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SUMMARY

We have performed PIXE analysis of kuroko-type ore from the JADE hydrothermal site of the Okinawa
Trough, Japan using the proton microprobe (PDCEPROBE). We analysed five kinds of ores dredged from the sea floor:
(1) barite ore with small sulfide dissemination; (2) sphalerite-pyrite chimney; (3) pyrite ore; (4) sulfide veinlets in
strongly altered rock; and (5) pyrite megacrystals in strongly altered rock. The analyses revealed that the trace element
distribution is regulated by the occurrence mode of the ore, and within each ore, by the crystal structure. The
distribution suggests that the hydrothermal system for kuroko ore formation is quite heterogeneous and its chemistry is
controlled by local factors such as difference in temperature, and that in-situ PIXE analyses are essential for effective
beneficiation strategy for the rare-metals from kuroko-type ore.

INTRODUCTION
The Japanese word "kuroko (black ore)" is used to describe massive sulfide deposits which are associated

with calc-alkaline acid volcanism. The type locality is the Hokuroku district, northern part of Japan, where intense
Miocene volcanism is accompanied by kuroko and vein type deposits. The kuroko ore, mainly composed of lead, zinc,
copper and barium minerals, carries trace elements (e.g., Au, Ag, In, Bi, Ga, Ge and Tl) useful for high-technology and
medical industry applications[l,2]. Many of these trace elements occur at low levels not amenable to electron
microprobe analysis. The lack of information on trace elements which exist at the order of ppm to ppb has prevented
the mining industry from establishing a beneficiation strategy for rare metals. We have thus performed a proton
microprobe study of the modem analogue of kuroko ore to determine the distribution of these useful elements in this
type of ore.

A specimen from an active hydrothermal site in the Okinawa Trough was used for this research because
Miocene kuroko proper preserves neither the original structure and texture, nor the initial distribution of elements due
to the alteration and metamorphism.

2. OKINAWA TROUGH

The Okinawa Trough is a tectonically active intercontinental back-arc basin generated by the subduction of
the Philippine plate under the Eurasian continent [3,4]. It lies between the Ryukyu islands and trench to the southeast,
and the East China Sea to the northwest and it is the only back-arc basin along a continental margin in the world that
shows rifting. Hemipelagic unconsolidated silty clays of Holocene age cover the sea floor and have a maximum
thickness of some 20 to 30m [5].

Rifting and volcanism in the Okinawa Trough back-arc basin gave rise to the formation of holes of
hydrothermal fields. One of these, named the Izena cauldron, lies 110km northwest of the Okinawa Island, with NNW-
SSE axis of 6km and ENE-WSW axis of 3km. The ENE-WSW is the direction of normal faults in this area. The
JADE hydrothermal site at ca.27°15'N and 127°04.5'E is one of a number of sites found in 1988 along the
northeastern slope of the Izena cauldron and Dieya deep of the Middle Okinawa Trough. The specimens for the present
study were recovered from this site. The temperature of a black smoker fluid was measured to be 320 CC [8] and pH =
4.7 [5]. In addition to the black smoker, chimneys and mounds that are emitting clear solution up to 220 °C are also
present [5]. The maximum depth of the Izena cauldron is 1665m and the bottom is covered with muddy
sediments and white clay, comprised of magnesian chlorite, aluminian chlorite, halloysite and kaolinite [6]. The walls
of the cauldron are composed of tuff, tuff breccia, tuff rich woody pumice and mudstone consistent with a volcanic
activity, which is considered to have occurred after middle Pleistocene [7].

3. ORE SAMPLES
The ore samples dredged from the trough for this research are barite ore, barite-bearing massive sulfide

(mainly sphalerite and pyrite), pyrite ore, sulfide stringer in strongly altered rock, and pyrite megacrystals in strongly
altered rock. They are rich in Ag [8], As [5] and Tl [2]. The gold content reaches 24.4ug/g in the "replacement ore"
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where pyrrhotite, chalcopyrite, marcasite and pyrite replace previous ores such as sphalerite and galena [5].
The barite ores were recovered as fragments of irregular shapes. They do not seem to create chimney.

Sometimes they exibit zonality from the rim inward: barite zone and barite-sulfide zones. The barite zone contains
olive green clay, barite, orpiment, realgar, amorphous silica and rarely opal. Barite is predominant and makes rosette
or prismatic single shape up to 30 x 400um. The rosette is much more common than prismatic habit.

The sulfide chimney contains mainly pyrite and sphalerite-pyrite ores. In the pyrite ore, the pyrite exibits
pseudomorph of barite or subhedral to euhedral character. Barite is replaced along cleavages or replaced completely.
Small amount of sphalerite coexists with anhedral pyrite. Sphalerite contains isocubanite/chalcopyrite dusts. In the
sphalerite-pyrite ore, sphalerite and pyrite are common while galena, orpiment and anglesite are noticed rarely. Pyrite
exibits framboid, incomplete sphere, colloform, subhedral to euhedral habits and partial replacement of barite.

The sulfide network is the stringer veins in strongly altered gray host rock which contains quartz, cristobalite,
and mica/montmorillonite mixed layer minerals [2,5]. The original rock type cannot be identified. Sphalerite is
common, having colourless, pale brown or pale orange character. Neither isocubanite nor chalcopyrite are included in
the sphalerite. Tennantite, pyrite, chalcopyrite and galena are also found. Pyrite is sub to euhedral and no framboids are
seen. Pyrite euhedral crystals are developed up to megacrystals of a few milimeters size in strongly altered gray rock. It
is different from the sulfide network in occurrence mode and mineral assemblage: this ore does not carry any sphalerite
or galena and does not develop veinlets.

4. PIXEPROBE ANALYSES

The samples were analysed by PIXE using the CSIRO proton microprobe [9]. The 3 MeV microbeam of
protons was focused to between 5 and 15 um, depending on the size of the grains analysed. X-rays were detected in a
Si(Li) dtector at 135° angle with respect to the beam direction, at 25 mm distance from the target, through a filter. For
barite analysis, a 200 um thick Al filter was used in most runs. For some, a 125 urn Be filter was used to reveal lighter
elements. For pyrite and orpiment analyses a 300 um Al filter was used, and for sphalerite 400 um Al. Beam currents
between 1 nA to 15 nA were used, and data were collected for 3 uC integrated charge per spot analysis. The X-ray
spectra were processed with the GeoPIXE software [10]. The orpiment grains are typically less than 20 um in
dimension and less than 10 um thick, and the data must be corrected for the underlying matrix- usually barite.

A total of 140 spot analyses were carried out on barite (20 analyses), pyrite (30), sphalerite (20), orpiment
(20) and an assortment of other minerals (tennantite, veenite, silicates, and realgar). In this paper we only summarise
the results for the relatively more abundant sphalerite minerals, the host barite and orpiment. The results for pyrite is
given in more detail in tables 1. The minimum detection limit (MDL) values defined at 99% confidence limit are given
for the typical spot analysis.

Barite (BaSO4): Two kinds of barite, a frondescent variety found in the center of rosettes and a transparent
clear variety, were analysed. The former exibits higher concentration of Zn (160-24000 ppm, average 24000) and Pb
(620-5000 ppm, avg.1950), vs. 126 ppm and 296 ppm average respectively in the latter. The latter has higher Cu (0-
1470 ppm, avg. 566), As (0-6.4%, avg. 2.08%) and Sb (130-1980 ppm, avg. 1100) vs. 236, 5000 and 1270 ppm
average respectively in the rosette samples. Indium is below detection limit (48 ppm) in the frondescent barite, while
the rosette carries 0-180 ppm, avg. 89 ppm. Bi content in both samples are similar at 10 ppm average (range 0-27 ppm)
close to the detection limit of 12 ppm.

Sphalerite (ZnS): Sphalerite shows clear difference in trace element composition depending on the occurrence
mode. Sphalerite from barite ore is more rich in As (1910 ppm avg..), Sb (2.79%), Pb (4.2%), Ag (9710 ppm), Hg
(3270 ppm), Tl (13 ppm) and Bi (148 ppm) than other ores. Sphalerite from the sulfide chimney is enriched in Cd
(4010 ppm) and Sn (744 ppm). Sphalerite from sulfide stringers in strongly altered rock is rich in Ga (91 ppm) and Ge
(187 ppm). For all types of sphalerite, Cd and Cu are commonly detected at levels > 1000 ppm. The In and Bi
content in the barite ore are 42 ppm and 148 ppm avg. respectively, while in the sphalerite-pyrite ore they are 15 and
11 ppm respectively. The stringer carries In at 47 ppm avg. and Bi is below detection limit.

Orpiment (As2S3): Small inclusions (10-30 um) of orpiment in host barite were analysed with smaller beam
(5-10 um) and corrected for contribution from the host matrix. These samples are important because their occurrence
mode suggest that their chemical composition can represent the initial conditions of mineralizing fluid for barite ore.
The result indicated that orpiment carries Fe (1600-3090 ppm, avg. 2900), Cu (187-555 ppm, avg. 402), Sb (0-4500
ppm, avg. 181), Pb (0.2%-8.6%, avg. 1.58%), Ga (01210 ppm, avg. 254) and Ag (40-8100 ppm, avg. 926) as trace
elements.

Pyrite (FeS2): Four kinds of pyrite show different trace element contents. Pyrite of barite ore (sphere or
framboids) has high amount of Ag, Cu, Zn, Pb, Cd, As, and Tl (table 1). Pyrite in sulfide chimney is enriched in Cu,
Zn, Pb, and As. Pyrite from pyrite ore (mainly barite pseudomorph) show concentration of Se and Cu. Pyrite of the
stringer in altered rock is rich in Cu, Zn, Se, and As. Pyrite megacrysts in altered rock show concentration of Zr and
Cu.

140



5. DISCUSSION
From this study we conclude that there are three kinds of mineralizing fluid: one for major orebodies (barite,

sphalerite-pyrite and pyrite ores), one for stringer and one for pyrite megacrystals. Such heterogeneity in a
hydrothermal system is one of the important controlling factors for the trace element distribution in kuroko-type ore.
According to the textural evidence, major ores (barite ore, sphalerite-pyrite ore and pyrite ore) seem to be the products
from a common fluid. The fluid was rich in Pb, Zn, Cu, Fe, As, Sb, Ag, Ba, Sr, and slightly enhanced in Hg, Bi, Sn,
and Tl. Within this fluid system, elements are partitioned by physical, chemical, biological and mineralogical
(crystallographic) factors. The fluid precipitates orpiment in the initial stage of the mineralization with the decrease in
temperature. During this process, elements with ionic radii close to that of As are partitioned into orpiment leaving
larger ions such as Rb, Sr, Ag and Tl in the fluid. The rest of the elements are partitioned into barite and
spongy/framboidal pyrite. Barite incorporates larger ions such as Sr and Ag of which ionic radii are close to that of Ba,
while pyrite with ragged surface may absorb Ag and Tl. Stringer and pyrite megacrystals have no relation with the
major ores and they are probably the precipitate from independent local solutions. The solution which was responsible
for the stringer was enriched in Zn, Cu, Fe, Se, As, Ga and Ge. The occurrence mode of this ore type suggests that
water/rock interaction was intense at the site of mineral precipitation and Ga and Ge were derived from the host rock.
This idea should be tested in more detail because Ga and Ge are exclusively detected in kuroko-type ore [1] in Japan.
In the fluid responsible for pyrite megacrystals, Zr and Co were present in addition to Fe, which implies that sea water
was predominant in the fluid.

This study revealed that proton probe microanalysis is an effective method for detection of trace elements in
massive sulfide ore like kuroko and that the trace element distribution is very heterogenous even within one orebody.
Bulk analysis thus could not provide a reliable and decisive guideline for the beneficiation and exploration of rare
metals. The proton probe can clarify the precise "heterogenous distribution" of trace elements (including important rare
metals) in each ore type and texture, and hence will contribute to improvement of the exploration and exploitation
strategies for kuroko-type mineral deposits.
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Table 1. Pyrite (FeS2) analyses.

Element
(MDL)

Ag (12)
Sn (18)
Pb (33)
Zn (37)
As (15)
Sb (21)
Cu (66)
Cd (14)
Bi (30)
Se (12)
Tl (35)
Zr (7)

Barite ore

61-1240
0-86
28-2530
151-4.7%
0-1006
0-131
17-6150
0-2770
0-203
3-48
0-3670
0-11

Barite
ore
average
464
32
925
1.57%
428
66
2230
926
68
22
1220
5

pyrite
ore

0-13
0-18
32-183
15-64
6-58
0-27
480-811
0-15
7-14
213-444
8-12
9-13

pyrite
ore
average
5.7
11.8
89
38
21
10.4
648
5.7
9.7
321
11
11

sphalerite-
pyrite ore

4-117
0-272
71-5950
49-5000
15-4400
4.6-304
91-6040
0-100
0-112
4.2-130
0-17
0-9

sph-py
average

38
46
2060
1280
154700
70
1430
20
43
45
6.3
3.9

stringer

7-45
0-18
22-665
184-1170
6-1.6%
6-66
59-5.4%
0-17
2-15
9-310
0-20
0-10

stringer
average

17
9.7
259
682
3570
23
1.43%
5.9
(10.5)
114
(7.2)
(3.9)

pyrite
megacrystals

0-9
0-26
49-269
3-15
3-7
0-14
40-62
1-9
15-23
5-8.8
13-20
33-51

concentrations and MDL in ppm unless noted otherwise
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