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Abstract 

In order to reveal geochemical characteristics of 

hydrothermal systems in the middle Okinawa Trough Back Arc Basin, 

chemical compositions of hydrothermal fluids, both major and 

minor components including volatile components were studied. 

Hydrothermal activities of high temperature fluid venting 

were located at two sites, the Jade site and Clam site, in the 

middle Okinawa Trough in 1988. They are the first observation of 

hydrothermal system within the continental margins. 

During dive missions of Japanese submersible "SHINKAI 2000" 

in 1989, fluid samples were collected from both the Jade and the 

Clam sites, using samplers developed for this purpose. 

Measurement of pH and alkalinity of the fluids were conducted on 

board. Concentrations of Li, Na, K, NH3 , Mg, Ca, Sr, Ba, Mn, Fe, 

B, Al, so4 , Cl and SiOz were analyzed. Contents of volatile 

composition such as co2 , CH4 , He, HzS and H2 and isotopic 

composition of co2 , CH4 , He and HzS were also determined. 

Major element composition of the Jade fluid is mostly 

comparable to the MOR fluids, except forK enrichment by about a 

factor of two in the former. Rough estimation of activities of 

major elements indicates that the Jade fluid is equilibrated with 

quartz, calcite and probably feldspars and their replaced 

minerals at about 300 C. This suggests that the Jade fluid 

composition is mainly controlled by these equil~brium systems 

during hydrothermal interaction. The high K content of the Jade 

fluid is attributed to high content of the rocks with which the 
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fluid reacted. A close comparison of the K content in the Jade 

fluid with those obtained by experimental seawater-volcanic rock 

interaction supports that the Jade fluid has experienced 

hydrothermal interaction with intermediate to acidic volcanic 

rocks. 

High NH3 content and minor element composition indicate that 

these components are incorporated into the Jade fluid during 

fluid-sediment interaction. Theoretical estimation of the in-situ 

pH during fluid-sediment interaction revealed that coupling of 

the high NH 3 content and fluid saturation with calcite controls 

pH and alkalinity of the fluid effectively. 

The Clam fluid shows characteristic features indicating that 

it has experienced hydrothermal interaction at as low temperature 

as 100 C. Major element composition suggests that the Clam fluid 

is a mixture between high temperature fluid and entrained 

seawater. High alkalinity indicates oxidation of organic matter 

by sulfate reduction during fluid-sediment interaction. Chemical 

and isotopic compositions of sulfur species support that this 

reduction occurs at low temperature. 

Significant enrichment in C02 and CH4 is another specific 

character of the hydrothermal fluid in the middle Okinawa Trough. 

The co 2 content of t h e Jade fluid is more than one order of 

magnitude higher than those of the MOR fluids. He isotopic 

composition of the Jade fluid suggesxs its magmatic origin. 

Carbon isotopic composition and high co2; 3He ratio indicate that 

the dominant part of C0 2 in the Jade fluid was derived from magma 

origin of the Island Arc type. Contrary to this, CH4 of the Jade 



fluid is overwhelmed by thermogenic one, according to its 

isotopic composition. 

The Clam fluid shows the lower 3He/ 4He ratios than the Jade 

fluid. This suggests a contribution of radiogenic He. The Clam 

fluid shows higher co2;3He ratio than the Jade fluid, which is 

attributed to fluid-sediment interaction. However. correlation 

between the ratios of co2;3He and 3He/4He is ambiguous. Isotopic 

composition of CH4 in the Clam fluid is similar to that of the 

Jade fluid, supporting that CH4 is derived from the fluid­

sediment interaction at low temperature. 

In summary, two prominent processes during hydrothermal 

interaction control fluid composition of both the Jade and Clam 

fluids. Interaction with acidic igneous rocks of the Island Arc 

type controls composition of major elements including co2 and 

H2s. Interaction with sedimentary matter determines contents of 

minor elements including CH4 . The latter interaction is 

responsible for regulation of pH and alkalinity of the fluid. The 

Clam fluid has experienced low temperature hydrothermal 

interaction within the sedimentary layer, which causes 

distinctive features in its composition from the Jade fluid. 
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Chapter 1. 

Introduction 
- Previous geochemical studies of hydrothermal system 

1-1. Submarine hydrothermal system 

Since high temperature fluid venting from the seafloor was 

discovered in 1977 at spreading axes of Galapagos Ridge and East 

Pacific Rise (Corliss et al., 1979; RISE Project Group, 1980), 

submarine hydrothermal system has been considered as one of the 

most interesting and important targets in oceanography. Numerous 

studies on this subject were conducted as a part of investigation 

of the mid-oceanic ridge (MOR) system. They have revealed that 

hydrothermal activity is an ubiquitous concomitant phenomenon to 

the ocean floor spreading activity. The MOR systems where well-

developed fracture system concurs with shallow heat source magma, 

provide favorable environment to development of hydrothermal 

system. 

Seawater, which penetrates into young oceanic crust through 

the fracture system, is heated up by the magma and ascends back 

to the seafloor due to its volume expansion. High temperature and 

high pressure condition promotes chemical reactions between 

seawater and crustal materials during hydrothermal circulation. 

Chemical composition of the fluid evolves from that of original 

seawater, while the crust suffers alteration. Furthermore, the 

fluid circulation causes transport of elements leached from the 

reactant materials to the seafloor surface. Venting of fluid 

induces mineral deposition on the seafloor due to drastic change 

in physical and chemical properties by mixing with ambient 



seawater. Chemical processes within hydrothermal system play an 

important role in alteration of both fluid and the crust, in 

transfer of elements, and in mineral deposition. 

1-2. Geochemical features of hydrothermal fluid 

Table 1-1 compiles data of chemical composition of 

hydrothermal fluids obtained from the MOR systems. Their 

geochemical signatures compared with seawater are summarized as: 

(1) depletion of Mg and so4 : While both are major components of 

seawater, their contents are almost zero. 

(2) strong acidity : pH of 3 - 4 is significantly lower than 

that of deep seawater of 7 . 8. 

(3) enrichment in Ca and K: To compensate Mg depletion, Ca and 

K contents increase. 

(4) enrichment in heavy metals: Contents of other trace cations 

are also enriched relative to seawater. Their enrichment factors 

are greater than 105, due to considerably low contents of metal 

elements in deep seawater. 

(5) high Sio2 content: Si02 content is close to or even higher 

than the saturation at temperature and pressure of interaction. 

(6) reductive condition: A significant amount of sulfide ion 

exists . 

(7) positive J 18o value: Isotopic composition strongly 

indicates that the fluid is in oxygen isotopic equilibrium with 

silicates at high temperature. 

(8) volatile component of magmatic origin: Isotopic composition 

of volatile components supports that they are derived from 

magmatic source. 

- 2 -



As will be discussed in the following sections, these 

features are attributed to chemical reactions taking place 

between seawater and reactant rocks, at high temperature of 300-

400QC and high pressure of 300-500 bars. 

1-3. Controlling factors of major element composition 

Mottl (1983a) summarized the following three principal 

mechanisms during hydrothermal interaction as factors which 

control chemical species in fluid. (1) fluid equilibria with 

minerals, (2) kinetic effects of leaching reaction, (3) elemental 

abundance in reactant matter and W/R ratio (mass abundance ratio 

of fluid over reactant rock). Among of them, he considered the 

fluid mineral equilibria determines eventually major element 

composition of hydrothermal fluid. 

Mottl (1983b) considered that the reaction paths during 

hydrothermal circulation consists of two stages, earlier "fluid-

dominated stage" and following "rock-dominated stage". 

Prominent reactions in the earlier stage are formation of 

Mg-rich secondary minerals and anhydrite deposition (Seyfried and 

Bischoff 1981). Mg-silicate forms through reactions such as: 

3Mg2 + + 4SiOz(aq) + 4H2o Mg3Si4o10 (0H)z + 6H+ --- (1-1), 
talc 

which removes Mg from and add H+ into fluid. The latter attacks 

primary minerals and glass in the reactant rocks converting them 

to hydrated secondary phases, which cause mobilization of cations 

including heavy metals (Seyfried and Bischoff, 1981) . so4 is also 

removed from seawater by precipitation of anhydrite as: 



CaS04 
anhydrite 

(1-2) 

With Ca being leached from rocks, anhydrite precipitation 

continues until complete removal of so4 is attained. Formation of 

both Mg-silicate and anhydrite occurs at temperature above 150° C 

under adequate low W/R ratio (Seyfried and Mottl, 1982). 

Hydrothermal interaction in this stage is characterized by 

leaching of elements from primary minerals and glass. Fluid does 

not approach to saturation with minerals except for anhydrite and 

calcite due to fluid dominant condition. Fluid composition is 

controlled by kinetic effects of leaching reactions, elemental 

abundance in reactant rock and W/R ratio during interaction. 

As leaching reaction progresses, fluid would become to be 

saturated with certain minerals. Elevated temperature to about 

300°C and decreased W/R ratio accelerate saturation (Seyfried et 

al., 1988). In this stage, fluid composition is controlled by 

equilibria with mineral assemblages constituting altered phase . 

For example, a series of cation exchange reactions among 

feldspars controls contents of Na, Ca and pH (Berndt et al., 

1989) as: 

CaA1 2Si 2o8 + 2Na+ + 4Si02 
anorthite 

3CaA1 2Si 2o8 + ca2+ + 2H2o 
anorthite 

2NaA1Si 3o8 + ca2+ --- (l-3a) 
albite 

2Ca2Al 3Si 3o12 (0H) + 2H+ --- (l-3b) 
clinozoisite 

2CaA1 2Si 20 8 + 2Si02 + Na+ + H20 = 

anorthite 
NaA1Si 3o8 + Ca 2Al 3Si 3o12 (0H) + H+ --- (l-3c) 

albite clinozoisite 

- 4 -



In summary, major element composition of fluid evolves a s 

below. Mg and so4 are completely removed from fluid in the 

earlier stage. During this stage, Na, Ca, K and other cations ar e 

extracted from primary minerals and glass of reactant matt e r. 

Once fluid ensues to be saturated with secondary minerals, 

equilibria with them control composition of the fluid. Final 

major element composition is determined by the equilibria with 

assemblage of altered minerals. 

Some calculative studies reinforced the model of fluid 

equilibria with minerals. Bowers et al.(l988) calculated chemical 

affinities of prominent precipitation reactions and indicated 

that ten venting fluids collected from the EPR (East Pacific 

Rise) were close to or at saturation with minerals which 

constitute greenschist facies. Bowers and Taylor (1985) and 

Bowers (1989) demonstrated that fluid evolution during whole 

reaction paths in hydrothermal interaction can be simulated by 

step-wise calculation. 

1-4. Controlling factors of minor element composition 

Since minor elements do not form independent altered 

minerals, ion exchange for major element is considered as a 

reaction which distributes them into mineral phases. Li and B are 

considered to be rarely involved into secondary minerals 

(Seyfried et al., 1984) and called as "soluble element" . Content 

of such elements could quantitatively be estimated from W/R ratio 

and elemental abundance in reactant matter. Because these 

elements accumulate in fluid with increasing degree of leaching 

- 5 -



from reactant rock and do not precipitate forming mineral phase, 

their contents would be useful to constrain alteration processes 

during hydrothermal interaction. 

1-5. Volatile components of hydrothermal fluid 

Volatile components of hydrothermal fluid are considered to 

be extracted from occluded gas in glassy materials of reactant 

rock. 

The He isotopic composition of the EPR fluid is common to 

that in basaltic rock collected at the same site, supporting that 

the He in the fluid came from the basaltic rock (Lupton et al., 

1980). Welhan and Craig (1983) demonstrated that both co 2 and CH4 

in the EPR 21°N fluid are also derived by the same mechanism, 

based on their isotopic compositions and abundance ratios to 3He 

coupled with data of basalt glass. Further study on volatile 

components of the EPR 13°N fluid (Merlivat et al., 1987) and of 

the Southern Juan de Fuca fluid (Evans et al., 1988) demonstrated 

that this model is also applicable to other MOR systems. 

In the case of the MOR systems where no other significant 

source exists in the neighborhood, chemical and isotopic 

compositions of volatile components in hydrothermal fluid provide 

us with direct information of their magmatic sources. 

1-6. Hydrothermal interaction in the sediment-hosted systems 

Hydrothermal systems generally develop within sediment-free 

region where the oceanic crust has not aged since its generation. 

Contrary to such "sediment-starved hydrothermal system", some 

hydrothermal systems are recognized as developing in environment 

- 6 -



where spreading center is covered with thick sedimentary layer. 

Such "sediment - hosted hydrothermal system" occurs in areas 

adjacent to continent which provides abundant sedimentary matter 

such as terrestrial detritus or clay minerals. The Guaymas Basin 

in the Gulf of California (Koski et al, 1985; Von Damm et al., 

1985b) and the Escanaba Trough in the Gorda Ridge (Koski et al., 

1988) have been well studied as examples of the sediment-hosted 

ridge system . 

In the sediment-hosted hydrothermal system, fluid circulates 

within thick sedimentary layer as well as within the oceanic 

crust. Hydrothermal interaction between fluid and sedimentary 

matter controls fluid composition in different way from fluid­

rock interaction. 

Organic matter in sedimentary layer has high reactivity at 

high temperature condition. It decomposes to co2 , CH4 , NH 3 and 

other lower organic compounds through thermal degradation and 

oxidation reactions. Involvement of these species into fluid 

significantly affects pH and alkalinity of the fluid. (Von Damm 

et al . , 1985b) . Volatile composition is also modified appreciably 

because sedimentary layer is usually a larger source of these 

species than magmatic source (Welhan and Lupton, 1987). 

Furthermore, the shift of pH and alkalinity induce mineral 

deposition to alter metal element composition and may affect the 

fluid equilibria with minerals which in turn modify major element-­

composition (Simoneit, 1985). Bowers et al.(1985) demonstrated 

that calculative simulation of interaction between EPR-type fluid 

and sedimentary matter can well predict chemical composition of 



the Guaymas fluid, both increase in pH and signifant low metal 

elements contents. Apart from the organic matter decomposition, 

dissolution of inorganic minerals such as calcite and/or 

anhydrite would affect fluid composition. 

Thornton and Seyfried (1987) conducted an experimental study 

on the fluid-sediment interaction at condition of 350°C, 500 

bars. They discussed each reaction path mentioned above in 

detail, and expressed overall reactions which occur during the 

experiment as : 

0.27(C106H263o110N16P) + 2.6Mg2+ + 3.4Na+ + 7.7Si02 + 2.6H 20 

+ 1 . 3KA1Si 3o 8 + 1 . 7Caso4 + 1.7Fe0 + 1.7CaA12Si 2o 8 

0.85Mg3Si 4o 10 (0H) 2 + 0.42KA1 3Si4o10 (0H) 2 + 3.4NaA1Si 3o 8 

+ 3.4CaC03 + 1.7FeS + 1.7CH4 + 4.3NH4 + + 0.27H3Po4 + 0.85K+ 

+ 1.7H2co3 + 10.7CH3COOH + 3.4H+ (1-4) 

1-7 . Hydrothermal systems in the continental margins 

Fig. 1-1 illustrates global distribution of the submarine 

hydrothermally active sites that have been identified up to date 

(1990). Because the MOR system has been investigated most 

energetically with great interest of tectonic study until quite 

recently, hydrothermal systems are discovered mainly there. 

However, recent studies have expanded their exploration area 

and succeeded to discover hydrothermal activities in various 

tectonic settings. Loihi submarine volcano in hot spot region 

(Malahoff et al., 1982), spreading axis of the Mariana back arc 

basin (Craig et al., 1987) and spreading axis of the North Fiji 

Basin (Auzende et al., 1990) are such examples. 
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The Okinawa Trough is a back arc basin in a nascent stage , 

as will be discussed in Chapter 2. Although thick continental 

crust remains below the area, rifting-induced fracture systems 

and heat supplied by Island Arc type magmatic activity provide 

conditions favorable to hydrothermal circulation. Hydrothermal 

activities located in the middle Okinawa Trough are the first 

identification of hydrothermal system which develops within the 

continental margins . 

The main purposes of this thesis are to study geochemical 

signature of the hydrothermal fluids of the middle Okinawa Trough 

back arc basin, both in elemental and volatile compositions, and 

to discuss reactions responsible for their unique composition. In 

Chapter 2, geological background of the hydrothermal system in 

the Okinawa Trough will be summarized. Analytical methods used in 

this study will be described in Chapter 3. Analytical results on 

major and trace elements will be discussed in Chapter 4. Chapter 

5 will be devoted to volatile components. The concluding remarks 

based on the discussion in Chapter 4 and 5 will be given in 

Chapter 6. 

- 9 -
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Fig. 1-1 Global distribution of major identified submarine 

hydrothermal systems (modified after Rona 1988) 

A: Middle Okinawa Trough; B: Mariana Trough 

C: North Fiji Basin; D: Juan de Fuca Ridge 

E: Gorda Ridge; F : Guaymas Basin; 

G: East Pacific Rise 21°N; H: EPR 13°N 

I: Galapagos Spreading Center; J: Mid-Atlantlc ridge 
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Chapter 2. 

Geological background of hydrothermal systems in the middle 
Okinawa Trough 

2-1. The Okinawa Trough 

The Okinawa Trough is a NE-SW trending depression of 1200 km 

long and about 100 km wide, located between the Ryukyu Islands 

and East Sea (fig. 2-1). This trough is divided into three parts 

by its depth and location, the northern Okinawa Trough of depth 

shallower than 1000 m, the middle Okinawa Trough of 1000 m to 

2000 m depth and the southern Okinawa Trough of 2000 m to 2300 m 

depth. 

The Okinawa Trough is a back arc basin behind the Ryukyu 

trench-arc system. Along the axis of the trough, several grabens 

are aligned en echelon (fig. 2-2). Previous studies for 

geological structure and history of the Okinawa Trough (e.g. Lee 

et al., 1980; Kimura, 1985; Letouzey and Kimura, 1985; Sibuet et 

al., 1987), attribute them as formed with extensional tectonic 

situation. While some studies (Kimura, 1985; Sibuet et al., 

1987) proposed the Southern Okinawa Trough is in the beginning 

stage of seafloor spreading, others (e.g. Oshima et al., 1988) 

argued against this. Recent studies (e.g. Japanese DELP 1988 

Group, in preparation) demonstrated some lines of evidence 

favorable for the latter hypothesis. They agreed that the present 

extensional stage of the Okinawa Trough - remains in -a rifting 

stage prior to a spreading stage, which is characterized by 

development of normal faulting and crustal extension in brittle 

continental crust. 
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2-2. Previous studies on the middle Okinawa Trough 

At the axial part of the middle Okinawa Trough, Kimura et 

al.(1986) found several distinct grabens which are surrounded by 

normal faults and which contain elongated parallel ridges and 

scattered small knolls. Among them, the Iheya Graben (shown by an 

arrow mark in fig. 2-2) where this structure appears most 

clearly, has been chosen for a detail investigation area. 

Fig. 2-3 is a precise seabeam map of this area. The 

prominent ridge (named as Iheya Ridge) located at the axis of the 

Iheya graben consists of basalt and basaltic andesite (Kimura et 

al., 1986; Naka et al., 1989; Ishizuka et al., 1990). On the 

other hand, abundant occurrence of acidic rocks of dacite and 

rhyolite and extensive distribution of "woody pumice" were 

observed at small knolls (named as Iheya Knolls) in the eastern 

area of the Iheya Ridge (Uyeda et al., 1985; Momma et al., 1989) . 

Honma et al.(1987) revealed common signature of the calc-alkaline 

rocks of the island arc type in both type rocks based on their 

chemical and isotopic compositions. This bi-modal volcanism may 

be taken to indicate extensional activity in the Iheya Graben 

(Kimura et al., 1986). 

At any sites in the middle Okinawa Trough, oceanic back arc 

basalt has not appeared. Seismic refraction study (Nagumo et al., 

1986) indicated a 5 km thick layer which is attributed to 

granitic continental crust and the lack of the oceanic crust. 

Parallel lineation of magnetic anomalies ~n the seafloor has not 

been recognized (Kitahara et al., 1986). 

The basaltic rock at the Iheya Ridge shows K-Ar ages of 0.22 
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- 0.42 Ma, indicating very recent volcanic activity (Kimura et 

al., 1986). Microseismic study (Ouchi et al, 1989) demonstrated 

ceaseless occurrence of numerous small ea rthquakes further 

support for the presently active state of the middle Okinawa 

Trough. Yamano et al. (1986a; 1986b; 1989) reported extremely 

high and localized heat flow anomalies, and attributed t h e m to be 

caused by an intrusive body younger than 3 x 10 5 year and 

shallower than 3.5 km. 

In summary, the geological and geophysical lines of evi dence 

attribute the tectonic setting of the Iheya Graben to be in an 

initial stage of rifting within continental crust and in a most 

active part of the middle Okinawa Trough. 

2-3. Sedimentary environments around the middle Okinawa Trough 

The Okinawa Trough is also characterized as extensive 

sedimentation. As easily speculated from its location, enormous 

amount of terrestrial matter is supplied from the Asia continent 

and the East Sea continental shelf. High sediment accumulation 

would cause burial of unoxidized organic matter, and would induce 

good condition for its rapid diagenesis. In the case that a heat 

source exists under sedimentary layer, it would enhance this 

reaction. 

2-4. Hydrothermal activities in the middle Okinawa Trough 

One low temperature activity (Hibiscus site) and two high 

temperature sites (Jade site and Clam site) have been found in 

the Iheya Graben up to date (1990). They are the first 

observations of hydrothermal circulation within the continental 
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crust margin. Fig. 2-4 illustrates localiti es of these 

hydrothermal activities. 

In July 1986, direct evidence of hydrothermal activity was 

witnessed during the dive mission of Japanese submersible SHINKAI 

2000 (Kimura et al., 1988) . Small mounds composed of hydrothermal 

precipitation of Fe-smectite and Fe-oxyhydroxide (Masud a et al . , 

1987), and shimmering fluid of 2-3°C higher temperature than 

ambient seawater were observed. This site (named as "Hibiscus 

site") was located at the Natsushima 84-1 Knoll (27 34.4 N, 

127 08.6 E, fig. 2-3:A ) which consists of acidic rocks a nd faces 

the south side of a small basin where high heat anomalies had 

been recorded (Yamano et al., 1986a) . 

Preliminary results of chemical composition of the Hibiscus 

fluid (Garno et al., 1987b) demonstrated low pH, high methane 

content and high 3He/ 4He value. However, these anomalies were not 

so significant, which suggest a low temperature hydrothe rmal 

activity of the Hibiscus site, together with evidence from 

hydrothermal precipitation. 

In 1986, R/V Hakuho Maru of the Ocean Research Institute, 

University of Tokyo, occupied this area to make furth e r survey on 

hydrothermal activity. During this cruise, hydrothe rma l plume was 

detected in the water column around the Hibiscus site, by 

measuring CH4 content and He isotope anomalies (Ishibashi et al., 

l986). The results were very promising, indicating the presence 

of hydrothermal vents, probably much more active than th e 

Hibiscus site. 

Following this, two high t emperature hydrothermal fields 
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were discovered in this area in 1988. In the following sections, 

geological settings of these sites are summarized briefly. 

2-5. Geological settings of the Jade site at the Izena Cauldron 

The high temperature hydrothermal activity accompanying 

extensive sulfide mineralization was located at the Izena 

Cauldron (27°16'N, 127° 05 1 E, fig.2-3:B) (Halbach et al., 1989). 

This site was discovered during the cruise of German research 

vessel "Sonne" in June of 1988, and named as "Jade site". 

The Izena Cauldron is a rectangular ( 6 km x 3 km 

depression located at about 30 km southeast apart from the Iheya 

Ridge. Several observation conducted by the submersible "SHINKAI 

2000" reported occurrence of rhyolite (Tanaka et al., 1990), 

dacite (Nakamura et al., 1989), woody pumice and tuff breccia 

with consolidated sediment (Kato et al, 1989) at the outer wall 

of the Izena Cauldron. 

Hydrothermal field lies within a NNE-trending 1000 x 200 m 

elongated belt zone along the north-eastern wall of the Cauldron 

at depth of 1450-1300 m (see fig. 2-4). Dive missions of the 

SHINKAI 2000 in 1988 and 89 (Nakamura et al., 1989; Aoki and 

Nakamura, 1989) and survey cruises of DK89-l-OKN (Momma et al, 

1989) and GH89-3 investigated regional distribution of the 

activities in the Jade site. 

Fig. 2-5 summarizes these results in a map (Tanaka et al., 

1990). At the center part , the "Black smoker" chimney vigorously 

emits fluid of 320"C upwards to height of 15 m with fine 

suspension. Several hydrothermal mounds of angular sulfides 

blocks were distributed. Around the Black smoker, several groups 
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of chimneys were located which discharge clear fluid of 220° C or 

lower temperature. Collected ore samples show occurrence of 

sphalerite, tetrahedrite, galena, chalcopyrite, pyrite, barite 

and anhydrite. From their mineral composition, they are 

considered to be a modern analogue of the Kuroko-type 

mineralization in the Northeast Honshu, Japan (Halbach et al ., 

1989; Urabe, 1989; Nakamura et al., 1990). 

On the outskirt part, native sulfur layers and white 

pockmark zones consisting of altered minerals and precipitates 

were observed (Tanaka et al., 1990; Nakamura et al., 1990). In 

two of the white pockmarks, venting of "liquid co2 bubble" was 

witnessed (Sakai et al., 1990b) . 

2-6. Geological settings of the Clam site at the Iheya Depression 

Another active high temperature hydrothermal field was 

located at a northern foot of the Iheya Ridge ( 27" 33 1 N, 

126 ° 58 1£, fig. 2-3:C ) . A deep-tow TV camera system of r esea r ch 

vessel KAIYO caught biological community and temperatur e anomaly 

in June 1988 (Momma et al., 1989). This site was named as "Clam 

site" according to intensive biological activity which forms 

clusters of giant clams, tube worms and shrimps. 

TV camera observation by KAIYO and Sonne, and dive missions 

of the SHINKAI 2000 in 1988, 1989 and 1990 have b een carried out 

at this site. The hydrothermal activity is confined with in a 

narrow area of a radius of less than 1 km ( see fig. 2-6 ) on a 

flat gentle slope of 1400 m de pth of the Iheya dep ression . 

Although the Iheya Ridge is considered to be the center of the 
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present activity in the Iheya Graben, other intense activities 

have not been discovered at any area around it. 

The most remarkable geological feature in the Clam site is 

carbonate crust which covers the seafloor. Some of them are piled 

up to form a small mound and some of them are collapsed along a 

fissure. Collected samples of the crust were identified as 

silica-mangno-calcite and Mn-rich dolomite (Tanaka et al., 1989). 

Ore deposits of sulfide minerals have never been observed in the 

Clam site. 

Hydrothermal fluid ventings concentrate within a narrow zone 

adjacent to a small hill (fig. 2-6). Clear fluid emerges out 

through fractures and cracks of the carbonate crusts, in places . 

Some of them form altered material or deposit on the seafloor, 

although large construction was never observed. Temperature of 

fluids was more than 100°C, but the highest measured temperature 

was limited to 210° C. 
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Fig. 2-1 A topographic map of the Okinawa Trough . 
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Fig. 2-2 An outline map of tectonic structure in the Okinawa 

Trough. An arrow mark indicates the Iheya Graben . 

(modified from Kimura, 1988) 
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Fig. 2-3 A precise topographic map of the western part of the. 

Iheya Graben. Every contours are in lOOm. 

(The original seabeam map was made by the Hydrographic 

Department, Martime Safety Agency of Japan; Katsura et 

al., 1986). 

Asterisks mark indicate localities of the hydrothermal 

sites. 

A: Hibiscus site on the Natsushima 84-1 Knoll 

B: Jade site at the Izena Cauldron 

C: Clam site at the Iheya Depression 
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Fig. 2-4 A map showing topography of the Izena Cauldron . 

Shaded area indicates the Jade site. 
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Fig. 2-5 A map showing distribution of hydrothermal activities 

in the Jade hydrothermal site. 

(modified from Tanaka et al. ,1990) 
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Fig. 2-6 A map showing distribution of hydrothermal activities 

in the Clam hydrothermal site. 

(modified from Tanaka et al . , 1989) 
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Chapter 3. 

Sampling and analytical methods 

3-1. Sampling sites 

Hydrothermal fluid samples were collected during dive 

missions of the manned submersible SHINKAI 2000 (JAMSTEC; Japan 

Marine Science and Technology Center), in June and July, 1989. In 

table 3-1, sample names are listed together with each sampling 

site and fluid temperature measured during the sampling. As will 

be described in section 3-2, three or more sample cylinders were 

used for a sampling of the same hydrothermal fluid when a 

revolving sampler was employed. A set of samples is expressed in 

the same column in table 3-1. A Missing number indicates that no 

sample was introduced in the sample cylinder of that number due 

to a failure of sampling operation. 

Fig. 3-1 illustrates sampling sites in the Jade hydrothermal 

site. In this site, 7 sets of hydrothermal fluid samples were 

obtained. Because the "Black Smoker" discharges the highest 

temperature fluid of 320°C and it seems to represent the 

hydrothermal activity in the Jade site, sampling target was 

focused on it. Samples D413-RV1,2,3, D413-RV4,5,6, D414-AL and 

D414-RV2,3 were collected from chimneys which are a few meters to 

the west of the "Black Smoker". The fluid discharging from these 

chimneys were clear and of about 150°C temperature. D422-RV2,3 

and D423-RV2,3 were obtained from the top of the "Black Smoker" 

chimney, directly. D423-RV4,5,6 were taken at another venting 

site, where small chimneys emit clear fluid. This sampling site 

was about 200m apart from the "Black Smoker". During the 
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sampling 0415-M and 0424-M, it was tried to collect "liquid co2 

bubble" as described in section 5-3-7, and only the latter 

sampling was successful. 

At the Clam site, 5 sets of samples were collected at three 

vents in a small region of the same hydrothermal alteration zone. 

0416-AL, RV1,2 were collected at a fissure where clear fluid of 

220°C emerged. About a month after this sampling, two dives, 0426 

and 0427 revisited the same site and collected the samples from 

the same vent as 0416 or at least a vent very close to the 

former. Samples 0416-RV4,5,6 were collected at other vents about 

30m apart from the fissure (fig. 3-2). 0416-M and 0427-M2, M3 

were bottom seawater samples collected apart from these vents but 

within the hydrothermal active region. 

3-2. Sampling equipments 

Specific sampling equipments were developed for this dive 

study in the Ocean Research Institute ( ORI ) (Sakai et al., 

1990c). Three types of water samplers were employed. The details 

of the first device is described in the following paragraphs. The 

second is a titanium sampler which is employed by American 

submersible "Alvin" (Von Oamm et al., 1985a). The third is a 

cylinder sampler made of acrylic resin, used for collecting low 

temperature sample. Its one end has a cap which is open before 

sampling and can be triggered to be shut off with rubber band at 

seafloor. 

Fig. 3-3 shows an outline of the revolving valve sampler. It 

consists of a sucking gear pump, 6 titanium cylinders, a 
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revolving switch valve, Teflon tubing, and a titanium inlet tube . 

Each cylinder has an 0-ring sealed piston. As the gear pump pumps 

out distilled water which had occupied an upper room of the 

cylinder, the piston moves upwards introducing sample waters into 

a lower room. A check valve between the sample cylinder and the 

Teflon tubing prevents backward flow of the sample water after 

completion of the pumping. With rotation of the revolving switch 

valve, the next cylinder becomes to be ready for sampling. 

The gear pump and the revolving switch valve can be 

controlled from a submersible cabin. While the inlet tube is set 

up as close to a vent as possible, the sampler is operated for 

collecting hydrothermal fluid. At the same time of the sampling, 

fluid temperature is monitored using a Platinum- thermometer 

attached to the top of the inlet tube. It takes about 15 minutes 

to fill up one sample room of 780 ml capacity. 

The drawback of the revolving sampler is that the water 

which occupied inlet and Teflon tubes in prior to sampling (see 

fig . 3-3) was inevitably introduced into the sampling cylinder 

and contaminated the hydrothermal fluid. In order to obtain the 

fluid sample free from such contamination, two or more successive 

sampling of the same hydrothermal fluid was necessary. While the 

sample in the first cylinder was diluted by distilled water or 

the former sample, nearly pure fluid sample should be obtained in 

the last cylinder of a series of the successive sampling. 

The revolving sampler is of advantage to collect volatile­

rich fluid~ sample. Gas evolution from hydruthermal ~luid trapped 

in the sample cylinder often causes significant pressure increase 

on the return to sea surface to induce leakage of volatile 
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components from the sample. The revolving sampler assures an 

extra space for gas evolution, by adjusting the piston to pause 

at a half-way of its full drive. Thus, the movement of the piston 

compensates for the pressure increase during the recovery of the 

sampler. Sample leakage due to gas evolution was considered to be 

sufficiently prevented. 

3-3. Sample transfer procedure 

After the recovery of the submersible "SHINKAI2000", both 

aqueous and evolved gas phases of a fluid sample were transferred 

from the sample cylinder, at on board laboratory in the 

tendership Natsushima. 

Fig. 3-4 is a schematic diagram showing the on board 

transfer and storage procedures of the gaseous sample. At the 

first step, the evolved gas in an over-pressurized cylinder was 

taken out using a plastic syringe and its volume was measured 

under atmospheric pressure. It was, then, transferred to a 

storage bottle after procedures described in the next paragraph. 

After inner pressure became balanced to atmospheric, the gaseous 

portion remained in the sampler was pushed out by moving the 

piston and treated in the same way. 

After the volume measurement, the sample was shaken with lN 

Zn(CH3coo) 2 solution to collect H2S as ZnS. It was then 

introduced into saturated Ba(OH) 2 solution to precipitate Baco3 . 

Residual gas (R-gas) was transferred into another plastic syringe 

for volume measurement. At the last step, the R-gas was 

transferred to a leaded glass bottle evacuated beforehand. 
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When all the gaseous portion was taken out, position of th e 

piston was recorded to know sample volume of the aqueous portion 

(sample volume of the gaseous portion was measured during its 

transfer). The aqueous sample was aliquoted to each sampling 

bottle and stored after chemical treatment as follows. 

1. 5 ml were drawn into a N2 purged polystyrene bottle and 

capped (with no head space) for pH measurement. 

2. 30 ml were drawn into a N2 purged polystyrene bottle and 

capped (with no head space) for alkalinity titration. 

3. 30 ml were drawn into a 60 em long copper tubing and 

sealed at both ends with steal clumps for He analysis. 

4. 30 ml were drawn into a N2 purged glass vial and capped 

with septum (with no head space) after poisoned by HgC12 for 

dissolved co2 analysis. A duplicate was prepared for CH4 and 

other volatile components analyses. 

5. 30 ml were drawn into a N2 purged polystyrene bottle and 

Zn(CH3coo) 2 was added to precipitate ZnS for H2S analysis. 

6. 30 ml were drawn into a polystyrene bottle for nutrient 

analysis. 2 ml of this sample were diluted immediately with by 

ten times with distilled water. Both samples were stored in a 

refrigerator until analyses. 

7. 60 - 100 ml were drawn into a polystyrene bottle for 

major elements. This was filtered with 0.4 pm nucleopore filter 

and then divided into two portions. The one was acidified with 

HCl or HN0 3 for cation analyses, and the other was stored without 

any treatment for anion analyses. 

8. The remainder of the sample was then drawn into the 

teflon bottle and acidified with distilled HN0 3 for analyses of 
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heavy metal elements. 

3-4. Analytical methods of elemental components 

Analytical methods of major and minor elemental components 

are summarized in table 3-2 with their analytical precision. Most 

of them follow conventional methods employed for hydrothermal 

fluid or seawater analyses (e.g. von Damm et al., 1985a). 

Measurement of pH and titration for alkalinity were done as 

soon as possible after the sample split. Colorimetric analyses of 

Si02 and NH 4 were conducted within 24 hours after recovery of the 

sample. Other analyses were conducted in the land based 

laboratory in the ORI and in the National Institute for 

Environmental Studies (NIES). Anions were analyzed by Dr. E.-S. 

Kim of ORI. Contents of Na are calculated from charge balance, 

because of poor precision of spectrophotometric analysis. 

3-5. Analytical methods of volatile components 

The hydrothermal fluid samples were often recovered in two 

separated phases, gaseous and aqueous phases, although they must 

be in a single liquid phase on the seafloor condition. Since 

volatile components distributed in both phases, their composition 

in the original fluid was estimated as below . Composition in 

gaseous and aqueous phases were determined by analyses of 

respective sample. Based on the sample volume_ of both gaseous and 

aqueous phases which were measured during the sample transfer, 

the total amount of each volatile component in the whole obtained 

sample was calculated. Composition in an original fluid was 
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determined on the assumption that both the evolved gaseous 

portion and the aqueous portion of the obtained sample were 

neither lost nor added during the sample recovery and that they 

were in a single aqueous phase on the sampling condition. 

COz content in the gaseous portion was determined by 

volumetry during the sample transfer procedure, measuring volume 

change before and after the alkali dissolution. 

Composition of the R-gas sample was determined by a 

Quadrupole mass spectrometer (QMS) analysis conducted in the 

Laboratory for Earthquake Chemistry, University of Tokyo (LEC) . 

Contents of CH4 , Nz. Oz. Ar, and COz were measured comparing 

with analyses of synthesized standard gases. In the case that 

content of COz in the R-gas sample was not negligible, the result 

of volumetry was corrected with it. Some total gas samples 

without alkali dissolution were also analyzed with QMS system and 

their results of COz content were checked with volumetric 

results. 

Gas chromatographic technique was employed for the analysis 

of Hz content in several samples. These samples were also gas 

chromatically analysed for CH4 and Nz to check the QMS results. 

analysis. The gas chrmatographic analyses were conducted by Dr. 

F. Yanagisawa of ORI. In these cross checks, analytical results 

show agreement with each other. 

The COz and CH4 in the aqueous phases were analyzed on the 

samples stored in glass vials. The COz ( by Dr. T.Gamo ) and CH4 

analysis were conducted in ORI, using the gas chromatographic 

technique after purge of dissolved gas from the aqueous samples 

(Garno and Horibe, 1980; Garno et al., 1987a). 
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The He isotopic ratios of the R-gas samples were measured in 

LEC using a high resolution mass spectrometer, after purification 

of samples after Sano and Wakita (1988). The carbon isotopic 

ratios of co2 in the gaseous phases were measured in OR!, after 

releasing co 2 from the Baco3 precipitates . The co 2 in the aqueous 

phases were separated during the quantitative analysis with GC, 

and its isotopic composition was also measured in OR! by Dr. T. 

Garno. The carbon isotopic ratios of CH4 were measured on the co 2 

samples produced by combustion of the R-gases with CuO furnace 

at 800°C, by Mr. M. Tsutsumi of OR!. The H2S was convereted to 

Baso4 for the gravimetric measurement of the concentrations as 

well as for the isotopic ratio measurements by Dr. E.-s. Kim of 

OR!. 
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Table 3-1. List of hydrothermal fluid samples 

dive sample name site temp.(°C) Note 

D413 RV1,2 , 3 Jade <220 
RV4,5,6 Jade <220 

D414 AL Jade 30-150 
RV2,3 Jade 30-150 

D415 M Jade Bottom seawater3) 
D416 AL Clam 90-100 

RV1 , 2 Clam 90-100 
RV4,5,6 Clam 90-100 
M Clam Bottom seawater 

D422 RV2,3 Jade 320±10 Only gas phase4 > 
D423 RV2,3 Jade 320±10 

RV4,5 Jade 30-150 
D424 RV4 Jade Extracted gas from sedimentS) 

M Jade Liquid co2 bubbles> 
D426 RV3,5,6 Clam 90 
D427 RV1,3,5,6 Clam 90-100 

M1 Clam Bottom seawater above the vent 
M2 Clam Bottom seawater 
M3 Clam Bottom seawater 

1) Samples listed in the same column were obtained 
in the same series of sampling procedure (see text) 

2) Prefix of sample names indicates the equipment used for sampling as 
RV: Revolving valve sampler 
AL: Alvin type sampler 
M: Acrylic corer sampler 

3) Bottom seawater including little amount of liquid co2 bubble 

4) Aqueous phase were lost during sampling recovery due to pressure 
increase of gaseous phase . 

5) Spontaneously extracted gas accumulated in the sample room, which 
probably originated from sediment in the inlet tube. 

6) Evolved gas from liquid co2 bubble and hydrate 
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Table 3-2. Analytical methods of elemental components 

element 

pH 

L1 
Na 

K 
NH4 
Mg 
Ca 
Sr 
Ba 

Mn 
Fe 
B 

Al 
so4 
Cl 
Alk. 
sio2 

method 

electrode 
ICP emission spectrophotometry 
calculation from charge balance 
atomic absorption spectrophotometry 
colorimetry (nitroprusside method) 
atomic absorption spectrophotometry 
atomic absorption spectrophotometry 
ICP emission spectrophotometry 
ICP emission spectrophotometry 
atomic absorption spectrophotometry 
ICP emission spectrophotometry 
ICP emission spectrophotometry 
ICP emission spectrophotometry 
ion chromatography 
ion chromatography 
titration 
colorimetry (molybdate blue method) 
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precision 

3% 
3% 
5% 
3% 

10% 
3% 
3% 
3% 
3% 
3% 
5% 
5% 
5% 
5% 
5% 
5% 

10% 



Table 3-3. Analytical methods for volatile components 

component phase 

COz gas 

liquid 

CH4 gas 
liquid 

Hz gas 

He gas 

HzS gas 
liquid 

3He/ 4He gas 

S13c(co2 l gas 
liquid 

a13C(CH4 ) gas 

1) 
2) 
3) 
4) 

analyzed 
analyzed 
analyzed 
analyzed 

by 
by 
by 
by 

method 

volumetry during the alkali dissolution 
QMS 
Gas chromatography after Garno et al . (1980) 1) 

QMS 
Gas chromatography after Garno et al.(1987a) 

Gas chromatography 2) 

QMS 

gravimetry 3) 

gravimetry 3) 

Mass spectrometry after Sano and Wakita (1988) 

Mass spectrometry 
Mass spectrometry 1) 

Mass spectrometry 4) 

Dr. T.Gamo 
Dr. F.Yanagisawa 
Dr. E.S. Kim 
Mr. M.Tsutsumi 
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Fig. 3-1 Map showing sampling locations in the Jade site 
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(Sakai et al. , 1990c) 



measurement R-gas 

· Tygon tubing\ _j 
~--~~tt-----~--:1 

stopcock 

quick connecter ~ Ba(OHh 

GAS 

Ti-cylinder uo. 

Fig. 3-4 S~hematic diagram of transfer procedure of the evolved 
gas sample 

- 39 -



Chapter 4. 

Major and minor element compositions of the Jade and Clam site 
hydrothermal fluid 

4-1. Analytical results 

4-1-1. Elemental compositions in obtained samples 

As long as the present sampling method (see Chapter 3) is 

used, it is difficult to obtain pure hydrothermal fluid from a 

venting point. Water samples are usually mixtures of pure 

hydrothermal fluid, ambient seawater entrained during sampling 

procedure and distilled water remained in a dead space of the 

sampler. Therefore, some correction and estimation are required 

to asses the composition of pure hydrothermal fluid. 

At first, in order to correct for the sample dilution, all 

the results of analyses were normalized to the Cl concentration 

of 550 mM/kg. This correction is based on the assumption that the 

pure hydrothermal fluid has the same Cl concentration as ambient 

seawater. The data reported in table 4-1 were already corrected 

for this, except for the Cl concentration. 

4-1-2 . Estimation of the Jade fluid endmember 

It is well established that the composition of an endmember 

hydrothermal fluid is estimated by extrapolation of Mg content to 

zero (Von Damm et al., 1985a). This conventional estimation is 

based on the presumption that the endmember hydrothermal fluid is 

Mg-free (see section 1-3) and that each component of the fluid is 

considered to be conservative in the mixing with ambient seawater 

during sampling. 

In fig. 4-1, content of each component is plotted against Mg 
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content. All the components in the Jade fluid samples show good 

linear relationships, except for Ba. D423-RV3 was a sample 

obtained from the high temperature fluid of 320°C, which emanated 

from the "Black smoker". This sample contained Mg only of 

1.1 mM/kg, supporting the presumption for the conventional 

endmember estimation. With respect to Ba, it is not conservative 

in the mixing of the fluid and seawater, probably due to 

precipitation of barite . 

The least square fitting (LSQ) was employed for 

extrapolation to Mg = 0 as usual. At the first column in table 

4-2, the estimated composition of the Jade endmember fluid is 

presented. At the second column, analytical result of D423-RV3 is 

listed for comparison. With respect to pH and Ba. the values in 

the second column were taken as values of the endmember. 

4-l-3. Estimation of the Clam fluid endmember 

Contrary to the Jade fluid, all of the Clam fluid samples 

show as low temperature as l00°C and as high Mg content as about 

35 mM/kg. Moreover, the highest observed temperature was 220°C . 

It is not justifiable to adopt the conventional estimation method 

to the Clam fluid without discussion. 

Fig. 4-2 illustrates the relationship between so4 content 

and J 34s(so4 ) value of the Jade and Clam fluid samples. All the 

Jade fluid samples have constant a34s value identical to ambient 

seawater, supporting simple mixing between so4 free hydrothermal 

endmember and ambient seawater. However, the Clam fluid samples 

show remarkable enrichment in 34s and negative correlation 

between J 3 4s(so4 ) value and so4 contents. As mentioned above, the 
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conventional estimation method requires Mg and so4 fr ee 

endmember. However, such endmember obviously could not c onstitut e 

the so4 r elationship observed in the Clam fluid samples. Th e Clam 

fluid endmember, if it exists, should contain a significa nt 

amount of 34s-enriched so4 . 

Therefore, hydrothermal endmember should be decide d on 

another basis. Sakai et al . (1990a) proposed a possible endmember 

according to the observed fluid temperature. On the assumption 

that the temperature of 220°C represents the minimum endmember 

temperature, its composition was estimated as Mg = 22t3 mM/kg and 

so4 = 10.0±0.3 mM/kg, respectively, according to extrapolation of 

relationship between observed temperature and Mg content. 

However, this estimation seems to conflict with anhydrite 

solubility of fluid as illustrated in fig. 4-3. A dashed line 

indicates solubility product of anhydrite at each temperature 

estimated for hypothetical mixture between the Jade endmember 

fluid and ambient seawater. Due to the abundant so4 content in 

seawater and low anhydrite solubility at higher temperature, 

hydrothermal fluid becomes to be oversaturated with anhydrit e 

practically in all the range of mixing. The endmember of 220°C, 

if exist, must show depletion in Ca and so4 . However, this 

consideration does not agree with composition of the observed 

Clam fluid samples. 

Therefore, the obtained samples which show temperature 

around 100°C are assumed to have experienced the last stage of 

hydrothermal interaction at such low temverature, and has not 

suffered mixing with ambient seawater during sampling procedure. 

As Garno et al.(l991) has already noted, the Clam fluid samples do 
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not show so good lineation in Mg diagrams as the Jade fluid 

samples. Especially, components affected by fluid-sediment 

interaction such as pH, alkalinity and NH3 , show different 

relationships at each venting. This variable relationship would 

assure that low temperature interaction is characteristic to the 

Clam fluids. 

Based on the above discussion, the endmember composition of 

the Clam fluid was not estimated here. D427-RV3 is taken as a 

representative of the Clam fluid based on its good condition 

during sampling and the lowest Mg content. Its chemical 

composition is listed at the forth column in table 4-2. 

4-2. Elemental components in the Jade fluid 

4-2-1. Comparison with the Mid Oceanic Ridge hydrothermal fluid 

Table 4-3 compiled the chemical compositions of submarine 

hydrothermal fluids so far studied, including the Jade fluid. 

Fig . 4-4 illustrates comparison of cation composition between the 

Jade fluid and the EPR fluid (EPR21°N, OBS vent) as a 

representative of the MOR type fluids. 

As discussed in Chapter 1, the chemical composition of 

submarine hydrothermal fluids is distinguished from that of 

seawater in (1) depletion of Mg, so4 , (2) low pH, (3) enrichment 

inCa, K and other cations, (4) significant enrichment in heavy 

metals, (5) high Si02 content, (6) existence of H2S. The Jade 

fluid also shows all of these features. 

It is also notable that, in some components, the Jade fluid 

shows enrichment or depletion beyond a range of variation so far 

observed in the MOR type fluids. High pH and alkalinity compared 
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to the EPR hydrothermal fluids are most characteristic and are 

similar to the fluid in the sediment -hosted Guaymas Basin. The 

Jade fluid is characterized also by higher contents of K, Li and 

Sa, and lower contents of trace metals such as Fe and Mn than the 

MOR fluids. 

4-2-2. Physical properties 

At the Jade site, the maximum observed temperature was 

320°C. This value is comparable to those observed at other 

submarine hydrothermal systems (see table 4-3). As mention e d in 

Campbell et al.(l988b), 350°C seems to be the upper limit of exit 

temperatures of the submarine hydrothermal fluids, although it is 

not well confirmed what causes this restriction. The Jade fluid 

temperature is close to this limit, suggesting that it emanates 

immediately after hydrothermal interaction. 

Fig. 4-5 illustrates a phase diagram of seawater (Bischoff 

and Rosenberg, 1985) . As will be discussed in Chapter 5, the Jade 

fluid is significantly enriched in co2 . Dissolved C0 2 would 

increase total vapor pressure and they would lower the boiling 

point of the Jade fluid. The partial pressure of C0 2 is 

calculated according to the co2 mole fraction in the Jade fluid 

and Henry's law coefficients (estimated from Ellis and Golding, 

1963), and a boiling curve of the Jade fluid is estimated as a 

dashed line drawn in fig. 4-5. 

The observed temperature of the Jade fluid on the seafloor 

is plotted as a cross mark. As is seen, it is located close to 

the boiling curve. Thus, it is not surprising if the Jade fluid 

would have experienced two phase separation during its ascent. 
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Such an example of boiling was reported at the Axial Seamount in 

the Juan de Fuca Ridge (Massoth et al., 1989; Butterfield et al., 

1990). Chemical composition of boiling fluid is characterized by 

lower contents of Na and Cl than those of seawater. However, with 

respect to the Jade fluid, none of the major elements showed 

notable depletion (table 4-1), assuring that the Jade fluid has 

not experienced the boiling procedure, at least, at pr esent. 

4-2-3. Major element composition 

a) Quartz solubility 

Chemical equilibrium between co-existed fluid and minerals 

is considered as a principal mechanism which controls chemical 

composition of hydrothermal fluid (see section 1-3) . The most 

simple example is an equilibrium between dissolved Si02 and 

quartz (Fournier et al., 1983) exp ressed as: 

Si02(quartz) = SiOz(aq) --- (4-1) 

Fig. 4-6, illustrates isopleths of quartz solubility in 

seawater. The Si02 content of the Jade fluid is close to 

saturation concentration of quartz at temperature of 305 - 315°C 

and at pressure higher than 150 bars. This result indicat es that 

hydrothermal interaction occurred at such temperature and that 

the Si02 content is controlled by the quartz equilibrium at this 

temperature range. However, it is difficult to know information 

about depth of a reaction zone, b ecause the Si02 solubility is 

not sensitive for pressure at this range of temp e rature. 

b) Estimation of in-situ pH 

In order to know with what minerals the fluid is 

equilibrated, in-situ pH and activities of major cations and 
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anions must be estimated. Although some computation programs have 

been developed (Reed, 1982; Arnorsson et al., 1982; Bowers et 

al., 1988), a simple, semi-quantitative procedure was adopted in 

this study. Details of whole procedure and the thermodynamic 

constants used are described in chapters 6 and 7 of Henley et 

al.(1984). Its outline is summarized below. 

The first step is the estimation of in-situ pH at high 

temperature condition where hydrothermal interaction occurs. 

Using data of dissolution constants of aqueous weak acids and 

bases (Arnorsson et al., 1982) and activity coefficients of 

dissolved species (determined by Debye-Huckel algorithms), 

distribution of all species is determined at the temperature 

where pH was measured. And a charge balance is determined taking 

account of the measured pH value. Then, all species were 

redistributed at the high temperature condition . Thus, an in-situ 

pH value is determined uniquely. In the case where phase 

separation occurred prior to the pH measurement, degassed 

components must be taken into account in the redistribution 

procedure. 

In this study, some steps are omitted to simplify the 

computation . The ionic strength of the fluid is fixed as 0.55 at 

25° C and 0.45 at 300-350° C and an iteration of feedback steps is 

omitted. Uncharged species, hydroxide complexes, organic ligands, 

and organic acids are disregarded. And through - the whole 

procedure, a correction for pressure effect is not considered. 

The estimated pH of the Jade fluid at 300° C was 4.83. The 

temperature of estimation was set at 300 ° C to use thermodynamic 
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data without extrapolation. Distribution of principal weak acid­

base species at this temperature is illustrated in fig. 4-7(a). 

This figure expresses that the Jade fluid has intense buffer 

capacity by NH3-NH4 + dissociation. Although total C0 2 amount is 

larger than total NH3 amount, dissociated species of bicarbonate 

and carbonate ion are less than an ammounium ion in the pH range 

of the Jade fluid. 

In order to confirm the validity of the estimation 

procedure, in-situ pH values of some other hydroth e rmal fluids 

were calculated and comparison with reffered values are listed in 

table 4-4. The species distribution diagram for the EPR fluid is 

shown in fig. 4-7(b). Deviation between the estimated value by 

this study and the referred value was as high as 1 .2 unit in pH. 

However, this is not desperate situation. Bowers et al. (1988) 

inferred that the estimated in-situ pH of the EPR fluid shifts 

from 3.5 to 4.5 by using modified thermodynamic data base. Even 

in the case of using a well-developed computation program, it is 

generally difficult to determine an absolute value of in-situ pH, 

due to large errors derived from chemical analyses (especially pH 

measurement at room temperature) and thermodynamic data set. 

However, in the case of the Jade fluid, a unique principal 

dissociation equilibrium of NH3-NH4 + represents buffer capacity 

of the fluid. This is likely to assure that the approximate 

procedure is enough applicable for the estimation of in-situ pH 

of the Jade fluid. In such condition, dissociations of other ion 

complexes have only fairly negligible effects, at least, in 

consideration for a relative shift of pH. 

Consideration of calcite dissolution equilibrium would 

- 47 -



provide another support for the estimated value of in-situ pH. 

Because of the abundant C0 2 , the Jade fluid is expected to be 

equilibrated with calcite. Using the estimated in-situ pH and 

dissociation constants of carbonates, the solubility product of 

calcite in the Jade fluid is calculated to be logQ -14.02. This 

is very close to the solubility of calcite of logK -13.93 at 

300°C, as shown in fig. 4-8. This result indicates agreement 

between two independently estimated pH values: one is based on 

the charge balance of fluid with dissociation constants of weak 

acid-base (especially NH3 in this case) and another is on the 

contents of Ca and total co2 with an equilibrium constant of 

calcite dissolution. 

c) Equilibrium between fluid and almino-silicates 

Alteration reactions of feldspars to form clays are 

considered to be one of the principal fluid interactions 

involving primary almino-silicate minerals. For example, the 

equilibrium of the reaction: 

K-feldspar K-mica quartz 

which involves dissolved K+ and H+, would control the 

relationship between activities of these cations. 

Fig. 4-9 illustrates activity diagrams in the system Na2o­

K20-Al2o3-H2o. A plot of fluid composition on this diagram 

provides enough information on whether the fluid is equilibrated 

with each alteration reaction. Using the estimated value of in-

situ pH and activity coefficients, activity ratios of 

a(K+)/a(H+) and a(Na+)/a(H+) of the Jade fluid are plotted in 
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Fig. 4-9. For comparison, data of some hydrothermal fluids listed 

in table 4-4 (using pH value on each reference) are also plotted . 

All the fluids except for the Guaymas fluid, gather around 

the joint between K-feldspar, muscovite, albite and paragonite, 

although a large uncertainty in the calculation causes their 

scattering. This suggests that the equilibria of reactions 

between feldspars and the secondary minerals control contents of 

Na and Kin the Jade fluid. Nakamura et al.(1990) described that 

secondary micas or mica/montmorillonite mixed layer minerals 

occurred at the center of the Jade hydrothermal field. This 

observation may provide further support for the estimation based 

on fluid composition. 

Bowers et al. (1988) investigated several fluid interactions 

with minerals constituting the greenschist facies assemblage, and 

concluded that the EPR fluid compositions are controlled by the 

overall mineral equilibria among such assemblages. The above 

result for the Jade fluid agrees with a part of this conclusion. 

d) factors regulating major cation composition 

Enrichment in K content is one of the characteristics of the 

Jade fluid . Control of major element composition by fluid 

equilibria with minerals implies that calculative approach could 

reveal which mineral assemblages are responsible for the K 

enrichment of the Jade fluid. However, there would be little 

chance to obtain such conclusion by calculative approach due to 

incompletion and/or large uncertainty of thermodynamic data at 

present. 

Difference in major fluid composition between the Jade and 

the MOR fluid may be attributed to difference in secondary 

- 49 -



mineral assemblage with which fluid is equilibrated. Because 

formation of altered minerals is principally governed by 

precipitation from the fluid which has leached element from 

primary minerals and glass, it would be controlled by elemental 

abundance in the reactant rock. Enrichment in K of the Jade fluid 

may reflect a high K content in the reactant rock. 

Table 4-5 compiles data of major cation compositions of 

natural hydrothermal systems and experimental seawater-rock 

interaction systems. Fushime (located in the Kyushu Island) is 

taken as a representative of a geothermal system within andesitic 

rocks (Yoshimu ra et al ., 1985). As an indicator of cation 

composition, Sakai et al.(1990a) proposed "K-index" as K/(K+2Ca). 

In order to check its possible improper change due to calcite 

precipitation, Na/(Na+K) ratio is also listed in the same table. 

These two factors in the fluids obtained by experimental 

fluid-rock interaction support the contention that the factor 

increases with increasing acidity of the rocks interacted. Based 

on this, it is possible to distinguish hydrothermal fluids 

interacted with acidic rocks from those interacted with basaltic 

rocks; The Jade fluid obviously belongs to the former group. 

Sakai et al.(l990a) concluded that the reactant rock of the 

Jade fluid would be andesite based on their composition similar 

to the Fushime fluid. However, as shown in table 4-5, fluid­

sediment interaction shows tendency of higher K-index, although 

its effect is not clear only from this data . Furthermore, not 

andesite, but rhyolitic and dacitic rocks were observed so far in 

the Izena Cauldron (Tanaka et al, 1990; Kato et al . , 1989). 
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Further studies on fluid interaction with acidic rocks would be 

necessary to provide constraint on the reactant matter of the 

Jade hydrothermal site. 

4-2-4. Control of pH and alkalinity 

As was described in section 2-3, the Okinawa Trough 

hydrothermal system is located on seafloor favorable for the 

development of the sediment-hosted hydrothermal system. The Jade 

fluid shows characteristic signature, especially in pH and 

alkalinity, of hydrothermal interaction within sedimentary layer. 

Thermal degradation of organic matter is one of such fluid­

sediment hydrothermal interactions. It would be expressed in a 

simple scheme as: 

(CH 20J 106 (NH3 ) 16 (H3P04 ) = 53CH3COOH + 16NH3 + H3Po4 --- (4-3) 

where CH3COOH is used to represent a complex assemblage of short 

chain hydrocarbons. Under an adequate condition, it tends to 

proceed to decarboxylation as: 

CH3 COOH = CH4 + C02 --- (4-4) 

As a result of total degradation, NH3 , co2 and CH4 and other 

organic species were produced and they would be added into 

hydrothermal fluid. The thermal degradation is often accompanied 

with oxidation of organic matter, which can be expressed as: 

CH3COOH + 202 = 2C0 2 + 2H20 --- (4-5) 

As an oxidant, Fe3 + in rock and so4
2 - in seawater would be 

available. 

Another important reaction is dissolution or precipitation 

of calcite . Dissolution of calcite is expressed as: 

CaC0 3 + 2H+ = Ca 2+ + H2co3 --- (4-6) 
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This dissolution equilibrium depends on pH of fluid. Increase in 

pH induces precipitation of calcite as shown in (4-6). 

A shift of pH and alkalinity of fluid caused by fluid­

sediment interaction is estimated using the pH estimation 

procedure described in the previous section. Values of pH and 

alkalinity of the fluids were calculated for given changes in co 2 

or NH3 . Results are illustrated in fig. 4-10. 

Change of co 2 content induces very little effect to both pH 

and alkalinity of the fluid (fig. 4-10(a)), because the fluid 

originally contains abundant co 2 as H2co3 of which dissociation 

is suppressed by NH3 -NH4 + buffer (see also fig. 4-7(a)). Change 

of NH3 affects pH and alkalinity of the fluid (fig. 4-lO(b)). A 

pH shift of 0.3 - 0.7 unit occurs for 1 mM change of NH3 in 1 kg 

fluid. The shift in alkalinity is proportional to that of NH3 . 

Change of HC03 - ion induces shift in both pH and alkalinity; the 

effect is almost equivalent to that of NH3 (fig. 4-10(c)). 

Dissolution of calcite is a model case for HC03 - addition into 

the fluid, while its precipitation represents Hco 3- deduction. 

These reactions would be expressed as: 

caco3 ca2 + + co3
2- --- (4-7a) 

co3
2 - + H2co3 = 2HC03 - --- (4-7b) 

2NH4 + + 2HC0 3- = 2NH 3 + 2H 2co3 (4-7c) 

In the Jade fluid, NH3 -NH4 + buffer quantitatively substitutes 

addition and deduction of HC03 - as expressed in (4-7c). Change of 

NH 4 + is also estimated (fig. 4-10(d)), although no proper model 

reactions occur in hydrothermal fluid. 

Based on the above estimation, thermal degradation of 

organic matter obviously is responsible for an increase of pH and 
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alkalinity of fluid mainly due to addition of NH 3 . Total effect 

of the fluid-sediment interaction on the Jade fluid may be 

evaluated as below. At first, oxidation of organic matter 

accompanied by thermal degradation is unlikely, because it would 

induce a significant increase in fluid alkalinity which is not 

the case with the Jade fluid. Secondly, the most part of co2 was 

considered to be derived from magmatic source, as will be 

discussed in Chapter 5. And C0 2 change within a mM/kg range from 

fluid-sediment interaction does not affect fluid signature, as 

fig. 4-lO(a) indicates. Therefore, the effect of organic 

degradation could be represented by that caused by addition of 

NH3 into fluid. Fig. 4-11 indicates the result of pH and 

alkalinity shifts of the fluid caused by change in NH3 content 

from 0 to 5.05 mM/kg. 

Two possible models are selected for the simulation of 

fluid-sediment interaction. In the first case, the fluid is 

assumed to have been undersaturated with calcite through fluid­

sediment interaction . In this model, NH 3 addition is only the 

changes to be considered. As shown in fig. 4-ll(a), pH and 

alkalinity increased by NH3 addition. Hypothetical Jade fluid 

which was free from fluid-sediment interaction has an alkalinity 

of -3.0 meq/kg and a pH of around 2.7. These values are 

significantly lower than those of the MOR fluids, suggesting the 

hypothetical fluid of this model is unlikely to exist. 

The second simulation is based on the assumption of fluid 

saturation with calcite through fluid-sediment interaction. In 

this model, calcite deposition concurs with NH3 addition. Results 
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are shown in fig. 4-ll(b). Calcite precipitation of 2 mM/kg and 

alkalinity increase of 1 meq/kg occur with the addition of the 

addition of 5 mM/kg NH3 . And shift of pH is limited to less than 

0.2 unit in this case. The hypothetical NH3 -free fluid show the 

pH and alkalinity comparable to the MOR fluids, with reasonable 

changes in Ca and co2 . 

Coupling of the NH3 addition and calcite precipitation keeps 

the pH and alkalinity of fluid in a steady state, after once NH 3 

addition led the pH into this range. Unless dissolved Ca is 

exhausted , NH3 addition caused by thermal degradation of organic 

matter results in calcite precipitation only, without affecting 

the pH and fluid composition. 

4-2-5. Minor element composition 

Contents of "soluble element" such as Li and B in the fluid 

depend on the elemental abundance in the reactant rock and the 

W/R ratio of the interaction (see section of 1-4). The Jade fluid 

shows Li and B contents twice and ten times that of the EPR 

fluids, respectively. Due to lack of data about reactant rocks in 

the Jade hydrothermal system, no quantitative estimation can be 

made at present. The characteristically high B content might 

suggest an involvement of sedimentary matter . 

Contents of heavy metals such as Fe and Mn in fluid would be 

significantly affected by factors such as pH, redox condition and 

fluid temperature. The Jade fluid shows Fe and Mn contents lower 

than the EPR fluids but comparable to the Guaymas fluids. This 

feature may be attributed to the high pH of the fluid which 

lowered solubility of these elements. However, it is notable that 
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the Jade fluid has ability to form sulfide mineral deposition on 

the seafloor in spite of this pH condition. 

4-3. Elemental components in the Clam fluid 

4-3-1. Comparison with the Jade fluid 

The Mg diagrams (fig. 4-1) provide general signatures of 

the Clam fluid. In table 4-2, chemical composition of the Clam 

fluid is listed in comparison with hypothetical mixture between 

the Jade endmember and the ambient seawater at the same Mg 

content. 

Major element composition of the Clam fluid seems to show 

good agreement with the hypothetical mixture. Components affected 

by fluid-sediment interaction show great difference from the 

hypothetical mixture. 

4-3-2. Major element composition 

Two reaction models are considered to explain major element 

composition of the Clam fluid. The first model is to assume that 

low temperature hydrothermal interaction at 100 - 200°C controls 

the Clam fluid composition. The second model presumes that the 

Clam fluid is a mixture between the high temperature hydrothermal 

fluid and entrained seawater and that it has been modified by 

fluid-sediment interaction at low temperature. 

Major element composition favors the latter model. Simple 

mixing easily explains the Mg versus major elements linearity 

(fig. 4-l). This supports the model that the primary high 

temperature Clam fluid has almost the same major element 

composition as the Jade fluid and implies that the reactant rocks 

of the Clam site are acidic rocks similar to those at the Jade 
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site. 

On the contrary, it is difficult to consider that only low 

temperature hydrothermal interactions between seawater and rocks 

are responsible for the fluid of such chemical composition. The 

formation of Mg-silicates accompanied with the cation exchange 

and anhydrite precipitation are the main reactions that take 

place at low temperature (see section 1-3). These reactions 

indeed proceed at as low temperature as 150°C (Seyfried and 

Bischoff, 1979) and only they control fluid composition until Mg 

and so4 is completely removed from fluid. Major element 

composition expected from cation exchanges seems to be different 

from the Clam fluid, supporting the mixing model. 

4-3-3. Control of pH and alkalinity 

Significantly high alkalinity in the Clam fluid, together 

with its enrichment in NH3 and CH4 and high pH, strongly suggest 

that fluid-sediment interaction is important in the 

interpretation of the Clam fluid composition. 

In-situ pH of the Clam fluid (D427-RV3) at 100°C is 

calculated to be 5.10 (table 4-4), using the same procedures as 

described before. The shift of pH and alkalinity was also 

estimated for the Clam fluid and are illustrated in fig. 4-12. 

Effects caused by NH3 and HC0 3 - with pH shift are less than those 

in the Jade fluid. As illustrated in fig. 4-7(c), the carbonate 

dissociation system provides a dominant buffer capacity of the 

Clam fluid over the NH3 -NH4 + system that has a smaller 

dissociation constant at low temperature than at high temperature 

of the Jade fluid. The Clam fluid seems to have strong buffer 

- 56 -



capacity against the addition of species supplied by thermal 

degradation of organic matter due to the abundant H2co3 in the 

fluid. 

A mixing of the high temperature Jade type fluid and ambient 

seawater could not explain high alkalinity of the Clam fluid, 

because both endmembers have 0 - 2.5 meq/kg alkalinity. High 

alkalinity of the present Clam fluid should be induced by fluid­

sediment interaction. 

As shown in fig. 4-12, the alkalinity shift of the Clam 

fluid is proportional to addition of NH3 or HC03-. The NH3 

content of the Clam fluid is 3.93 mM/kg, which is not enough to 

explain high alkalinity (= 9.54 meq/kg) of the Clam fluid. 

Dissolution of 4-5 mM calcite per 1 kg fluid may also induce a 

necessary alkalinity increase. However, such an increase was not 

noticed in the Clam fluid. Therefore, thermal degradation and 

calcite dissolution are difficult to explain the high alkalinity 

of the Clam fluid. 

4-3-4. Sulfate reduction during fluid interaction 

Oxidation of organic matter during fluid-sediment 

interaction would induce fluid of high alkalinity. In the Clam 

fluid, so4 derived from seawater is available as an oxidant. The 

reaction can be expressed as: 

(CH20) 106 (NH 3 ) 16 (H 3P04 ) + 53S04
2 - + 106H+ = 

106C02 + 16NH3 + 53H2S + 106H20 + H3Po4 --- (4-8) 

Chemical and isotopic compositions of sulfur species of the 

obtained samples are summarized in table 4-6. The stoichiometry 

of (4-8) indicates that 1 mM/kg reduction of so4 produces 
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2 meq/kg of alkalinity. The Clam fluid shows 6.2 mM/kg highe r H2S 

content and 1.0 mM/kg lower so4 content than the hypoth e tical 

mixture of the Jade type high temperature fluid and entrained 

seawater. The so4 reduced to form the excess H2S of the fluid is 

enough to create the alkalinity of 9.54 meq/kg in the Clam fluid. 

Unbalance between the increase of H2s and the decrease of so4 may 

be attributed to dissolution of anhydrite, which may also explain 

the slightly higher Ca content in the Clam fluid than the 

hypothetical fluid. 

The sulfate reduction also raises pH of the fluid, but this 

effect would be compen sated by the carbonate buffer system. 

Saturation of the Clam fluid with calcite at 100° C (see fig. 4-8) 

suggests that calcite precipitation also may have controlled the 

pH through the fluid-sediment interaction. It is difficult to 

simulate the total effect of fluid-sediment interaction as well 

as in the case of the Jade fluid, due to the large variation 

range of composition. 

The isotopic compositions of sulfur species (table 4-6) 

would provide a strong support for the oxidation of organic 

matter coupled with sulfate reduction. The isotopic exchange 

equilibrium between so4 and H2S in solution is expressed (Ohmoto 

and Lasaga, 1982) as: 

1000•lnC( (S04 -H2S) = 6.463•10 6 /T + 0 . 56 (T in K) 

The fractionation at 100° C is calculated to be +47.0 per mill. 

The deviation of J34s(so4 -H 2S) of the observed Clam fluid is 

+25 . 6 per mill, which means that isotopic equilibrium is not 

attained. 
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Therefore, kinetic isotope effect during reduction is 

considered to control the isotopic compositions of the fluid. 

Experimental study of so4 reduction at 100°C (Grineko et al., 

1969) reported that 32so4 reacts faster than 34so4 with a factor 

of 1.019. Based on this result, J34s(so4 ) value at time t is 

estimated as (Ohmoto and Rye, 1979): 

J34s<so4 ><tl = d34s(so4 J(o) + 1000 •<F(1-kl - 1) 

where F is the fraction of so4 remaining at time t, and k is 

kinetic effect. Assuming that k = 1.020, F = 0.835 and 

d34s(S04 l(o) = +20.7 per mill, d34s(S04 l(t) is calculated to be 

+24.3 per mill. This value agrees with the observed isotope 

ratio of +25.6 per mill of the Clam fluid. 

On the same assumption, the d34s(H 2S) of produced H2s is 

estimated as: 

d34S(H2Sl(t) d34S(H2S)(O) 

+{ d 34s(S04 l(o)-d34S(S04 )(t)*F}/(1-F), 

in.the case of reduction in a closed system. Calculated J 34 s(H2S) 

is +2.5 per mill. This value is in fair accord with the observed 

value of +1.4 per mill. 

Both chemical and isotopic compositions of sulfur species of 

the Clam fluid are attributed to oxidation of organic matter by 

sulfate reduction during fluid-sediment interaction at low 

temperature. 

4-3-5. Minor element composition 

Both Li and B in the Clam fluid show higher contents than 

those in the Jade fluid at the same Mg content. An enrichment 

factor of each specie is estimated from table 4-2 as the ratio of 
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its content in the Clam fluid to that in the Jade fluid at Mg = 

35.0 mM/kg. The enrichment factors for Li and B are very close to 

each other (Li=2.00, B=1.95). 

Since these elements behave as "soluble elements", their 

higher contents in the Clam fluid than the Jade fluid suggests 

that W/R ratios in the Clam system is smaller than the Jade 

fluid. Common enrichment factors of about 2.0 in Li and B imply 

that the W/R ratio of the Clam fluid is about half that of the 

Jade fluid . This explanation is accordance with the difference in 

the geological settings of two sites. While the Jade site is 

located on the slope of the cauldron wall, the Clam site is at 

the bottom of the depression. This implies thicker sedimentary 

layer at the Clam site induces fluid interaction with sediment at 

lower W/R ratio. 

The Clam fluid shows substantially a lower Fe content than 

the Jade fluid. Other sulfide-forming metal elements in the Clam 

fluid show similar depletion (Shitashima, K. unpublished data). 

These may be attributed to the lower solubility of these elements 

at lower temperature and/or at higher pH of the Clam fluid. Only 

Mn in the Clam fluid shows the higher content than in the Jade 

fluid, which may be attributed to reductive condition of the Clam 

fluid as will be discussed in Chapter 5. 

4-4. Summary 

The Jade hydrothermal fluid shows a high vent temperature of 

320° C and the major element composition similar to the MOR 

hydrothermal fluids. The Jade fluid is in equilibrium with quartz 
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and calcite, and probably with feldspars and their altered 

minerals at high temperature condition. This suggests that these 

overall fluid equilibria with minerals control the major element 

composition. The K content in the Jade fluid is nearly twice that 

in the MOR fluid. This high K content in the Jade fluid is 

explained as being due to interaction b etween seawater and acid 

volcanic rocks, rather than interaction between seawater and 

basaltic rocks . High contents of Li and B in the Jade fluids is 

also attributed to similar fluid-rock interaction as the major 

element composition. 

Other components of the Jade fluid are affected obviously by 

fluid-sediment interaction. Thermal degradation of organic matter 

contributes NH 3 to fluid, which coupled with calcite saturation, 

controls pH and alkalinity of the Jade fluid within a narrow 

range in spite of high NH3 content. 

The Clam fluid does not show high temperature as the Jade 

fluid. The Mg and so4 contents and sulfur isotopic composition of 

so4 suggests that the Clam fluid is formed by mixing between high 

temperature hydrothermal fluid and entrained seawater and that 

the mixed fluid has experienced fluid-sediment interaction at low 

temperature . 

Major element composition of the Clam fluid supports this 

mixing model. It implies that the primary high temperature fluid 

had similar composition to the Jade fluid. It is also notable 

that its major element composition is not significantly modified 

after mixing. 

Significantly high alkalinity of 9.54 meq/kg of the Clam 

fluid indicates oxidation of organic matter during fluid-sediment 
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interaction. Chemical and isotopic compositions of sulfur species 

of the Clam fluid support that so4 in entrained seawater acts as 

an oxidant of organic matter. Buffering capacity by dissolved 

carbonate species and dissolution-precipitation equilibrium of 

calcite would control pH of the Clam fluid. Depletion of metal 

elements in the Clam fluid compared to the Jade fluid may be 

attributed to lower temperature and/or higher pH. 
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Table 4-2 Estimated composition of the Jade and Clam fluid 

component Jade Jade Jade Clam Seawater " 
unit'' method Lso•> D423-RV3 mix '' D427- RV3 

T oc 320 320 120 100 3.8 
pH I 2soc ( 4. 7) 4. 72 5.42 7.31 

Li uM ICP 1858 1869 653 1300 33.2 
Na "' mM calc. 430 428 4 54 458 467 
K mM AA 73.7 73.6 32 . 5 31.9 11.4 
NH. mM color. 5.32 5.06 1.84 3.93 0.04 

Mg mM AA 0.0 0.0 35.0 35.0 53 .0 
Ca mM AA 23.2 22 .9 15 .2 16. 1 11. 1 
Sr uM ICP 112 115 97.5 82.7 89 .7 
Ba uM ICP (60) 60 3.8 0. 1 

Mn uM AA 375 374 132 508 7.6 
Fe uM ICP 21.3 21.6 7. 06 2.48 0.0 

B mM ICP 3.41 3.44 l. 4 7 2. 77 0.48 
Al uM ICP 4.88 4.83 l. 93 0.86 0 

so. mM IC 0.5 0.0 18.0 17 .0 26 .9 
C1 '' mM IC 550 550 550 550 550 
AT 7

' meq titr. 1. 88 1. 92 2.20 9.54 2. 32 

co. mM 8) 207 .3 208.9 73 .4 88.7 2.4 
H.s mM 8) 13. 1 13.6 4. 15 9.44 0 
SiO. mM color . 12.5 12.9 4.8 5.6 0.8 

1) all units are in per kg 
2) values in parenthies are analytical results of D423-RV3 sample 
3) hypothetical fluid mixture of the Jade endmember and seawater 
4) values estimated by the LSQ calculation (assumed as Mg= 53.0 mM/ kg) 
5) Na content is calculated from charge balance 
6) Cl content is assumed as constant in all samples 
7) titration alkalinity 
8) from chapter 5 
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Table 4-3 Compilation of endmember fluid composlstion of submarine hydrotherma l systems 
(extracted from Von Damm, 1990) 

Okinawa EPRZl"N EPRZl" N EPR13"N EPR!l"N SJFR liAR Guaymas Mt. Axlal Seawa ter 
component Jade OBS(l) OBS(Z) No.2 No.4 plume MARK- I Vent 4 VM 

T <'c> 350 350 350 354 347 224 350 315 299 
pii(25"C) 4. 7 3.4 3.4 3.1 3.1 3.2 3.9 5. 9 3.4 7.8 

Li pM 1858 926 926 592 884 1720 so 873 204 26 
Na mM 430 432 439 551 m 796 510 485 159 464 
K mM 73.7 23.5 23.2 27.5 32 51.6 23.6 40 . 1 7.6 9.8 
Rb )'M 28 19 24 37 10 .5 66.0 1.3 
Nil, mM 5.32 <0.01 12.9 <0.01 

Be nM 15 95 38 .5 29 0.0 
Mg mM 0 0 0 0 0 0 0 0 0 52.7 
Ca mM 23. z 15 .6 15.6 53 .7 22.5 96.3 9. 9 34 .0 10 .2 10 .2 
Sr pM 112 81 76 182 80 312 50 226 87 
Ba pM 60 8 54 0. 14 

Mn mM 0. 37 0. 96 1.02 2.39 0. 76 3. 59 0.49 0.139 0. 162 <0.001 
Fe mM 0.021 1.66 1.53 10.3 6.47 18 .7 2. 18 0.077 0.007 <0.001 
Zn pM 106 5 105 900 50 19 2.3 0.01 
Pb nM 308 27 50 230 101 0.01 

B mM 3.41 0.50 0.49 0.51 1.57 0.50 0.416 
AI pM 4.88 5.2 19.8 12.9 1.9 5.3 3. 7 0.020 

so, mM 0 0.5 0 0 0 -0.5 0 0.06 0 27 .9 
Cl mM 550 489 500 712 563 1090 559 599 188 541 
Br mM 0.80 1.15 0. 94 1.83 0.84 1.06 0.24 0.840 
alk. meq 11.88 -0.4 -0.54 -0 . 73 -1.02 -0.064 18 . 10 10 .58 12 .3 

SIO, mM 12.5 17.6 17.6 19 . 4 18.8 23.3 18 .2 13 .8 13 .5 0. 16 

H,S mM 7.30 7.6 8.2 8.0 3.5 5. 9 4.8 19 .5 0 
co, mM (5.72) (Z I) 160 2.3 

all unit are In per kg 

Data References 

EPRZI"N (1): East Pacific Rise 21'N. OBS vent (Von Damm eta!. 1985a) 
EPRZI"N (Z): Resampllng of OBS fluid 4 years after (1) (Campbell et al , 1988a) 
EPRI3"N East Pacific Rise 13"N, vent No.2 (Bowers et al., 1988) 
EPRll"N East Pacific Rise ll"N, vent No.4 (Bowers et a!., 1988) 
SJFR Southern Juan de Fuca Ridge, plume vent (Von Damm et a!., 1987) 
MAR Kane fracture at the Mid Atlantic Ridge (Campbell et a!., 1988) 
Guaymas · Guaymas Basin, vent 4 (Von Damm et al .. 1985b) 
Mt. Axial : Axial seamount at the Juan de Fuca Ridge, VM (Massoth et al. , 1989) 

B data are from Spivack and Edmond (1987) 
Br data are from Campbell and Edmond (1989) 
References of CO, data are noted In table 5-4 
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Table 4- 4 Results of in-situ pH estimation 

Site fluid measured pH in- situ pH temp . • reference 
(•c) 

Okinawa Jade 4. 73 4.8 3 300 

Clam 5.42 5 . 1 0 100 

EPR21° N OBS 3.4 3.65 350 
3. 54 1) 
4. 4 7 2) 

Guaymas vent 4 5.9 5.23 300 
6. 47 1) 

Experimental fluid 6. 19 4.9 300 
5. 1 3) 

* temperature at which pH is estimated 

l) Bowers et al . (1985) 
2) Bowers et al . (1988) 
3) Thornton and Seyfried (1987) 
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Table 4-5 Cation compos it ions of various hydrothermal fluids 

Rock type Na K Ca K/(K+Na) K/(K+2Ca) 
(mM/kg) (mM/kg) (mM/kg) 

Jade 430 73 . 7 23.2 0. 146 0 .6 14 
Clam 442 47 . 9 19 . 9 0.098 0.546 
Fushime I) andesite 408 65.0 22.3 0. 137 0.593 

Experiment 2) andesite 469 48.0 13 .8 0.093 0.635 
3) andesite 4 68 28 . 6 36.5 0.058 0. 281 
4) rhyolite 525 60.1 6.7 0. 103 0. 818 
5) rhyolite 562 55.0 6.9 0.089 0. 799 

Guaymas Basin 6) sediment 485 4 3. I 34.0 0.082 0.388 
Experiment 7) sediment 405 31.7 23.7 0.073 0.401 

EPR 21°N 8) basalt 432 23.2 15.6 0.051 0.426 
EPR I3°N 9) basalt 551 27.5 53.7 0.048 0.204 
EPR II 0 N 10) bas a it 472 32 . 0 22 .5 0.063 0.416 
Juan de fuca II) basalt 661 37.3 84 . 7 0.053 0. 180 

Experiment 12) basalt 4 77 12. 5 20.4 0. 026 0. 235 
13) diabase 4 55 11. 7 28.2 0. 025 0. 172 

I) borehole fluid sample from the geothermal well named C 
in the table 1 of Akaku et al.(l988) 

2) T=300 'C. P=lOOO bars, W/R=2.3 (Shiraki et al .. 1987) 
3) average of 3 runs: T=300 'C. P=lOOO bars, W/R=5 (Hajash and Chandler. 1985) 

4) T=300 •c. P=lOOO bars. W/R=5.1 (Shiraki et al.. 1987) 
5) average of 4 runs: T=300 •c. P=lOOO bars, W/R=5 (Hajash and Chandler , 1985) 

6) fluid from the vent No . 4 (Von Damm et al .. l985b) 
7) T=350 'C. P=500 bars, W/R=3 (Thornton and Seyfried. 1987) 
8) fluid from the OBS vent (Von Damm et al .. 1985a) 
9) fluid from the vent No.2 (Bowers et al. 1988) 

I 0) fluid from the vent No.4 (Bowers et al .. 1988) 
II) fluid from the vent No. I (Von Damm et al., 1987) 
12) T=300 'C. P= 500 bars, W/R=IO (Seyfried and Bischoff. 1981) 
13) T=300 'C. P= 500 bars. W/R=IO (Seyfried and Bischoff, 1981) 
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Table 4-6 Chemical and isotopic composition of sulfur species 
of the Jade and Clam samples 
(modified from Garno et al . l991) 

Sample so. 0 84S(SO.) H.s o 84S(H.S) alkalinity 
(mM/kg) (per mill COT) (mM/ kg) (per mill COT) (meq/kg) 

Jade site 

0413 RV6 21.8 20 .6 4. 10 7.7 2.35 
0423 RV2 12.8 20 .7 7.96 7.6 1.93 
0423 RV3 0.0 13 .66 7.4 1.92 

Clam site 

0416 RV2 18.8 25.7 7.10 -0 .2 10 .30 
0416 RV5 22.7 21.4 3.73 3.0 3.94 
0426 RV6 19.6 24.0 7.54 0.9 7.64 
0427 RV3 17 .0 25 .6 9.44 1.4 9. 52 

hypothetical fluid 

mixture 18.0 20.7 4. 16 7.6 2.20 
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Chapter 5. 

Volatile compositions of the Jade and Clam site hydrothermal 
fluid 

5-l. Analytical results 

5-1-1. Volatile compositions in obtained samples 

Most of the hydrothermal fluid samples were recovered in two 

separated phases, due to evolution of volatile components. As 

mentioned in section 3-5, composition of volatile components in 

original fluid was calculated from analytical results of both 

gaseous and aqueous phases. With respect to CH4 , H2 and He, 

contents were estimated only from results of the gaseous portion, 

because most part of them (more than 99 %) are in the gaseous 

phase. 

Table 5-1 lists compositions of volatile components in the 

analyzed fluid samples. The values shown in it are already 

corrected for the dilution by water at the sampling tubes as 

mentioned in Chapter 4. 

The volumetric analysis employed on board is rather a crude 

method, thus it likely includes considerable error. The QMS 

analysis also introduces large uncertainty. In this study, 

analytical errors were estimated to be as much as 10 to 20 % 

based on duplicate analyses of some samples. 

5-1-2. Isotopic compositions 

Table 5-2 presents analytical results of 3He/ 4He ratio and 

4He;20Ne ratio with a corrected 3He/ 4He ratio (( 3He/ 4He)c). The 

(3He/4He)c value was adjusted for an air-derived He by assuming 

that all the Ne in the sample was derived from atmosphere. 
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Correction formula are cited below table 5-2. In this study, the 

atmosphere-derived component is assumed to be the air-saturate d 

seawater (ASSW) in which the 4He;20Ne ratio is 0.445 (Weiss 

1971). 3He/ 4He ratios are expressed relative to the atmospheric 

its absolute ratio is 1.4 x 10-6 l as "Ratm"· 

Errors on the 3He/4He ratios are one standard deviation of each 

measurement run, and those on the 4He/20Ne were estimated as 

about 10%, according to the previous consideration (Sane and 

Wakita, 1988). 

All the Jade fluids show the uniform isotopic ratios of 

6.2-6.8 Ratm after air-correction, except for D424-RV4 which is 

not fluid sample but evolved gas from sediment clogged the 

sampler tube (see footnote of table 3-1). Three samples from the 

Clam site also show rather uniform isotopic ratios of 3.9-4.1 

Analytical results of carbon isotopic ratios are listed in 

table 5-3. Both carbon isotopic ratios of C0 2 and CH4 are 

expressed in per mill deviation from the PDB standard as d13c. 

Each J l3c(co2 ) value of fluid was calculated from analytical 

results in the gaseous and the aqueous phases, in similar way to 

co 2 content. 

Because deep seawater originally contains considerable 

amounts of co2 as bicarbonate ions, its effect should be 

corrected. Assuming that co2 in each sample is a mixture of 

hydrothermally-derived and ambient seawater-derived components, 

the corrected J1 3c values for hydrothermal co 2 were calculated. 

The analytical results of D416-M was taken as representative of 

chemical and isotopic compositions of ambient seawater. Corrected 
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values are listed in the third column of table 5-3. Because the 

hydrothermally derived co2 accounts for more than 90% of co2 in 

all the samples, correction is not so significant. Anyway, 

d13c(co2 J values are uniform in each site, around -5.2 per mill 

at the Jade fluid and around -4.0 per mill at the Clam fluid. 

5-2 . Volatile compositions of the endmember fluids. 

In fig. 5-l, relationships between each volatile component 

and Mg in the obtained samples are plotted. While the co2 -Mg and 

H2S-Mg diagrams show good linear relationships, CH4 -Mg and He-Mg 

diagrams defines only poor one. Because of their complexity, the 

volatile compositions of D423-RV3 and D427-RV3 are taken as the 

endmember compositions of the Jade and Clam fluid, respectively. 

Both the Jade and Clam fluids of the middle Okinawa Trough 

hydrothermal systems are significantly enriched in volatile 

components compared to the MOR hydrothermal fluids. Table 5-4 

summarizes volatile compositions of hydrothermal fluids so far 

studied. While the four MOR fluids show a similar composition, 

the Jade fluid shows more than one order of magnitude higher 

contents of co2 and CH4 than them but is comparable with them in 

terms of H2s and He. Although the Clam fluid composition can not 

be compared directly with other fluids, its tendency of 

enrichment in co2 and CH4 is obvious. The enrichment of these 

volatile components in the Jade and Clam fluids is one of the 

most important geochemical features of the middle Okinawa Trough 

hydrothermal system . 
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5-3. Volatile components in the Jade fluid 

5-3-1. Helium 

Although He is a minor component of hydrothermal fluid, it 

has been proven to be the most sensitive tracer for magmatic 

processes (e.g. Lupton, 1983). Its isotopic ratio displays a wide 

variation between the mantle component enriched in primitive 3He, 

and the crustal component enriched in radiogenic 4He. 

The Jade fluid samples show He isotopic ratios of 6.2 -

6.8 Ratm (table 5-2), which are lower than but close to those of 

the MOR fluids (= 7. 5-10.0 Ratml. The coincidence of the isotopic 

composition between He in hydrothermal fluid and in basalt glass 

at the MOR suggests that the He in fluid is derived by leaching 

of basalt glass during hydrothermal interaction (see section 1-

6). As shown in fig. 5-2, the Jade fluid shows the He isotopic 

ratio that is typical of volcanic discharges in the Island Arc. 

The elevated isotopic ratio would indicate that He in the Jade 

fluid is of mantle origin and that it was derived from magmatic 

source without significant contamination by crustal component. 

The heat/3He ratio of the Jade fluid is calculated as below. 

Content of 3He is a product of the 4He concentration (0.82 x 10-6 

mol / kg) and the absolute 3He/4He ratio (8.61 x 10-6 ), leading to 

a value of 7.1 x lo - l2 mol/kg. Enthalpy of the Jade fluid is 1380 

kJ / kg according to the thermodynamic property table (Bischoff and 

Rosenbauer, 1985). Then, heat/ 3He ratio of the Jade fluid is 0.19 

x 1018 J / mol( 3He). 

Lupton et al.(l989) demonstrated that the heat/ 3He ratios of 

the MOR fluids are in a narrow range (table 5-5) . They considered 

that the heat/3He ratio are converged as growth of mineral 
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precipitation through the fluid conduit in these matured syste m. 

They also suggest that the heat/3He ratio in hydrothermal fluid 

would show different values in the case that He is supplied not 

bY extraction from basalt, but by other procedure such as 

extensive degassing of volatile component from magmatic sourc e. 

The heat/ 3He ratio of the Jade fluid is in the similar range to 

those of the MOR fluids. This may suggest that the fluid 

circulation in the Jade system is in a steady condition as in the 

MOR systems and that the He in the Jade fluid has been extracted 

from volcanic rocks by seawater interaction. 

5-3-2. Carbon dioxide 

C02 is the most dominant volatile component of the 

hydrothermal fluids in the middle Okinawa Trough. Possible 

sources of co 2 are: (1) magmatic origin (2) carbonate minerals, 

(3) organic origin (decarboxylation and thermocatalytic oxidation 

of organic matter). 

Fig. 5-3 summarizes the isotopic composition of co 2 of 

hydrothermal fluids and other magmatic gas discharges together 

with range of possible sources. d13c(C02 ) values of the Jade 

fluid are of -5.4 to -5.1 per mill PDB (table 5-3), which are in 

accordance with the MOR fluids and geothermal gases. These 

isotopic composition of co 2 is attributed to magmatic origin 

(Truesdell and Hulston, 1980). 

However, appropriate mixing of organic and carbonate carbon 

could produce such range of carbon isotopic composition (Allard 

1983). Isotopic composition of marine carbonate has dl3C(C0 2 ) 

near ±0 per mill, while that of organic carbon from sedimentary 
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matter is lower than -20 per mill (Hoefs, 1987) . It is difficul t 

to conclude its origin only from its isotopic evidence. 

The content ratio of co2 to 3He would be useful as another 

clue to the origin of co2 , since 3He is well confirmed as a 

mantle component. In this study, only two samples from the Jade 

site and one from the Clam site provide available data sets for 

this ratio, though they have large uncertainty and adequate only 

to rough discussion. Fig. 5-4 is a diagram showing the co2; 3He 

versus 4He/3He relationship of these fluids. 

In fig. 5-4, data of other magmatic gas discharges are 

plotted together. They may be classified into two groups. Data of 

the MOR fluids (from table 5-4) and geothermal gases in the 

Iceland (Sano et al., 1985a) gathered around the estimated MORB 

value (2 x 109 ) by Marty et al. (1987). Contrary to them, data of 

volcanic gases in Japanese Island Arc (Marty et al., 1989) have 

the higher co2; 3He (4.5-29 -x 109 ) and slightly higher 4He/ 3He 

ratio than the first group. This high co2; 3He ratio was 

considered as characteristic to the Island arc type magma based 

on the model that subducted materials are incorporated into magma 

generation underneath the Island Arc (Marty et al., 1987). 

Values of the Jade fluids are plotted within the latter 

region. The co2; 3He ratio of the Jade fluid supports that the 

major part of co2 originates from magma of the Island Arc typ e. 

5-3-3. Methane 

CH4 is usually minor volatile species in hydrothermal fluid. 

As shown in table 5-4, CH4 content in hydrothermal fluids vary 

widely over several orders of magnitude. The Jade fluid shows 
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significant enrichment in CH4 . The variety of CH4 contents 

implies that CH4 originates from several different sources . Four 

principal sources are generally considered (Welhan, 1988) as: (1) 

bacterial production (C02 reduction and CH4 fermentation), (2) 

thermal breakdown of complex hydrocarbons, (3) outgassing of 

juvenile carbon as CH4 from the mantle, (4) inorganic synthesis 

in reactions involving co2 and H2 . 

Fig. 5-5 illustrates the distribution of ~13c(CH4 ) of 

hydrothermal fluids and geothermal fluids together with ranges 

for CH4 of various origins. As Shoell (1988) reviewed, the 

isotopic composition of CH4 is useful to identify its source. 

Biogenetic CH4 is characterized by d13c(CH4 ) lower than -60 per 

mill. Decomposition of organic matter at higher temperature would 

form thermogenic CH4 within a range of -60 per mill to -20 per 

mill . More 13c-enriched CH4 (d13c = -20 to -7 per mill) is 

produced by inorganic process free from biogenetic sources. 

The MOR fluids show a common isotopic composition of 

d13c(CH4 ) value of -20 to -15 per mill, which is attributed as 

abiogenic CH4 leached from occluded gas in basalt glass (Welhan 

and Craig, 1983) . Similarity in CH4 / 3He ratios between 

hydrothermal fluid and basaltic glass and lack of other possible 

sources in sediment-starved environment support this 

identification. Further evidence is the relationship between 

isotopic compositions of CH4 and co2 (fig.5-6), which implies 

that both components have co-existed and attained isotopic 

equilibrium at around 600 - 700° C during basalt extrusion 

(Welhan, 1988). 
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The isotopic composition of CH4 in the Jade fluid is -41 -

-36 per mill (table 5-3). These values are quite different from 

those of the MOR fluids, but similar to those of the Guaymas 

Basin fluids and to several subaerial geothermal systems. The 

Jade fluid shows CH4 /3He ratio of 1.0x109 which is more than two 

orders of magnitude higher than the MOR fluids, implying CH4 

contribution from other sources than magmatic. Both results 

suggest that CH4 of the Jade fluid is overwhelmingly of 

thermogenic origin. 

Relationship between d13c(co2 ) and d13c(cH4 l would also 

support this model. Carbon isotopic fractionation between co2 and 

CH4 in the Jade fluid is 33.2 per mill (fig. 5-6), which 

corresponds to the isotope exchange equilibrium at 200°C 

(Bottinga, 1969). This value is lower than the observed fluid 

temperature, indicating that two species are not in isotopic 

equilibrium. 

5-3-4. Other volatile components 

It has been proposed that H2s of the MOR fluids originates 

from mixing of two sources; one leached from basalt and the other 

from reduction of seawater sulfate (e.g. Shanks et al., 1981). 

This model is based on the isotopic composition of HzS of +1.3 -

+5.5 per mill in the MOR fluids (Kerridge et al., 1983; Woodruff 

and Shanks, 1988). 

The Jade fluid show d34S(HzS) value of +7.4 - +7.7 per mill 

(table 4-6), which is higher than those of the EPR fluids. A 

similar mixing model could be applied to the Jade fluid with 

magmatic sulfur of higher d34s in the Island Arc than the MORB 
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(Ueda and Sakai, 1984; Allard, 1983). Alternatively, entrainment 

of seawater-derived sulfur reduced in the near-surface 

environment could produce 34s -enriched H2S (Woodruff and Shanks, 

1988) . It is difficult to judge which model is likely, at 

present. 

Contents of H2s and H2 may be cont rolled by its redox state. 

Oxygen fugacity of the Jade fluid is calculated as b e low . 

Relationship between Hz content and oxygen fugacity is controlled 

by redox equilibrium 

HzO Hz + 11202 (5-1) 

A value of logf(Oz) in the Jade fluid at 300 C is calculated by 

using H2 content, the Henry's law coefficient of H2 , and the 

equilibrium constant of (5-1), which leads to logf(Oz) = -31.0. 

Relationship between HzS content and oxygen fugacity is estimated 

by redox equilibrium 

so4
2 - + zH+ = H2s + zo 2 --- (5-2) 

From pH value and activities of Hz5 and 504 estimated in section 

4-2-3, logf(02 ) is estimated. Activity of 504 is determine d as 

10-6 . 05 according to the anhydrite deposition equilibrium. Value 

of logf(Oz) in the Jade fluid at 300°C is -30.6. This accordance 

of estimated logf(Oz) values between H2-H 2o couple and H25-504 

couple supports that the contents of these species are indeed 

controlled by redox state of the fluid, although it could not b e 

confirmed what reactions control this redox state. 

If CH4 and C02 occur in the Jade fluid are in chemical 

equilibrium (5-3) the logf(Oz) value estimated from CH4 -co2 

couple would also be consistent with the values calculated above. 
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CH4 + 202 = C02 + 2H 20 --- (5-3) 

The result of calculation is logf(02 ) = -36.2, which suggests 

little possibility that the CH4 in the Jade fluid is supplied by 

reduction of co2 . Slow reaction rate of (5-3) at the temperature 

range of the Jade fluid suggests that such reduction does not 

occur in the Jade fluid. 

5-3-5. Venting of liquid C0 2 

Venting of liquid co2 observed in the Jade site (Sakai et 

al .. 1990b) is a good demonstration of the significant enrichment 

in co2 of the Jade hydrothermal system. This interesting 

phenomenon was witnessed at two sites which are 300 - 500 m 

apart from the center of activity in the hydrothermal field 

(localities are shown in fig. 3-1: D415-M and D424-M). Fig. 5-7 

is a phase diagram for the system of co2 and H2o. The P-T 

condition of the discharge sites (depth 1550m; pressure 150 bars; 

temperature 3.8°C) is plotted in the region where both liquid co2 

and co2-hydrate stably exists. 

The liquid co2 bubbles were sampled successfully at the site 

of D424-M and analyzed by the same methods as volatile components 

in the fluid samples. Chemical composition was obtained to be 

co2 : 86.2%, H2S: 2.3%, CH4 : 11.2%, corrected with amount of N2 

and o2 which are attributed as contaminant from air during 

handling of the sample. This composition is in good agreement 

with the compositions of volatile component in the hydrothermal 

fluids at the Jade site. He isotopic composition also shows this 

similarity (table 5-2). 

These data strongly suggest that the liquid co2 has the same 
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magmatic origin as the volatile components dissolved in the 

hydrothermal fluids. Because the co2 content in the Jade fluid is 

far less than the saturation level at any possible P-T condition, 

the mechanism of generation of the phase-separated co2 fluid is 

likely to be rather complex. 

5-4. Volatile components in the Clam fluid 

5-4-1. Helium and carbon dioxide 

The Clam fluid shows the distinct 3He/4He ratios from the 

Jade fluid. They are 3.9- 4.1 Ratm (table 5-2), which are higher 

than atmospheric value but evidently lower than those of the 

magmatic source in the Island Arc. The isotopic composition in 

this range is frequently observed in various gas discharges, such 

as hot spring gases in the Island Arc area. 

The lower isotopic composition indicates that He in the Clam 

fluid is a mixture with radiogenic He. Mixing between the high 

temperature fluid and the entrained seawater can not explain the 

lower He isotopic composition of the Clam fluid, because He in 

bottom seawater has isotopic composition nearly equivalents to 

atmospheric component, which is excluded in the correction 

calculation (see section 5-1-2). The mixing ratio between 

magmatic and radiogenic He can be calculated on the assumption 

that the former has the same isotope ratio as the Jade fluid (; 

6.6 Ratm> and that the latter is 0.011 Ratm based on the 

radiogenic production rate of he in the continental crust 

(Gerling et al., 1971). The radiogenic component comprises about 

38 % of the total He in the Clam fluid. 

Two mechanisms of involvement of radiogenic He in the Clam 
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fluid may be possible. First, assimilation of lowe r crustal 

materials during magma genesis would produce low 3He / 4He in the 

source magma. The assimilation model is proposed by Ishizuka e t 

al . (l990) to explain the genesis of andesite magma at the Iheya 

Graben. The He in the Clam fluid possibly originate d fr om suc h 

magma source. 

Second, even the source magma has the same 3He/ 4He ratio as 

the Island Arc type magma, dilution by radiogenic He leached f rom 

crustal matter during hydrothermal circulation in sedimentary 

layer would result in the low 3He/4He ratios in the Clam fluid. 

Sedimentary piles of continental source, which cover the area 

around the Clam site are possible sources of radiogenic He. 

The Clam fluid shows the higher co2; 3He ratio than the Jad e 

fluid (fig . 5-4). Although He depletion shown in Mg diagram (fig . 

5-1 (d)) is doubtful due to large analytical error, co 2 is more 

enriched in the Clam fluid than the Jade fluid at the same Mg 

content (fig . 5-1 (a)). 

Some hot spring ·gases in Japan (Urabe, 1985) show co 2; 3He 

ratios in the similar range to the Clam fluid, as plotted in fig. 

5-4. In these gases, higher co 2; 3He ratio may be correlated with 

lower 3He / 4He ratio. Poreda et al.(1988) attributed the high 

co2;3He and low 3He/4He values of hot spring gases in the Island 

Arc to the mixing of two endmembers, low- 3He/ 4He (=0.01 Ratml, 

high-co2;3He gases(>l011) derived from decarbonation reaction in 

the crustal region and the high- 3He/ 4He, the low-co 2; 3He gas e s 

from the mantle. The lower W/R ratio in the Clam fluid supporte d 

by its minor element composition (see section 4-3-5), implies 
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that the Clam fluid extracted both r adiogenic He and crustal 

carbon during the fluid-sediment interaction more efficiently 

than the Jade fluid . 

Alternatively the 3He/4He and co2 ;3He ratios of the Clam 

fluid are affected by independent factors. The oxidation of 

organic matter in the fluid -sediment interaction of the Clam 

fluid (see section 4-3-4) may be responsible for the higher co2 

content in the Clam fluid than in the Jade fluid, whe r eas 

mechanisms such as assimilation of crustal material in magma 

generation may be possible fro the low 3He/4He rat io . 

Accumulation of more precise data of fluids is necessary for 

further discussion of these two possibilities. 

5-4-2. Other volatile components 

The isotopic composition of CH4 in the Clam fluid suggests 

thermogenic origin as in the Jade fluid. Higher CH4 contents may 

be attributed to more effective fluid-sediment interaction in the 

Clam site than the Jade site. 

While the H2s content in the Clam fluid is increas e d by the 

sulfate reduction coupled with organic matter oxidation (se e 

section 4-3-4), H2 content may b e controlled by redox state. More 

reductive environment in the Clam fluid may be responsible for 

th e higher H2 content than the Jade site . Accumulation of precise 

concentration of H2 in hydrothermal fluid is needed content data 

would be us eful to discuss redox state, however, only few samples 

were available to analysis at present . 

5-5 . Summary 

The hydrothermal fluids of the middle Okinawa Trough show 

- 98 -



significant enrichment in COz and CH4 and have comparable 

contents of He and HzS compared to the MOR fluids. 

The Jade fluid shows the 3He/ 4He ratio of 6.Z-6.8 Ratm· 

which suggests magmatic He. The COz/ 3He ratio of 15-30 x 109 and 

613c(COz) around -5 per mill suggest that the most part of COz 

originates from magmatic source as well as He. Both 3He/ 4He ratio 

and COz/ 3He ratio of the Jade fluid are good accordance with the 

values of the Island Arc type magma estimated from those of 

volcanic gases in the Island Arc area. 

Contrary to this, CH4 in the Jade fluid is thermogenic in 

origin derived from fluid-sediment interaction, based on its 

d13c(CH4 ) values of -36 to -40 per mill. The contents of HzS and 

Hz in the Jade fluid seems to be controlled by the redox 

condition of the fluid possibly governed by fluid-sediment 

interaction. 

The Clam fluid shows 3He/ 4He ratio of 3.9-4.1 Ratm due to 

mixing with crustal He. The Clam fluid also shows higher COz/3 He 

ratio than the Jade fluid, which may be ascribed to incorporation 

of excess COz into fluid during fluid-sediment interaction. 

However, its correlation with the low 3He/ 4He is ambiguous at 

present. 

Oxidation of organic matter coupled with sulfate reduction 

is responsible for the higher HzS contents and the lower 

d34s(HzS) values in the Clam fluid than the Jade fluid. The 

content of CH4 and Hz may also be controlled by the fluid­

sediment hydrothermal interaction. 
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Table 5-l Analytical results of gas composition of the obtained samples 

Sample co, CH, H, He H,S" 
(mM/kg) (mM/kg) (mM/kg) (uM/kg) (mM/ kg) 

Jade Site 

D413 RV6 55.4 2.40 0.46 
D423 RV2 112.6 3.25 0.01 0.23 7. 96 

RV3 208.9 7.66 0.02 0.82 13.66 
RV5 25.6 1.66 

Clam Site 

D416 RV2 86.3 3.08 0.12 
M 2.4 

D426 RV6 77 .9 5. 15 0.13 7.54 
D427 RV1 85 .2 0. 19 

RV3 95 .6 5.41 0.14 9.44 

1) from Garno et al. (1991) 
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Table 5-2 Analytical results of He isotopic composition 

Sample 8 He/'He 'He/2 0 Ne ( 8He/ 'He)c 
(R, t m) (R, t m) 

Jade Site 

D413 RV5 6.407 ± 0.024 4. 35 6.84 
RV6 4. 794 i 0.033 1.14 6.27 

D422 RV3 6.506 i 0.039 57.70 6. 54 
· D423 RV3 6. 177 ± 0.031 19 .24 6.26 

RV5 5.890.±0.130 4.90 6. 23 
D424 RV4 2.597 i 0.032 0.48 5.79 

M 6.452 ± 0.036 15.61 6.57 

Clam Site 

D416 RVZ 3.750 ± 0.027 7.85 3.87 
D426 RV6 3.388 ± 0.030 1. 55 4. 01 
D427 RV3 3.868 ± 0.041 4. 38 4. 09 

(
8 He/'He)sample - r ] 

(BHe/'He)c = ----------
( 1 - r ) 

r=-------
('He/20 Ne)sample 
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Table 5-3 Analytical results of carbon isotopic composition 

Sample co. o 1 8C(CO.) 0 1 8 C(CO.) 1
' CH, 0 1 8 C(CH.) 

(mM/kg) (per mill) (per mill) (mM/kg) (per mill ) 

Jade Site 

D413 RV6 55 .4 ( -4 . 0) 2.40 -36.1 
D416 M 2.4 -0.9 
0422 RV3 -40.7 
D423 RV2 112 .6 -5.0 -5 . 1 

RV3 208.9 -5.3 -5.3 
RV5 25.6 -4.7 -5.4 

D424 M -36.4 

Clam Site 

D426 RV6 77.9 -3.6 -3.7 5 . 15 -41.2 
D427 RV1 85.2 -3 .9 -4.0 

RV3 95.6 -4.1 -4.2 

l) Corrected for deep seawater carbonate 

(
1 8 C/12C)sample 

0 18C(•/..) - 1 ] X 1000 
(

18C/12 C)standard 
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Table 5-5 Compilation of heat/ 8 He ratios in hydrothermal fluids 
(Lupton et al . . 1989; Baker and Lupton . 1990) 

site fluid temp . hea t / 8 He 8 He/'He 
c· c) (10 18 J/ mol) (Rot m) 

Venting fluid 

Jade site 320 0. 19 6.4 

EPR 21"N 350 0.23 7.8 
EPR 13•N 300 0. 10 7.5 
Galapagos Rift 20 0. 19 7.8 
Juan de Fuca 400 0. 10 7.9 
Guaymas Basin 315 1.5 7.0 

Hydrothermal plume 

Cleft segment at Juan de Fuca 
megap1ume-1986 0. 66 7.9 
steady state plume-1986 0. 044 7.9 

-1987 0. 039 7.9 
-1988 0.072 7.9 
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Fig. 5-l Relationship between concentration of each volatile 
component and magnesium 
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3He/4He (R/Ratm) 

3 5 7 9 
I 

Okinawa Trough • CLAM .---. JADE 

East Pacific Rise 13 N • • 21 N 

Guaymas Basin • 

Hakone : Steam well gas o-o 

Japan : Volcanic gas 

NE-Japan : Hot spring gas 
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Fig. 5-2 Compilation of He isotopic compositions of hydr~thermal 
fluids and other magmatic gases 

Hakone: Steam well gas (Pereda and Craig, 1989) 
Japan: Volcanic gas (Marty et al., 1989) 
NE-Japan: Hot spring gas (Sano and Wakita, 1985) 
N.Z.: Geothermal fluid (Torgersen et al., 1982) 
MORB: Basalt (Kurz and Jenkins, 1981) 
Mariana: Basalt (Sano et al., 1986) 
Solomon: Basalt (Trull et al., 1990) 
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-- Fig. 5-3 Compilation of d13c(C0 2 ) of hydrothermal-ofluids and 
other magmatic gases 

S.Iwojima: Volcanic gas (Matsubaya et al., 1975) 
NE-Japan: Hot spring gas (Urabe 1985) 
N.Z.: Geothermal fluid (Lyon and Hulston, 1984) 
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Fig. 5-4 co2 ; 3He- 4He/3He diagram for hydrothermal fluids and 
other magmatic gases 

Japan: Hot spring gas (Urabe 1985) 
Japan: Volcanic gas (Marty et al., 1989) 
Iceland: Geothermal gas (Sano et al., 1985a) 
MORB: (Marty and Jambon, 1987) 

co 2 Concentration in the submarine hydrothermal fluids is 
corrected value for deep seawater bicarbonate. 
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Phase diagram for the H20-C02 system 
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Fig. 5-7 The phase diagram for co2 -H2o system 
after (Takenouchi, 1971; Takenouchi et al., 1965). 

A star mark indicates P-T condition on the seafloor at the 
discharge site. A dotted line represents vertical 
temperature profile in the water column above the Jade site. 
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Chapter 6. 

Conclusions 

Chemical compositions of the high temperature fluids 

obtained at the Jade and Clam sites in the middle Okinawa Trough 

back arc basin were studied. 

The Jade fluid is similar to the MOR (Mid Oceanic Ridge) 

fluids so far studied in fluid temperature, major element 

composition and 3He/4He ratio . However, the Jade fluid is 

strongly enriched in co2 and K compared to the MOR fluids, 

indicating that the it has interacted with acidic rocks of the 

Island Arc type, while the MOR fluids interacted with tholeitic 

basalt. 

The composition of the Jade fluid is affected significantly 

by species derived from degradation of organic matter during 

fluid-sediment interaction. High NH3 content coupled with 

saturation with calcite effectively control the pH and alkalinity 

of the Jade fluid within narrow ranges close to those of the MOR 

fluids. Although the Jade fluid shows lower contents of metal 

elements, it retains the ability to form sulfide mineral 

deposition on the seafloor. 

In the Clam site, fluids of 100°C are being discharged. 

Major element composition of the Clam fluid is explained by 

simple mixing of the high temperature fluid compositionally 

similar to the Jade fluid and entrained seawater at a shallow 

depths below the seafloor. 

Fluid-sediment interaction affects the Clam fluid 

composition more significantly than it does the Jade fluid. The 
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oxidation of organic matter by reduction of sulfate derived from 

entrained seawater is responsible for the observed high 

alkalinity in the Clam fluid, which are the most characteristic 

features. Lowered temperature may cause extensive metal 

deposition at depth and thus depletion in heavy metal elements in 

the venting fluid. This mechanism explains the observation that 

only calcite deposition occurs at the Clam site by mixing of the 

hydrothermal fluid with ambient seawater. 

As summarized here, the distinct geochemical signatures of 

the hydrothermal fluids in the middle Okinawa Trough back arc 

basin are created by combined effects of hydrothermal interaction 

within the continental crust and within thick sedimentary layer. 

Difference in flow rate between the Jade and Clam sites, which 

are probably caused by different thickness in sedimentary piles 

and other hydrological conditions, may be responsible for the 

differences in fluid temperature and composition between the two 

fluids. The Jade and Clam fluid are considered to represent two 

typical examples of hydrothermal fluids at the continental 

margins. 
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