear correlation, it is
difficult to distinguish the difference between sediment-hosted hydrothermal systems in MOR and
sediment-starved hydrothermal systems in arc and back-arc. In Figure 12, supposing that the Cs/B
and 8''B values of vent fluids in Okinawa Trough before reaction between water and sediment plot
in the area similar to those in sediment-starved Alice Springs in Mariana Trough back-arc basin,
while those of Guaymas Basin and Escanaba Trough have similar compositions with EPR 21°N,
two lines with similar gradient can be drawn from sediment-starved plot area to sediment-hosted
area. It suggests that Okinawa Trough should be considered as having high B contents and low §''B
after water-rock reaction, relative to those in Guaymas Basin and Escanaba Trough, demonstrating

that contribution of slab subducting and host rock should not be excluded. Therefore, given that the
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vent fluid of Okinawa Trough before water-sediment reaction has B content of 0.7 mmol/kg, 8''B
of 20%., which are similar with those in Alice Springs in Mariana Trough, and the sediment of
Okinawa Trough has B content of 8 mmol/kg in the range of 4 - 8 mmol/kg, and 8'"'B of -2.2% in
the range of -2.2 - -5.4%0 (Ishikawa and Nakamura, 1993), when the W/R is 2, Kd is 0.1, o is 0.986,
which are supposed in sediment-starved section, the presumed vent fluid after water-sediment
reaction shows B content of 4.5 mmol/kg, 8''B of 1.8. The estimated data are consistent with the
boron contents and isotopic compositions experimental data in this study, confirming the
suggestion that vent fluid in sediment-hosted Okinawa Trough hydrothermal systems undergoes
water-sediment reaction following water-rock reaction with the addition of influence of complex
geological conditions in back-arc basin. Therefore, it responds to that boron isotopic composition
and boron content combined with caesium are effective to be a tracer in investigating

water-sediment reaction in seafloor hydrothermal systems.
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6. Conclusions

In this study, boron contents and isotopic compositions of vent fluids from submarine
hydrothermal systems in arc and back-arc in the western Pacific were studied systematically. It can
complete the water-rock reaction system in submarine hydrothermal systems in the earth, using
boron as a tracer. The boron contents and isotopic compositions in arc and back-arc hydrothermal

systems are concluded as follows:

1. Compared to well-studied hydrothermal systems in MOR, arc and back-arc hydrothermal
systems showed various B contents and §''B, although the vent fluids end members obtained by
extrapolating Mg to 0 showed high B contents and low 3''B relative to seawater. In
sediment-starved hydrothermal systems in arc and back-arc, Vienna Woods in Manus Basin
showed similar B content and 8''B of vent fluid relative to those in EPR 21°N of the typical
hydrothermal system in MOR, reflecting MORB-like feature of host rock in Vienna Woods in

Manus Basin.

2. In sediment-starved hydrothermal systems, PACMANUS in Manus Basin and Suiyo Seamount
in Izu-Bonin Arc have dacitic host rock, resulting in high B contents and low 8''B of vent fluids
relative to the basalt-hosted hydrothermal systems in arc and back-arc. It is considered that
relatively high B contents leached from the dacitic host rocks result in the high B contents and low
§8'"'B of vent fluids due to that the dacitic host rocks commonly contain high B contents. Compared
to EPR 21°N in MOR, Alice Springs and Forecast Vent of Mariana Trough, which are hosted by
basalt, showed relatively high B contents and low §'"B of vent fluids. It considered as the
contribution of slab subducting since boron is easily extracted into melt and increase the rock boron
content. Forecast Vent showed slightly higher §''B than that in Alice Springs in Mariana Trough.
There is a possibility that the relatively low temperature of vent fluid in Forecast Vent can result in

slightly high §''B value due to the boron isotope partition calculation.

3. In North Fiji Basin, where caused a phase separation due to the depleted Cl, B contents and
8''B did not show significant separation. It was considered that B contents and §''B were hardly
influenced by phase separation in North Fiji Basin. Low B contents and high 3''B in White Lady,
Kaiyo and LHOS in North Fiji Basin indicated that the boron compositions of the vent fluids
resulted from water-rock reaction significantly, compared to those in EPR21°N. By the result, it can

reasonably determine the North Fiji Basin as a MORB-like hydrothermal system.

4. In sediment-hosted hydrothermal system, JADE site, Minami-Ensei and CLAM site in Okinawa
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Trough entirely showed very high B contents and very low §''B values. Combined Cs with B
contents and plotted with the 8''B values, it reflected that the fluids underwent the water-sediment
reaction following the water-rock reaction. Compared to MORB-type sediment-hosted Guaymas
Basin and Escanaba Trough, Okinawa Trough showed relatively high B contents and low 3''B,
which is response to the contribution from slab subducting and various host rocks in arc and
back-arc hydrothermal systems. The boron data in this study can complete the global hydrothermal

system process research, using boron as a tracer.
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1. Introduction

Submarine hydrothermal system is defined by circulatory system where seawater sinks into seafloor
through cracks of the crust and is heated by high-temperature magma under seafloor whereupon it rises back
to the rock-ocean interface. In this process, seawater reacts with the surrounding rock at high temperature
and results in vent fluid whose chemical compositions are very different from the original seawater. So far, a
number of hydrothermal systems have been discovered not only along mid-ocean ridge (MOR), but also in
arc and back-arc all over the world. In contrast to seafloor hydrothermal systems along MOR, it is known
that vent fluids from arc and back-arc hydrothermal systems show various chemical compositions, reflecting
complex geological settings.

Boron (B) has been attracting attentions in recent years as a useful tracer during water-rock reaction due to
high mobility and occurring large isotopic fractionation in solution. Although a number of studies about
chemical compositions of vent fluids from hydrothermal systems have been conducted, it is mainly limited to
the hydrothermal systems in mid-ocean ridge (MOR). In this study, boron contents and boron isotopic
compositions (8''B) of vent fluids collected from arc and back-arc hydrothermal systems in the western
Pacific were determined. The purposes of this study are to reveal the influence of complex geological
settings in arc and back-arc to boron contents and boron isotopic compositions in vent fluids, and deepen the

comprehensive understanding of boron behavior during water-rock reaction in submarine hydrothermal

—

systems.

2. Materials and Methods
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3. Results and Discussions

Although the vent fluid end members obtained by extrapolating Mg to 0, showed high B contents and low
8''B relative to seawater, they showed various B contents and 3''B compared to the EPR 21°N of the typical
hydrothermal systems in MOR (Figure 2). In sediment-starved hydrothermal systems, Vienna Woods in
Manus Basin showed similar B content and 3''B in vent fluid relative to those in EPR 21°N in MOR,
reflecting MORB-like feature of host rock in Vienna Woods. While PACMANUS in Manus Basin and Suiyo
Seamount in Izu-Bonin Arc exhibited higher B contents and lower §''B than those in Vienna Woods in
Manus Basin and EPR 21°N in MOR. It is considered as that relatively high B contents leached from the
dacitic host rocks result in the high B contents and low 8''B of vent fluids due to that the dacitic host rocks
commonly contain high B contents. Alice Springs and Forecast Vent in Mariana Trough showed
intermediate values of vent fluids in sediment-starved hydrothermal systems, suggesting that the basaltic host
rocks are influenced by the material derived from slab subducting, and result in boron-rich compositions of
vent fluid relative to MORB. In phase separated hydrothermal systems, White Lady, Kaiyo and LHOS in
North Fiji Basin showed similar B contents and §''B to those in MOR. According to the result of the
laboratory experiment that B contents and 8''B of vent fluids are hardly influenced by phase separation, it is
considered that B contents and 8''B of vent fluid from North Fiji Basin resulted from water-rock reaction.
The result responds to the suggestion that North Fiji Basin is a MORB-like hydrothermal system. In
sediment-hosted hydrothermal system, JADE, Minami-Ensei and CLAM showed very high B contents and
low 5''B in vent fluids. According to the correlation of Cs/B and 8''B, it suggested that sediment contributed
boron to vent fluid due to the reaction between fluid and boron-rich sediment following the water-rock
reaction.

In this study, B contents and 8''B of vent fluids from arc and back-arc were clarified systematically. Due to
this study, it reflected that B contents and 8''B were primarily dominated by the boron contents of reacting
rock and sediment, and can be an effective index to understand the species of host rock and estimate the

existence of sediment.
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Figure 2. Boron contents and isotopic compositions in arc and back-arc hydrothermal systems: (a) bar
graphs are boron contents; symbols are boron isotopic composition. (b) 1/B vs boron isotopic compositions.
The positive correlation means higher boron contents derived from host rock or sediment can result in higher
boron contents and lower boron isotopic compositions of vent fluids during water-rock or water-sediment

reaction.
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