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Abstract—Seafloor hydrothermal activity at Jade has resulted in extensive alteration of the host epiclastic
sediments and pumiceous tuffs, forming mica, kaolins (kaolinite and halloysite), Mg-rich chlorite, talc,
montmorillonite, and a mixed-layer mineral of dioctahedral chlorite and montmorillonite (Chl/Mont). Clay
mineral assemblages show a vertical variation, which reflects variable amounts of cold seawater incorporated
into hot hydrothermal fluids in subsurface sediments and tuff. However, mixing alone cannot explain the
occurrence of abundant kaolin minerals at Jade. The formation of kaolin minerals requires much more acidic
fluid than expected from simple mixing of hydrothermal fluids and cold seawater. Low pH values are likely
attained by oxidation of k5 either dissolved in the hydrothermal fluid or released from the fluid during
decompression. The fluid reaching the seafloor is discharged into cold seawater, which caused precipitation
of sulfides close to vents and native sulfur and barite at the margins of the vent areas.

Halloysite, barite and anhydrite show Sr isotope compositions similar to marine Sr, indicating the derivation
of marine Sr directly from seawater or by the dissolution of calcareous nannoplanktons. The isotopic
compositions of kaolinite§*80 = +7.4%o, 8D = —23%o), Chl/Mont §*0 = +7.0%0, 5D = —32%o), and
mica (¢*®0 = +5.4 to +9.9%0, 8D = —30 to —26%o0) suggest fluids of a heated seawater origin. The O
isotopic data yielded formation temperatures of 170°C for kaolinite, 61 to 110°C for halloysite, and 145 to
238°C for mica.

Barite 53?S values ¢21.0 to+22.5%0) are very similar to the marine sulfate value, confirming that the
barite formation took place due to mixing of Ba-bearing hydrothermal fluids and sulfate-rich seawater. Native
sulfur shows a large variation i3S in one hand specimen probably because of rapid disequilibrium
precipitation of S during fluid exhalation on the seafloor. Sulfur in hydrothermal fluids is usually consumed
to form metal sulfides. Therefore, abundant native sulfur at Jade suggests j8gmetals ratios of the
hydrothermal fluids.

The alteration assemblages and isotopic data of hydrothermal minerals from Jade are very similar to those
of Kuroko-type barite deposits of middle Miocene age, which formed from fluids of high S/metals ratios at
less than 200°C.

At Jade, there is only one black smoker actively discharging high temperat@29¢C) fluid, but there are
many fossil sulfide chimneys and mounds in the area. The mineralogy and high Au and Cu in these precipitates
suggest highly metalliferous hydrothermal activity in the past. These activities likely resulted in discharge of
hydrothermal plumes and fall-outs of sulfides and sulfates on the seafloor. These fall-outs were incorporated
in sediments far from the vent areas. They are now recorded as high metal contents in sediments with no
petrographic and mineralogical evidence of in-situ hydrothermal activity. Some are high as 8,100 ppm for Cu,
12,500 ppm for Zn, 1,000 ppm for As, 100 ppm for Ag and 21,000 ppm for Pb. Detrital grains of
montmorillonite in such sediments are coated with Fe-oxyhydroxides during the suspension in seawater before
settling on the seafloor. The depths of such metal anomalies in sediments suggest high levels of metalliferous
hydrothermal activities from 1,800 to 300 ybpgCopyright © 1999 Elsevier Science Ltd

1. INTRODUCTION Venting hydrothermal fluids occasionally produce plumes

In the subsurface of seafloor hydrothermal systems, ascendingcontaining minute particles of sulfides and sulfates. Fall-out of
hot fluids change their compositions and temperatures by in- these particles could be widely dispersed and incorporated into
corporating cold seawater. This leads to precipitation of hydro- sediments. Metal anomalies in sediments may provide the
thermal minerals; such as sulfides, sulfates and clay minerals inevidence for past hydrothermal activity.

subsurface sediments and tuffs. On the seafloor, an injection of Many fossil seafloor hydrothermal deposits, known as
hot fluids into seawater results in a rapid temperature drop and stratabound massive sulfide deposits, were subject to deforma-
precipitation of minerals. The mineralogy and composition of tion, diagenesis and metamorphism after their mineralization.
sediments and hydrothermal minerals reflect the evolution of The middle Miocene Kuroko-type sulfide deposits in Japan are
fluids through mixing with cold seawater beneath and on the considered to be the most well preserved fossil seafloor hydro-
seafloor. thermal systems (Franklin et al., 1981), but their original fea-
tures have already been modified during diagenesis and defor-

*Author to whom correspondence should be addressed (marumo@ Mation (e.g., Ohmoto et al., 1983; Eldridge et al., 1983). The
gsj.go.jp). Jade deposit in the central Okinawa Trough (Fig. 1-1) is con-
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Fig. 1-3. Bathymetric map of the Jade field with the distribution of clay minerals. The sites for the gravity cores are numbered from 608 to 627

and those for the grab samplers from 100 to 117. Numbers in squares are heat flow values in*KikMashita, 1990).
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sidered to be a modern analogue of polymetallic Kuroko-type sion spectrometer for Na, Mg, P, Cu, Zn, Cd, and Pb, and atomic
sulfide deposits (Halbach et al., 1989a; Sakai et al., 1990a, absorption spectrometer for As, Ag, Sh, and Hg after digestion of

. ; : ; _samples using HF-HCIQHNO,.
1990b; Halbach et al., 1993). This paper describes mineralog The XRD analysis was performed on clay-size fractions of samples

ical, geochemical and isotopic data of sediments and tuffs poth on randomly oriented and oriented samples using a@atiation
obtained from gravity corers and grab samplers in and around source (140 mA and 60 kV), 1° divergence and scatter slits. The
the Jade deposit. We discuss factors controlling the alteration Cla¥-3ize fractions were obtained by suspending samples in de-ionized
; water.
?nc; Cgemgzirg tirr:e J(zjaat:n\'mttk?etrll?silzfmo?/vraéty;ﬁ: 3:; Kousri?k(cz)s The_ratios_o_f Mg, Al, Si, and Fe for clay minerals were obtained fror_n
YP_ p ; pan, poly p X-ray intensities of these elements using an analytical transmission
million tons ore with 2.2 wt% Cu, 4.5 wt% Zn, and 0.8 wt% Pb,  electron microscope (ATEM) with an energy dispersive spectrometer at
Tanimura et al., 1983) and the Minamishiraoi barite deposit 100 kV accelerating voltage. To obtain K factors (Lorimer, 1987) of
(0.2 million tons ore with over 90 wt% barite; Marumo, 1989a). elements, the standards were prepared from finely ground (less than 2
. . . nm) minerals (talc, Mg-rich chlorite, biotite, and nontronite) used as

The sulfide/barite wt% ratios are greater than 19 at .KOTsakg standards for electron microprobe analysis.
(Farrell and Holland, 1983) and less than 0.1 at Minamishiraoi  jron coating on the surface of clay minerals was removed using
(Marumo, 1989a). hydroxylamine 25% hydrochloride acetic acid (HHAA) at pH 5.0 at
100°C for 6 hr (Tessier et al., 1979).

The clay samples were rinsed twice and cleaned in distilled water in
an ultrasonic bath for 10 min for Sr-isotope analysis. Strontium on the

The Okinawa Trough is a back-arc basin behind the Rhukyu surface and in the exchangeable sites was likely removed during the
sample preparation which involved suspension of samples in distilled

island arc (Fig. 1-1) and it started rifting about 2 Ma (Lee etal., \yater for at least one week. Sr isotopic compositions were determined
1980; Letouzey and Kimura, 1986; Nagumo et al., 1986). The after HF-HNQ, digestion followed by cation separation using Bio Rad
volcanic rocks in the trough are basalt, basaltic andesite, dacitic AG 50W X8 (200—400 mesh). Strontium was eluted using 2.5 N HCI.
andesite, and rhyolite. HigiHe in He dissolved in the seawater Dissolution of barite was carried out by heating the mixture of barite

3 . . - - and graphite at 1,000°C. Dissolved cations were separated by the
[(®*Hel*He)/CHel*He),;, < 1.65; Ishibashi et al., 1988] and high procedure described above. Strontium in anhydrite was leached by 6 N

heat flow (up to 2,000 mW/R) suggest the presence of shallow  Hc). All acids used for digestion and cation separation were double-
magma chambers in the area (Yamano et al., 1989). distilled in Teflon. The Sr isotopic measurements were carried out

The Jade deposit is located along the NE slope of the tectonic Using a Finnigan MAT261 and ratios were normalized®r/°Sr =

; 0.1194. The 2r are all<0.003% of the reported values and the NBS
depression named the Izena CauldronX35 km) at water 987 yielded 0.710247 12 (N — 14) during this study.

depths be_tween 1’400 to 1_'450 _m (FiQS- 1-2 and 1'3)' The The D/H ratios of clay minerals were measured on th® ldxtracted
Cauldron is underlain by epiclastic sediments and pumiceous from the samples at 1,000°C, after removing absorbed and interlayer
tuffs. Hydrothermal activity occurs along an ENE-striking fis-  water in vacuum at 200°C (Savin and Epstein, 1970). Th® Mas
sure in the Cauldron, suggesting the fluid ascent through this reduced to Hon U metal at 800°C. For th€0/:°0 analysis, O was

. . . . extracted from the clay minerals using the Brirethod of Clayton and
fissure. The area along the fissure shows high heat flow (Fig. Mayeda (1963) after pre-heating the samples under vacuum at 200°C

1-3) and one black smoker is discovered in the highest heat for 20 hrs. These H and O isotope data are reported in the conventional
flow area (over 10,000 mW/mnKinoshita, 1990). The smoker  &-notation relative to SMOW.
discharges Mg -free fluids of 320°C. There are chimneys For S isotope analysis, a mixture of a sample angGCwas heated
discharging clear solutions of up to 220°C and they are accom- 1© 1:050°C to produce S{ior the mass spectrometric analysis. The
. o . ) . yields of gases were monitored by measuring the pressures,0CED

panied by precipitates of Zn-Pb-rich sulfides, barite and anhy- 7.4 H.
drite (Nakamura et al., 1990).

Fossil chimneys and sulfide mounds are abundant in the area 4. RESULTS
and the sulfide samples from these mounds contain higher _ ) _ _
concentrations of Au (up to 4.8 ppm), Ag (up to 1,900 ppm), Pb 4.1. GeQChemIStfy e_md Mineralogy of Epiclastic
(up to 9.3 Wt%), Zn (up to 20.1 wt%), and Cu (up to 3.7 wt%), Sediments outside the Izena Cauldron

Sb (up to 1.4 wt%), As (up to 10.8 wt%), Hg (up to 1,670 ppm)  \/ertical compositional variations of sediments are shown at

and Tl (up to 1,440 ppm) than those from the precipitates at the 14 sjtes: site 628, 8 km NE from the Izena Cauldron (Fig. 2-1),
black smoker (Nakamura et al., 1990). Crusts of native sulfur 54 site 609. 2.5 km W (Fig. 2-2) from the edge of the

and barite on the seafloor occur in the areas with low heat flow Cauldron. The sites show normal heat flow values (less than

2. GEOLOGY OF THE JADE DEPOSIT

(less than 3,000 mW/f Kinoshita, 1990). 160 mWi/n?; Kinoshita, 1990) for the Okinawa Trough and the
sediments consist of quartz, feldspars, mica, Fe-Mg-chlorite,
3. SAMPLING AND ANALYTICAL PROCEDURES and Ca-montmorillonite all of detrital origin. High CaO (up to

Epiclastic sediments and pumiceous tuffs were obtained using ship- 36 Wt.%) and Sr (up to 1,260 ppm) in the samples of P609-5-
board gravity corers (core penetration ranged from 1 to 5 m) and grab 5-75, P609-4-5-55, P628-4-4-10, and P628-4-4-70 (Table 1)
samplers during the transponder navigated R/V Hakurei-maru GH89-3 reflect abundant calcareous nannoplankt@msilfania huxleyi
cruise in 1989. Samples are collected at 5 to 10 cm intervals in the .4 florisphaera profundaTanaka, 1990). There is no evi-

cores. The locations of cores (sites 608 to 628) and grab samples (sites . .
100 to 117) are presented in (Figs. 1-2 and 1-)3. 9 Ples (StSgence for hydrothermal alteration, but the sediment samples

The samples were air-dried and groundktb0 .m for major, minor, contain high Cu (up to 240 ppm), Zn (up to 628 ppm), Cd (up
and trace element analysis, and bulk X-ray diffraction (XRD) analysis. to 6 ppm), Ba (up to 1,025 ppm), Hg (up to 9 ppm) and Pb (up
The major and minor elements were determined using an X-ray fluo- {4 1 145 ppm) from the surface to a depth of 100 cm (Fig. 2-2).

rescence spectrometer (XRF) with a Rh tube at 4 to 50 kV and 0.35 .
mA. X-ray tube voltages were set at 4 kV for Al and Si; 15 kV for S, The highest Zn (628 ppm) and Hg (9 ppm) were recorded at a

K, Ca, Ti, Mn and Fe; and at 50 kV for Sr, Y, Zr, Nb, and Ba. Other depth of 75 cm (sample P609-4-5-35, Table 1); whereas the
elements were determined using an inductively coupled plasma emis- highest As concentration (25 ppm) was in the surface sample
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Fig. 2-2. Vertical section of the gravity core at site 609, 2.5 km W of the Izena Cauldron. The site of the core is shown
in Fig. 1-2. The wavy patterned area represents epiclastic sediments.

(P609-5-5-75, Table 1). The lack of alteration suggests that the dispersed and incorporated into sediments, far from the vent
metal enrichment is not caused by in-situ hydrothermal activity. site.

Therefore, the metal anomalies are attributed to fall-out from  Detrital montmorillonite in these samples shows high atomic
hydrothermal plumes. Sulfides and sulfates in plumes could be ratios of Fe/(Mg-Al +Fe) ranging from 0.38 to 0.60, but the
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Fe/(Mg+Al+Fe) o Hydrothermal Mont. (614)
® Detrital Mont. (609)
0.8 0.2
A Detrital Mont. (611,628)

Al /(Mg + Al + Fe) 0.8 0.6 0.4 0.2 Mg /(Mg + Al + Fe)

Fig. 3-1. Mg, Al, and Fe atomic ratios of montmorillonite. Open squares represent hydrothermal montmorillonite from
site 614. Solid circles are those for detrital montmorillonite from site 609. Open triangles are ratios for detrital montmo-
rillonite from sites 611 and 628.

Fe / (Mg + Al + Fe)

609 (without HHAA treatment)
609 (after HHAA treatment)

Al/ (Mg + Al + Fe)

08 06 04 02 Mg / (Mg + Al + Fe)

Fig. 3-2. Mg, Al, and Fe atomic ratios of the detrital montmorillonite from site 609. Solid circles represent the ratios
before the treatment using hydroxylamine 25% hydrochloride-acetic acid (HHAA). Open squares are those after the
treatment. Note that the compositions after the treatment are similar to those of detrital montmorillonite shown in Fig. 3-1.

Fe / (Mg + Al + Fe)

m Detrital Mg-Fe chl. (609, 628)
0.8 0.2 O Hydrothermal Mg chl. (620, 627)

A Hydrothermal Tosudite (613)

0.2

Al/ (Mg + Al + Fe) 08 06 04 02 Mg / (Mg + Al + Fe)

Fig. 3-3. Mg, Al, and Fe atomic ratios of chlorite. Solid squares are ratios for detrital Mg-Fe-chlorite from sites 609 and
628. Open circles are ratios for hydrothermal chlorite from sites 620 and 627. Open triangles are those for tosudite from
site 613.
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ratios decrease to 0.20 to 0.40 after HHAA treatment. The latter  Pumiceous tuffs close to the active vents (sites 613, 614, 619
values are similar to those from the site 628 (Figs. 3-1 and 3-2), and 626) are all intensely altered. The tuffs at the sites 613 and
suggesting that the montmorillonite is of detrital origin and that 626 contain kaolinite and halloysite, which is reflected by high
the grains yielded apparently high Fe contents due to coating of Al/Si molar ratios, greater than 0.45, of the tuffs. These tuffs
Fe oxyhydroxide. from the site 613 additionally contain K-montmorillonite, Chl/

Itis not surprising to find Fe-coated montmorillonite because Mont, and mica of all hydrothermal origin.
the surface of clay minerals has net negative charges in neutral Bulk samples from the sites 614 (sample P614-2-3-55) and
to alkaline water (Sverjensky and Sahai, 1996) and attracts high 619 (samples P619-1-2-50, P619-1-2-95, and P619-1-2-Shoe
valance cations, such as¥e Montmorillonite grains with Fe top) show low Al/Si molar ratios (less than 0.38) similar to
coating have been reported at the Galapagos hydrothermalthose of unaltered tuffs, but they contain abundant alteration
mound field (McMurtry et al., 1983) and the EPR and Bauer minerals, such as K-montmorillonite. Hydrothermal montmo-
Basin sediments (McMurtry and Yeh, 1981). rillonite is characterized by low Fe (Fig. 3-1). Furthermore, the
tuff at the site 614 contains high concentrations of As, Sb and
Hg (Table 2) and the tuffs at the site 619 contain hydrothermal
mica, kaolinite, halloysite, and dolomite.

The gravity core at the site 613 shows a vertical zoning of

Table 1 shows the chemical compositions of the epiclastic alteration mineral assemblages: kaolinite and mica at depths
sediments around the active vent areas (sites 611, 617, 626 shallower than 45 cm, Chl/Mont and kaolinite at depths from
627; Fig. 1-3). Calcium-rich samples contain calcareous nan- 45 to 70 cm and from 135 to 145 cm, halloysite at depths from
noplanktons (sample P627-2-2-20, Table 1), but many samples80 to 155 cm, and kaolinite and montmorillonite at a depth of
show CaO contents lower than 1.03 wt% and they do not 175 cm (Fig. 4-3). The kaolin-bearing pumiceous tuffs show
contain nannoplanktons, due to their dissolution by acidic fluid. higher concentrations of AD; (over 35 wt%), and lower

Chemical compositions and mineral assemblages of theseconcentrations of KO (less than 0.63 wt%), CaO (less than
epiclastic sediments vary in one gravity core. For example at 0.21 wt%), Ba (less than 111 ppm). The concentrations of Y
site 627, CaO contents vary from 9.64 wt% at a depth of 20 cm (less than 254 ppm) and Zr (less than 459 ppm) are also high.
(sample P627-2-2-20; Table 1) to less than 1 wt% at 76 cm The concentrations of Zn (up to 6,000 ppm), Sb (up to 55 ppm),
depth (sample P627-2-2-76; Table 1). The latter sample is Hg (up to 100 ppm), and Pb (up to 2,000 ppm) are high only
characterized by high concentrations of MgO (4.93 wt%), Cu close to the surface, shallower than 20 cm (Fig. 4-3).
(576 ppm), Zn (2,340 ppm), As (740 ppm), Ag (66 ppm), and Kaolinite from the site 613 (sample 613-2-2-60) is triclinic
Pb (2,500 ppm). The high concentration of MgO is reflected by with split X-ray reflections of (11jland (111) (Fig. 5). Such a
the occurrence of hydrothermal Mg chlorite, which, using high structural integrity is observed only in hydrothermal ka-
ATEM, is easily distinguished from detrital Fe-Mg chlorite  olinite and is not observed in sedimentary kaolinite (Nagasawa,
(Fig. 3-3). 1978). Halloysite (sample 613-1-2-50) is tabularO({05 um

The epiclastic sediments at site 611 show a chemical and width and<1 um length) under TEM observation and has a
mineralogical variation within a meter (Fig. 4-1). They still disordered structure characterized by two-dimension (hk)
contain detrital minerals of feldspars, mica, Mg-Fe-chlorite, bands and 7 A basal spacing in the XRD diagram (Fig. 5). The
and Ca-montmorillonite, but they are partly or entirely altered. XRD pattern of Chl/Mont (sample P613-2-2-90) is identical to
Halloysite occurs at a depth of 120 cm and in the interval that of a regularly interstratified dioctahedral chlorite and mont-
between 230 and 275 cm depths, and talc and Mg-rich chlorite morillonite with a sharp reflection at about 30 A and a (060)
occur at 135 to 170 cm depths. Talc-bearing sediments containpeak at about 1.499 A (Fig. 5). The ATEM analysis (Fig. 3-3)
high concentrations of MgO (up to 14.14 wt%), Cu (up to 1.1 shows the Chl/Mont to be an Al-rich and Mg-poor member
wt%), Zn (up to 8.5 wt%), As (up to 2,000 ppm), Ag (up to 100 (tosudite).
ppm), Ba (up to 2.0 wt%), Hg (up to 43 ppm), and Pb (up to Mica is the predominant clay in the pumiceous tuffs at the
9,000 ppm), whereas halloysite-bearing sediments contain low site 113 (Fig. 1-3). The XRD pattern of the sample RS113
concentrations of Cu (less than 250 ppm), Zn (less than 1,445 suggests that it is a mixture of 1M and 2M/pes or 2M type
ppm), As (less than 140 ppm), Ag (less than 2 ppm), Ba (less (Fig. 5).
than 520 ppm), Hg (less than 3 ppm), and Pb (less than 1,815

ppm).

4.2. Geochemistry and Mineralogy of Epiclastic
Sediments in the Izena Cauldron

4.4. Strontium Isotope Compositions of Clay Minerals
4.3. Geochemistry and Mineralogy of Pumiceous Tuffs and Sulfates
Site 620 shows a high heat flow value (871 m\&)ymvhich The Sr isotopic compositions are presented in Table 3 and
is much higher than background values but lower than those Fig. 6. The®”SrfSr ratios of halloysite (0.70902) from the site
near the active vents (over 1,000 m\Wrfig. 1-3; Kinoshita, 613, barite crusts (0.70905 to 0.70915) from the sites 611, 110
1990). Both sediments and tuffs at the site are intensely alteredand 113 and anhydrite (0.70910) from the black smoker vent
to show low concentrations of CaO, (less than 1.3 wt%, Table are very similar to that of the present-day seawater value
2). The tuffs contain high concentrations of MgO (up to 5.83 (0.70910; Koepnick et al., 1985), indicating marine Sr as the
wt%), Zn (up to 8,100 ppm), Ba (up to 1,852 ppm), Pb (up to major source. The values are also similar to that for Sr dis-
1,580 ppm) with abundant Mg-rich chlorite of hydrothermal solved in the black smoker vent fluids (0.7089; Chiba et al.,
origin (Fig. 3-3). 1992). Marine Sr is incorporated into hydrothermal fluids either
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Fig. 5. Powder X-ray diffraction patterns of kaolinite, dioctahedral mixed-layer mineral of chlorite and montmorillonite
(Chl/Mont, tosudite), halloysite, and mica.

directly through seawater or by the dissolution of calcareous Formation temperatures of clay minerals were calculated using
nannoplanktons. their 6*%0 values, assuming that the parent fluids have the
The #’SrP°Sr of halloysite (P611-2-3-40) in an epiclastic  seawater value of 0%.. The calculation yielded 170°C for the
sediment at the site 611 is 0.71085, which is higher than the formation temperature of kaolinite using the isotopic fraction-
seawater value. It is likely that Sr was probably derived from  ation factor ¢) between kaolinite and water expressed by 1000
detrital minerals. In a = 2.76 * 1/T2 — 6.75 (Sheppard and Gilg, 1996). The
equation was derived from both experimental (Kulla and

4.5. Hydrogen and Oxygen Isotope Compositions of Clay ~ Anderson, 1978) and natural data (Lawrence and Taylor, 1972).
Minerals The 8D value of the fluid for the kaolinite is estimated using the

The isotopic compositions of mica from the sites 105 and €quation, 1000 Inx = —2.05 * 1¢°%/T? —11.13, by Sheppard

113, kaolinite and Chl/Mont and halloysite from the sites 613 and Gilg (1996), which was derived from a combination of
and 626 are presented in Figs. 7, 8, and 9 and Table 3.experimental (Kulla, 1979) and empirical calibration of natural
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Table 3. Isotopic data of clay, sulfide, and sulfate minerals.
Sample no. Location Analyzed phases 8D (%) 510 (%o)
P613-2-2-60 613 core 25 cm depth Kaolinite >Mica -23 +7.4
P613-2-2-90 613 core 55 cm depth Chl/Mont -32 +7.0
P613-1-2-50 613 core 115 cm depth Halloysite>Kaolinite —53 +12.0
P613-1-2-90 613 core 155 cm depth Halloysite>Kaolinite —24
P626-Shoe 626 core 510 cm depth Halloysite —34 +18.0
RS105 Surface sample Mica —26 +9.9
RS113 Surface sample Mica —30 +5.4
5%S (%o)
P613-2-2-60 613 core 25 cm depth Pyritdarcasite —-14.5
P613-2-2-70 613 core 35 cm depth Pyritdarcasite —-18.2
P613-1-2-20 613 core 85 cm depth Marcasiiyrite —14.4
P613-1-2-70 613 core 135 cm depth Marcasigyrite —-19.3
P617-1-2-5 617 core 10 cm depth MarcasiRyrite -18.1
P617-1-2-25 617 core 30 cm depth Marcasiiyrite —-4.7
P617-1-2-55 617 core 60 cm depth Marcasilyrite -7.9
P617-1-2-75 617 core 80 cm depth Marcasiiyrite +0.7
P617-1-2-85 617 core 90 cm depth Marcasiiyrite —22.0
P617-Shoe 617 core 120 cm depth Pyrildarcasite —4.2
P626-2-5-30 626 core 330 cm depth Marcasiyrite —-14.5
P626-Shoe 626 core 510 cm depth MarcasRgrite —-32.7
RS103 Surface sample Marcasiteyrite -15.4
RS118 Surface sample Marcasiteyrite —38.5
D412-4-1 Black smoker chimney Sulfide aggregates* +5.7
RS101 Surface sample Sulfide aggregates** +3.2
P626-5-5-15 626 core 15 cm depth Sulfide aggregates** +4.5
P616-Shoe Surface sample Sulfide aggregates** +6.1
P626-3-5-5 626 core 205 cm depth Barite +22.5
P626-Shoe 626 core 510 cm depth Barite +21.0
RS109-A Surface sample Native sulfur +6.6
RS109-B Surface sample Native sulfur +11.2
RS109-C Surface sample Native sulfur +10.2
Sr (ppm) 87SrPSsr
P611-2-3-40 611 core 120 cm depth Halloysite 29 0.71085
P613-1-2-50 613 core 115 cm depth HalloysiteKaolinite 75 0.70902
P611-3-3-5 611 core 5 cm depth Barite 0.70915
RS110 Surface sample Barite 0.70905
RS113 Surface sample Barite 0.70952
D412-2 Surface sample from a black smoker Anhydrite 0.70910

* Admixture of chalocopyrite-pyrite-sphalerite.
** Admixture of pyrite and marcasite.

samples (Lawrence and Taylor, 1972; Marumo et al., 1980). droxyl H of halloysite can easily exchange with H in interlayer
The calculated value is-1%0, which is similar to that of water even during the clay separation in laboratories because of
seawater. The results endorse the assumptioy' % = 0%o immediate contact between the two H.
used for the calculation of isotopic temperatures. The 80 value (5.4%o0) of mica (sample RS113) is similar
The 8'%0 and 8D values of halloysite are+12.0%0 and to those of micas from the Kosaka Kuroko-type deposid.Q
—53%o for the sample P613-1-2-50 ardl8%. and—34%. for to +5.4%0; Hattori and Muehlenbachs, 1980), but another mica
the sample P626-Shoe, respectively. The isotopic fractionation sample (RS105) shows a high value9.9%o.), similar to those
factors for halloysite are not well defined, but they can be of Mica/Mont from the Minamishiraoi deposit-H7.5 to
approximated by the values for kaolinite (Sheppard and Gilg, +9.2%0; Marumo et al., 1995). Both micas show higa&r
1996) because of structural and chemical similarities of the two (—30%. for RS113,—26%. for RS105) than Kosaka micas
phases. Thé'®0 yielded the formation temperatures for the (—44 to —36%.; Hattori and Muehlenbachs, 1980) and similar
halloysite in P613-1-2-50 and P626-Shoe at 110°C and 61°C, 6D to Mica/Mont with over 80% mica components from the
respectively. TheSD values of the fluids are estimated to be Minamishiraoi deposit{32 to —23%.; Marumo et al., 1995).
—28%0 (P613-1-2-50) and-4%. (P626-Shoe). The former The formation temperatures of the Jade micas are calculated
value is significantly low and this low value is likely due to to be 238°C (RS113) and 145°C (RS105), using the isotopic
hydrogen isotopic exchange between interlayer water and hy- fractionation factors between mica and water expressed by
droxyl ion. It has been documented in Quaternary soils (Law- 1000 Ina = 2.39 * 1(P/T? — 3.76 (Sheppard and Gilg, 1996).
rence and Taylor, 1971; Sheppard and Gilg, 1996) that hy- The equation was derived from a combination of experimental
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Fig. 6. Strontium isotopic compositions of halloysite, anhydrite and barite from the Jade field. The data are compared to
those for the present and Miocene seawater (Koepnick et al., 1985), volcanic rocks in the Okinawa Trough (Chen et al.,
1995), the host rocks for Kuroko at 13 Ma (Farrell and Holland, 1983), and the middle Miocene Kuroko barite (Farrell and
Holland, 1983).

data (O’Neil and Taylor, 1969), theoretical calculation by Kief- the two. It may be attributed to a temporal variationsitS
fer (1982) and empirical calibration of natural samples (Savin of hydrothermal fluids, which has been documented from
and Epstein, 1970; Eslinger and Savin, 1973). other active seafloor hydrothermal systems (e.g., Crowe and
Hydrogen isotopic fractionation factors between mica and Valley, 1992).
water are not well defined (Savin and Lee, 1988; Sheppard and  Fine grained €1 mm) pyrite and marcasite disseminated in
Gilg, 1996), but empirical data suggest that the factors are ajtered sediments and tuffs (P613-2-2-60 to RS118, Table 3)
not sensitive to temperature in the range of hydrothermal show a large variation from-38.5 to+0.7%o. The variation is
temperatures (Marumo et al., 1980; Sheppard and Gilg, attributed to a contribution of biogenic sulfur. TE&'S values
1996). Using the factor of 27%. (Marumo et al., 1980), the  f the Jade barite (P626-3-5-5 and P626-Shoe) range from
8D values of fluids for the Jade micas are calculated to have 121 o t0+22.5%. and are similar to the present-day seawater
—3%0 and + 1%. sulfate value ¢20.8%o; Fig. 10).
A large (>20 cm) specimen (samples RS109-A, B, C) of
native sulfur crust on the seafloor shows a wide variation in
83*S ranging from+6.6 to +11.2%.. The values are mostly

Figure 10 and Table 3 show the S-isotopic compositions of higher than those of dissolved,8 (+7.2 to +8.0%) in the
sulfides, sulfates and native sulfur from the active vent area. An vent fluids, showing isotopic disequilibrium. This may be ex-
aggregate of chalcopyrite and sphalerite (D412-4-1) from the plained also by a temporal variation of S dissolved in the fluids.
black smoker chimney shows5.7%. which falls in the range Alternatively, it may be attributed to disequilibrium precipita-
(+3.2 to +6.1%0) of pyrite and marcasite aggregates (samples tion of native sulfur. Isotopic disequilibrium is prevalent in
RS101, P616-Shoe, P626-5-5-15) from the surface of sedi- many subaerial sulfur deposits (Ueda et al., 1979) because the
ments. These values are significantly lower than the values formation of native sulfur requires the valence change fron
of H,S (+7.2 to +8.0%0; Sakai et al., 1990b) dissolved in in fluids. Native sulfur in Jade was formed on the seafloor
the vent fluids, indicating isotopic disequilibrium between where fluids were exhaled into cold, oxidizing seawater. It is

4.6. Sulfur Isotopic Compositions of Sulfides, Barite, and
Native Sulfur
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Fig. 7. Hydrogen isotopic compositions of clay minerals from the Jade field, Kosaka (Hattori and Muehlenbachs, 1980)
and Minamishiraoi deposits (Marumo, 1989b; Marumo et al., 1995).

likely that sulfur species did not maintain isotopic equilibration (MgsAl,Si;O,4(OH)g), and K-feldspar are calculated in terms
under such dynamic conditions where temperatures and fO of the activity ratios of Mg*/H™ and K*/H™ at temperatures
changed rapidly. between 50 and 300°C using the data by Johnson et al. (1992).
The venting fluids from the black smoker at Jade contain no
detectable M§" (Sakai et al., 1990a) and the ratios of aK
aH" are around 3.56 (Fig. 11Xhe observed aK/aH" ratios
fall near the boundary of the stability fields between mica and
The hydrothermal alteration at Jade is characterized by com- K-feldspar, suggesting that the akaH" ratios of the hydre
mon occurrences of mica, kaolins (kaolinite and halloysite), thermal fluids are likely controlled by these minerals. The
Mg-rich chlorite, talc, Chl/Mont and montmorillonite. Among  proposed interpretation is consistent with the data from sub-
them, mica (Alt et al., 1987; Alt and Jiang, 1991), Chl/Mont aerial geothermal reservoir fluids showing that their K/H ratios
(Haymon and Kastner, 1986; Howard and Fisk, 1988), Mg-rich are buffered by two minerals (e.g., Hemley, 1959).
chlorite (Koski et al., 1990), talc (Zierenberg et al., 1993) and  The composition of fluids formed by mixing of the vent fluid
montmorillonite-beidellite (Haymon and Kastner, 1986) have with seawater plots a linear array (Fig. 11). The alteration
been reported in the ridge hydrothermal systems at 21°N Eastmineral formed from the mixed fluids should be K-feldspar at
Pacific Rise (EPR), Gorda Ridge, and Guaymas basin. The temperatures lower than 250°C and mica and kaolinite would
predominant occurrence of mica at Jade reflects hig{ K72 not form from the mixed fluid. This is further demonstrated by
mM/kg) of fluids in comparison with those in the ridge systems, the activity ratios of K/H* and Mg*/H* estimated for the
such as those at the 21°N EPR'(¥& 23.2 to 25.8 mM/kg; Von alteration fluids using the isotopic temperatures and mineral
Damm et al., 1985a) and Guaymas'(k 37.1 to 49.1 mM/kg; assemblages. Fluids were in the stability field of kaolinite at
Von Damm et al., 1985b). 61°C (P626-Shoe) and 170°C (P613-2-2-60) and in the mica
The occurrences of kaolins (kaolinite and halloysite) also field at 145°C (RS105) and 238°C (RS113). They all plot far
characterize the alteration at Jade. Kaolins are commonly left from the mixing line of vent fluids and seawater (Fig. 11).
formed by intensive hydrogen metasomatism in subaerially The observed alteration minerals require much lowérHK"
altered rocks (e.g., Nagasawa, 1978). The occurrences of kao-ratios, lower pH, than those predicted from simple mixing.
lins are not common in other seafloor hydrothermal systems, Acidic fluids are consistent with the common occurrence of
although the vent fluids at the 21°N EPR and 13°N EPR are native sulfur at Jade since it is only stable in low pH.

5. DISCUSSION

5.1. Origin of Clay Minerals in the Jade Field

acidic (pH= 3.8 at 25°C; Von Damm et al., 1985a and Bower
et al., 1988).

The stability of kaolinite, mica, chlorite

Acidic condition of the fluids is explained by the oxidation of
H,S either dissolved in the fluids or released from fluids during
fluid decompression. If the proposed interpretation is correct,
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Fig. 8. Oxygen isotopic compositions of clay minerals from Jade compared with the data from Kuroko-type deposits.
Isotopic temperatures for Jade samples are calculated using the fractionation factor of Sheppard and Gilg (1996), assuming
the seawater value for the fluid. Formation temperatures for the Kosaka and Minamishiraoi clays are recalculated using the
isotopic data of clays and filling temperatures of fluid inclusions in quartz and sphalerite associated with the clays. Data
sources: Kosaka Kuroko-type deposit (Hattori and Muehlenbachs, 1980), Minamishiraoi Kuroko-type barite deposit
(Marumo, 1989b; Marumo et al., 1995).

acidic fluids should be common in many hydrothermal fluids styles of alteration. The alteration at Kosaka is characterized by
and kaolins should be present in many seafloor hydrothermal mica and Mg-rich chlorite; whereas that at Minamishiraoi is
systems, but the occurrence of kaolin minerals are only recently characterized by the dominance of kaolin minerals, a mixed-
reported from Southern EPR (Marumo et al.,, 1994). It is layer mineral of dioctahedral chlorite and montmorillonite
possible that kaolins may have been overlooked in earlier (Chl/Mont), and a mixed-layer mineral of mica and montmo-
studies, but there are also several factors favourable for kaolin rillonite (Mica/Mont). The present-day hydrothermal activity at
formation at Jade. The hydrothermal activity at Jade is at Jade is not similar to that at metalliferous Kuroko deposits.
relatively shallow water depths, which promotes devolatiliza- Instead, it is similar to that at metal-poor barite deposits.

tion of H,S from fluids. Gaseous }$ would be concentrated

closer to the seafloor. This is supported by G@nting com 5.2.1. Alteration minerals and formation temperatures

mon in the Jade area (Sakai et al., 1990b). Furthermore, Jade . . . .
fluids have high S/metals ratios. Upon fluid coolingSHvould Kaolins occur in several Kuroko-type deposits, but their

form metal sulfides, but excess S is available for acidification of OCCufrences are restricted to metal-poor barite deposits formed
fluid in the system with high S/metals ratios. at temperatures lower than 200°C (Marumo, 1989b; Yoneda,

1993). Isotopic temperatures from Jade are also low: 61 to
170°C for kaolins and 145 to 238°C for mica. Filling temper-
atures of inclusions in barite in the Jade chimneys range be-
tween 150 to 210°C (Halbach et al., 1989b). Venting fluids are
The Jade deposit has been interpreted as a present-day exalso cooler than 220°C except for the black smoker fluids (e.qg.,
ample of Kuroko-type deposits of middle Miocene age in Nakamura et al., 1990; Tanaka et al., 1990).
Japan. As described, there are two types of Kuroko-type de- Both the Minamishiraoi deposit and Jade field show kaolins
posits; polymetallic deposits (represented by the Kosaka de- and Chl/Mont as alteration minerals. Isotopic compositions of
posit) and metal-poor barite deposits (represented by the Mi- these clays and their formation temperatures are also very
namishiraoi deposit). The two types of deposits show different similar (Fig. 9).

5.2. Comparison with Middle Miocene Kuroko-Type
Deposits
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Fig. 9. Hydrogen versus oxygen isotopic compositions for clay minerals and associated fluids. Data sources: Jade field
(this study), Kosaka (Hattori and Muehlenbachs, 1980), Minamishiraoi deposits (Marumo, 1989b; Marumo et al., 1995),
felsic magmatic water (Taylor, 1992). Solid circles represent mica, open circles denote mixed-layer minerals of mica and
montmorillonite (Mica/Mont), solid triangles stand for kaolinite, open triangles for halloysite, solid squares for mixed-layer
minerals of dioctahedral chlorite and montmorillonite (Chl/Mont). The solid triangle labeled 1 shows the isotopic
compositions for kaolinite (P613-2-2-60) and the fluid at 180°C. The solid square labeled 2 indicates compositions for
Chl/Mont (P613-2-2-90). The open triangle labeled 3 shows the compositions of halloysite (P613-1-2-90). T2 low
appears to be a result of isotopic exchange. The open triangle labeled 4 shows the compositions for halloysite (P626-Shoe)
and the fluids. The solid circle marked 5 is mica (RS105) and the fluid at 145°C. The solid circle labeled 6 is mica (RS113)
and the fluid at 238°C. The solid circle directly under the solid star shows the isotopic compositions of the fluid for RS113,
at 238°C.

5.2.2. Occurrence of native sulfur 5.2.3. Fluid sources

Sulfate minerals from Jade sho¥WSrfeSr similar to the
present-day seawater value. The isotope data are significantly

Another similarity between the two is the common occur-
rence of native sulfur, which is very rare in polymetallic Ku-

roko-type deposits (Igarashi et al., 1974). The lack of native
sulfur in polymetallic Kuroko deposits suggests low S/metals
ratios of hydrothermal fluids due to high concentration of heavy
metals, whereas hydrothermal fluids for barite-rich Kuroko
deposits likely had high S/metals ratios.

different from those of the Kosaka deposit. The values for the
Kosaka barite (0.7068 to 0.7082; Farrell and Holland, 1983) are
much lower than that of the Miocene seawater (0.70849; Koep-
nick et al., 1985), suggesting a significant contribution of

igneous Sr supplied through the reaction with volcanic rocks

The proposed interpretation is supported by the occurrencesand/or the direct contribution of magmatic fluids.
of native sulfur in other seafloor hydrothermal systems. Native  The Jade fluids are essentially heated seawater, whereas the
sulfur of the Axial Seamount in the Juan de Fuca Ridge is fluids for the polymetallic Kosaka deposit are significantly
associated with amorphous silica after the cessation of metal different. Low 8D, —22 to —9%. calculated for the Kosaka
sulfide precipitation (Hannington and Scott, 1988). Native sul- fluids suggest a direct contribution of magma fluids (Hattori
fur is also reported in the hydrothermal plumes along the and Muehlenbachs, 1980). This supports the importance of
southern EPR from 17°38 to 18°40S. These plumes contain  magmatic fluids for the formation of metal deposits as mag-
halloysite and kaolinite (Marumo et al., 1994) and have high matic fluids can contain high concentrations of base metals
S/Fe molar ratios, higher than 1 (Feely et al., 1994). (Candela and Holland, 1984; Urabe, 1985, 1987).
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Fig. 10. Sulfur isotopic compositions of sulfides, barite, and native sulfur from the Jade field. Sulfur isotopic data of the
middle Miocene Kuroko deposits (Ohmoto et al., 1983) are also shown for comparison.

5.3. Present and Past Hydrothermal Activity at Jade A temporal change in the hydrothermal activity at Jade is
Deposit further supported by anomalous concentration of heavy metals
in sediments due to the fall-out from the past hydrothermal
plumes. High concentrations of metals (Fe is up to 1,100 ng/I
and Cu is up to 300 ng/l) were observed in the water between
1,300 and 1,100 m water depth, so 100 to 300 m directly above
the Jade field, during the R/V Hakurei-maru GH89-3 cruise in

The oxygen isotopic data suggest high temperature forma-
tion of mica and low temperature formation of kaolin, but the
distribution of mica and kaolins (Fig. 1-3) are not well corre-
lated with the present-day heat flow values (Fig. 1-3). For

example, kaolin-bearing sites (611, 613, 617, 619) show a wide . . S
range in heat flow from 1,043 to over 21,000 m\8/mhereas 1989 (Shitashima et al., 1990). The values are significantly

some of mica-bearing sites, such as the site 610, show low hea,[higher than their background values (less than 200 ng/l Fe, _Iess
flow values. The discrepancy between the alteration assem- than 100 ng/| _Cu) obtained fro_m the shallower Ieve_ls. The high
blages and the present heat flow values may be attributed to theMetal anomalies must be derived from the Jade field, because
change in the hydrothermal flow regime. Fluid flows can be tere is no other hydrothermal activity in the area.
modified with time by sealing of their passages, fluctuation of ~_Many fossil chimneys and mounds, which are not accompa-
fluid pressures, and brecciation. The existence of a non-steady™i€d by fluid discharge, are found in the Jade field (Halbach et
flow regime at Jade appears to be supported by a large variation@l-» 1989a, 1993; Nakamura et al., 1990) suggesting more
in the 53'S for the sulfides. Fluid flows are not pervasive intense polymetallic hydrothermal activity in the past. The
enough to homogenize S isotope ratios of the sulfides. temporal change of the hydrothermal activities is evaluated
Complicated vertical distributions of kaolins are observed in Using the metal anomalies in sediments since metalliferous
the 1.5 m depth gravity core at site 613 (Fig. 4-3). The surface suspended material from hydrothermal plumes may be incor-
tuff (0 to 45 cm depths) contains kaolinite with minor mica, Porated in the sediments. The epiclastic sediments from site
whereas halloysite is predominant in the underlying pumiceous 611, located about 150 m SE of the black smoker, show metal
tuffs (80 to 115 cm depths). The O isotopic compositions of the anomalies from surface to 200 cm depths (Fig. 4-1). The
kaolinite (sample P613-2-2-66%0 = +7.4%0) and the un sediments at the site were subject to hydrothermal alteration
derlying halloysite (sample P613-1-2-56'%0 = +12.0%o) and the metal anomalies may be due to in-situ hydrothermal
suggest the kaolinite near the seafloor formed at higher tem- activity. Assuming that the anomalies are due to fall-out from
peratures (170°C) than the halloysite (110°C). The data appearsthe plumes, the anomalies suggest a continuous hydrothermal
to reinforce a continuously changing hydrothermal flow regime activity over the past 1,540 yr using the sedimentation rate of
near the seafloor. 1.3 mm/yr (Tamaki et al., 1989). This rate is in the sedimen-
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Fig. 11. Stability fields of kaolinite, mica, Mg-Al-chlorite and K-feldspar. They were calculated using the data in Johnson
et al. (1991). Logarithmic ratios of aaH* for the fluids from the black smoker are3.6 and those of aMg/(aH*)? are
below 5 due to the absence of detectable?Mdrhe compositions for the alteration fluids are plotted using the alteration
assemblages and isotopic temperatures. They all plot left of the mixing line. The shift to low pH is explained by sulfuric
acid formed by oxidation of k5.

tation rates, 1 to 5 mm/yr, in the central Okinawa Trough (Saito m E of the black smoker, were not subject to apparent alter-
and lkehara, 1992). ation, but they show anomalous high concentrations of Cu, Zn,
The site 608 in the bottom of the Izena Cauldron (Fig. 1-3) As, Ag, and Pb at 100 to 300 cm depths and of Ba at 100 to 150
records low heat flow (270 mW/nFig. 1-3; Kinoshita, 1990) cm depths. Assuming rapid accumulation of tuffs at the depth
and the sediments contains abundant calcareous nannoplankbetween 40 and 100 cm, the metal anomalies correspond to 300
tons with no evidence of hydrothermal alteration. Unfortu- to 1,800 ybp for base metals and 300 to 700 ybp for Ba
nately, the core was not suitable for this study because of a precipitation.
disturbance due to subsolifluction (Nakamura et al., 1990). The sediments at the site 609, 2.5 km from the Jade field,
The epiclastic sediments from the site 626 (Fig. 4-2200 show high concentrations of Cu, Zn, Ag, and Pb from the depth
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of 40 to 100 cm (corresponding to 300 to 770 ybp) and P609-4-5-35 (Table 1) is 4.2, using the background values
anomalous concentrations of As and Ba at depths from 0 to 100 obtained from P628-4-4-10 (Table 1). The value of 4.2 is larger
cm (corresponding from the present to 770 ybp) (Fig. 2-2). The than that of the Minamishiraoi deposit (less than 0.1), but lower

highest values of Zn and Hg occur at the depth of 75 cm. To than that of the Kosaka deposit (over 10).

confirm the proposed interpretation, we tried to find Fe-oxyhy-
droxide in the sediments because Fe is always the major com-
ponent of suspended material in hydrothermal plumes (Cowen
etal., 1986; Feely et al., 1990; Marumo et al., 1994). If the Cu,
Zn, and Pb in the sediments were originated from hydrothermal 1.
plumes, they should be associated with Fe-oxyhydroxides. Al-
though TEM examination failed to identify discrete grains of
Fe-oxyhydroxides, montmorillonite grains down to the depth of
100 cm are found to be coated with Fe (Fig. 3-2). Fe-oxyhy-
droxide was absorbed on the surface of montmorillonite grains.
Detrital montmorillonite grains slowly settling down to the
seafloor became coated with Fe when they pass through the
plume head in the water column.

The metal anomalies at the site 609 are clearly due to
hydrothermal activities at Jade because no other hydrothermal
activities have been reported in the area. A site 33 km N of the
Izena Cauldron contains an Fe-oxide mound with high concen-
trations of Zn 220 ppm), As €240 ppm), Mo 2,500
ppm), Sb £52 ppm) (Kimura et al., 1988). Another hydrother-
mal area, called lheya deep (Mn26.3 wt%, Zn<0.51 wt%,

As <5,100 ppm, Ag<290 ppm, Sh<1,400 ppm, Hg<310
ppm), occurs 34 km NW from the Izena Cauldron (Kimura et
al., 1989).

The site 628 is-8 km away from the Jade field, but there are
no metal anomalies in the sediments. It may be too far from the
venting sites. Alternatively, the shallow water depth of the site 5
628 (less than 1,000 m water depth) may have prevented
sediments from receiving the fall-out. Hydrothermal plumes
rise and remain at a certain depth and spread laterally up to
several kms. The Fe- and Cu-rich water layer at 1,100 to 1,300
m water depths is apparently stagnant around the Izena Caul-,
dron, suggesting rises of 100 to 300 m from the venting sites.
The height of the plumes is comparable with those in other
seafloor hydrothermal systems, cf: buoyant height 50 to 200 m
at the EPR 8°40to 11°50N (Baker et al., 1994), and the EPR
13°33 to 18°40S (Feely et al., 1996). In the Jade area, plumes
may spread to W, but not to NE because of shallow water
depths (Fig. 1-2). Metal anomalies may be found in the sedi-
ments to SW, such as the site 609, but not to E, such as the site
628.

The Cu, Zn, As, Ag, and Pb anomalies are observed at 40 to
240 cm depths and that Ba anomaly is observed at 40 to 90 cm
depths at the site 626, whereas the Cu, Zn, Ag, and Pb anom-
alies occur at 40 to 100 cm depths and that As and Ba anom-
alies are from 0 to 100 cm depths at the site 609. The different
depth profiles of anomalies are to be expected because greater
amounts of Cu, Zn, As, Ag, and Pb are expected closer to the
vent sites. Moreover, sulfides fell from hydrothermal plumes

2.

6. CONCLUSIONS

Seafloor hydrothermal activity at Jade has resulted in the
dissolution of calcareous nannoplanktons and the formation
of native sulfur, sulfides, barite, dolomite, mica, kaolins
(kaolinite and halloysite), Mg-rich chlorite, talc, montmo-
rillonite, and Chl/Mont in sediments and tuffs.

The variation in the alteration mineral assemblages is pri-
marily explained by the mixing of hot hydrothermal fluids
with cold seawater. Mica form at temperatures greater
145°C, whereas kaolins form at temperatures lower than
170°C from fluids with greater fractions of cold seawater.
Abundant kaolins suggest acidification of fluids by oxida-
tion of H,S close to the seafloor. High ratios of S/metals in
the present-day fluids at Jade contributed to the formation of
sulfuric acid. It is consistent with the abundant occurrences
of native sulfur, which was formed from excess3Hin the
fluids, which does not form metal sulfides.

Fall-out of hydrothermal plumes caused high metal concen-
trations of unaltered sediments distant from the vent areas.
Detrial montmorillonite grains were coated with Fe oxyhy-
droxides during their suspension in seawater and incorpo-
rated into the sediments.

The H and Sr isotopic compositions of clay and sulfate
minerals suggest hydrothermal fluids of essentially seawater
origin. The isotopic formation temperatures for mica are
higher than kaolinite and that for kaolinite higher than those
for halloysite.

. The 8°S for barite and anhydrite are very similar to the

present-day seawater sulfate. Native sulfur shows a large
variation in 8**S, due to its disequilibrium precipitation
from fluids during the exhalation of hot fluids into cold
oxidizing seawater. Sulfides in the sediments far from the
vent areas were formed by bacterial reduction of marine
sulfate, as shown by a large variationd#'s.

5. The hydrothermal activity at Jade is very similar to those for

low temperature metal-poor, Kuroko-type barite deposits of
middle Miocene age. Hydrothermal activityl,800 to 300
ybp was more metalliferous, producing hydrothermal
plumes and sulfide chimneys and mounds with higher con-
centrations of heavy metals. The past activity at Jade was
probably similar to that for polymetallic Kuroko-type de-
posits of middle Miocene age.

first (Feely et al., 1996). This implies that more sulfides should
be found at the site 626, 200 m away from the venting site, than
at the site 609, 2.5 km away from the venting site.

The wt. ratios of (Ct-Zn+Pb)/Ba are higher at greater
depths of cores: 348 at a 194 cm depth ¢€8, 100 ppm, Zn=
1.25 wt%, Ba= 120 ppm, and Pb= 2.1 wt%) and 0.35 at a
depth of 134 cm. The evidence further confirms that past
hydrothermal fluids were metal-rich. The ratios for the sample
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