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Bauxite prospect in the Bolaven Plateau

The Bolaven Plateau in southern Laos consists of Jurassic-Cretaceous sedimentary rocks and
unconformably overlying Neogene-Quaternary basalts. A trench for bauxite exploration is seen in the
center of the photograph. There are many trenches in surrounding bauxite prospects and a
laterite-bauxite horizon derived from the Cretaceous sandstone without basalts is observed in several
meters thick. Immobile elements such as Al, Ga, Fe and Sc are concentrated in the laterite relative to
the parent sandstone by weathering. The photograph was taken beside a weathering profile 1604 at
850 m above sea level in this article. The Bolaven Plateau is also famous for coffee production.

(Photograph by Kenzo Sanematsu and Takeru Moriyama, Caption by Kenzo Sanematsu)
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Article

Laterization of basalts and sandstone associated with the enrichment
of Al, Ga and Sc in the Bolaven Plateau, southern Laos

Kenzo Sanematsu™ * , Takeru Moriyama’,
Laochou Sotouky® and Yasushi Watanabe'

Kenzo Sanematsu, Takeru Moriyama, Laochou Sotouky and Yasushi Watanabe(2011) Laterization of
basalts and sandstone associated with the enrichment of Al, Ga and Sc in the Bolaven Plateau, southern
Laos. Bull. Geol. Surv. Japan, vol. 62 (3/4), p. 105- 129, 9 figs, 1 Table, 1 appendix.

Abstract: This article reports geochemical behavior and enrichment of Al, Ga and Sc by laterization of
basalts and sandstone in the Bolaven Plateau, southern Laos. The Bolaven Plateau consists of Neogene —
Quaternary basalts and underlying Cretaceous sedimentary rocks. Laterites derived from the basalts and
sedimentary rocks are developed on these parent rocks. With increasing the degree of laterization, loss of
mobile elements such as Si, alkali elements and alkaline earth elements lead to the enrichment of immo-
bile elements of Al, Ga and Sc relative to the parent rocks. Accordingly, Al,O, contents range from 10 to
15 % in the basalts, from 16 to 30 % in the saprolites, from 17 to 48 % in the basaltic laterites and from 15
to 47 % in the sedimentary laterite. Ga contents range from 6 to 20 ppm in the basalts, from 9 to 46 ppm
in the saprolites, from 24 to 83 ppm in the basaltic laterites and from 22 to 68 ppm in the sedimentary
laterites. Sc contents range from 14 to 23 ppm in the basalts, from 14 to 45 ppm in the saprolites, from 14
to 69 ppm in the basaltic laterites and from 13 to 84 ppm in the sedimentary laterites. No significant dif-
ference is recognized in the enrichment of these elements between the basaltic laterites and sedimentary
laterites. A similar geochemical behavior and positive linear correlation are recognized between Ga and
Al and between Sc and Fe, suggesting that Ga and Sc exist by replacing Al and Fe in the laterites, respec-
tively. Ga/Al ratios range widely but Ga is almost no depleted or slightly enriched relative to Al with in-
creasing the degree of laterization. Sc/Fe ratios indicate that Sc may be slightly depleted relative to Fe by

strong laterization.

Keywords: weathering, laterite, basalt, bauxite, Al, Ga, Sc, Bolaven Plateau, Laos

1. Introduction

Laterites are near-surface weathering products de-
veloped on variable parent rocks (sedimentary rocks,
basalt, granitoids, etc), distributed widely in the present
tropical belts in the world (Bardossy and Aleva, 1990).
We use an extended terminology “laterite” includ-
ing plinthite (lateritic soil), laterite and bauxite in this
paper. Laterite is geochemically characterized by the
depletion of Si and enrichment of Fe and Al. Bauxite,
which is more strongly weathered laterite, is charac-
terized by the depletion of Fe and enrichment of Al.
Lateritic bauxite deposits account for the majority of
aluminum resources in the world (Bardossy and Aleva,
1990). Other immobile elements of Ga and Sc are also
enriched by laterization as well as Al. Ga is mostly

produced from bauxite as by-product in the process
of refinery in the world (USGS, 2010). It may be also
possible to extract Sc economically as by-product from
bauxite residue by chemical leaching in the process of
refinery (Smirnov and Molchanova, 1997). The present
study reports the geochemical data of basalts, saprolites
and laterites in the Bolaven Plateau, southern Laos (Fig.
1) and discusses the enrichment of Al, Ga and Sc in or-
der to evaluate their resource potentials.

2. Geologic settings

Laterites distributed in Indochina are derived
from the Neogene-Quaternary basalts (Fig. 1; Barr
and MacDonald, 1981; Rangin et al., 1995; Hoang
and Flower, 1998; Chualaowanich et al., 2008) and
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Mesozoic sedimentary rocks (e.g. Bardossy and
Aleva, 1990). The basaltic volcanism results from the
thinning continental crust by extrusion of Indochina
to southeast in the Paleogene India-Asia collision
(Tapponnier et al., 1982; 1986). In southern Laos, the
Neogene-Quaternary tholeiitic and alkali basalts are
distributed in approximately 50 km x 80 km and form
the Bolaven Plateau on the basement rocks of Jurassic-
Cretaceous sedimentary rocks (Fig. 2). Sanematsu et
al. (2011) indicates that both the tholeiites and alkali
basalts are classified into within-plate basalt in Ti-Zr-Y
diagram for discriminating the tectonic settings (Pearce
and Cann, 1973). The tholeiites are larger in eruptive
volume, underlying the alkali basalts (Vilayhack et al.,
2008) although stratigraphy of the basalts is not clear
in some locations. The tholeiites are mainly plagioclase
(PI) basalt and clinopyroxene-olivine (Cpx-Ol) basalt
(Vilayhack et al., 2008). The overlying alkali basalts
are composed of Ol basalt and nepheline-olivine (Ne-
Ol) basalt, and the Ol basalt locally contains pyroxenite
and lherzolite as mantle xenoliths (Vilayhack et al.,
2008). Thickness of each basalt lava is estimated to be
more than 50 m up to 100 m (Vilayhack et al., 2008).
A zircon fission track age of 1.36 = 0.09 Ma was
reported from the basalt (Barr and MacDonald, 1981)
which is assumed to be alkali basalt. Sanematsu et al.
(2011) classified the basalts into three categories based
on normative compositions and groundmass “Ar/*Ar
ages: 1) small volumetric alkali basalt (eruption age:
15.7 Ma), large volumetric Ol tholeiite (1.2 Ma) and
quartz (Qtz) tholeiite (younger than 0.5 + 0.2 Ma)
accompanied by Ol tholeiite.

The Jurassic-Cretaceous sedimentary rocks
underlying the basalt lavas consist of sandstone
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Fig. 1 Map showing the distribution of Cenozoic basalts in
the vicinity of the Indochina. Modified after Barr and
MacDonald (1981).

interbedded by a small amount of mudstone (Vilayhack
et al., 2008). Parent rock of laterite and bauxite
occurs in the Cretaceous Lagnao-Kang Formation and
Latsaluay Formation. The Lagnao-Kang Formation
overlying unconformably the Jurassic Kanglo Namho
Tai Formation consists of hard and massive sandstone
interbedded by mudstone beds (Vilayhack et al., 2008).
The thickness of the formation is estimated to be
between 600 m and 1500 m (Vilayhack et al., 2008).
The Latsaluay Formation overlying unconformably the
Lagnao-Kang Formation consists of kaolin-rich clay
beds in the lower part and sandstone in the upper part
(Vilayhack et al., 2008). The area of the Latsaluay
Formation cropping out is smaller and the thickness of
the formation (~100 m) is thinner compared with the
Lagnao-Kang Formation (Vilayhack et al., 2008).

3. Laterite profiles

Parent basalts are recognized as core rocks in some
laterite profiles or in streamside outcrops. The basalts
consist of aphyric nephelinite (Fig. 3A), Ol basalt, Cpx-
Ol or OI-Cpx basalt (Figs. 3B and 3C) and basaltic
andesite, Cpx basalt (Fig. 3D) and Cpx-bearing PI-
Ol basaltic andesite (Fig. 3E). The basalts exhibit
intersertal and ophitic textures (Figs. 3B and 3C) and
groundmass consists of plagioclase, clinopyroxene
and volcanic glass. Plagioclase shows euhedral tabular
shape in groundmass. Olivine and clinopyroxene
phenocrysts show anhedral-euhedral granular shape.
Opaque minerals are mostly ilmenite, magnetite
and titanomagnetite, showing subhedral granular
shape or acicular shape in groundmass. Olivine and
clinopyroxene are partly altered to iddingsite (Figs. 3B,
3C and 3D) and talc, and plagioclase is partly altered
to smectite and kaolin. The basalts commonly have
spherical vesicles ranging from 0.1 to 10 mm in size
and some vesicles are filled by carbonate minerals.
Some basalt contains corroded quartz xenocryst rimmed
by glass and clinopyroxene (Fig. 3F).

Saprolite, which is weathered basalt with remnants
of basaltic textures, is recognized as saprolite horizon
or core rock in some laterite profiles. Saprolite exhibits
pale green to gray colors and they are composed of
the similar constituent minerals to the parent basalts.
However, the occurrences of iddingsite, talc and clay
minerals such as kaolin and smectite are more common.

Laterite is recognized on the parent basalts, saplorites
or sedimentary rocks. The thickness of laterite profiles
recognized on the surface ranges from 2 to 8 m (Figs.
4A and 4B). The laterite exhibits variable colors from
yellow ocher, through red ocher and brown to dark
brown (Fig. 4A). Some laterite samples are crumble
and soil-like but some others are densely consolidated
and pisolitic like bauxite (Fig. 4C). Laterites derived
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from basalts (basaltic laterites) are composed of
gibbsite, magnetite, titanomagnetite, ilmenite, goethite,
hematite, kaolinite, halloysite, anatase, opal-CT and
amorphous materials. Amorphous materials appear
to be Fe oxyhydroxides, Al hydroxydes and others.
Crandallite group minerals such as florencite-(Ce) and
goyazite are identified in a laterite profile derived from
nephelinite (Sanematsu et al., 2011). Laterites derived
from the sedimentary rock (sedimentary laterites) also
contain these minerals, amorphous materials and clastic
quartz with a small amount of smectite although some
of the sedimentary laterites are almost indistinguishable
from the basaltic laterites. Bauxite mineralization is
recognized in the lower part of the sedimentary laterites
(Figs. 4B, 4C and 4D) whereas the mineralization is
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scarce in the basaltic laterites in the Bolaven Plateau
(Fig. 2). Thickness of the sedimentary laterite profile
accompanied by bauxite is about 6 m (Fig. 4B).

4. Analytical Methods

All the samples were dried at 60°C using an oven.
The samples were crushed by an iron mortar and
were ground by a vibration mill with alumina holders.
Glass beads were made by fusing the powdered rock
samples using lithium metaborate and/or tetraborate as
flux. Major elements of basalt samples were analyzed
by using X-ray fluorescence (XRF). Trace elements
of basalt samples and major and trace elements of
saprolite and laterite samples were digested by four

106°
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Fig. 2 Geologic map showing the distribution of basalts and sample locations in the Bolaven Plateau, southern Laos. Modified after

Vilayhack et al. (2008).
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Fig. 3 Photomicrographs of basalt samples from the Bolaven Plateau. (A) Aphyric nephelinite consisting of nepheline, olivine,
titanomagnetite, chromspinel and volcanic glass (1705H). (B) OI-Cpx basalt showing ophitic texture (1815). Cpx is altered
to iddingsite. (C) Cpx-Ol basalt showing ophitic texture (1710A). (D) Relatively coarse-grained Cpx basalt (1619E). (E) Cpx
bearing P1-Ol basaltic andesite (1712E). (F) Irregular-shaped corroded quartz xenocryst rimmed by glass and Cpx in Cpx-Ol
basalt (1707). Ne: nepheline, Ti-Mag: titanomagnetite, Cr-Spl: chromspinel, Ol: olivine, Cpx: clinopyroxene, Pl: plagioclase,
Mag: magnetite, Ids: iddingsite, Qtz: quartz, VG: volcanic glass.
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Fig. 4 Photographs of laterite profiles in the Bolaven Plateau. (A) Weakly-laterized profile 1806 derived from Cpx-Ol basalt,
consisting of reddish to yellowish crumble laterites. The height of the exposed profile is about 8 m. (B) Strongly-laterized
profile 1604 derived from the Cretaceous sandstone at a trench of a bauxite prospect. The laterite and bauxite profile is about
6 m in thickness, showing brown, dark brown and black color. (C) Consolidated pisolitic Fe-rich laterite and bauxite with
lateritic soil near the surface of the profile 1604. (D) Crumble kaolin-rich parent sandstone with khaki color beneath the
bauxite horizon of the profile 1604. Geochemical compositions of the basalts are reported by Sanematsu et al. (2011).
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acids (hydrofluoric acid, nitric acid, perchloric acid
and hydrochloric acid), and were analyzed by using
inductively coupled plasma mass spectrometry (ICP-MS)
of the Perkin Elmer SCIEX ELAN 6000 or 6100 at the
Activation Laboratories Ltd., Canada. Sc contents in
basalt samples were measured by using ICP-MS of the
Agilent Technologies 7500cs at the Magnetic Materials
Research Center of Shin-Etsu Chemical Co., Ltd.,
Japan.

Powder X-ray diffraction (XRD) analysis was
conducted on the all the samples to identify rock-
forming minerals and alteration products using
the Rigaku INT-2000 X-ray diffractometer at the
Geological Survey of Japan, AIST. The analysis was
carried out using CuKa radiation, a accelerating voltage
of 40 kV and a beam current of 200 mA. The scan
range (20) was from 3 to 60° with scan step 0.02° and
scan speed 2°/min.

5. Results

A total of 134 samples from the Bolaven Plateau
were analyzed and they consist of 18 saprolite samples,
86 basaltic laterite samples, 3 sedimentary rock
samples and 27 sedimentary laterite samples. Chemical
compositions of major and trace elements for these
samples are listed in Appendix. Chemical compositions
of basalts and basaltic andesites on this plateau were
reported by Vilayhack et al. (2008) and Sanematsu et
al. (2011). Statistical data of Al,O,, Ga and Sc contents
are listed in Table 1 and the histograms are illustrated
in Figure 5. Each histogram shows normal distribution
and average values are about equal to median values
(Table 1).

Al,O, contents of the basalt samples range from 10.5
to 15.1 % with the average of 13.8 %. The saprolite
and laterite samples show higher Al,O, contents of 15.6
—29.9 % (average: 22.5 %) and 17.3 — 47.9 % (average:
29.0 %), respectively. Al,O, contents of the sedimentary
laterite samples are as high as those of the basaltic
laterite samples, ranging from 15.4 to 46.9 % with the
average of 26.7 % (Fig. 5). Bauxite ores collected from
bauxite prospects shows higher Al,O, contents ranging
from 28 to 47 % among the sedimentary laterite
samples.

Ga contents of the basalt samples range from 6 to 20
ppm with the average of 16.7 ppm. Saprolite samples
show Ga contents of 9 — 46 ppm (average: 31.6 ppm)
and laterite samples shows the much higher contents
of 24 — 83 ppm (average: 44.4 ppm). The sedimentary
laterite samples show Ga contents as high as those of
basaltic laterite samples, which range from 22 to 68
ppm with the average of 42.6 ppm (Fig. 5).

Sc contents of the basalt samples range from 14 to
23 ppm with the average of 20.8 ppm. The saprolite
samples shows Sc contents of 14 — 45 ppm (average:
31.1 ppm) and the laterite samples shows the higher
contents of 14 — 69 ppm (average: 37.6 ppm). The
sedimentary laterite samples show Sc contents as high
as those of basaltic laterite samples, ranging from 13 to
84 ppm with the average of 38.7 ppm (Fig. 5).

6. Discussion

Hill et al. (2000) studied the geochemical compo-
sitions and alteration minerals of laterized basalts
quantitatively and classified the degree of laterization
into four categories: kaolinization, week laterization,

Basaltic laterite
[ Saprolite

B Sedimentary bauxite
O Sedimentary laterite
Bl Basalt (Sanematsu et al., 2011) [] Sandstone
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Fig. 5 Histograms showing the distribution of (A) ALL,O;, (B) Ga and (C) Sc contents of the basalts, saprolites, basaltic laterites,
sedimentary rocks, sedimentary laterites and sedimentary bauxites from the Bolaven Plateau.
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Table. 1 Statistical data of the analyzed basalts, saprolites and
laterites from the Bolaven Plateau.

SiO, Fe,0,* AlLO; TiO, Ga Sc
Basalt (N=12)
Average 498 122 138 184 16.7 20.8
Median 504 11.7 140 166 19 212

SD 3.6 1.7 12 044 45 24
Min 39.2 109 105 157 6 14.0
Max 524 174 151 318 20 229

Saprolite (N=18)
Average 360 184 225 278 316 311
Median 348 179 227 297 32 30

SD 7.4 3.7 48 062 92 94
Min 234 129 156 192 9 14
Max 486 236 299 351 46 45

Basaltic laterite (N=86)
Average 218 246 297 385 444 376
Median 231 239 290 349 42 375

SD 12.4 6.7 51 13 122 89
Min 034 59 173 128 24 14
Max 632 431 479 777 83 69

Sedimentary laterite including bauxite (N=27)
Average 20.7 292 267 370 426 387
Median 167 280 266 375 45 40

SD 193 150 77 13 100 154
Min 1.2 64 154 117 22 13
Max 620 576 469 631 68 84

Fe,O3*: Total iron oxides.

moderate laterization and strong laterization (Fig. 6A).
The saprolites of the Bolaven Plateau are plotted in
the range between kaolinization and weak laterization
and the basaltic laterites are plotted in the wide range
between kaolinization and strong laterization (Fig.
6A). The sedimentary laterites are also plotted on
the diagrams of Figure 6 to compare the chemical
compositions with basaltic laterites. Some of the
sedimentary laterites range widely in the ternary
diagram because of the variable chemical compositions
of the parent sedimentary rocks.

The laterization caused by the scavenging of these
major elements leads to an increase of immobile
elements such as Al, Ga and Sc relative to the parent
rock (Figs. 6B, 6C and 6D). Mobile major elements
consisting mainly of SiO,, alkali elements and alkaline
carth elements decrease by 15 — 42 wt % (average: 26 %)
during the formation of saprolite by weak weathering.
The loss of the major elements leads to the increase of
immobile elements relative to the parent basalts. The
change of chemical compositions from the basalts to
saprolites results in relative increases of 62 % Al,O,,
89 % Ga and 49 % Sc increase (Table 1; Figure 6).
The loss of the mobile major elements by laterization
of the basalts ranges from 37 to 58 %, leading to the
relative increases of 115 % Al,O,, 166 % Ga and 81 %
Sc (Table 1; Figure 6). These results suggest that Ga is
more immobile whereas Sc is more mobile than Al by
laterization. Nine sedimentary bauxite samples show
Al,O, contents ranging from 28 to 47 %, indicating 52
— 156 % increase relative to the parent sandstone (sample
1604D). The bauxite sample are relatively low-grade
in Al,O, compared with mined bauxites in the world
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Fig. 6 (A) Ternary SiO,-Al,O,-Fe,0,* (total iron oxides) diagram (Hill et al., 2000) and plots of (A) Al,O,, (B) Ga and (C) Sc versus
SiO,/(SiO,+Al,O,+Fe,0,*) of the analyzed samples. K: Kaolinization, WL: Weak Laterization, ML: Moderate Laterization,
SL: Strong Laterization. Note that these diagrams are for evaluating the degree of laterization of basalts and that the
sedimentary rocks and sedimentary laterite samples are plotted for a comparison.
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Change of elemental ratio = [(X./Th)/(Xpr/Thpr)-1] x 100 (%)
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Fig. 7 Diagrams showing the changes of elemental ratios of Si, Ti, Al, Fe, Ga and Sc (represented as X) normalized by Th versus
depth in the laterite profiles. Subscripts of L and PR represent laterite and parent rock, respectively. Positive and negative
values of the changes indicate enrichment and depletion of elements relative to parent rocks, respectively. (A) Strongly-
laterized profile 1705 derived from aphyric nephelinite (sample 1705H). (B) Weakly-laterized profile 1708 derived from
Cpx-Ol basalt (sample 1707). (C) Weakly-laterized profile 1814 derived from OI-Cpx basalt (sample 1815). (D) Moderately-
laterized profile 1619 derived from Cpx basalt (sample 1619E). (E) Weakly- to moderately-laterized profile 1712 derived from
Cpx-bearing P1-Ol basaltic andesite (sample 1712E). (F) Weakly-laterized profile 1806 derived from Cpx-Ol basalt (sample
1806G). (G) Strongly-laterized profile 1604 derived from clay-rich sandstone (sample 1604D). See the caption of Figure 6 for
the degree of laterization. Geochemical data of the parent basalts are from Sanematsu et al. (2011). See the caption of Figure
6 for the degree of laterization of WL, ML and SL.
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which indicate the average Al,O, grade of 40 — 52 %
and increase by 120 — 300 % relative to the parent
rocks by laterization (Bardossy and Aleva, 1990). The
low-grade bauxite mineralization with the insufficient
enrichment of Al,O, results from high Fe,O, contents
because bauxite derived from mafic and ultramafic
rocks are generally Fe-rich and low-grade in Al,O,
(Bardossy and Aleva, 1990).

Geochemical behavior of elements by alteration
is represented by change of the elemental ratio of
an altered rock to a parent rock normalized by an
immobile element (Nexbitt, 1979). Immobile elements
such as Al, Ti and Th are generally used for the
normalization (Braun et al., 1993, 1998; Braun and
Pagel, 1994; Patino et al., 2003; Ma et al., 2007). In
this study, Th is not remarkably depleted relative to the
other elements except for Al and Ga (Fig. 7) and is not
a target element. Therefore, we use Th as an immobile
element for the normalization of the elemental ratios.
Figure 7 represents that Si is depleted in all the profiles
whereas Ti, Al, Fe, Ga and Sc show slight or almost no
depletion relative to the parent rocks. Al is significantly
enriched or depleted in some samples of the profiles
1705, 1814, 1712 and 1604 (Figs. 7A, 7C, 7E and 7G).
This is explained by leaching of Al in low-pH soil
water of the upper parts of the profiles (leached zones)
and precipitation of Al in the lower parts of the profiles
(accumulation zone). The precipitation of Al in the
accumulation zone due to the increase of pH (Brookins,
1988), may be attributed to the contact with higher-
pH groundwater. The sedimentary laterite profile 1604

of a bauxite prospect indicates that the transportation
of Al from the leached zone to the accumulation
zone resulted in bauxite mineralization (Fig. 7G).
The thickness of the accumulation zone is considered
about 5 m (Fig. 4B) although only three laterite and
bauxite samples were taken from this profile. Since it
is impossible for the present leached zone less than 1
m thick to induce bauxite mineralization (35 and 47
% Al,O, for samples 1604B and 1604C, respectively;
Appendix) around 5 m thick, this profile suggests that
the paleo-leached zone which had provided Al to the
accumulation zone was already eroded. Negative Ce
anomalies (Ce/Ce* = Ce,/(LayxPry)"* = 0.91 — 0.96,
where the subscript N represents normalization by C1-
chondrite; Sun and McDonough, 1989) of the laterite
bauxite samples from the profile 1604 also suggest
that the present leached zone was covered by paleo-
leached zone near the surface during laterization and
bauxitization. Similar enrichment of Al is recognized
in the profile 1705 with negative to slightly positive
Ce anomalies (Ce/Ce* = 0.95 — 1.02), suggesting the
transportation of Al (and Ga) from the paleo-leached
zone to the present accumulation zone. Geochemical
behavior of Ga is similar to that of Al in all the profiles
(Fig. 7), suggesting that Ga*" exists by replacing the
sites of AI*" in Al-bearing minerals and Al hydroxides.
This replacement is explained by a positive linear
correlation between the Ga and Al,O, contents of all
the studied samples (Fig. 8A). Compared with Ga and
Al, Sc is not remarkably enriched or depleted in all the
profiles (Fig. 7). Since Sc is considered to be present
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Fig. 8 (A) Ga versus Al,O, and (B) Sc versus Fe,0,* (total iron oxides) diagrams of the basalts, saprolites laterites and sedimentary

rocks from the Bolaven Plateau.
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in basalts and laterites by replacing Fe** of Fe-bearing
minerals, Fe oxides and Fe oxyhydroxides, geochemical
behavior of Sc is similar to that of Fe in the most
laterite profiles (Fig. 7). A good positive correlation is
recognized between Sc and Fe,O;* of all the studied
samples (Fig. 8B) although Sc behaves differently from
Fe in the strongly-laterized profiles 1705 and 1604 (Fig.
7A and 7G).

It is comprehensible to employ 10000Ga/Al and
10000Sc/Fe ratios for evaluating the enrichment of
Ga and Sc by laterization in detail (Fig. 9) because
Ga and Sc mostly exist by replacing Al and Fe**,
respectively. Ga/Al ratios do not change significantly
in most of parent basalts, saprolites and kaolin-rich
laterites (10000Ga/Al = 2 - 3), but they become
variable with increasing the degree of laterization
(Fig. 9A). The Ga/Al ratios are most variable in the
strongly-laterized samples (mostly 10000Ga/Al = 1.5
— 5), but Ga is hardly depleted. Laterites appears to
be enriched in Ga relative to Al (Fig. 9A), consistent
with the relative increases of 166 % Ga and Al,O, 115
% (Table 1). Figure 9B indicates that Sc/Fe ratios of
the parent basalts are constant (10000Sc/Fe = ~2.6)
except for a nephelinite sample. Since Fe** is dominant
in unweathered parent basalts, Sc may replace limited
sites of Fe* in Fe-bearing minerals or glass. The Sc/
Fe ratios do not vary widely with increasing the degree
of laterization compared with the Ga/Al ratios but
they tend to decrease slightly by strong laterization
(Fig. 9B). This result suggests that strong laterization
may lead to the depletion of Sc relative to Fe. All the
geochemical data of the parent basalts, saprolites and
laterites suggest that Ga is hardly depleted or is slightly
enriched by laterization whereas Sc is slightly depleted
by strong laterization among Al, Ga, Fe and Sc. The
geochemical behavior during laterization is helpful
to evaluate the resource potentials of Ga and Sc in
laterites and bauxites.

7. Conclusions

Al,O;, Ga and Sc contents increase with increasing
the degree of laterization relative to the parent basalts
and sandstone in the Bolaven Plateau, southern Laos.
The Al,O, contents range from 10 to 15 % in the
basalts, from 16 to 30 % in the saprolites and from
17 to 48 % in the basaltic and sedimentary laterites.
The sedimentary bauxites in a bauxite prospect show
the Al,O; contents ranging from 28 to 47 %. The
Ga contents range from 6 to 20 ppm in the basalts,
from 9 to 46 ppm in the saprolites and from 22 to
83 ppm in the laterites. The Sc contents range from
14 to 23 ppm in the basalts, from 14 to 45 ppm in
the saprolites and from 13 to 84 ppm in the laterites.
No significant difference in the Al,0;, Ga and Sc

contents is recognized between the basaltic laterites and
sedimentary laterites.

A similar geochemical behavior and linear positive
correlation are recognized between Ga and Al and
between Sc and Fe, suggesting that Ga and Sc exist by
replacing by Al and Fe in laterites, respectively. Ga/Al
and Sc/Fe ratios indicate that Ga is almost no depleted
or is slightly enriched relative to Al by laterization
whereas Sc tends to be slightly depleted relative to Fe
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by strong laterization.

Acknowledgment: We acknowledge Mr. Khampha
Phommakaysone in the Department of Geology,
Ministry of Energy and Mines, Lao P.D.R. for giving a
permission to conduct the fieldwork for this study. We
are grateful to Dr. Yoshimitsu Negishi and Mr. Motomu
Goto in the Mitsubishi Materials Techno Co., Ltd.
for helpful advices and information. We are grateful
to the Magnetic Materials Research Center of Shin-
Etsu Chemical Co., Ltd., Fukui, Japan for a chemical
analysis.

References

Béardossy, G. and Aleva, G.J.J. (1990) Lateritic
Bauxites. Developments in Economic Geology, 27,
Elsevier, Amsterdam-Oxford-New York-Tokyo,
624p.

Barr, S.M. and MacDonald, A.S. (1981) Geochemistry
and geochronology of late Cenozoic basalts of
Southeast Asia. Geol. Soc. Am. Bull., Part 1, 92,
1069-1142.

Braun, J.J. and Pagel (1994) Geochemical and
mineralogical behavior of REE, Th and U in the
Akongo lateritic profile (SW Cameroon). Catena,
21, 173-177.

Braun, J.J., Pagel, M., Herbillon, A. and Rosin, C.
(1993) Mobolization and redistribution of REEs
and thorium in a syenitic lateritic profile: A mass
balance study. Geochim. Cosmochim. Acta, 57,
4419-4434.

Braun, J.J., Viers, J., Dupré, B., Polve, M., Ndam,
J. and Muller, J.P. (1998) Solid/liquid REE
fractionation in the lateritic system of Goyoum,
East Cameroon: The implication for the present
dynamics of the soil covers of the humid tropical
regions. Geochim. Cosmochim. Acta, 62, 273-299.

Brookins, D.G. (1988) Eh-pH Diagrams for
Geochemistry, Springer, Berlin, 176p.

Chualaowanich, T., Saisuthichai, D.,
Sarapanchotewittaya, P., Charusiri, P., Sutthirat,
C., Lo, C.H., Lee, T.Y. and Yeh M.W. (2008) New
““Ar/*Ar ages of some Cenozoic basalts from the
east and northeast of Thailand. Proceedings of the
International Symposia on Geoscience Resources
and Environments of Asian Terranes (GREAT
2008), 4th IGCP 516 and 5th APSEG, Bangkok,
225-229.

Hill, I.G., Worden, R.H. and Meighan, 1.G. (2000)
Yttrium: The immobility-mobility transition during
basaltic weathering. Geology, 28, 923-926.

Hoang, N. and Flower, M. (1998) Petrogenesis of
Cenozoic Basalts from Vietnam: Implication for
Origins of a 'Diffuse Igneous Province'. J. Petrol.,

39, 369-395.

Ma, J.-L., Wei, G.-J., Xu, Y.G., Long, W.G. and Sun W.D.
(2007) Mobilization and re-distribution of major
and trace elements during extreme weathering of
basalt in Hainan Island, South China. Geochim.
Cosmochim. Acta, 71, 3223-3237.

Nesbitt, H.W. (1979) Mobility and fractionation of rare
earth elements during weathering of a granodiorite.
Nature, 279, 206-210

Patino, L.C., Velbel, M.A., Price, J.R. and Wade, J.A.
(2003) Trace element mobility during spheroidal
weathering of basalts and andesites in Hawaii and
Guatemala. Chem. Geol., 202, 343-364.

Pearce, J.A. and Cann, J.R. (1973) Tectonic setting
of basic volcanic rocks determined using trace
element analyses. Earth Planet. Sci. Lett., 19, 290-
300.

Rangin, C., Huchon, P., Pichon, X.L., Bellon, H.,
Lepvrier, C., Roques, D., Hoe, N.D. and Quynh, P.V.
(1995) Cenozoic deformation of central and south
Vietnam. Tectonophysics, 251, 179-196.

Sanematsu, K., Moriyama, T. Sotouky, L. and
Watanabe, Y. (2011) Mobility of rare earth elements
in basalt-derived laterite at the Bolaven Plateau,
southern Laos. Resource Geol., 61, 140-158.

Smirnov, D.I. and Molchanova, T.V. (1997) The
investigation of sulphuric acid and sorption
recovery of scandium and uranium from the red
mud of alumina production. Hydrometallurgy, 45,
249-259.

Sun, S.S. and McDonough, W.F. (1989) Chemical and
isotopic systematics of oceanic basalts: implications
for mantle composition and processes. In
Saunders, A.D. and Norry, M.J., eds., Magmatism
in the Ocean Basins, Geological Society Special
Publication, no. 42, 313-345.

Tapponnier, P., Peltzer, G., Le Dain, A.Y., Armijo,
R. and Cobbold, P. (1982) Propagating extrusion
tectonics in Asia: new insights from simple
experiments with plasticine. Geology, 7, 611-616.

Tapponnier, P., Peltzer, G. and Armijo, R. (1986)
On the mechanics of the collision between India
and Asia. In Coward, M.P. and Ries, A.C., eds.,
Collision Tectonics. Geological Society, London,
Special Publication, 19, 115-157.

U.S. Geological Survey (USGS) (2010) Mineral
Commodity Summaries, Gallium, 58-59.

Vilayhack, S., Duangsurigna, S., Phomkenthao, S.,
Voravong, A., Vilaysan, P., Khounchanthida, T.,
Phommakaysone, K., Goto, M., Negishi, Y., Tsuda,
K., Watanabe, Y. and Shibata, Y. (2008) 1:200,000
Geological Map of Attapu with Report on
Geology of the Attapu District, Japan International
Cooperation Agency and Department of Geology,
Ministry of Energy and Mines, Lao P.D.R., 48p.

— 114 —



Laterization of basalts and sandstone associated with the enrichment (Sanematsu et al.)

Received August 20, 2010
Accepted December 22, 2010

54 XA L ARICHT B Al Ga, Sc DBREICEBET SRREEHENT TS 1 Mt

EEE - sfl0 & - Laochou Sotouky * #3202
E F

ARE T A ZBHR I T 2 VEMOZREEWED T T 54 MEIZk 3 Al, Ga, Sc OER{LFIZED) & JEEIZ O
THET 2. KT 2 VEIEHE K2 S5 HiEROZXRE & 2O PRI ET 2 Qi iAHERSE 2 SR Eh 5. IR
HRHEHRED T 774 MIZNEDFED FIZRELTWE. 7774 MULOHEITIZE ST Si, 7TALHVITE, 7
L) FHIEE L WS BB ITE S bR, HXEIZ Al Ga, Sc WS BRI ITENESIHLTER LS
125, ZOMEE, ALO, A RRBEIRETI0~15% ¥ 72534 FT16~30 % ZiETTFI4 FT17~ 48 %,
HREE T T 94 MZ15~47 % TH 5. GaGARIIERET6~20 ppm, ¥ 7054 LTI~ 46 ppm, KRXE T T
A4 T 24~ 83 ppm, HFEHE T T I74 FT22~68 ppm THHB. Sc BAEIILRAET14~ 23 ppm, 7254 b
T 14~ 45 ppm, ZRETT 54 b T24~69 ppm, HFEFTTF4 P T13~84 ppm TH 3. ZRHETT 74 b &HE
BEIT794 FOBITING DILEDRE ICHELEVIAD 5NE ., Gak Al 2 LT Sc & Fe ORIZIZHIER L
HIZE T D RADIE & AR 2 EOHBEATER E N, Ih5idT7 774 P TGak Sc A ZNZF AL L Fe &k L CTIAE
LTCWBZEERETS. Ga/Al I T 7 54 MEDMEITISHE S ThA Bz L 5 K 512555, Gald ALITHLTIE
EAERET S Z i3m0, Se/Felbidiiiny5 754 MUIZ& 5> TSe A Fe il L CHTHMEB TS Z M H 5 Z L 4mR7.

— 115 —



Bulletin of the Geological Survey of Japan, vol.62 (3/4), 2011

Appendix. 1 Geochemical data of the analyzed saprolites, basaltic laterites, sedimentary laterites and sedimentary rocks.

Sample # 1601 1612A 1612B  1613A 1613B 1615A 1615B 1615C 1617A 1617B
Rock type B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite
Depth(m) Surface(F) 0.1 0.5 1.0 1.5 0.1 0.7 1.2 0.1 1.0
Northing  15°0803"  14°5929.9" 14°5929.10" 14°5952.0" 14°59’52.0" 15°0247.1" 15°0247.1" 15°0247.1" 15°02513" 15°02513"
Easting 106°30'16.4" 106°3345.0" 106°3345.0" 106°3310.0" 106°33'10.0" 106°3210.2" 106°32'10.2" 106°3210.2" 106°32'14.3" 106°32'14.3"
SiO,(%) 0.40 20.4 21.0 63.2 34.6 30.7 33.2 34.2 16.9 16.5
TiO, 6.87 5.34 5.42 1.28 1.80 3.28 3.55 3.60 4.26 4.29
Al,O; 33.9 26.3 26.8 17.3 31.8 25.6 27.6 27.4 33.2 34.0
Fe,O05* 37.4 26.5 26.7 59 12.3 15.5 17.6 17.8 22.8 22.9
MnO 0.280 0.101 0.109 0.020 0.026 0.034 0.039 0.041 0.041 0.044
MgO 0.22 0.26 0.28 0.64 0.34 0.16 0.18 0.17 0.10 0.10
CaO 0.03 0.01 <001 <001 <001 <0.01 0.02 <001 <001 <0.01
Na,O 0.03 0.05 0.04 0.08 0.08 0.06 0.05 0.06 0.06 0.03
K,O <0.01 0.02 0.07 1.49 0.65 0.08 <0.01 0.09 <001 <0.01
P,Og 0.84 0.33 0.29 0.08 0.14 0.13 0.15 0.14 0.19 0.18
LOI 20.2 20.5 17.9 9.76 17.5 23.0 16.9 16.8 22.5 20.9
Total 100.10 99.86 98.57 99.73 99.24 98.43 99.28 100.20  100.00 98.93
Sc(ppm) 40 38 38 14 21 32 33 34 42 41
\ 394 375 385 117 201 278 308 311 413 413
Cr 260 420 440 130 600 320 370 360 440 440
Co 50 15 17 5 8 21 25 25 12 12
Ni <20 <20 40 <20 <20 90 150 120 <20 <20
Cu 30 60 70 20 40 50 80 60 50 50
Zn 470 140 130 40 60 100 210 110 130 120
Ga 74 47 53 24 33 34 42 37 48 48
Ge 1.3 1.5 2.0 1.5 1.3 1.6 2.2 1.4 15 1.5
As 6 <5 8 7 10 <5 <5 <5 <5 <5
Sr 587 52 56 32 27 7 8 7 5 5
Y 58.2 10.9 13.3 28.1 21.7 195 17.1 17.2 5.7 4.7
Zr 672 410 353 470 325 220 265 268 324 321
Nb 157 69.4 64.7 27.3 31.3 25.1 30.2 28.6 43.3 43.1
Ba 257 69 79 177 105 37 39 40 12 12
Hf 154 10.9 9.2 12.7 8.8 6.2 7.0 7.1 8.3 8.5
Ta 8.26 4.52 3.90 2.25 2.33 1.80 1.94 2.15 3.12 3.06
Pb 6 8 <5 19 17 <5 7 6 11 7
Th 33.3 9.58 10.5 22.7 22.4 6.24 7.06 6.25 8.14 8.15
U 115 2.62 2.87 3.89 3.82 1.67 1.87 1.94 2.35 2.29
La 296 35.8 47.1 38.1 30.6 131 13.6 125 5.01 4.67
Ce 626 53.7 72.3 72.6 52.6 38.0 41.9 354 12.3 111
Pr 74.9 8.88 10.2 8.44 6.73 3.89 3.44 3.56 111 0.96
Nd 305 32.7 39.3 27.2 22.7 16.2 15.3 14.6 4.17 3.55
Sm 749 7.22 8.68 5.34 4.78 4.16 421 3.75 0.98 0.78
Eu 23.6 2.20 2.69 1.10 1.27 1.40 1.35 1.25 0.289 0.233
Gd 56.1 5.74 7.03 4.47 4.37 4.33 4.01 3.94 0.96 0.77
Th 7.02 0.83 0.95 0.86 0.79 0.77 0.66 0.67 0.19 0.15
Dy 21.7 3.84 412 521 4.57 4.50 3.84 3.86 1.22 0.98
Ho 3.40 0.55 0.63 1.01 0.87 0.81 0.73 0.71 0.24 0.20
Er 6.47 1.27 1.55 3.03 2.52 2.23 2.09 1.94 0.70 0.61
m 0.655 0.173 0.212 0.481 0.389 0.324 0.313 0.280 0.110 0.095
Yb 2.57 1.06 1.27 3.24 2.49 2.03 1.93 1.79 0.73 0.65
Lu 0.210 0.146 0.169 0.493 0.367 0.281 0.279 0.276 0.109 0.101
LREE 1400.4 140.5 180.3 152.8 118.7 76.8 79.8 71.1 239 21.3
HREE 104.1 13.6 159 18.8 16.4 15.3 13.9 13.5 43 3.6
REE 1504.5 154.1 196.2 171.6 135.0 92.0 93.7 84.5 28.1 24.8
LREE/HREE  13.45 10.32 11.32 8.13 7.25 5.02 5.76 5.28 5.60 5.99
Cel/Ce* 1.03 0.74 0.81 0.99 0.90 131 1.50 1.30 1.28 1.29
Eu/Eu* 111 1.04 1.05 0.69 0.85 1.01 1.00 0.99 0.91 0.92
La/Yb 115.2 33.8 37.1 11.8 12.3 6.5 7.0 7.0 6.9 7.2
10000Ga/Al 412 3.38 3.73 2.62 1.96 2.51 2.88 2.55 2.73 2.67
10000Sc/Fe* 1.53 2.05 2.04 3.40 2.44 2.95 2.68 2.73 2.64 2.56

(F): Float sample

B. laterite: Basaltic laterite

S. laterite: Sedimentary laterite

S. bauxite: Sedimentary bauxite

Fe,O5* = Total iron oxides

Ce/Ce* = Cey / (LayxPry)"? and EU/Eu* = Euy / (SmyxGdy) 2, where N is normalized by C1-chondrite (Sun and McDonough, 1989).
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Appendix. 1 Continued.

Sample# 1617C 1618A 1618B 1618C 1619A 1619B 1619C 1619D 1701A 1701B
Rock type B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite
Depth(m) 2.0 0.1 1.0 2.0 0.1 1.0 2.0 3.0 0.1 1.0
Northing = 15°0251.3" 15°0306.0" 15°0306.0" 15°0306.0" 15°0417.2" 15°0417.2" 15°0417.2" 15°0417.2" 15°10041" 15°1004.1"
Easting 106°32'14.3" 106°3234.0" 106°32'34.0" 106°32'34.0" 106°32'33.9" 106°32'33.9" 106°32'33.9" 106°32'33.9" 106°01'3L3" 106°01'31.3"
SiO,(%) 14.8 11.8 12.3 12.1 18.9 14.3 19.4 10.3 23.2 23.0
TiO, 4.29 4.54 4.53 4.49 3.83 3.66 3.91 3.03 3.49 3.52
Al,O; 34.2 33.3 33.6 32.7 31.6 34.9 27.2 28.2 31.0 311
Fe,04 245 27.6 275 271 240 247 314 38.1 244 24.3
MnO 0.047 0.037 0.043 0.044 0.083 0.052 0.039 0.028 0.086 0.089
MgO 0.10 0.09 0.09 0.09 0.10 0.09 0.11 0.11 0.10 0.11
CaO <001 <001 <001 <001 <001 <001 <001 <001 <001 o0.01
Na,O 0.05 0.04 0.06 0.07 0.07 0.06 0.03 0.06 0.05 0.05
K,O 0.06 0.08 0.05 0.05 <001 <001 0.02 <0.01 0.06 0.13
P,0s 0.19 0.23 0.23 0.26 0.18 0.20 0.23 0.39 0.28 0.26
LOI 20.6 22.8 20.5 20.8 19.6 21.5 16.3 18.6 17.7 17.5
Total 98.83  100.50 98.89 97.77 98.35 99.42 98.65 98.74 100.30 100.10
Sc(ppm) 41 37 35 35 43 42 58 69 39 40
\% 432 426 417 413 389 390 524 514 334 336
Cr 500 520 600 590 400 510 480 830 390 400
Co 13 7 9 8 22 15 15 19 13 14
Ni <20 <20 <20 <20 80 70 30 80 70 60
Cu 70 30 50 50 80 70 110 170 70 70
Zn 150 100 110 100 110 110 120 140 120 130
Ga 59 55 66 65 44 45 45 52 42 44
Ge 1.9 0.8 1.2 1.2 2.0 15 1.6 1.7 2.0 2.0
As 5 11 12 17 <5 <5 <5 <5 5 6
Sr 5 10 12 11 5 4 10 3 5 6
Y 6.2 8.9 9.0 10.0 7.5 4.4 7.3 5.6 3.7 3.9
Zr 362 445 448 443 251 233 260 232 262 272
Nb 48.2 58.9 58.0 56.1 30.1 26.4 39.9 38.9 28.6 29.6
Ba 12 13 18 16 28 16 18 8 22 23
Hf 9.1 11.8 12.5 11.9 6.8 6.3 7.1 6.2 6.9 7.3
Ta 3.15 4.40 2.72 2.68 1.99 1.93 2.72 2.27 2.35 2.33
Pb <5 8 <5 <5 7 9 <5 8 7 9
Th 9.55 16.5 18.9 19.3 5.87 5.28 7.67 6.05 6.60 7.10
U 2.54 3.99 4.46 4.63 1.75 1.74 2.24 3.27 1.75 1.88
La 5.75 9.83 14.8 14.0 7.13 4.43 12.1 7.32 3.67 3.86
Ce 15.0 16.0 21.3 214 31.8 15.3 26.4 21.8 9.51 111
Pr 1.09 1.89 2.07 2.18 1.90 111 2.65 1.52 0.70 0.76
Nd 421 5.97 6.29 6.78 7.71 4.43 9.54 6.88 247 2.73
Sm 0.99 112 1.13 1.26 1.93 1.10 2.11 1.89 0.54 0.59
Eu 0.268 0.274 0.266 0.308 0.622 0.338 0.644 0.624 0.151 0.159
Gd 0.93 1.05 1.00 1.16 2.03 1.12 1.94 1.89 0.58 0.60
Th 0.18 0.22 0.21 0.23 0.33 0.19 0.33 0.31 0.11 0.12
Dy 1.18 1.55 1.46 1.54 1.88 1.16 1.84 1.71 0.75 0.78
Ho 0.26 0.34 0.33 0.35 0.35 0.21 0.33 0.31 0.16 0.16
Er 0.81 1.05 112 1.20 0.99 0.62 0.96 0.90 0.48 0.51
™ 0.126 0.166 0.182 0.194 0.148 0.098 0.148 0.144 0.076 0.080
Yb 0.82 1.13 1.23 1.30 0.98 0.67 1.00 1.00 0.53 0.56
Lu 0.126 0.179 0.188 0.201 0.152 0.105 0.154 0.176 0.083 0.090
LREE 27.3 35.1 45.9 45.9 51.1 26.7 534 40.0 17.0 19.2
HREE 4.4 5.7 5.7 6.2 6.9 4.2 6.7 6.4 2.8 2.9
REE 31.7 40.8 51.6 52.1 58.0 30.9 60.1 46.5 19.8 22.1
LREE/HREE 6.16 6.17 8.02 7.44 7.45 6.40 7.97 6.22 6.15 6.62
CelCe* 1.47 0.91 0.94 0.95 2.12 1.69 1.14 1.60 1.45 1.59
Euw/Eu* 0.85 0.77 0.77 0.78 0.96 0.93 0.97 1.01 0.82 0.82
La/Yb 7.0 8.7 12.0 10.8 7.3 6.6 12.1 7.3 6.9 6.9
10000Ga/Al 3.26 3.12 3.71 3.75 2.63 2.44 3.13 3.49 2.56 2.67
10000Sc/Fe* 2.40 1.92 1.82 1.85 2.56 2.43 2.64 2.59 2.29 2.36
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Sample# 1701C 1702A 1702B  1702C 1702D 1702E  1702F 1702G  1702H1 1702H2
Rock type B. laterite B. laterite B. laterite B. laterite Saprolite B. laterite B. laterite B. laterite Saprolite Saprolite

Depth(m) 2.0 0.1 1.0 2.0 3.0 4.0 5.0 6.0 6.5 6.5
Northing 15°10'04.1"  15°11'22.1"  15°11'22.1"  15°1122.1"  15°11'22.1"  15°11'22.1"  15°11'22.1"  15°11'22.1"  15°11'22.1"  15°11'22.1"
Easting 106°01'31.3" 106°07'53.0" 106°07'53.0" 106°07'53.0" 106°07'53.0" 106°07'53.0" 106°07'53.0" 106°07'53.0" 106°07'53.0" 106°07'53.0"
SiO,(%) 23.0 7.36 135 27.8 27.1 16.6 27.4 32.9 29.6 27.9
TiO, 3.51 3.41 3.93 3.48 3.37 3.48 3.32 3.10 3.42 3.33
Al,O4 31.4 31.7 334 28.5 28.0 33.6 26.9 26.9 25.6 26.4
Fe,O4 22.9 35.3 28.1 23.6 23.3 23.8 26.1 21.1 23.6 22.7
MnO 0.102 0.096 0.128 0.144 0.139 0.089 0.065 0.074 0.183 0.105
MgO 0.11 0.07 0.08 0.09 0.08 0.05 0.10 0.08 0.16 0.12
CaO <001 <001 <001 0.02 <001 <001 <001 o0.01 <0.01 <0.01
Na,O 0.04 0.05 0.05 0.07 0.05 0.03 0.04 0.03 0.02 0.03
K,0 0.01 0.03 <0.01 0.03 0.05 0.02 <0.01 0.09 0.06 0.07
P,05 0.22 0.56 0.39 0.32 0.31 0.47 0.31 0.32 0.57 0.46
LOI 17.8 21.5 21.0 16.3 16.4 19.8 15.3 14.6 14.3 15.4
Total 99.15 100.10 100.50 100.30 98.72 97.85 99.50 99.18 97.54 96.44
Sc(ppm) 39 61 48 37 35 50 41 33 45 45
\Y 334 569 447 321 317 358 383 306 374 431
Cr 380 800 490 300 320 1200 380 300 350 350
Co 12 26 25 31 34 47 16 25 48 37
Ni 40 <20 50 360 440 120 360 590 470 710
Cu 60 120 110 150 190 110 150 140 100 160
Zn 80 120 130 130 170 120 150 190 170 100
Ga 40 46 45 39 46 40 37 43 38 41
Ge 14 1.0 1.6 25 2.9 14 2.8 43 2.3 35
As <5 <5 <5 <5 <5 <5 <5 <5 <5 6
Sr 5 3 4 2 2 <2 <2 2 <2 8
Y 3.7 7.7 5.8 6.1 7.0 34 7.0 7.9 6.8 6.0
zr 253 203 228 194 224 199 182 183 240 169
Nb 27.4 22.0 24.9 20.7 23.1 21.0 19.6 18.6 42.0 35.5
Ba 23 15 28 84 84 78 138 446 398 523
Hf 6.7 5.6 6.4 5.3 6.0 5.6 5.0 4.8 5.9 4.3
Ta 2.61 1.66 1.91 1.56 1.40 1.49 1.49 1.14 2.76 2.50
Pb <5 7 9 6 <5 <5 <5 <5 <5 <5
Th 6.90 3.49 3.77 2.59 3.01 2.61 2,51 2.34 5.01 4,79
18] 1.84 1.73 1.30 0.74 0.79 1.17 0.90 0.76 1.28 1.65
La 4.22 4.32 5.15 4.13 5.38 2.09 3.93 4,93 6.23 15.9
Ce 13.2 19.1 27.4 20.5 26.0 16.1 13.8 25.5 61.9 52.4
Pr 0.82 1.22 1.19 1.21 1.38 0.60 1.07 1.58 1.60 241
Nd 2.92 5.93 5.23 5.35 6.29 3.02 4.96 7.45 7.73 9.44
Sm 0.65 1.75 1.43 1.45 1.75 0.93 1.44 217 2.30 2.40
Eu 0.191 0.660 0.518 0.533 0.616 0.330 0.532 0.778 0.771 0.787
Gd 0.68 2.21 1.64 1.69 1.99 1.13 1.65 2.45 2.54 2.49
Tb 0.12 0.40 0.30 0.30 0.33 0.20 0.30 0.37 0.39 0.38
Dy 0.79 247 1.79 1.76 1.88 1.13 1.78 2.01 1.96 1.89
Ho 0.16 0.46 0.32 0.32 0.35 0.19 0.32 0.36 0.35 0.34
Er 0.51 1.26 0.89 0.92 1.02 0.53 0.89 1.00 0.99 0.95
m 0.084 0.183 0.138 0.136 0.153 0.081 0.133 0.152 0.146 0.147
Yb 0.57 1.14 1.01 0.92 0.97 0.55 0.85 0.97 0.94 0.92
Lu 0.091 0.160 0.166 0.144 0.145 0.087 0.118 0.131 0.126 0.121
LREE 22.0 33.0 40.9 33.2 414 23.1 25.7 42.4 80.5 83.3
HREE 3.0 8.3 6.3 6.2 6.8 39 6.0 7.4 7.4 7.2
REE 25.0 41.3 472 39.4 48.3 27.0 31.8 49.9 88.0 90.6
LREE/HREE 7.32 3.98 6.54 5.36 6.06 5.92 4.26 5.70 10.82 1151
Ce/Ce* 1.74 2.04 2.71 2.25 2.34 3.53 1.65 2.24 481 2.08
EwEu* 0.88 1.03 1.03 1.04 1.01 0.98 1.06 1.03 0.98 0.98
La/Yb 7.4 3.8 5.1 45 5.5 3.8 4.6 5.1 6.6 17.3

10000Ga/Al 241 2.74 2.55 2.58 3.11 2.25 2.60 3.02 2.81 2.94
10000Sc/Fe* 2.44 2.47 2.44 2.25 2.15 3.01 2.25 2.23 2.72 2.84
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Sample # 17021 1703A 1703B  1703C  1704A 1704B  1704C 1704D 1704E  1704F
Rock type Saprolite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite
Depth(m) 7.5 0.3 1.0 2.0 2.5 3.5 4.5 5.5 6.5 7.5
Northing  15°1122.1" 15°11'438" 15°1143.8" 15°11438" 15°11013" 15°1101.3" 15°11013" 15°1101.3" 15°1101.3" 15°11013"
Easting 106°07'53.0" 106°09'14.1" 106°09'14.1" 106°09'14.1" 106°1313.7" 106°1313.7" 106°1313.7" 106°13'13.7" 106°1313.7" 106°13'13.7"
SiO,(%) 30.7 12.6 12.9 14.0 20.1 28.3 22.5 28.1 23.6 27.6
TiO, 3.51 4.17 4.10 3.98 4.76 4.28 461 3.54 4.53 4.44
Al,O; 26.4 33.8 33.0 32.0 25.3 27.8 26.3 30.5 24.3 26.4
Fe,04 235 27.3 27.1 26.5 26.1 23.8 26.6 19.1 24.3 241
MnO 0.219 0.111 0.113 0.094 0.214 0.341 0.271 0.287 0.207 0.323
MgO 0.20 0.17 0.19 0.24 5.49 121 0.61 1.57 5.78 2.97
CaO <001 o0.01 <0.01 <001 134 0.05 <0.01 0.26 2.70 0.77
Na,O 0.04 0.04 0.02 0.02 0.08 0.05 0.02 <0.01 0.09 0.02
K0 0.03 0.04 <0.01 <001 0.05 0.04 0.06 <0.01 0.07 0.08
P,0s 0.58 0.35 0.28 0.23 2.67 111 0.92 1.07 191 1.59
LOI 14.1 222 20.7 19.4 14.2 13.7 15.0 159 13.5 12.7
Total 99.22 100.70 98.40 96.34 100.30 100.70 96.84 100.30 101.00 100.90
Sc(ppm) 44 46 47 43 27 25 25 22 25 26
\% 402 372 354 334 336 333 354 264 332 335
Cr 380 420 410 370 370 320 250 230 290 280
Co 67 22 21 24 84 97 85 125 94 138
Ni 360 80 70 90 410 1110 690 860 270 290
Cu 130 110 120 130 170 330 190 150 100 110
Zn 230 160 210 110 350 270 130 280 360 470
Ga 45 54 46 44 51 51 44 48 48 52
Ge 3.4 2.0 2.0 1.9 3.2 4.0 2.6 3.3 2.3 2.7
As <5 6 6 <5 <5 <5 <5 <5 <5 <5
Sr 2 4 3 <2 82 101 119 85 130 121
Y 11.7 4.9 49 51 26.4 16.2 15.2 295 345 351
Zr 262 268 237 201 500 425 215 388 467 457
Nb 45.0 28.3 24.7 215 116 101 71.3 91.4 111 108
Ba 364 16 24 21 177 525 446 874 295 1003
Hf 6.3 6.9 6.3 5.8 10.8 9.2 5.2 8.0 9.9 9.9
Ta 2.85 1.88 1.49 1.10 6.27 5.67 4.72 4.97 5.60 5.50
Pb <5 8 6 <5 7 7 <5 <5 5 6
Th 5.33 4.82 3.95 3.35 12.6 11.3 10.6 9.81 11.8 12.0
U 1.77 1.30 1.13 0.97 3.1 2.62 2.92 2.59 2.64 3.20
La 8.77 3.81 4.15 3.96 91.2 70.6 86.4 55.7 83.7 69.4
Ce 92.2 18.2 23.0 23.2 171 149 148 126 158 146
Pr 2.77 0.82 0.73 0.73 22.2 16.7 18.4 13.2 19.5 16.1
Nd 12.30 3.03 3.18 3.30 78.6 59.2 67.3 544 66.8 542
Sm 3.42 0.69 0.87 0.92 16.5 12.9 14.6 13.8 13.9 115
Eu 1.170 0.227 0.300 0.324 5.35 4.07 4.50 5.03 4.64 3.97
Gd 3.54 0.80 1.04 1.15 12.8 8.84 10.3 13.8 11.9 10.9
Th 0.58 0.15 0.18 0.20 1.79 1.20 1.35 191 171 1.62
Dy 2.99 0.99 111 1.21 8.33 531 5.79 8.84 8.02 8.30
Ho 0.53 0.21 0.23 0.25 121 0.75 0.82 1.29 1.25 1.35
Er 1.47 0.61 0.70 0.78 2.79 171 1.86 2.93 2.95 3.37
™ 0.229 0.095 0.113 0.125 0.344 0.219 0.228 0.364 0.355 0.434
Yb 1.37 0.67 0.80 0.80 1.89 1.25 131 2.01 1.96 2.39
Lu 0.177 0.110 0.128 0.114 0.232 0.166 0.175 0.247 0.238 0.284
LREE 120.6 26.8 322 324 384.9 312.5 339.2 268.1 346.5 301.2
HREE 10.9 3.6 43 4.6 29.4 19.4 21.8 31.4 28.4 28.6
REE 131.5 30.4 36.5 37.1 414.2 331.9 361.0 299.5 374.9 329.8
LREE/HREE  11.08 7.37 7.49 7.01 13.10 16.07 15.54 8.54 12.21 10.51
Ce/Ce* 4.59 2.52 3.24 3.35 0.93 1.06 0.91 1.14 0.96 1.07
Eu/Eu* 1.03 0.93 0.96 0.96 1.13 1.17 1.12 1.11 1.10 1.08
La/Yb 6.4 5.7 5.2 5.0 48.3 56.5 66.0 271.7 42.7 29.0
10000Ga/Al 3.22 3.02 2.64 2.60 3.82 3.47 3.16 2.98 3.74 3.73
10000Sc/Fe* 2.68 241 2.48 2.32 1.48 1.50 1.35 1.65 1.47 1.54
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Sample# 1705A 1705B  1705C 1705D 1705E  1705F 1705G  1706A  1706B  1706C
Rock type B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite

Depth(m) 0.1 0.5 1.0 15 2.0 2.5 3.0 0.1 1.0 2.0
Northing — 15°06326" 15°0632.6" 1590632.6" 15°0632.6" 15°06'32.6" 15°0632.6" 15°06'32.6" 15°04532" 15°04'53.2"  15°04'532"
Easting 106°32115.1" 106°3215.1" 106°32115.1" 106°3215.1" 106°32'15.1" 106°3215.1" 106°32'15.1" 106°34'16.3" 106°34'16.3" 106°34'16.3"
SiO,(%) 0.66 0.55 0.37 0.50 0.34 0.49 0.48 15.7 8.27 8.02
TiO, 5.50 7.15 7.41 7.58 7.10 6.26 7.07 2.88 2.80 4.42
Al,O4 39.1 32.0 31.7 27.6 33.6 31.7 29.3 21.2 37.4 44.3
Fe,05 29.9 37.3 38.9 43.1 36.8 36.2 42.2 42.5 26.8 17.6
MnO 0.263 0.280 0.280 0.297 0.313 0.265 0.323 0.101 0.943 0.035
MgO 0.28 0.24 0.24 0.27 0.33 0.31 0.25 0.06 0.08 0.06
Cao 0.01 0.03 0.03 0.02 0.03 0.03 0.04 0.01 0.01 <0.01
Na,O <0.01 0.02 0.01 <0.01 0.03 0.02 0.05 0.02 0.03 0.01
K,0 0.01 0.08 0.03 <0.01 0.02 <0.01 0.09 0.09 0.06 0.04
P,0O5 0.48 0.73 0.86 0.81 1.17 1.01 0.82 0.34 0.25 0.32
LOI 22.1 19.1 19.0 17.1 19.8 19.8 18.2 15.6 22.4 24.6
Total 98.26 97.41 98.77 97.21 99.57 96.03 99.47 98.46 99.13 99.33
Sc(ppm) 22 26 38 35 48 37 28 50 32 29
\Y 357 430 447 476 413 372 477 567 308 279
Cr 240 270 240 270 250 250 280 3140 620 410
Co 44 56 47 55 57 48 58 22 674 7
Ni 70 <20 <20 <20 <20 <20 <20 <20 300 <20
Cu 40 40 40 30 20 40 50 90 110 30
Zn 300 470 490 510 510 210 550 110 120 150
Ga 70 83 69 70 72 65 74 41 34 38
Ge 0.6 1.0 <05 1.1 0.6 1.0 0.6 <05 <05 <05
As <5 7 <5 8 6 7 6 <5 <5 <5
Sr 243 645 633 689 692 521 986 34 78 101
Y 275 110 70.8 83.8 93.5 68.3 96.6 11.9 12.1 30.3
zr 836 1030 1030 797 974 466 1070 380 319 426
Nb 221 299 313 219 300 144 323 53.5 50.9 78.6
Ba 228 313 315 393 287 239 622 189 597 435
Hf 17.9 22.5 20.7 18.2 19.6 10.6 20.7 7.9 6.6 9.1
Ta 10.8 14.4 15.8 11.7 14.7 9.53 16.8 3.80 3.02 431
Pb <5 8 12 11 10 <5 15 9 16 18
Th 25.9 31.8 345 325 31.8 25.7 34.8 15.2 9.09 10.0
U 10.7 9.69 9.37 8.34 11.8 8.86 8.16 4.06 2.90 3.03
La 119 255 279 255 272 202 264 28.7 35.0 85.1
Ce 222 509 551 510 586 415 511 164 80.7 204
Pr 25.9 66.7 70.4 58.9 85.1 50.5 65.7 6.97 8.95 26.8
Nd 82.4 245 237 210 307 184 240 25.0 334 114
Sm 15.6 53.6 48.2 45.1 67.7 40.8 54.3 5.75 7.84 29.1
Eu 4.74 17.4 15.0 14.0 21.1 12.6 18.4 1.86 2.49 10.4
Gd 11.2 43.7 36.5 36.1 50.2 31.0 54.5 4.86 6.04 30.1
Th 1.49 5.56 5.06 4,98 6.50 421 8.36 0.77 0.91 4.37
Dy 6.68 25.0 22.7 22.8 30.0 18.3 40.0 4.07 4.42 18.3
Ho 0.98 3.90 3.19 3.55 4.37 2.88 4.93 0.62 0.64 2.09
Er 2.17 8.67 6.86 8.01 9.15 6.63 8.91 1.59 1.50 3.73
Tm 0.232 0.883 0.702 0.832 0.877 0.683 0.811 0.217 0.204 0.364
Yb 1.06 3.67 3.01 3.37 3.64 2.77 3.14 1.36 1.21 1.55
Lu 0.105 0.312 0.260 0.295 0.303 0.231 0.256 0.184 0.159 0.150
LREE 469.6 11467 1200.6 1093.0 1338.9 9049 11534 232.3 168.4 469.4
HREE 239 91.7 783 79.9 105.0 66.7 120.9 13.7 15.1 60.7
REE 493.6 12384 12789 11729 14439 971.6 12743 246.0 183.5 530.1
LREE/HREE  19.64 12.51 15.34 13.67 12.75 13.57 9.54 16.99 11.16 7.74
Ce/Ce* 0.98 0.96 0.96 1.02 0.94 1.01 0.95 2.84 1.12 1.05
Eu/Eu* 1.10 1.10 1.09 1.06 1.11 1.08 1.03 1.08 1.11 1.07
La/Yb 112.3 69.5 92.7 75.7 74.7 72.9 84.1 21.1 28.9 54.9

10000Ga/Al 3.39 491 412 4.79 4.05 3.88 4.78 3.66 1.72 1.62
10000Sc/Fe* 1.05 1.00 1.40 1.16 1.86 1.46 0.95 1.68 1.71 2.36
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Sample# 1708A 1708B 1708C 1708D 1708E  1708F 1708G 1710B  1711A 1711B
Rock type B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite Saprolite Saprolite  Saprolite

Depth(m) 0.1 1.0 2.0 3.0 4.0 5.0 6.0 4.0 0.1 1.3
Northing 15°05'21.6"  15°05'21.6" 15°0521.6" 15°0521.6" 15°05'21.6" 15°05'21.6" 15°0521.6" 15°07'34.4" 15°26'31.4" 15°26'31.4"
Easting 106°34'46.7" 106°34'46.7" 106°34'46.7" 106°34'46.7" 106°34'46.7" 106°34'46.7" 106°34'46.7" 106°38'12.8" 106°28'05.4" 106°28'05.4"
SiO,(%) 27.4 32.4 32.7 34.1 33.3 33.8 32.5 43.4 42.3 40.9
TiO, 3.22 3.00 3.00 3.05 3.04 3.05 3.03 2.17 2.04 2.17
Al,O4 30.0 28.2 28.0 21.7 27.1 27.4 27.3 20.3 18.4 18.1
Fe,05 22.2 21.5 21.7 21.3 22.3 21.4 215 16.1 15.0 15.6
MnO 0.376 0.067 0.112 0.085 0.127 0.078 0.095 0.135 0.178 0.181
MgO 0.16 0.13 0.13 0.29 0.22 0.11 0.22 4.27 7.66 7.85
Cao <0.01 <001 <001 <001 <001 <001 <001 o053 4.48 4.92
Na,O 0.04 0.02 0.03 0.03 0.04 0.04 0.04 0.02 0.89 0.95
K,0 0.08 0.04 0.05 0.07 <0.01 0.07 0.03 0.08 0.06 0.10
P,0O5 0.35 0.22 0.20 0.10 0.19 0.18 0.14 0.03 0.24 0.28
LOI 16.3 15.1 15.0 14.1 14.1 13.7 13.9 13.0 8.31 9.9
Total 100.20 100.70 101.00 100.70 100.40 99.80 98.80 100.10 99.57 101.00
Sc(ppm) 41 34 34 32 41 33 36 28 26 27
\Y 300 265 255 175 243 212 165 105 197 214
Cr 590 430 380 280 320 390 330 230 260 250
Co 261 12 29 19 31 16 18 49 57 59
Ni 250 150 90 100 100 100 90 130 180 150
Cu 150 110 110 80 100 90 100 100 90 80
Zn 240 170 210 150 160 170 140 220 100 200
Ga 45 39 43 42 40 41 42 29 24 25
Ge 1.8 2.9 3.0 2.9 2.6 2.3 2.5 1.7 1.8 1.3
As <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Sr 6 3 2 2 <2 <2 9 41 140 105
Y 5.1 4.2 4.8 3.6 49 3.7 3.9 40.7 22.9 26.3
zr 326 273 300 283 271 282 274 130 98 124
Nb 45.2 38.0 39.1 37.3 35.3 35.2 35.8 114 115 11.9
Ba 149 32 51 30 52 32 49 71 130 49
Hf 6.8 7.0 6.7 6.1 5.9 6.2 5.9 3.2 2.7 2.9
Ta 3.35 2.66 3.12 2.59 2.52 2.53 2.41 1.07 0.63 0.81
Pb 10 6 6 <5 6 <5 <5 <5 <5 <5
Th 7.23 6.19 7.74 7.01 6.87 7.10 6.80 2.37 1.47 1.70
U 1.88 1.93 2.22 1.03 1.32 1.75 1.58 0.41 0.40 0.45
La 12.2 8.77 7.72 6.19 5.31 5.09 15.2 17.3 105 10.9
Ce 65.1 44.3 55.1 43.2 63.4 33.0 40.4 16.1 22.6 23.4
Pr 1.95 1.27 1.53 1.23 1.29 1.08 2.25 5.33 291 3.49
Nd 6.59 4,92 5.81 4.35 5.36 4,12 7.19 23.4 14.2 16.0
Sm 142 121 1.40 1.00 1.34 1.01 1.46 6.30 4.23 4.42
Eu 0.473 0.402 0.470 0.302 0.444 0.326 0.437 2.34 1.63 1.76
Gd 1.50 1.28 1.47 0.96 1.42 1.10 1.37 7.73 4.99 5.25
Th 0.27 0.22 0.26 0.17 0.26 0.19 0.22 1.29 0.83 0.94
Dy 1.57 1.20 1.58 1.02 1.54 1.07 1.22 7.41 4.61 5.48
Ho 0.28 0.22 0.29 0.18 0.28 0.20 0.21 141 0.86 0.98
Er 0.80 0.66 0.82 0.54 0.81 0.57 0.57 3.68 2.38 2.63
Tm 0.127 0.104 0.124 0.083 0.138 0.088 0.089 0.472 0.327 0.352
Yb 0.85 0.71 0.83 0.57 0.93 0.60 0.64 2.74 1.88 2.06
Lu 0.131 0.113 0.128 0.088 0.135 0.093 0.099 0.407 0.266 0.277
LREE 87.7 60.9 72.0 56.3 77.1 44.6 66.9 70.8 56.1 60.0
HREE 5.5 4.5 5.5 3.6 5.5 3.9 4.4 25.1 16.1 18.0
REE 93.3 65.4 77.5 59.9 82.7 48.5 71.4 95.9 72.2 77.9
LREE/HREE  15.87 13.51 13.09 15.58 13.99 11.41 15.15 2.82 3.47 3.34
Ce/Ce* 3.27 3.25 3.93 3.84 5.94 3.45 1.69 0.41 1.00 0.93
Eu/Eu* 0.99 0.99 1.00 0.94 0.98 0.95 0.94 1.03 1.08 1.12
La/Yb 14.4 12.4 9.3 10.9 5.7 8.5 23.8 6.3 5.6 5.3

10000Ga/Al 2.84 2.61 2.90 2.87 2.79 2.83 2.90 2.70 2.46 2.61
10000Sc/Fe* 2.64 2.26 2.24 2.15 2.63 2.21 2.40 2.49 2.48 2.47
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Sample# 1712A 1712B 1712C 1712D 1801A 1801B 1801C 1803D 1802A 1802B
Rock type B. laterite B. laterite B. laterite B. laterite B. laterite Saprolite Saprolite Saprolite B. laterite Saprolite

Depth(m) 0.1 1.0 2.0 3.0 0.1 1.0 1.8 2.0 0.1 1.0
Northing 15°26'16.2"  15°26'16.2"  15°26'16.2" 15°26'16.2"  15°11'31.8" 15°11'31.8" 15°11'31.8" 15°11'31.8" 15°13'12.7" 15°13'12.7"
Easting 106°25'48.3" 106°25'48.3" 106°25'48.3" 106°25'48.3" 106°16'00.5" 106°16'00.5" 106°16'00.5" 106°16'00.5" 106°18'12.5" 106°18'12.5"
SiO,(%) 19.0 19.1 1.67 7.37 9.14 29.9 37.2 235 4.66 36.2
TiO, 4.86 4,74 3.19 3.58 4,73 3.44 2.98 3.39 3.28 2.18
Al,O4 30.5 29.9 479 42.8 28.3 19.6 17.0 29.9 36.9 21.2
Fe,05 28.0 27.6 19.1 20.9 25.7 19.0 16.4 21.5 26.0 18.1
MnO 0.080 0.097 0.039 0.060 0.140 0.226 0.216 0.168 0.256 0.247
MgO 0.13 0.13 0.13 0.14 0.33 7.38 8.03 1.42 0.10 6.98
Ca0o <0.01 <001 <001 <001 012 5.03 7.35 0.41 <0.01 2091
Na,O 0.04 0.03 0.04 0.03 0.06 0.47 1.00 0.08 0.02 0.23
K,0 0.07 0.14 0.11 0.06 0.14 0.23 1.37 0.01 <0.01 011
P,0O5 0.34 0.31 0.32 0.27 0.96 1.73 1.47 0.56 0.36 0.31
LOI 17.4 17.9 27.4 24.2 30.9 13.8 7.60 18.7 25.5 11.8
Total 100.40 99.90 99.87 99.38 100.50 100.80 100.60 99.62 97.11 100.30
Sc(ppm) 43 44 37 38 27 16 14 43 47 30
\Y 391 381 260 279 330 222 193 334 397 236
Cr 490 500 670 420 320 190 150 330 430 300
Co 20 29 14 17 31 65 59 75 102 80
Ni <20 <20 <20 <20 <20 110 110 250 <20 210
Cu 70 70 60 80 50 50 50 130 80 110
Zn 200 190 150 170 200 280 240 350 90 220
Ga 55 54 39 42 53 35 31 37 42 31
Ge 1.2 1.2 <05 <05 <05 1.3 1.3 1.9 0.6 1.7
As 6 <5 <5 <5 9 <5 <5 <5 <5 <5
Sr 7 6 <2 3 25 313 738 9 <2 104
Y 49 4.8 2.0 2.6 22.0 39.9 35.3 20.9 7.5 32.2
zr 349 333 213 236 387 429 376 230 187 147
Nb 425 415 27.1 29.3 89.3 104 90.4 29.3 215 16.3
Ba 19 20 3 8 38 254 528 313 13 220
Hf 8.1 7.6 5.1 5.4 7.2 7.9 6.8 6.2 5.0 3.2
Ta 2.79 2.61 2.05 2.42 3.09 6.71 5.84 2.03 1.01 1.08
Pb 6 8 6 <5 9 8 <5 18 <5 <5
Th 9.10 8.41 4.03 5.02 19.0 12.4 10.2 4.27 5.21 2.80
U 2.16 1.97 2.16 1.80 5.30 3.02 2.49 1.12 1.87 0.75
La 9.00 9.15 2.36 6.58 34.7 91.2 81.8 14.9 3.69 17.7
Ce 18.3 20.6 4.84 10.9 187 167 144 42.7 62.1 39.4
Pr 1.61 1.63 0.50 1.01 10.3 21.2 19.4 4.23 1.42 5.42
Nd 5.15 5.28 2.07 3.15 415 735 67.6 18.7 7.16 22.9
Sm 1.01 1.05 0.52 0.62 10.2 15.1 13.7 5.16 2.20 5.98
Eu 0.289 0.306 0.168 0.192 3.23 5.03 4.45 1.87 0.805 2.18
Gd 0.88 0.94 0.56 0.58 8.56 13.3 11.8 5.69 2.59 6.93
Th 0.18 0.17 0.11 0.11 1.31 1.92 1.72 0.87 0.43 1.21
Dy 1.11 1.09 0.68 0.70 7.01 9.75 8.54 4.89 2.31 7.09
Ho 0.22 0.21 0.12 0.13 1.13 1.53 1.31 0.89 0.43 1.33
Er 0.67 0.66 0.32 0.38 2.82 3.43 3.01 2.45 1.23 3.55
Tm 0.108 0.106 0.049 0.058 0.391 0.402 0.360 0.349 0.185 0.472
Yb 0.70 0.70 0.31 0.37 2.29 2.08 1.85 2.13 1.18 2.80
Lu 0.107 0.105 0.046 0.053 0.309 0.264 0.230 0.312 0.170 0.388
LREE 354 38.0 10.5 22.5 286.9 373.0 331.0 87.6 77.4 93.6
HREE 4.0 4.0 2.2 2.4 23.8 32.7 28.8 17.6 8.5 23.8
REE 39.3 42.0 12.7 24.8 310.8 405.7 359.8 105.1 85.9 117.4
LREE/HREE 8.90 9.55 4,76 9.43 12.05 11.42 11.48 4,98 9.08 3.94
Ce/Ce* 1.18 1.31 1.09 1.04 2.43 0.93 0.89 1.32 6.65 0.99
Eu/Eu* 0.94 0.94 0.95 0.98 1.06 1.09 1.07 1.06 1.03 1.04
La/Yb 12.9 13.1 7.6 17.8 15.2 43.8 44.2 7.0 3.1 6.3

10000Ga/Al 341 3.42 1.54 1.85 3.53 3.37 3.45 2.34 2.15 2.76
10000Sc/Fe* 2.20 2.28 2.77 2.60 1.50 1.20 1.22 2.86 2.59 2.37
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Sample# 1802C
Rock type  Saprolite
Depth(m) 2.0
Northing  15°1312.7"
Easting 106°18'12.5"
SiO,(%) 33.0
TiO, 2.68
Al,O4 25.6
Fe,04 22.0
MnO 0.307
MgO 1.25
CaO 0.10
Na,O 0.05
K,0 0.04
P,05 0.33
LOI 13.8
Total 99.16
Sc(ppm) 37
\Y 293
Cr 330
Co 91
Ni 350
Cu 140
Zn 340
Ga 36
Ge 3.0
As <5
Sr 112
Y 46.6
Zr 174
Nb 19.3
Ba 471
Hf 3.9
Ta 1.26
Pb <5
Th 3.36
18] 1.10
La 31.7
Ce 50.3
Pr 9.57
Nd 38.7
Sm 9.57
Eu 341
Gd 10.3
Th 1.86
Dy 11.1
Ho 2.00
Er 5.35
m 0.734
Yb 4.21
Lu 0.583
LREE 143.3
HREE 36.1
REE 179.4
LREE/HREE 3.96
Ce/Ce* 0.71
EwEu* 1.05
La/Yb 7.5
10000Ga/Al 2.65
10000Sc/Fe* 2.40

1803A 1803B
B. laterite Saprolite
0.1 0.5
15°15'59.3"  15°15'59.3"
106°19'28.3" 106°19'28.3"
32.8 48.6
2.97 1.92
25.7 16.6
19.7 13.1
0.181 0.178
0.14 6.85
<0.01 6.81
0.03 2.21
0.02 0.63
0.31 0.29
18.8 3.50
100.50 100.70
35 23
282 190
310 220
36 51
90 100
70 70
100 150
34 23
1.6 1.2
5 26
5 363
14.8 26.4
242 131
25.7 18.2
55 190
6.3 2.9
1.73 1.09
<5 <5
6.49 2.57
1.67 0.69
13.4 16.9
57.1 33.9
341 4.39
14.6 17.7
3.82 4.47
1.28 1.64
3.47 5.17
0.59 0.88
3.33 5.05
0.63 0.94
1.81 2.59
0.258 0.352
1.59 2.00
0.223 0.270
93.6 79.0
11.9 17.3
105.5 96.3
7.87 4.58
2.07 0.96
1.07 1.04
8.4 8.5
2.50 2.61
2.55 2.51

Appendix. 1 Continued.

1803C  1804A 1804B
B. laterite B. laterite Saprolite
1.0 0.1? 15
15°1559.3"  15°1909.1"  15°19'09.1"
106°1928.3" 106°20'11.5" 106°20'115"
314 24.2 44.0
2.93 3.08 2.03
26.9 24.4 15.6
194 21.1 141
0.14 0.241 0.173
0.12 451 7.89
<001 171 7.33
0.02 0.32 214
0.07 0.05 0.27
0.26 0.37 0.30
18.0 16.1 5.81
99.33 96.02 99.67
36 32 24
280 307 144
320 320 170
16 77 17
<20 160 <20
40 110 20
80 90 70
27 31 9
<05 15 <05
<5 <5 13
5 68 285
10.0 24.1 22.0
269 134 120
27.9 20.0 12.7
43 130 141
6.0 4.2 3.3
2.24 1.39 1.03
<5 <5 <5
7.48 3.70 212
1.99 1.06 0.59
9.74 155 13.7
51.8 42.2 27.6
2.54 4.03 3.74
9.95 18.4 16.0
2.31 5.17 4.18
0.715 1.91 1.54
2.03 5.91 4.64
0.37 1.05 0.73
2.33 5.94 411
0.45 0.99 0.79
1.24 2.66 2.24
0.176 0.377 0.311
1.12 2.25 1.73
0.164 0.307 0.243
77.1 87.2 66.8
7.9 19.5 14.8
84.9 106.7 81.6
9.78 4.48 451
2.55 131 0.95
1.01 1.06 1.07
8.7 6.9 7.9
1.90 2.40 1.09
2.66 217 247

1805A 1805B  1805C
B. laterite B. laterite Saprolite
0.1 1.0 15
15°25'59.2"  15°25'59.2"  15°25'59.2"
106°22'38.6" 106°22'38.6" 106°22'38.6"
27.2 24.1 39.6
3.53 3.82 2.97
29.4 33.0 24.2
19.6 20.5 16.1
0.244 0.142 0.203
0.15 0.15 3.21
0.04 0.03 1.81
0.03 0.03 0.62
0.10 0.03 0.48
0.34 0.36 0.52
179 17.9 11.3
98.48 100.10 101.00
36 38 30
308 336 269
150 150 100
53 45 56
30 140 80
70 70 290
180 250 280
37 39 28
1.9 1.8 1.9
5 <5 <5
21 13 102
41.4 19.7 45.8
222 312 215
315 39.9 29.9
244 271 532
6.3 8.0 55
2.09 2.59 1.89
<5 39 25
6.89 7.64 4.79
2.09 2.61 1.56
31.8 22.1 51.1
84.7 80.1 54.1
7.75 4.99 12.2
34.0 20.7 47.6
9.05 5.28 115
3.10 1.81 3.91
9.32 5.40 11.7
1.59 0.83 1.76
8.88 4,72 9.59
1.57 0.88 1.80
411 2.50 4.82
0.540 0.358 0.655
3.16 2.15 3.76
0.444 0.304 0.538
170.4 135.0 180.4
29.6 17.1 34.6
200.0 152.1 215.0
5.75 7.87 5.21
1.32 1.87 0.53
1.03 1.04 1.03
10.1 10.3 13.6
2.38 2.24 2.18
2.63 2.65 2.67

1806A
B. laterite
0.1
15°28'31.8"
106°21'37.4"
19.2
3.05
33.8
24.1
0.083
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Sample# 1806B  1806C  1806D 1806E  1806F 1807A  1807B  1807C
Rock type B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite B. laterite

Depth(m) 1.0 2.0 3.0 4.0 5.0 0.1 1.0 2.0
Northing 15°28'31.8"  15°28'31.8"  15°28'31.8"  15°28'31.8"  15°28'31.8"  15°33'47.0"  15°33'47.0"  15°33'47.0"
Easting 106°21'37.4" 106°21'37.4" 106°21'37.4" 106°21'37.4" 106°21'37.4" 106°17'28.9" 106°17'28.9" 106°17'28.9"
Si0,(%) 24.3 26.6 31.1 7.90 20.0 42.7 42.9 41.5
TiO, 3.18 2.94 2.96 4,04 3.30 3.18 3.24 3.09
Al,O, 29.9 28.2 29.0 35.2 31.7 22.6 24.3 22.7
Fe,04 25.2 25.7 20.9 26.9 25.0 14.4 135 13.2
MnO 0.097 0.058 0.063 0.077 0.087 0.170 0.134 0.134
MgO 0.13 0.12 0.29 0.16 0.34 0.66 0.34 0.50
CaO 0.04 0.03 0.02 <0.01 0.03 0.40 0.16 0.33
Na,O 0.02 0.02 0.04 <0.01 0.06 0.21 0.12 0.12
K,O 0.05 0.01 0.04 <0.01 0.04 0.32 0.27 0.33
P,0s 0.27 0.25 0.22 0.43 0.50 0.33 0.26 0.29
LOI 17.6 15.7 14.9 21.8 18.6 15.0 14.9 15.3
Total 100.70 99.54 99.58 96.53 99.60 99.86 100.1 97.50
Sc(ppm) 43 38 38 54 52 35 37 35
\Y/ 324 324 230 385 345 270 266 249
Cr 380 310 160 530 560 340 340 350
Co 20 18 15 24 29 47 45 45
Ni 210 250 180 40 370 180 190 110
Cu 120 110 100 140 150 70 80 70
Zn 190 150 190 70 180 260 220 190
Ga 38 38 37 47 43 30 33 31
Ge 2.2 2.5 2.4 14 2.8 1.9 2.0 2.2
As <5 <5 <5 <5 <5 <5 <5 <5
Sr 5 2 2 <2 3 28 17 26
Y 10.2 8.8 11.3 7.9 19.4 24.3 27.9 24.2
zr 234 192 219 178 246 253 273 250
Nb 30.7 27.2 35.9 32.7 39.0 27.0 28.8 25.2
Ba 56 79 45 21 93 122 94 106
Hf 6.5 5.1 5.6 5.6 6.5 6.3 6.7 6.9
Ta 2.09 1.77 2.38 1.35 2.68 1.67 1.79 151
Pb 46 45 24 <5 16 34 20 9
Th 5.41 481 5.33 6.23 5.61 5.77 6.14 5.63
U 1.71 1.35 1.35 2.06 1.97 1.98 2.13 1.81
La 114 8.92 12.3 5.65 19.3 18.4 20.9 20.9
Ce 52.4 57.0 110 29.6 727 55.5 59.5 61.1
Pr 2.65 211 2.65 1.24 5.21 4.44 4,94 4,56
Nd 114 8.91 11.2 6.08 23.2 18.1 20.7 18.6
Sm 2.90 2.31 2.92 1.84 6.01 4.63 5.25 4.59
Eu 0.983 0.805 0.975 0.679 2.05 1.61 1.85 1.54
Gd 3.01 2.43 3.07 2.20 5.32 481 5.52 4.84
Tb 0.47 0.38 0.49 0.37 0.86 0.81 0.92 0.88
Dy 2.43 2.08 2.49 2.03 4,72 4,61 5.17 5.21
Ho 0.45 0.39 0.46 0.39 0.85 0.88 0.95 0.92
Er 1.28 1.15 1.26 1.15 2.31 2.48 2.68 251
Tm 0.186 0.172 0.183 0.170 0.332 0.348 0.370 0.346
Yb 1.16 1.07 1.14 1.06 2.07 2.07 2.22 2.12
Lu 0.159 0.153 0.153 0.148 0.308 0.302 0.319 0.295
LREE 81.7 80.1 140.0 45.1 128.5 102.7 113.1 111.3
HREE 9.1 7.8 9.2 7.5 16.8 16.3 18.1 17.1
REE 90.9 87.9 149.3 52.6 145.2 119.0 131.3 128.4
LREE/HREE 8.94 10.23 15.15 6.00 7.66 6.30 6.23 6.50
Ce/Ce* 2.34 3.22 472 2.74 1.78 1.51 1.44 1.53
EuwEu* 1.02 1.04 1.00 1.03 1.11 1.04 1.05 1.00
La/Yb 9.8 8.3 10.8 5.3 9.3 8.9 9.4 9.9

10000Ga/Al 2.40 2.55 241 2.52 2.57 251 2.57 2.58
10000Sc/Fe* 2.44 2.12 2.60 2.87 2.98 3.49 3.93 3.79

1808A
B. laterite
0.1
15°29'09.7"
106°13'52.4"
31.9
3.12

1808B
Saprolite
1.0
15°29'09.7"
106°13'52.4"
47.8
2.00
16.4
12.9
0.166
6.96
6.72
221
0.44
0.29
3.55
99.49
24
193
200
45
160
70
210
21
15
<5
283
40.4
128
15.6
172
3.3
0.97
8
2.16
0.62
21.0
28.6
4.70
20.8
5.59
2.17
7.18
1.13
6.34
1.23
3.40
0.436
2.39
0.335
82.9
22.4
105.3
3.69
0.71
1.05
8.8
241
2.65
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Appendix. 1 Continued.

Sample# 1809A 1809B 1809C 1810A 1810B 1814A 1814B 1814C 1814D 1816A
Rock type B. laterite B. laterite B. laterite Saprolite Saprolite B. laterite B. laterite B. laterite B. laterite B. laterite

Depth(m) 0.1 1.0 2.0 0.1 1.0 0.1 1.0 2.0 3.0 0.1
Northing 15°27'50.8"  15°27'50.8"  15°27'50.8"  15°24'27.7"  15°24'27.7" 15°1546.5"  15°15'46.5"  15°15'46.5"  15°15'46.5"  15°12'05.5"
Easting 106°09'50.9" 106°09'50.9" 106°09'50.9" 106°0521.4" 106°0521.4" 105°56'01.4" 105°56'01.4" 105°56'01.4" 105°56'01.4" 105°57'16.6"
SiO,(%) 30.2 29.5 29.3 32.4 33.4 30.9 26.4 7.95 31.2 28.6
TiO, 2.83 3.02 3.18 3.37 3.15 3.33 3.02 3.99 3.28 3.04
Al,O4 27. 21.7 29.4 28.0 27.1 28.1 245 34.3 27.4 26.5
Fe,05 20.6 21.2 22.0 20.3 17.6 23.1 29.7 27.7 23.7 21.6
MnO 0.301 0.280 0.349 0.300 0.265 0.144 0.180 0.186 0.173 0.314
MgO 0.10 0.10 0.10 0.28 0.14 0.10 0.09 0.12 0.10 0.11
Cao 0.03 0.02 0.03 0.07 0.04 <0.01 <001 <001 ©0.01 <0.01
Na,O 0.03 <0.01 0.03 0.06 0.19 0.03 <0.01 0.07 0.03 0.02
K,O <0.01 0.04 0.05 0.16 0.12 0.09 <0.01 <001 0.05 0.05
P,O5 0.28 0.21 0.20 0.43 0.33 0.22 0.29 0.38 0.21 0.23
LOI 16.3 15.1 15.0 15.8 14.9 14.7 14.0 21.6 13.8 16.4
Total 97.62 97.15 99.60 101.29 97.15 100.7 98.12 96.26  100.00 96.93
Sc(ppm) 37 38 41 36 32 37 43 46 36 36
\Y 294 307 328 334 288 339 407 388 347 289
Cr 300 290 320 360 240 790 390 440 370 290
Co 67 63 75 89 68 39 42 33 32 39
Ni 200 180 240 290 170 190 90 <20 180 150
Cu 90 100 100 110 80 100 130 70 100 90
Zn 210 190 270 290 90 250 190 150 230 80
Ga 35 35 36 37 33 38 37 45 35 35
Ge 2.4 2.3 2.5 2.3 2.2 2.4 2.1 0.6 2.4 2.3
As <5 <5 <5 <5 5 <5 <5 <5 <5 <5
Sr 5 6 5 9 9 4 3 7 4 4
Y 25.8 22.9 23.8 25.7 24.7 9.3 115 3.7 9.3 8.3
Zr 184 186 199 233 158 211 186 235 200 149
Nb 19.0 19.7 21.0 31.0 24.0 21.6 18.9 23.1 21.0 15.0
Ba 84 77 82 114 47 28 95 27 55 34
Hf 5.6 5.7 55 6.3 5.1 5.7 5.6 6.8 55 4.7
Ta 1.16 1.21 1.44 2.25 1.68 1.54 1.18 1.49 1.50 0.99
Pb 5 <5 23 20 <5 21 10 <5 19 <5
Th 4.24 4.24 4.31 5.09 4.82 4.80 4.67 3.85 4.54 3.75
U 1.10 1.14 1.38 1.44 1.36 1.28 1.92 1.56 1.16 3.94
La 17.0 16.1 17.0 22.6 22.8 6.82 8.01 2.62 7.62 5.85
Ce 56.7 57.7 60.6 68.5 58.6 34.8 44.4 13.3 47.1 32.6
Pr 4.42 3.99 4.90 6.56 5.52 2.15 2.02 0.66 2.29 1.57
Nd 20.1 18.0 20.5 25.9 23.8 9.16 9.56 3.38 9.53 7.74
Sm 5.56 5.07 5.32 6.18 6.27 2.35 2.73 1.04 2.44 2.31
Eu 2.02 1.80 1.95 2.24 2.15 0.827 0.943 0.358 0.878 0.818
Gd 6.01 5.35 5.73 6.25 6.44 2.56 2.96 1.22 2.71 2.61
Th 1.07 0.93 0.91 1.06 1.09 0.40 0.53 0.20 0.41 0.43
Dy 6.20 5.49 5.31 5.93 6.28 2.29 3.16 1.07 2.34 2.39
Ho 1.07 1.00 1.04 1.13 1.08 0.45 0.56 0.18 0.45 0.43
Er 2.87 2.68 2.78 3.10 2.83 1.30 1.59 0.52 1.29 1.21
Tm 0.400 0.370 0.375 0.418 0.390 0.186 0.252 0.083 0.185 0.178
Yb 2.47 2.27 2.27 2.49 2.34 1.21 1.57 0.53 1.14 1.14
Lu 0.362 0.310 0.316 0.360 0.325 0.181 0.216 0.076 0.166 0.163
LREE 105.8 102.7 110.3 132.0 119.1 56.1 67.7 214 69.9 50.9
HREE 20.5 18.4 18.7 20.7 20.8 8.6 10.8 3.9 8.7 8.6
REE 126.3 121.1 129.0 152.7 139.9 64.7 78.5 25.2 78.5 59.4
LREE/HREE 5.17 5.58 5.89 6.36 5.73 6.54 6.24 5.51 8.04 5.95
Ce/Ce* 1.60 1.77 1.63 1.38 1.28 2.23 2.71 2.48 2.76 2.64
Eu/Eu* 1.07 1.06 1.08 1.10 1.03 1.03 1.01 0.97 1.04 1.02
La/Yb 6.9 7.1 7.5 9.1 9.7 5.6 5.1 49 6.7 5.1

10000Ga/Al 2.45 2.39 2.32 2.50 2.30 2.56 2.86 2.48 241 2.49
10000Sc/Fe* 2.57 2.57 2.67 2.53 2.60 2.29 2.07 2.38 2.17 2.39
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Sample# 1816B  1816C 1812A 1812B 1602A 1602B 1603A 1603B 1603C  1603D
Rock type B. laterite B. laterite B. laterite B. laterite S. laterite S. bauxite S. laterite S. laterite S.bauxite S. bauxite
Depth(m) 1.0 2.0 0.1 1.0 0.1 11 0.1 1.0 2.0 3.0
Northing = 15°12055" 15°12055" 15°2048.0" 15°2048.0" 14°5608.2" 14°5608.2" 14°5617.1" 14°5617.1" 14°5617.1" 14°5617.1"
Easting 105°57'16.6" 105°57'16.6" 105°59'50.5" 105°59'50.5" 106°35'46.6" 106°3546.6" 106°35'52.3" 106°35%52.3" 106°3552.3" 106°3552.3"
SiO,(%) 28.7 28.7 42.2 39.4 155 1.43 4.92 2.04 2.66 1.28
TiO, 3.18 3.24 2.15 2.20 3.75 2.93 3.01 3.41 4.69 3.22
AlL,O; 27.6 29.1 17.3 17.7 23.1 37.3 17.3 18.3 30.6 27.8
Fe,O3 226 22.8 18.4 20.1 38.5 325 56.0 57.6 38.9 440
MnO 0.321 0.358 0.269 0.363 0.053 0.061 0.032 0.019 0.037 0.062
MgO 0.10 0.11 3.28 2.36 0.08 0.05 0.02 0.03 0.07 0.04
CaO <0.01 0.02 3.69 2.60 0.01 <001 o0.01 0.01 0.03 <0.01
Na,O <0.01 0.04 1.73 0.99 0.04 0.02 0.04 0.04 0.02 0.03
K,0 0.08 0.12 0.77 0.57 <001 <0.01 <001 0.02 0.02 0.03
P,O5 0.22 0.20 0.35 0.19 0.54 0.48 1.29 1.53 0.76 0.59
LOI 15.3 15.7 10.9 143 18.1 242 17.0 17.3 21.2 20.7
Total 98.04 100.40 101.03 100.80 99.60 98.95 99.56  100.20 98.98 97.77
Sc(ppm) 38 41 24 25 46 52 62 84 46 46
\% 303 318 258 281 647 400 773 712 569 522
Cr 310 300 270 280 1540 1100 1710 1160 1010 950
Co 40 43 84 106 7 19 13 6 10 14
Ni 220 220 230 220 <20 40 <20 <20 <20 <20
Cu 100 100 110 100 70 120 140 170 120 130
Zn 240 240 200 270 80 80 160 90 160 80
Ga 34 34 25 25 45 45 44 55 68 43
Ge 2.2 2.5 1.6 1.8 0.8 0.6 0.7 0.6 0.7 0.6
As <5 <5 <5 <5 8 9 34 14 15 6
Sr 4 5 237 203 64 64 91 142 107 79
Y 7.5 8.2 27.0 26.0 12.2 13.7 17.1 23.2 20.1 18.3
7r 175 186 162 155 476 204 398 406 644 248
Nb 17.3 171 31.3 29.5 62.7 39.3 66.7 81.6 120 50.1
Ba 37 45 374 366 66 73 107 232 130 87
Hf 52 5.2 4.2 4.0 12.0 54 9.2 9.0 151 6.1
Ta 1.24 1.21 2.06 1.93 3.98 1.43 3.68 4.77 6.23 1.95
Pb 19 19 8 17 <5 <5 21 27 15 <5
Th 3.90 3.85 4.53 4.49 14.7 8.18 19.1 13.8 19.5 8.28
U 0.95 1.00 0.92 0.95 3.45 3.67 4.34 5.03 5.11 4.48
La 6.22 5.99 33.2 30.2 39.8 41.7 41.0 65.2 74.5 42.7
Ce 37.2 38.0 80.7 82.4 80.0 85.2 87.9 139 150 82.8
Pr 2.05 2.04 8.31 7.58 10.9 9.41 10.7 17.1 16.4 9.44
Nd 8.91 9.31 29.2 26.9 40.0 37.6 42.0 67.3 59.8 36.8
Sm 2.40 2.54 6.66 6.25 8.90 9.09 9.82 16.2 13.5 8.67
Eu 0.835 0.901 2.28 2.14 2.72 2.81 3.19 5.14 4.16 2.73
Gd 2.43 2.65 6.53 6.21 6.64 7.46 8.06 13.2 10.8 7.28
Th 0.37 0.42 1.04 1.00 1.00 1.05 1.22 1.92 141 1.02
Dy 2.10 2.24 5.82 5.67 4.61 4.79 5.74 8.76 6.37 5.03
Ho 0.40 0.43 111 1.10 0.61 0.71 0.83 1.16 0.95 0.86
Er 1.18 1.24 2.98 2.95 1.42 1.68 2.01 2.56 2.30 2.27
Tm 0.174 0.182 0.386 0.382 0.185 0.207 0.264 0.321 0.289 0.318
Yb 111 1.19 2.33 2.29 1.10 1.14 1.54 1.63 1.67 2.02
Lu 0.162 0.172 0.314 0.316 0.152 0.159 0.190 0.175 0.228 0.298
LREE 57.6 58.8 160.4 155.5 182.3 185.8 194.6 309.9 318.4 183.1
HREE 7.9 8.5 20.5 19.9 15.7 17.2 19.9 29.7 24.0 19.1
REE 65.5 67.3 180.9 175.4 198.0 203.0 214.5 339.7 342.4 202.2
LREE/HREE 1.27 6.90 7.82 7.81 11.60 10.81 9.80 10.43 13.26 9.59
Ce/Ce* 2.55 2.67 1.19 1.34 0.94 1.05 1.03 1.02 1.05 1.01
Eu/Eu* 1.06 1.06 1.06 1.05 1.08 1.04 1.10 1.07 1.05 1.05
La/Yb 5.6 5.0 14.2 13.2 36.2 36.6 26.6 40.0 44.6 21.1
10000Ga/Al 2.33 2.21 2.73 2.66 3.68 2.28 4.80 5.69 421 2.93
10000Sc/Fe* 2.40 2.57 1.87 1.78 1.71 2.29 1.58 2.09 1.69 1.49
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Sample# 1604A 1604B 1604C 1604D 1605A 1605B 1605C 1605D 1606A  1606B
Rock type S. laterite S. bauxite S.bauxite Sandstone S. laterite S. laterite S. laterite S. bauxite S.bauxite S. laterite
Depth(m) 0.1 1.0 2.0 7.0 0.1 1.0 2.0 3.0 0.1 1.0
Northing — 14°5634.2" 14°56342" 14°56'34.2" 14°56'34.2" 14°56¥14"  14°56'414" 14°56414" 14°5641.4" 14°5656.0" 14°56%56.0"
Easting 106°35'33.1" 106°3533.1" 106°35'33.1" 106°3533.1" 106°35'19.6" 106°3519.6" 106°35'19.6" 106°350.6" 106°34'43.0" 106°34'43.0"
SiO,(%) 9.81 5.78 1.44 39.0 24.7 26.6 24.5 4.73 17.4 22.2
TiO, 3.50 3.37 3.92 3.76 4.70 5.13 5.35 3.55 4.78 4.82
AlL,O; 19.0 35.0 46.9 18.3 21.3 23.7 24.6 31.5 30.8 27.3
Fe,O3 50.4 32.3 19.3 26.0 25.7 28.0 28.2 37.8 255 25.3
MnO 0.036 0.032 0.046 0.097 0.048 0.046 0.059 0.340 0.180 0.213
MgO 0.06 0.07 0.08 0.05 0.10 0.10 0.10 0.05 0.27 0.56
CaO 0.01 <001 <001 <001 0.01 <0.01 0.01 <0.01 0.02 <0.01
Na,O 0.04 0.05 0.04 0.03 0.08 0.05 0.07 0.02 0.04 0.03
K,0 0.03 <001 <001 0.03 0.04 0.04 0.04 0.02 0.04 0.08
P,O5 0.83 0.49 0.21 0.21 0.33 0.33 0.33 0.63 0.47 0.46
LOI 16.4 21.9 26.9 11.6 20.6 16.3 159 21.1 213 18.3
Total 100.10 99.01 98.85 99.05 97.53 100.30 99.09 99.70  100.80 99.26
Sc(ppm) 51 40 22 39 29 35 34 47 40 40
\% 698 480 317 406 400 439 449 515 381 401
Cr 1170 1070 380 700 450 490 470 1630 510 570
Co 11 9 9 9 6 7 8 18 46 101
Ni <20 <20 <20 30 <20 <20 <20 <20 90 170
Cu 100 60 50 90 40 30 40 90 90 110
Zn 110 100 130 100 90 120 110 90 170 210
Ga 45 45 43 39 47 50 51 42 47 51
Ge 11 0.8 0.6 1.6 1.0 0.9 0.9 0.6 1.6 2.1
As 21 11 <5 5 15 11 11 9 <5 <5
Sr 37 36 43 40 85 97 106 83 46 34
Y 11.2 7.8 7.6 14.7 19.6 19.9 209 15.0 46.5 714
Zr 385 350 357 401 457 567 548 366 391 421
Nb 61.6 52.6 60.3 58.6 70.7 91.3 92.7 59.4 64.2 66.8
Ba 43 40 46 237 119 135 148 638 100 80
Hf 9.5 8.9 9.0 10.3 12.4 14.2 141 8.9 9.8 10.4
Ta 3.42 3.48 3.57 4.06 5.24 6.34 6.43 3.09 421 4.15
Pb 17 13 7 <5 <5 19 12 19 13 <5
Th 14.2 10.4 8.02 10.3 17.2 17.4 17.7 12.2 8.58 9.14
U 3.40 2.86 2.15 4.04 3.94 3.66 3.88 3.64 2.12 2.30
La 31.9 26.2 38.8 42.7 49.6 45.5 49.9 39.1 38.7 47.7
Ce 61.8 50.0 64.8 76.2 95.9 87.2 94.6 86.8 92.0 118
Pr 7.89 6.45 7.90 8.74 10.6 11.0 12.0 9.76 10.7 12.0
Nd 285 240 30.3 325 411 40.6 445 37.2 42.8 51.9
Sm 6.25 5.22 7.06 7.29 9.62 9.19 9.95 8.69 11.2 14.1
Eu 1.97 1.60 2.19 2.15 2.87 2.89 3.10 2.75 3.90 5.07
Gd 4.79 391 5.35 5.79 8.25 7.78 8.50 7.05 111 15.2
Th 0.77 0.59 0.72 0.82 1.17 1.22 1.30 1.06 1.87 2.32
Dy 4.00 2.88 3.13 4.27 5.48 5.90 6.40 5.10 10.4 13.1
Ho 0.60 0.43 0.45 0.72 0.87 0.89 0.95 0.70 1.77 2.48
Er 1.56 1.02 1.03 1.98 2.22 2.16 2.27 1.64 4.48 6.76
Tm 0.224 0.141 0.124 0.286 0.293 0.299 0.306 0.211 0.585 0.898
Yb 1.36 0.90 0.67 1.83 1.73 1.80 1.80 1.17 3.59 5.09
Lu 0.188 0.136 0.094 0.251 0.244 0.241 0.252 0.146 0.537 0.688
LREE 138.3 113.5 151.1 169.6 209.7 196.4 214.1 184.3 199.3 248.8
HREE 13.5 10.0 11.6 15.9 20.3 20.3 21.8 17.1 343 46.5
REE 151.8 123.5 162.6 185.5 2299 216.7 235.8 201.4 233.6 295.3
LREE/HREE  10.25 11.34 13.06 10.63 10.35 9.68 9.83 10.79 5.81 5.35
Ce/Ce* 0.96 0.94 0.91 0.97 1.03 0.96 0.95 1.09 111 1.21
Eu/Eu* 1.10 1.08 1.09 1.01 0.98 1.04 1.03 1.07 1.07 1.06
La/Yb 23.5 29.1 57.9 23.3 28.7 25.3 271.7 334 10.8 9.4
10000Ga/Al 4.47 2.43 1.73 4.02 4.18 3.99 3.91 2.52 2.89 3.53
10000Sc/Fe* 1.45 1.77 1.63 2.15 1.61 1.79 1.73 1.78 2.24 2.26
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Sample# 1607 1608 1609 1610 1611A 1611B 1709A 1709B 1709C 1813A
Rock type S. laterite S. laterite S. bauxite S. laterite S. laterite S. bauxite S.(?) laterite S.(?) laterite S.(?) laterite S.(?) laterite
Depth(m)  Surface 0.1 0.1 0.1 0.3 1.0 2.0 3.0 4.0 0.1
Northing — 14°56'564" 14°5707.6" 14°5726.7" 14°57431" 14°58002" 14°5800.2" 15°06'37.8" 15°06'37.8" 15°06'37.8" 15°16%50.7"
Easting 106°34'23.9" 106°34'14.3" 106°34'06.5" 106°34'07.45" 106°33'41.9" 106°3341.9" 106°36'20.2" 106°36'20.2" 106°36'20.2" 105°57'06.2"
SiO,(%) 104 16.7 1.20 18.5 62.1 3.53 449 54.6 60.2 42.0
TiO, 2.35 6.31 4.40 5.72 1.17 2.37 2.06 1.90 1.68 3.92
Al,O4 16.8 23.9 43.0 26.6 154 30.1 26.0 20.2 18.3 29.2
Fe,O4 54.6 29.0 25.6 22.5 6.40 41.3 13.2 12.7 10.8 9.10
MnO 0.066 0.108 0.118 0.071 0.012 0.026 0.027 0.036 0.024 0.052
MgO 0.04 0.14 0.08 0.12 0.59 0.04 0.15 0.18 0.21 0.19
Cao <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03
Na,O 0.02 0.06 0.05 0.03 0.05 0.04 0.05 0.05 0.04 0.02
K,0 <0.01 0.06 <0.01 0.03 1.23 0.02 0.36 0.51 0.59 0.04
P,0O5 0.97 0.70 0.36 0.36 0.08 0.79 0.11 0.11 0.10 0.11
LOI 14.2 22.1 25.3 22.2 11.3 21.0 13.3 10.0 8.57 14.0
Total 99.46 99.11 100.10 96.13 98.28 99.18 100.10 100.30 100.40 98.63
Sc(ppm) 54 43 28 37 13 52 21 20 19 27
Vv 502 442 301 397 119 580 182 178 162 236
Cr 540 370 310 500 120 1010 280 230 230 340
Co 28 13 12 8 3 12 5 6 4 23
Ni 30 <20 <20 <20 <20 50 <20 <20 <20 210
Cu 180 60 50 50 <10 120 40 40 40 50
Zn 110 170 110 120 <30 90 90 80 80 200
Ga 32 51 48 51 22 36 33 29 28 33
Ge 14 11 0.6 1.2 1.3 0.6 1.8 1.6 1.8 16
As 7 7 <5 12 6 15 10 6 8 <5
Sr 39 134 83 92 30 55 19 25 25 6
Y 11.7 25.0 12.7 21.6 23.3 135 13.8 16.0 20.1 345
7Zr 269 476 390 452 336 283 414 455 535 261
Nb 36.8 86.5 65.7 81.1 25.7 43.0 29.8 27.8 28.3 26.5
Ba 66 279 101 120 161 69 77 104 124 39
Hf 6.9 10.8 9.8 114 9.1 7.3 9.4 10.3 11.7 6.9
Ta 2.23 3.58 4.00 4.35 2.20 2.72 2.36 2.50 2.58 1.83
Pb <5 16 11 <5 7 12 12 9 11 6
Th 6.26 135 7.68 15.6 19.1 15.4 14.8 16.2 18.0 4,92
18] 2.46 2.88 1.89 3.74 2.89 3.51 3.03 3.27 3.82 0.98
La 33.3 63.5 35.3 62.7 33.9 22.2 31.0 38.5 45.0 24.5
Ce 80.5 131 67.3 120 66.5 46.4 60.2 73.2 87.5 35.9
Pr 9.00 17.4 8.99 14.6 7.92 6.00 6.69 8.42 10.2 7.48
Nd 36.5 66.1 33.8 58.5 27.1 23.3 21.0 26.8 32.3 29.9
Sm 9.27 15.2 7.55 13.2 5.59 5.69 3.98 5.13 6.47 7.59
Eu 2.98 4.86 2.31 4.17 1.25 1.83 0.89 1.12 1.41 2.73
Gd 6.86 13.2 6.03 11.1 5.06 5.01 3.25 4.22 5.20 8.53
Th 0.98 2.02 0.87 1.55 0.90 0.86 0.56 0.70 0.86 1.28
Dy 4.64 9.69 4.06 6.92 5.14 4.47 3.16 3.82 471 6.98
Ho 0.69 1.34 0.58 1.00 0.94 0.68 0.58 0.67 0.85 1.34
Er 1.67 2.82 1.31 2.47 2.64 1.80 1.64 1.87 2.38 3.65
Tm 0.228 0.331 0.159 0.309 0.400 0.249 0.249 0.291 0.360 0.485
Yb 1.30 1.72 0.84 1.82 2.55 1.47 1.65 1.89 241 2.85
Lu 0.165 0.199 0.104 0.250 0.388 0.191 0.250 0.284 0.360 0.407
LREE 171.6 298.1 155.3 273.2 142.3 105.4 123.8 153.2 182.9 108.1
HREE 16.5 31.3 14.0 254 18.0 14.7 11.3 13.7 17.1 25.5
REE 188.1 329.4 169.2 298.6 160.3 120.2 135.1 166.9 200.0 133.6
LREE/HREE  10.38 9.52 11.13 10.75 7.90 7.16 10.91 11.14 10.68 4.24
Ce/Ce* 1.14 0.97 0.93 0.97 1.00 0.99 1.02 1.00 1.00 0.65
Eu/Eu* 1.14 1.05 1.05 1.05 0.72 1.05 0.75 0.74 0.74 1.04
La/Yb 25.6 36.9 42.0 34.5 13.3 15.1 18.8 20.4 18.7 8.6
10000Ga/Al 3.60 4.03 2.11 3.62 2.71 2.26 2.40 2.72 2.89 2.14
10000Sc/Fe* 141 212 1.56 2.35 291 1.80 2.28 2.25 2.53 4.24
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Sample# 1813B 1813C 4056A  4056B
Rock type S.(?) laterite S.(?) laterite Sandstone Sandstone

Depth(m) 1.0 2.0 Unknown Unknown
Northing  15°1659.7" 15°1659.7" Unknown  Unknown
Easting 105°57'06.2" 105°57'06.2" Unknown Unknown
SiO»(%) 40.9 38.7 33.0 78.6
TiO, 3.81 3.94 4.54 0.19
Al,O4 28.7 29.3 36.4 131
Fe,O; 11.2 11.6 7.87 101
MnO 0.068 0.026 0.009 0.002
MgO 0.19 0.19 0.02 0.22
CaO 0.03 0.02 0.07 0.02
Na,O 0.04 0.04 <0.01 0.03
K,O <0.01 0.07 0.14 0.86
P,05 0.13 0.11 0.73 0.17
LOI 14.7 14.1 17.7 5.26
Total 99.65 98.06 100.10 99.50
Sc(ppm) 30 28 31 4
\Y% 239 246 287 18
Cr 410 260 440 30
Co 29 14 5 2
Ni 240 190 340 140
Cu 70 70 70 20
Zn 200 160 120 <30
Ga 35 31 42 8
Ge 2.2 1.8 3.0 2.0
As 5 <5 11 <5
Sr 5 5 688 181
Y 325 30.6 92 46
zr 255 239 315 77
Nb 25.2 24.0 68 6.0
Ba 43 33 659 260
Hf 7.0 6.5 8.9 2.6
Ta 1.72 1.66 4.4 0.40
Pb 9 6 8 <5
Th 4,75 4.24 7.1 5.3
U 1.08 0.82 4.0 0.70
La 22.9 22.6 364 91.6
Ce 37.1 21.6 1050 265
Pr 7.05 6.40 112 314
Nd 28.8 25.0 493 171
Sm 7.25 5.97 136 56.5
Eu 2.58 2.18 44.7 20.8
Gd 8.02 7.16 109 55.3
Th 121 1.06 135 7.10
Dy 6.59 5.95 54.0 28.8
Ho 1.27 117 6.2 3.6
Er 3.55 3.25 11.0 6.1
Tm 0.476 0.436 1.02 0.60
Yb 2.88 2.53 4.0 2.7
Lu 0.421 0.365 0.33 0.26
LREE 105.7 83.8  2199.7 636.3
HREE 24.4 21.9 199.1 104.5
REE 130.1 105.7  2398.8 740.8
LREE/HREE 4.33 3.82 11.05 6.09
Cel/Ce* 0.72 0.44 1.28 1.21
Eu/Eu* 1.03 1.02 1.12 1.14
La/YDb 8.0 8.9 91.0 33.9

10000Ga/Al 231 2.00 2.18 1.15
10000Sc/Fe* 3.82 3.46 5.64 5.67
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Article

Chemical characteristics of the indium-polymetallic ores
from the Toyoha mine, Hokkaido, Japan

Shunso Ishihara"* and Hiroharu Matsueda®

Shunso Ishihara and Hiroharu Matsueda (2011) Chemical characteristics of the indium-polymetallic ores
from the Toyoha mine, Hokkaido, Japan. Bull. Geol. Surv. Japan, vol. 62 (3/4), p. 131- 142, 5 figs, 3
tables.

Abstract: High-grade indium-polymetallic ores of the Toyoha deposits, Hokkaido, which mainly belong
to the stage IV mineralization, were studied chemically at E-W trending Shinano-Izumo-Iwami Veins,
WNW-ESE trending Soya Vein , and N-S-trending Sorachi-Nemuro Veins. The indium contents go up to
1.0 wt % in the ores (Sorachi, -430 mL). Averaged indium contents and 1000 In/Zn ratio are obtained as
follows: Shinano Vein(n=29): 568 ppm and 9.0; Izumo Vein (n=7): 582 ppm and 1.9; Iwami Vein (n=17):
371 ppm and 6.4 (n=16, excluding the highest value of 444.6); Soya Vein (n=4) 1,467 ppm and 3.1; and
Nemuro-Sorachi Vein (n=5): 4,050 ppm and 9.1. The whole average is 854 ppm (n=62) and 7.1 (n=61).
These indium-rich ores occur in the southeastern part of the Toyoha deposit, where the hydrothermal ore
solutions were considered flown out from the depth.

Indium contents of the ores are positively correlated with zinc contents on the Shinano Vein (correlation
coefficient of 0.65), but unclear on the whole veins (correlation coefficient of 0.51). Positive correlation
between indium and tin is only seen locally (e.g., Iwami Vein). Within available level of 500 meters, zinc
content decreases but tin and arsenic contents increase with the depth. Distribution of indium has some
similarity with that of tin and arsenic vertically. These chemical characteristics suggest that indium was
closely associated with tin and arsenic, besides zinc and cadmium in the hydrothermal fluids. Compared
with similar indium-rich ore deposits in sedimentary terrains in Bolivia, indium-contents are similar in
the two regions. Mafic components such as iron, copper, nickel, cobalt, arsenic, and silver are, however,
richer in the Toyoha deposits than in the Bolivian deposits. Manganese, antimony, bismuth and tin are
predominant in the Bolivian ore deposits. These chemical characteristics reflect general difference of the
host rocks, juvenile mafic volcanics vs. sedimentary and felsic volcanics, of the two regions.

Keywords: Toyoha deposit, Miocene, mafic host rocks, vein type, lead-zinc, indium, tin

1. Introduction

There are two sources for industrial use of indium:
one is submarine volcanogenic massive base-metal sul-
fides, while the other is vein-type base-metal sulfides.
The massive sulfides such as Kidd Creek and Bruns-
wick deposits, Canada, are large in the tonnage of base-
metal but low in indium grade. The tin-polymetallic
vein-type deposits such as Toyoha and Ikuno-Akenobe
deposits in Japan, and many in Bolivian tin-polymetal-
lic belt, are moderate to small in the base-metal size,
but the indium grades are high in general. These ore
deposits are also volcanogenic occurring mostly in ter-
restrial volcanic environment. The Toyoha deposit is
the largest in Japan, containing ca. 5,000 tons of indium

(Ishihara et al., 2006).

Toyoha lead-zinc pyrite ores were cropped out along
the upper stream (Shirai river) of the Toyohira river,
southwest of Sapporo (Fig. 1), which were discovered
by geological survey of either by Ikutaro Asai or Koto-
ra Jinbo during 1890-1891s. The property was acquired
and developed by the Kuhara Mining Co. in 1914-
1921. The Nippon Mining Co. was the successor and
re-opened the mine in 1934, and continued the silver-
lead-zinc mining up to 1950s. In 1950s, the mining
license was shifted to the present owner of the Toyoha
Mining Co. Ltd. (Toyoha Mining Co. Ltd., 1981), who
developed most of polymetallic ores and ceased the
mining on the 31 March, 2006.

Mineralogical studies were most advanced in indium-
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bearing ore deposits of the early days in Japan, includ-
ing Toyoha deposits (e.g., Kato and Shinohara, 1968;
Shimizu et al., 1986; Shimizu and Kato, 1991; Ohta,
1989). Yoshie et al. (1986), however, tried to evaluate
valuable trace components including Au, Cu, Zn, W, In
and Co for the mining purpose of the Toyoha mine. Ge-
netic model for the polymetallic deposits was proposed
by Yajima et al. (1993). Extraction of these useful
components during the dressing and smelting processes
made the Toyoha ores the most valuable than any other
lead-zinc ore deposit in the Japanese Islands and of the
world (Ishihara, 2005).

We collected various ores from drilling cores for
exploration of major veins of the southeastern part of
the Toyoha mine, and analyzed major and trace ele-
ments by ICP/MS methods paying special attention to
the indium contents. This mine has had largest indium
production in the past, over 5,000 tons metal, among
major indium-bearing tin-polymetallic ore deposits of
Ikuno, Akenobe and Ashio mines in the Japanese Is-
lands (Ishihara et al., 2006). This paper reveals chemi-
cal characteristics of trace and some major elements
of this largest indium-bearing ore deposit in Japan and
compare them to similar Miocene tin-polymetallic ores

in Bolivia.
2. Geology and mineralization stages

Toyoha mine is situated in Miocene volcano-
sedimentary area in the southwestern part of Hokkaido
(Fig. 1), and is located very close to Quaternary
volcanic front. The famed Jozankei hot spring occurs
about 10 km east of this mine and dormant volcano
of Muine-yama (1,461m) and Nagao-yama (1,211m)
are seen 5 km to the south. Because of the young and
active volcanic circumstance, the mining tunnels of the
southeastern corner of the Toyoha mine was very hot
to the limit of dynamite blasting (170°C) on the wall
rocks, and over 40°C in the air temperature.

According to Yoshie et al. (1986), the mine area is
underlain by Miocene volcanic and sedimentary rocks
of three units. The lowest Koyanagizawa Formation is
composed of the lowest andesite lava, middle basaltic
lava and upper dacite lava and its pyroclastics with
very local intercalation of conglomerate and mudstone.
Motoyama Formation overlies unconformably the
Koyanagizawa Formation and consists of alternative
conglomerate, sandstone and mudstone. The uppermost

.--"""'_'_:;'-'-—f"
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Nagato teel

M

| In-Sn Polymetallic zone |

I J Vein2
© Mine office  [¢] shaft Currently active heat source
E Ore fluid influxes E: Early epithermal stage, S: Late Sn-In substage, A: Late Ag-ss substage.

Fig. 1 Location and vein system of the Toyoha mine showing the indium polymetallic zone, base metal zone and manganese zone
from the southeast to northwest (originally from Yajima et al., 1993).
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Nagato Formation, composed of lower fine tuffs
and upper andesite lava and its tuff breccia, overlies
conformably on the Motoyama Formation. All of these
rocks host the ore veins. No large Miocene intrusions
have been observed, but small Miocene felsic dikes
(“quartz porphyry”, 12.8 Ma U-Pb age on zircon,
Ishihara et al., 2010a) intrude into these host rocks,
which is considered branched dikes of the main quartz
porphyry (E-W 4 km and N-S 4 km) located in the
Jozankei township with the satellitic bodies southward.

The ore deposits are vein type with more than 50
named and un-named veins. Major veins are E-W
trending Oshima footwall-Tajima-Harima Vein and
Iwami-Izumo-Shinano Veins, WNW-ESE trending
Soya Vein, and N-S trending Sorachi Vein (Fig. 1). The
mineralizations occurred more than 700 m vertically
in blind condition (Fig. 2), which made the Toyoha
mine large in production. Vein-type deposits of the
Toyoha mine are composed of silver-lead-sphalerite-
rhodochrosite ores in the northwestern area, where
a part of the ores was cropped out. Moving toward
southeastern corner, these ores became polymetallic
containing tin, tungsten and indium in the base metal
ores. For example, cassiterite and stannite and a
new mineral of sakuraiite (Cu,Zn,Fe),(In,Sn)S, were
discovered in the Giant Shinano Vein (Yajima, 1977).
Zinc-indium mineral of Cu(Zn, Fe),InS, and silver-
indium mineral of AgInS, were reported from Izumo
and Sorachi Veins (Ohta, 1980).

These veins were originally classified into the first
stage of silver-bearing galena-sphalerite assemblage
and the second stage of chalcopyrite-pyrite assemblage,
both intruded by the latest rhodochrosite-calcite-silver-
quartz veins (Akome and Haraguchi, 1963). The two-

stage classification was modified by Yajima and Ohta
(1979) who pointed out the characteristic minerals of
the first stage as sphalerite, galena, pyrite, arsenopyrite
and hematite, and those of the second stage as
pyrrhotite, graphite, tin and tungsten minerals, besides
sphalerite, galena and pyrite. Thus, both the oxygen
fugacity and temperature during the formation are quite
different between two stages.

Yoshie et al. (1986) and Narui et al. (1988) classified
crystallization history of the ore minerals into seven
stages, which are slightly modified by Sanga et al.
(1992). They showed the geographic distribution of
the stage I and II mineralizations in the E-W veins of
the northwestern part, and the main polymetallic veins
of the stage III to V in all the NW-SE and N-S veins
of the southeastern part. The stage VI and VII veins
are seen along NW-SE striking veins as the whole but
mainly in the northern area.

Main vein-forming minerals of each stage are seen
as follows (Yoshie et al., 1986). They also showed
average and range of indium contents of the vein width
of each stage as follows:

Stage I: Large amounts of quartz containing galena,
sphalerite, pyrite, rhodochrosite, hematite, magnetite
replacing hematite and argentite. Average indium-
contents vary from 10 to 60 ppm In in this stage, but
the indium-bearing minerals have not been identified
yet.

Stage II: Mainly rhodochrosite and Mn-calcite,
together with small amounts of quartz, Mn-silicates,
and pyrrhotite-containing pyrite. Indium content of this
stage is as low as below 10 ppm.

Stage III: Mainly quartz and pyrite, with small
amount of hematite. Indium contents are also as low as
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Fig. 2 Idealized E-W section of the Toyoha vein system (from guidebook of Toyoha mine, 1994 edition).
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Table. 1 Analytical

results of indium-polymetallic ores from the Toyoha mine. Detection limit in ppm.

Elements and ratio In 1000 Sn Cd 1000 Zn Pb Cu Fe Mn V Cr Ni Co Ga W Mo As Bi Ag Se Sb Ge Tl
Detection Limit (ppm) 0.1 In/Zn 1 0 Cd/izr 0.2 0.5 0.2 10.0 1 10 05 05 01 01 01 041 0.1 0.0 0.1 01 01 01 041
Shinano Vein (n=29)

KO 220-1 -300mL 263 1.4 398 867 46 190000 1330 781 181000 95 2 4 1.7 10 157 69 29 2160 1.8 1150 139 56.8 0.1 04
KO 220-1 do. 817 20 1090 1850 4.5 414000 363 2410 102000 312 1 6 09 65 124 958 22 998 12 84.5 89 276 02 0.1
KO 221-1 do. 44 0.7 127 281 4.3 65300 48700 433 141000 679 21 12 134 14 29 143 23 610 15 146.0 22 238 01 05
KO 221-2 do. 453 1.6 395 1590 56 282000 3660 1120 169000 163 <1 3 09 21 74 55 17 695 9.0 24.4 71 151 0.1 <0.05
KO 217-1 350mL Shita Ill 892 3.2 737 1310 4.7 279000 24000 1870 200000 499 1 14 1 65 75 103 143 1720 5.0 73.0 32 828 02 56
KO 217-7 do.Shita-IV 258 3.7 299 398 5.7 69900 632 59200 186000 65 2 8 56 38 252 88 34 2970 27 3020 431 461 01 06
KO 212-1 do., 450 mL 563 12.7 5370 179 4.0 44200 2350 91900 198000 80 7 18 224 3150 19.1 122 4 68900 557.0 >100 216 841 32 05
KO 213-2 do., do. 2550 29.2 5900 1020 11.7 87200 749 112000 236000 56 4 12 127 1300 136 118 2.4 21300 540 7560 435 258 1.1 04
KO 215-1 do., do. 824 18.4 6040 304 6.8 44700 2650 37900 217000 165 10 24 127 1700 43.7 906 45.9 25800 62.3 281.0 84 348 07 07
KO 218-1 do., 550 mL 220 331 11500 103 155 6640 10800 46300 215000 61 22 42 626 672 297 427 24 12400 873.0 953.0 16.1 213 04 1.0
KO 218-3 do., do. 154 0.7 257 715 3.1 233000 84800 308 47900 153 11 11 27 8 532 45 19 3280 103 486.0 4 467 1 13
KO 218-5 do., do. 94 108 1070 56 6.4 8740 6400 25000 262000 41 22 36 198 2500 319 275 3 72300 526.0 724.0 89 1060 0.7 0.7
KO 218-6 do, do.. 222 14 236 777 4.8 163000 880 743 252000 76 1 3 08 55 335 936 1.8 1740 74 109.0 3.6 84 05 09
KO 218-6 do., do. 516 1.8 298 2020 7.2 282000 64200 1080 131000 82 <1 6 0.5 196 109 173 118 663 453 434.0 23 161 1.7 02
KO 219-1 do., -590 mL 2800 6.1 508 2940 6.4 461000 36500 2650 31400 169 <1 4 14 191 168 148 11.1 2160 9.2 1190.0 193 540 35 0.2
KO 219-2 do., do. 177 1.1 550 1330 8.5 156000 3200 1150 245000 345 <1 3 14 67 904 94 2 1070 29 140.0 116 140 04 16
KO 3-8 do., -600 mL 73 199 868 36 9.8 3660 2370 84800 268000 33 3 6 10 77 71 6 21 2390 2180 321.0 143 838 18 02
KO 4-1-1 do., do. 418 11 467 2060 5.4 378000 37700 1580 51800 101 1 8 41 104 588 1.1 53 12400 74 3720 273 754 04 05
KO 4-14-"do., do. 760 3.6 785 812 3.8 214000 1220 1920 179000 200 3 8 109 586 245 106 9.4 16000 19.0 1160 189 169 0.2 0.3
KO 4-21-" do., do. 1310 3.1 1050 2160 5.2 416000 9360 880 25500 7710 1 28 1 4 724 108 2 1710 29 671.0 16 367 91 111.0
KO 4-23 do., do. 268 8.3 1970 276 8.5 32300 26900 72800 184000 48 13 7 442 2420 438 1.7 2.9 34000 144.0 346.0 162 329 1.1 08
KO 5-14  do., do. 151 8.7 567 143 8.2 17400 580 41900 109000 27 8 4 254 1410 248 4.2 1.8 18800 83.3 153.0 51 176 06 05
KO 5-24 do., do. 703 8.4 10000 524 6.2 83900 4760 110000 182000 45 1 3 63 1370 57.6 68.3 1.9 29800 745.0 1260.0 2.8 969 9 03
KO 5-28 do., do. 56 0.1 472 2110 4.5 468000 12000 123 15200 180 1 10 <05 12 68 16 18 157 1.0 199.0 4.9 1150 8 14.8
KO 6-9 do., do. 35 260 1080 10 76 1330 258 10200 209000 40 40 7 49 157 483 229 76 6370 176 403 157 462 05 04
KO 6-11 do., do. 17 364 149 5 108 472 135 5470 113000 21 22 3 25 84 257 157 43 3410 208 201 211 263 02 03
KO 6-14 do., do. 314 0.9 1150 1880 5.5 343000 217000 1460 38800 169 1 5 09 12 523 24 1.6 2950 6.4 739.0 106 691 32 22
KO 8-7 do., do. 1100 1.9 958 4000 6.9 581000 10100 1340 63400 206 1 4 <05 3 687 33 1.7 714 26 7150 267 975 92 243
KO 8-9 do., do. 422 13.8 13500 207 6.8 30600 2680 47300 265000 37 2 5 272 1190 234 95 2.2 43900 182.0 419.0 226 591 35 04
Average 568 9.0 2338 1033 56 184701 21251 26366 155793 409 8 10 589 603 448 90.5 544 13495 1248 3996 365 369 7.8 6.1
Izumo Vein (n=7)

KO 197-1 Izumo 150mL 110 0.2 540 3210 6.2 517000 8930 2380 55000 1100 1 4 06 40 579 384 82 1280 29 3350 408 114 0.1 05
KO 92-3 do. -300mL 319 0.7 202 903 2.0 461000 27000 3640 97600 626 7 19 1.3 47 88 103 23 536 35 1270 306 653 05 0.1
KO 98  do.-320 mL 2340 5.4 1270 2210 5.1 437000 1950 3990 84500 210 3 4 1.7 73 892 186 9 504 83 156.0 218 465 02 04
KO 120 do., -450 mL 122 04 187 1090 3.8 287000 689 71 124000 322 2 3 06 118 318 306 8.5 19000 0.9 226.0 29 414 03 038
KO 108-1 do. -550mL 651 25 574 1050 4.0 264000 3960 2150 232000 301 20 11 82 97 117 17 5.2 12900 94 1190 105 858 05 03
KO 108-1 do., do. 248 11 739 870 3.8 230000 174000 1860 130000 289 12 8 9.1 106 13.1 485 63.4 40000 10.1 556.0 77 499 03 05
KO 108-2 do. Do. 287 3.3 151 373 4.4 85700 1250 447 343000 209 30 9 3.2 163 6.4 484 3.1 3180 24 256 147 463 02 04
Average 582 1.9 523 1387 4.3 325957 31111 2077 152000 437 11 8 35 92 313 191 14.2 11057 53 2207 321 182 03 04

below 10 ppm.

Stage IV: Mainly massive sphalerite and pyrite
with little gangue minerals. Associated minerals are
pyrrhotite, arsenopyrite, marcasite, chalcopyrite, galena
and wurtzite. Sphalerite of this stage is black to dark
brown in color and contains 7-8 mole %FeS, which
is much higher than that of the Stage 1. The indium
contents of this stage are very high, having generally
300~400 ppm In, and locally exceeding 1,000 ppm
In. Almost all of indium-, tin- and tungsten-bearing
minerals of the Toyoha mine occur associated with
this stage of the sphalerites and other indium-bearing
minerals from the Sorachi, Nemuro, Ishikari, Soya,
Izumo and Shinano Veins of the southestern part.

Stage V: Chalcedonic quartz containing chalcopyrite
and Ag-bearing tetrahedrite, associated with sphalerite,
pyrite, arsenopyrite and stannite. The indium contents
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are below the detection limit (<10 ppm).

Stage VI: This is only seen in the Soya Vein, as an
early quartz-chlorite vein and later galena-sphalerite-
quartz-chlorite vein. The indium contents are below the
detection limit (<10 ppm).

Stage VII: Mainly Mn carbonates, associated with
quartz, pyrite and Mn-silicates. The latest stage is
characterized by Sb-minerals such as jamsonite and
stibnite (Narui ef al., 1988). The indium contents are
below the detection limit (<10 ppm).

3. Analyzed samples, method and results

The analyzed samples were taken from drill cores for
the underground exploration. They belong to the stage
IV ores of the E-W and/or WNW-ESE striking veins
of Shinano Vein at -300 mL to -600 mL (n=29), Izumo
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Table. 1 Continued.

Elements and ratio In 1000 Sn Cd 1000 Zn Pb Cu Fe Mn V Cr Ni Co Ga W Mo As Bi Ag Se Sb Ge Tl
Detection Limit (ppm) 0.1 In/Zn 1 0 Cd/zr 0.2 0.5 0.2 10.0 1 10 05 05 01 01 01 041 0.1 0.0 0.1 01 01 01 01

Iwami Vein (n=17)

KO 184  Iwami, -150mL 125 0.3 449 1550 4.2 373000 88300 4820 105000 592 1 4 1.3 5 5.6 1.2 1.7 461 1.3 2540 925 564 01 02

KO 176-3 do. -300mL 1400 27 1260 6760 13.1 517000 2310 3760 81700 297 1 6 6 31 382 406 17 233 37 930 102 384 05 0.1

KO 178-2 do., do. 1" 0.2 181 204 32 62900 25600 1240 387000 390 2 9 1.2 1 09 56 24 2170 1.2 475 223 325 02 041

KO 179-1 do., -320mL 208 1.2 522 998 5.9 169000 407000 799 20400 978 <1 5 0.6 8 164 25 28 42 0.5 1260.0 62 250 0.1 09

KO 179-2 do, do. 1 0.1 78 3 0.6 5010 1670 39 412000 241 2 6 241 1 05 21 1.8 277 0.4 218 96 111 85 29

KO 179-3 do., do. 312 0.8 436 1530 4.0 379000 3040 1690 184000 702 8 13 29 34 139 6 67 728 1.8 84.9 43 217 02 03

KO 180 do.,-335mL 243 0.7 593 2120 5.9 358000 106000 1340 108000 633 17 06 61 335 675 33 440 176 330.0 155 157 1 19

KO 181 do., 350 mL 954 22 590 1940 4.5 431000 856 2100 125000 355 1 4 18 28 149 37 2 608 4.4 548 96.6 17 05 0.1

KO 189-2 do., -400 mL 1070 22 580 1920 3.9 493000 397 3740 48400 344 1 1 1.2 8 6.5 144 1.8 205 1.6 659 235 384 0.1<0.05
KO 182-1 do., -450 mL 151 0.8 154 1050 5.3 198000 4430 486 289000 269 2 5 1 7 53 103 2 1080 59 26.5 16 106 0.2 <0.05
KO 182-4 do., do. 203 0.4 458 1990 4.3 461000 5660 1440 87500 320 1 4 59 146 137 192 2.2 28300 1.6 269.0 86 750 1.2<0.05
KO 194-2 do.,-500 mL 369 24 409 842 55 152000 1730 642 305000 126 23 18 11 1569 514 230 40.5 6820 38 1280 18 288 03 0.7

KO 194-2 do., do. 471 27 450 1100 6.3 174000 1510 1620 198000 106 <1 1 2 129 591 122 46.5 25700 1.9 >100 142 731 13 05

KO 193 do. -600mL 195 1.5 1900 599 4.7 127000 7970 23500 329000 184 11 14 4.6 17 9.4 107 44 682 166 137.0 244 39 03 01

KO 195 do., do. 285 4446 871 22 340 641 122 208000 238000 10 2 3 22 67 3.7 164 17 219 289 4070 135 6.8 0.2<0.05
KO 196-1 do., do. 173 0.8 1040 1010 4.9 208000 1130 3330 246000 182 27 15 6.7 106 595 244 4 16000 13.9 58.3 19 219 05 0.1

KO 196-2 do., do. 140 828 765 20 121 1690 1230 49700 374000 52 1 14 36 17 1.1 105 19 488 111.0 158.0 69.9 10 0.4 <0.05
Average 371 32.2 632 1392 5.8 241779 38762 18132 208118 340 56 8 32 48 196 56.1 7.49 4968 127 2122 273 163 09 07
Soya Vein (n=4)

KO 132  -400 mL 155 0.9 563 668 3.7 182000 452000 1280 11000 85 <1 3 <05 7 63 08 42 51 115 1250.0 48 594 01 02
KO 135a -450 mL 143 0.3 1520 2200 4.4 498000 4680 7580 55000 601 1 3 06 26 111 3 59 3840 48 157.0 9.9 101 03 0.1

KO 135b do. 220 04 1580 3360 6.5 516000 16300 3810 59000 278 <1 3 <05 55 183 23 31 540 44 2680 258 264 1.4 <0.05
KO 138 do.-500 mL 5350 11.0 1420 3020 6.2 488000 2970 7520 47800 347 3 6 08 75 97 32 36 53 123 1470 556 11.3 0.5<0.05
Average 1467 3.1 1271 2312 5.5 421000 118988 5048 43200 328 2 4 07 41 114 233 42 121 8.3 4555 24 109 06 0.1

Nemuro & Sorachi Veins (n=5)

KO 131 Nemuro-150mL 86 0.4 466 839 3.9 217000 204000 735 175000 339 1 4 <05 40 56 573 1.9 1880 25 3530 179 183 0.2 03
KO 126 Sorachi-365mL 8230  17.5 2590 3500 7.5 469000 660 14000 70700 237 1 5 12 8 175 331 72 173 34 1740 239 53 1.2 <0.05
KO 112-2 do. -430mL 803 1.9 420 1990 46 428000 3520 1130 113000 727 2 13 4 48 886 537 202 766 95 256.0 339 54 02 0.2
KO 112-3 do., do. 10400 234 1950 6390 14.4 445000 6120 12600 60100 932 2 5 72 102 >500 43 34 1240 26.5 15000.0 234 6640 27 34
KO 113 do., -450mL 731 25 474 1230 4.2 292000 1050 2380 214000 1700 6 10 24 68 9.1 833 4.1 1120 4.3 436 559 401 02 041

Average 4050 9.1 1180 2790 7.5 370200 43070 6169 126560 787 24 7 37 68 302 463 7.36 1036 92 31653 632 1394 57 1.0
Whole average 854 14.2 1503 1396 57 246505 35231 18362 160124 418 7 9 30 314 33 83 7 9079 637 563.0 348 357 4 35
Zn concentrates 1030 21 1650 2740 57 483000 12800 4540 61900 607 5 12 4 32 133 18 13 1930 38.0 4710 317 417 03 22
Pb concentrates 270 nc. 5740 211 8.5 24900 648000 19800 53000 235 5 45 7 37 18 22 67 2670 557.0 2730.0 75.1 621 06 22
Cu concentrates 817 n.c. 13500 305 13.9 21900 35100 205000 246000 97 4 4 32 237 71 22 62 3700 2500.0 3820.0 50.3 1240 3.1 1.0
Tailing-1 57 22 274 134 5.1 26300 4290 733 307000 3780 61 58 432 114 177 109 7.8 18100 23.5 769 9.0 785 05 09
Tailing-2 68 4.1 991 87 52 16700 1220 3320 195000 3610 71 52 492 273 241 66.8 6.0 12200 216.0 781 127 134 05 07

Analyst: ActLabs by ICP/MS. N.c., not calculated

Vein at -150 mL to -550 mL (n=7), Iwami Vein at -150
mL to -600 mL (n=17), and Soya Vein at -400 mL to
-500 mL (n=4) from the east to west. From N-S series
veins, the analyzed samples are obtained from Sorachi
Vein at -365 mL to -450 mL (n=4) and Nemuro Vein
at -150 mL (n=1). These veins are shown in Fig. 1 and
depth of the sample location is shown in Table 1.

3.1 Results on the ores and tailings

The chemical analyses were performed at Actlabs
(Ancaster, Canada) and all by TD-MS (Total Digestion-
Mass Spectrometry). High-grade Pb ores (>5000
ppm Pb) are, however, analyzed separately by ICP-
OES (Inductively Coupled Plasma-Optical Emission
Spectrometry). High-grade Ag values (>100 ppm)
are also re-examined by chemical method after
dissolving only sulfide elements. Their detection limits
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and obtained values are shown in Table 1. Averaged
chemical compositions of all the analyses are shown
at the bottom of Table 1. Chemical composition of
two tailing samples from the Oshidori-sawa second
covering point in the center and north margin is also
supplemented.

The whole averaged value of our study is compared
with the average composition of the produced ores in
2004, which was provided by the Toyoha mine and
given in parenthesis as follows: In 854 ppm (309 g/t),
Ag 563 ppm (305g/t), Cu 1.84 % (0.61 %), Pb 3.52%
(2.17%), and Zn 24.65% (11.24%). Comparing with
the mine’s data, the average of our studied samples
are higher in all economic elements, such as In (x
2.8), Ag (x1.9), Cu (x 3.0), Pb (x 1.6) and Zn (x 2.2),
implying that we selected higher grade ores than the
produced ores. The iron content of our studied ores is
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16.0%. These results agree to the fact that the studied
ores were mostly selected from the later-stage high-
grade veins containing much pyrrhotite and Fe-rich
sphalerites, besides pyrite.

Indium contents of the studied ores vary from 11 ppm
to 10,400 ppm, except for one (1 ppm) with very low
content of the ore minerals but iron sulfides. Averaged

values for major E-W veins are as follows: 568 ppm In
for the Shinano Vein (n=29), 582 ppm In for the Izumo
Vein (n=7), and 371 ppm In for the Iwami Vein (n=17).
The whole samples (n=62) are 854 ppm in the average.
The Soya and Nemuro-Sorachi Veins are very high, 1,467
ppm In (n=4) and 4,050 ppm In (n=5), respectively.
Another way to evaluate indium anomaly of one given
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Fig. 3 Binary diagrams for four pairs with the high correlation coefficients in the log-scale, as Cd-Zn 0.95, Bi-Cu 0.75, Ni-Co 0.73

and Sn-Cu 0.71.
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Table. 2 Distribution coefficient among the analyzed ores from the Toyoha mine (n=62), excluding Zn concentrates and tailings, and

ores from Hosin Inclined Shaft.

In Sn Cd Zn Pb Cu Fe Mn Cr Ni Co Ga W As Bi Ag Se Sb
In 1.00
Sn 0.48 1.00
Cd 0.66 0.08 1.00
Zn 0.51 -0.06 0.95 1.00
Pb| -0.08 -0.07 032 0.37 1.00
Cu 030 0.71 -0.28 -0.45 -0.28 1.00
Fe| -0.27 0.00 -0.50 -0.47 -0.43 025 1.00
Mn| 0.18 -023 060 069 033 -0.52 -0.34 1.00
Cr 0.01 0.17 -0.16 -0.13 0.05 0.14 020 0.13 1.00
Ni 0.06 049 -038 -043 -0.23 0.62 044 -044 043 1.00
Co 0.34 058 -0.10 -0.22 -0.24 059 0.28 -046 0.16 0.73 1.00
Gal 056 036 042 028 000 0.16 -0.25 0.00 -0.05 0.20 0.47 1.00
W 0.20 0.22 -0.09 -0.13 -035 0.17 047 -014 031 0.33 055 0.22 1.00
As| -0.04 033 -021 -022 -0.15 031 043 -035 0.19 0.70 0.69 033 0.43 1.00
Bi 0.17 0.65 -036 -048 -009 0.75 0.28 -0.60 0.27 0.70 0.72 0.27 030 0.49 1.00
Ag 037 045 027 014 047 029 -044 -0.01 001 0.14 0.22 053 -007 0.09 0.33 1.00
Se 0.17 0.02 011 0.08 005 009 006 013 0.03 -0.04 006 0.11 0.05 0.03 -0.05 0.07 1.00
Sb 013 033 021 020 033 -0.01 -026 000 005 0.26 035 057 005 052 0.21 0.64 -0.03 1.00

deposit is 1000In/Zn ratio, which is also shown in Table 1.
At the Toyoha mine, the 1000In/Zn of the whole
measurement is 7.1, excluding unusually low zinc and
high copper ore of KO195.

The 1000In/Zn of zinc concentrates is 2.1, but that
of the whole average of our studied result is 7.1.
These figures imply that indium occurs not only in the
sphalerites but also in many other minerals, such as tin,
copper, silver and antimony sulfides and sulphosalts, in
the Toyoha ore deposits. There is an extremely high
1000In/Zn ratio of 445 in the ores of the Iwami Vein,
which is a local massive chalcopyrite ore containing
only 641 ppm Zn and gives the highest value of 445
(KO195, Table 1). This value was excluded in the
average calculation. Copper-indium mineral, such as
roquesite (CulnS,) may be expected to occur in this
sample. The other trace elements rich in the studied
veins are arsenic 9,079 ppm, tin 1,503 ppm, cadmium
1,396 ppm, manganese 418 ppm, antimony 357 ppm,
cobalt 314 ppm, tungsten 83 ppm, bithmuth 64 ppm,
gallium 33 ppm and selenium 35 ppm.

Tailings of possibly 2004 production, which are now
completely covered by a synthetic sheet, are rather high
in zinc (2.63 and 1.67 %) and are also high in indium (57
and 68 ppm) and tin (274 and 991 ppm), reflecting the
ores mined out in the last stage of the mining. Tailings
are also high in arsenic (1.2~1.8%), which is 1.7 times
of the whole average of the studied ores, implying that
the element as arsenopyrite tends to move to the tailings
after flotation, which is clearly observed in lead-zinc
ores of North Vietnam by Ishihara et al. (2010a). As far
as increasing ratio is concerned, vanadium (11 times),
manganese (9 times), and chromium (6 times) increased
in the tailings. There are not much differences on the
other ore components, such as Ni (1.7 times), Bi (1.7
times), Fe (1.6 times) and Mo (1 time). All the other
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elements, which are mostly ore metals, are decreased in
the amounts (Table 1), because they were taken out by
the flotation.

3.2 Correlation coefficient among ore metals

Correlation coefficient among the selected analyzed
components of the ores, excluding those from the
Hosin Inclined Shaft and zinc concentrates and tailings,
are shown by log unit in Table 2. The total number
is 62. The highest five values are obtained on the
following pairs: Cd-Zn=0.95, Bi-Cu=0.75, Co-Ni=0.73,
Bi-C0=0.72 and Cu-Sn=0.71; which are shown also in
their binary diagrams, except for the Bi-Co pair (Fig. 3
A~D). Cd and Zn relationship is usually most beautiful
in all the studied sphalerite-bearing ore deposits (e.g.,
Ishihara et al., 2006). The highest correlation coefficient
on the Cd-Zn indicates cadmium substituting Fe and
Zn in sphalerite. Co-As pair has also high value of
0.69, because cobalt is often substituted in arsenopyrite
(Ishihara, 2011). Related to In, high values are obtained
with Cd(0.66), Ga(0.56), Zn(0.51) and Sn(0.48).

On the individual veins, which are not shown here,
the Shinano and Iwami Veins are mentioned here,
because large numbers of the chemical analyses and
the Shinano Vein formed closest to the supposed feeder
of the ore solution (Fig. 1), while the Iwami Vein
representing its western margin. Shinano Vein (n=29)
has only seven pairs with the correlation coefficients
higher than 0.80, such as Cd-Zn=0.98, As-Ni (0.87),
As-Co (0.84), Co-Ni (0.84), Bi-Co (0.82), Cu-Ni (0.81)
and Cd-V (0.80). On the other hand, the Iwami Vein
(n=17) has only two pairs higher than 0.80, as Cd-Zn
(0.92) and Co-Ga (0.80), implying that the Shinano
ores were precipitated close to the conduit of the ore
solutions.
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3.3 Variation diagrams including indium

Indium was first found in stannite and Ag-bearing tin-
sulfides by Yajima (1977). Binary diagram of indium
vs. tin is given in Fig. 4A. The studied ores are plotted
in the In/Sn ratio varying from 0.01 to 10, and there
is a weak positive correlation between two elements
as a whole, although the correlation coefficient in
the log scale is 0.48. The ores from the Shinano Vein
are widely scattered, while those of the Izumo Vein
tend to have high In/Sn ratio. Indium contents of the
Soya, Sorachi and Nemuro Veins show larger vertical

variation than those of tin.

Indium is positively correlated with zinc in the In-Zn
diagram, especially on the Shinano ores (Fig. 4B). The
ores of the Iwami Vein are widely scattered, particularly
to the low indium side. Correlation coefficient of the
whole analyses is 0.51. In/Zn ratio varies from 0.0001
to 0.05, but two of the Iwami Vein exceed 0.05, in
which indium minerals may be expected (KO195
and KO196-2). Again, ores of the Soya, Sorachi and
Nemuro Veins, have large variation of indium in the
high-grade sphalerite ores. Thus, mode of occurrence of
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Fig. 4 Binary diagrams for In-Sn, In-Zn, In-Ag and In-Sb of the studied ores from the Toyoha mine.
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indium in these N-S veins would be different from that
of the E-W veins.

Indium is most positively correlated with silver
around the In/Ag =1 (Fig. 4C). Their correlation
coefficient is 0.37 (Table 2), which is lower than that of
In-Zn. Indium is similarly distributed with antimony (Fig.
4D) but their correlation coefficient is only 0.13 (Table
2).

3.4 Vertical variation of the ore components

Fig. 5 is vertical plotting of average contents of
each vein width for In, Zn, Sn, As and In/Zn used for
ore reserve calculation at the Toyoha mine (T. Yoshie,
personal communication), which is channel sampling
done at mining face in the 1990s. For In (Fig. 5A), the
content increases with depth on the Izumo-Shinano

A

i i i
0 0.01 0.02 003 004 005 006 0.07 0.08
In (%)

In/zn x10°

600 |-

700

Zn (%)

ores, except for one plotting. Similar interpretation may
be said on the Sorachi ores, except for two plottings.
In/Zn pattern is similar to the In plotting (Fig. 5B).
However, the Zn contents are completely different,
in decreasing with the depth (Fig. 5C). On the other
hand, the Sn and As contents increase with the depth or
highest around 500 mL (Figs 5D, E).

4. Comparison with Bolivian deposits

Both the Toyoha and Bolivian indium-bearing
base metal regions are volcanogenic. Yet there are
similarities and unsimilarities between the two regions.
Basement terrains of the two regions are essentially
accreted marine sediments of Cretaceous age in the
Toyoha mine area, and of the middle Paleozoic in the
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Fig. 5 Vertical variation of indium in the major veins (original
data, personal communication of T. Yoshie).
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Table. 3 Comparison between averaged ores and concentrates of the Toyoha and some Bolivian ore deposits. The Bolivian data from

Ishihara et al. (2010c¢).

1,000 1,000 In Sn Cd Zn Pb Cu Fe Mn Ni Co Ga W Mo As Bi Ag Sb Se
In/Zn Cd/Zn _ppm ppm ppm __ ppm ppm _ppm % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Average ores
Toyohamine (n= 3.5 7.1 854 1503 1396 246505 35231 18362 16.01 418 30 314 45832 7.1 9079 64 563 357 35
Bolivia (n=46) 53 57 768 2284 1490 262296 15941 5193 1250 734 10 61 82 13.0 0.3 3980 134 144 4024 11
Zinc concentrates
Toyoha mine 2.1 5.7 1030 1650 2740 483000 12800 4540 6.19 607 4 32 133 17.6 13.0 1930 38 471 417 32
Bolivar mine 17 77 584 2650 2640 343000 29500 3300 8.88 355 11 11 199 0.6 0.7 1360 474 188 1030
Porco mine 12 39 498 1320 1600 406000 9630 2020 9.73 809 2 3 41 28 10 1110 77 211 171 9

Bolivian tin belt. Both the regions were involved in
Miocene volcanism but with the mafic magnetite series
of juvenile type (e.g., low Sr,) in the Toyoha mine area,
and ilmenite-series rhyo-dacitic volcanism of recycled
type in the Bolivian tin belt (Sugaki et al., 1988), as
best observed at the Porco mine and Potosi mine.

In Table 3, an average composition of all the samples
from the Toyoha deposit (n=62) is compared with
an average composition of all the studied deposits in
Bolivia (n=46, Ishihara et al., 2010b). Zinc concentrates
from three representative mines are also supplemented.
Indium contents are slightly higher in the Toyoha
deposits (854 ppm ) than in the Bolivian deposits (768
ppm), and the 1000In/Zn ratio is also higher in the
Toyoha deposit (7.1, n=61) than in Bolivian deposits
(5.3, n=46). The tin contents are lower in the Toyoha
deposits than in the Bolivian deposits as 1503 vs.
2284 ppm. The Toyoha ores are higher in silver (3.9
times), copper (3.5 times), nickel (3 times), cobalt (5.3
times), arsenic (2.3 times), lead (2.2 times) and iron
(1.3 times) than the Bolivian averages among the major
ore components. Antimony is distinctly higher in the
Bolivian ores (11.3 times), which appear to be related
to antimony mineralization occurring often around the
indium-polymetallic deposits in Bolivia. Manganese
and bismuth are higher in the Bolivian side, whose
reasoning has not been known.

Zinc concentrates from these mines are also listed in
Table 3. Both indium-content and 1000 In/Zn ratio are
higher in the Toyoha mine than those of the Porco and
Bolivar mines in Bolivia; the Toyoha concentrates seem
to contain the highest indium in this world. Cadmium
contents are similar having the 1000 Cd/Zn ratio of
5.7 for the Toyoha mine, 7.7 for the Bolivar mine and
3.9 for the Porco mine. Arsenic contents are higher in
the Toyoha concentrates than the Bolivar and Porco
concentrates. Both antimony and bismuth are much
dominant in the Bolivar concentrates than the other
concentrates.

The chemical characteristics between Toyoha and
Bolivian deposits reflect general difference of the host
rocks between the two regions as described before.
If the iron is all contained within sphalerites in the
zinc concentrates, iron percentage replacing zinc in

sphalerites are calculated to be 11.8 wt.% for the
Toyoha mine, 25.9 wt % for the Boliver mine, and 24.0
wt.% for the Porco mine. The iron content in sphalerite
is largely a function of oxygen fugacity during the
crystallization (Tsukimura et al., 1987), implying that
the Bolivian sphalerites were crystallized under much
lower oxygen fugacity than the Toyoha sphalerites.

5. Conclusions

1) Chemical analyses of indium-polymetallic ores
of the Toyoha deposits, which mainly belong to the
stage IV mineralization, show variable indium contents
among the ore veins: E-W trending Shinano-Izumo-
Iwami Veins, WNW-ESE trending Soya Vein, and N-S
trending Sorachi-Nemuro Veins. High-grade indium
ores tend to occur southeast of the ore deposits; indium
contents are locally high as 1.0 wt.% at Sorachi Vein.
Average indium contents and 1000In/Zn ratio are 568
ppm and 9.0 (Shinano, n=29), 582 ppm and 1.9 (Izumo,
n=7), 371 ppm and 6.4 (Iwami, n=16), 1,467 ppm and 3.1
(Soya, n=4), and 4,050 ppm and 9.1 (Nemuro-Sorachi,
n=5). The whole average is 854 ppm (n=62) and 7.1
(n=61).

2) Indium contents are positively correlated with
zinc contents on the Shinano Vein. On the whole veins,
indium contents are most positively correlated with
cadmium and zinc with the correlation coefficient of 0.66
and 0.51, respectively, although the indium contents are
correlated only locally with tin contents (0.48). Within
available mine’s level of 500 meters, zinc contents
decrease but indium, tin and arsenic contents increase
with the depth. These chemical characteristics suggest
that indium was intimately associated with zinc,
cadmium, tin and arsenic in the ore fluids.

3) Indium contents of the ores are similar between
Toyoha and Bolivar ore deposits. The Toyoha ores,
however, are richer in iron, copper, arsenic, nickel
and cobalt, while the Bolivar ores are richer in
manganese, antimony, bismuth and tin. These chemical
characteristics are considered to reflect a juvenile
igneous character for the Toyoha deposits, and
terrestrial sedimentary and felsic igneous environment
for the Bolivar deposit.
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Hiroshi Shigeno (2011) Characteristics and origins of the geothermal waters from the Shiraoi area, and
three regional areas surrounding it in the Iburi district, Hokkaido, based on geochemistry and isotope geo-
chemistry — A case study of the so-called “geothermal-water resources in deep sedimentary basins” and
“hot-spring waters obtained by deep drilling” in Japan. Bull. Geol. Surv. Japan, vol. 62(3/4), p. 143-176,
11 figs, 6 tables.

Abstract: At the Shraoi area located along Pacific Ocean between the west and central parts of Hokkaido,
geothermal water of ca. 40-60 "C has been regionally produced in a large amount by 400 to 1,600 m
deep drilling since 1960's. A study of geochemistry and isotope geochemistry for characterizing the
hydrothermal systems distributed at ca. 1,500 m depth and down to ca. 3,000 m depth, and understanding
their origins has been conducted not only at the Shiraoi area, but also in the three regional areas
surrounding it (the Quaternary volcanic area to the west, Ishikari Lowland and the Paleogene area to the
east) using surface, ground and geothermal waters. The results could be summarized, on the bases of the
results of previously-reported various researches for these areas, as following (1) to (4):

(1) The Quaternary volcanic area, corresponding to the eastern-most mountain area of the west part
of Hokkaido, where the Quaternary volcanic activity is prominent on the Nogene formations and pre-
Neogene basement rocks, is characterized by the various kinds of hot springs naturally discharging.
Especially at the Noboribetsu area, where high-temperature fumaroles and acidic alteration zones are
observed, the contribution of the magmatic fluids has been estimated to the high-temperature high-salinity
acidic to neutral Na-Ca-Cl type hot-spring waters based on the high §D and §'°0O values of the waters
and others. Around the Karurusu hot-spring area, a hidden deep high-temperature (higher than 200 C)
hydrothermal system was discovered by the exploration-well drilling of the Geothermal Development
Promotion Survey.

(2) The Shiraoi area is located in the west part of Hokkaido and corresponds to the coastal plain and hill
area along the above (1) the Quaternary volcanic area, although also corresponds to the southwestern-
most part of the following (3) Ishikari Lowland. In this area, the above geothermal waters of low-salinity
neutral Na-Cl type (enriched in SO, at the west part and changing to Na-HCO, type at the east part), and
the apparent geothermal gradient (the discharged-water temperature divided by the well depth) reaches as
high as 90 "C/km at the west part. The above geothermal waters (especially at the west and central parts)
have been estimated to be derived from the hidden deep essential high-temperature hydrothermal system
which has been formed from the meteoric waters precipitated at the above (1) mountain area to the west
by the conductive heating of the magma chamber and hot igneous body located deep underground, based
on the close distribution of the Shiraoi area to the Quaternary volcanoes, the above chemical and thermal
characteristics, the isotopic compositions of the geothermal waters (ca. +1,0 %o of the §'°0 value sift), the
various high-temperature values (ca. 200 to 250 'C) estimated using the geochemical geothermometers
(Na-K, Na-K-Ca, and water mixing model using SiO, concentrations), and others. It could be pointed out
the similarity between the deep hydrothermal system and the one discovered around the above Karurusu
hot-spring area, which is located fairly close to the Shiraoi area. The contributions of the magmatic
fluids like the ones at the above Noboribetsu area seem to be small to the hydrothermal system at the
Shiraoi area based on the water isotope data. Also, the contributions of the lake waters of Kuttara-ko and
Shikotsu-ko, and the seawater and fossil seawater seem to be very limited to the system.

(3) Ishiraki Lowland is a large-scale subsiding region where the thick marine sedimentary rocks of

! PR BR B 2™ (AIST, Geological Survey of Japan, Institute for Geo-Resources and Environment)
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Neogene to Quaternary periods are distributed, and the geothermal gradient is low. The geothermal
waters obtained by deep drilling in this region have been classified roughly into two types, namely, the
high-salinity neutral Na-Cl type originated mainly from seawater (and fossil seawater) and regionally
distributed at the depth, and the low-salinity neutral Na-HCO, type originated from meteoric water and
distributed at the western part and others at the relatively shallow levels in Isikari Lowland. The low-
salinity-type water from ca. 1,000 m depth at the Chitose-Rankoshi area, in the western part of Isiraki
Lowland, shows specifically low 8D and 3'°0 values, suggesting that its water origin is meteoric water
precipitated at ca. 1,000 m a.s.l. in the above (1) mountain area to the west (possibly at the colder period
in the past). The low-salinity-type and high-salinity-type geothermal waters discharging from shallow
wells at the Umaoi-Matsubara area, in the eastern part of Ishikari Lowland, have been estimated to be
produced by the water up-flow from the depth along the active reverse faults and folds distributed at the
area.

(4) The Paleogene area, located east to the above (3) Isikari Lowland and being the south and west
marginal hill area of Yubari and Hidaka mountains, is characterized by the distributions of thick
Cretaceous and Paleogene marine sedimentary rocks with numerous complex reverse faults and folds.
The Hobetsu-Murakami mineral spring of low-temperature high-salinity neutral Ca-Na-Cl type water
with high 8D and §"0 values is probably dominated by the fossil seawater of the late-stage diagenesis
for the water origin. At the Yubari coal field located north to the area, the geothermal waters with the
similar chemical characteristics have been developed by deep drilling (ca. 57 'C at ca. 1,500 m depth),
and the fluid inclusions formed above 200 "C and distributed surrounding the large thrust faults have been
observed in the core samples by the National Oil and Gas Exploration Drilling. These suggest that the
geothermal waters with fairly high temperatures migrating from the depth are distributed, at least locally,
at and around the Yubari and Hidaka mountains, which have been uniquely in an uplifting and fracture-
developing environment due to the oblique subduction of the Pacific plate-slab, although the area is
located at the forearc region of the Chishima (Kuril) arc.

Keywords: Hokkaido, Shiraoi area, Ishikari Lowland, hot spring, geothermal water, deep drilling, water
chemistry, isotope geochemistry, electronic Earth-sciences information, synthetic analysis.
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BIABIZ & 5T, TEHINOATINBIZ N E S 5 B FFR R
it - W REREEIC & 5 &7k — H &Lk & 2 o R
Mgk T, HWTERA 6 L5 2 24 ) SR ORI A
S EHRMMICIKITFL TWB Z L ERIEL TWh 5,

1. FUBHIC

ACHRE D K-ER, /N OB IS AL E S % EE T
(LT, AEHlg e E8) Tid, 1960 400 5 %R 400
~ 1,600 m OYUHHEH] (K—1 ¥ 2) 12X 5T, BlgH
(2 40 ~ 60°C DU IRADNAIRINIZ L JRISHH L T
% (B2, fEIEA. 1970 5 G 7 e N A
i, 1977:3i F, 2001). &M AR & & &1,
Va7 OACuEE T (HL H AR AL 8 o A L k)
& U O FFHE A LU (TS aIRATR o 4 14 38 o FEk
itk 5 A7aRiliit, HEnlilRza L) L oRGEIZs 7
%, ACHEE P CI SR~ R O L A B R R
FARMEH L Chs 0, AR T3 1970 SFALRIC TR
WE (D) iR BB S, ZORTTO LR
s Ty R (EHD R 2—EEIh T3
NS DL IO A R RAKRORE R, I, A
BIfRZA EI2DWT, BRAR-NDEZATHS.

&TC, 1970 RO T x ¥ — (Fi) faoriz,
W AL F —FIHO—BRE LT, @Bk - ZZRDTE
BHH DAL 5, P~ OFKRDOEE B S H
(B 20, e, 60, S, hakbz, FEhnace
TH¥xL) ST 2 2 A MANISED 5hiz. HA
T, IR OHERTE (NS 2 PRI
H72%) & EOHFEIBIZHRATS 2T A - HFEKZ
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[RIEHEOK ] B BT & @4 U, KB 2 HIFIH
T3-008E - R frbhz Bilz i, WEHE,
1980b, “4HE, 1982 ; %P, 1982 ; /Mk, 1981, 1985).
LEoAEBHE S, AR O E LT [EREEUK]
OIRAFHERICE S, FE S (C4IE, L3EEhbE it
BARAAT) 1% 1976 ~ 1977 RIS Bl A 2 170y, Kt
HRALZW 2 30T - T & 7z, L L, ZORROA
FIZEEP - BIES (1977a, 1977b) OLIEFERIZHE 5 C
W7z,

WA, RRIZ 2000 SFRDIRE, HARICHWTE ZMaE
B - HERFPEE RO AR D & & 312, SHOER
ALPE D RN ) I ZFATATRE & T > C & 72, 2 Do
T, PEERRR AW T R R BRI b
V7 BT - HEREL S A R U 7oA — R
HEETEFHME (722 4> b)) OffFEO—BELT, %
P (2004a) - HWEHERA L Y 2 — (2007) 1EIERAK
% HUIC AR IER{L 22 T — # D SR AR LY 25 4
ERTE - AL, 2OV 2T ADOBFEEPERED L D
WA LT, KXY (2004b) 1 LALO P HUKD T — 4
A FHRAT - TG L, BCROITEE R 217 - 7.

ZOHEHIZ, K% (2011) & 3 XITHAHDETIE 4
EDOABETIEMARNM LT, &0 IEEC R
& X DORBAERO [ REERSR] DLk & T IWE O
3RIL AT DM £ 17 - 72, KFtE, ThoOFEER]
LT, BELE-> Tz Eito &k 2 DRAD
3 IR D AR HERAL 20T 25 2, FHEAT - FRRRET L THL
DNELDHHEDTH .

¥, BRI WS (hot spring) ] % [HRRAK (hot-
spring water) ] I ZHRIRETHE L T3 3D AT,
HAR TG %8 C T8 st o h 2 ol
A - Bk (geothermal water) & E & [WR] - [HEAK]
EMFENTHARBDEICRH S TR D, 7B - 112
B ZIT ARG TS, TR ST LR
BTRBVAH, KRHTLHUIDOE DA EFDTEL L DY
BICHEEE LT [WRAK] 2@HLE £, KXFHOK
HoXZETIE, BENEHEHRLBEORELRHD, £z
INERTE b 572, IHHARMMRZFEHL 72, &KED
(MRS | 1220 T, RIS IBHERO Z A0l
IRE (B Tikilize & & &) 2 5 BT (1897 F-LIBE;
B% M MU /ME) , MRS (1922 - LIR),, MR A
IRELSE N (2010 FLIRE) ~DZEAL2 b B0, REE
IZOWTEAMBEWDICHIICES S D, 72T
WIS A& 58 &> T, KFTIIREDOLFRE W
7=.

2. SHEMBOLIE

ARBOFAEM L HIZIZ DN, R AHE 1K (A) -(B)
IRY. AR O BRI, #9100 km Td 5.
ARFIZAT U CBDEERAED £ &9 72%% (2011)
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81X SREHE O ZRG ([X]. JLiE OB BB AR & LT,

) IFHEE, (B) Gl R OMILEE & & g ishE

B DA 53 & L8 O B EE KX 53 2 7R,

5 2 X OHPH 2 O MR, FEEbR 1 Kk £ >

Vo B CRT. ERICHA L 28 o 57— 212
DV, F1ERESH

Fig. 1 Index maps of the survey area. Electronic Earth-

sciences maps of Hokkaido: (A) topography, and

(B) discharge temperature of hot springs, and

chronological classification of surface geology with

regional divisions of geology of Hokkaido are shown.

The area of Fig. 2 is shown by the rectangular with

shadow, and the standard first-order meshes of

Japan are shown with grid lines. Refer to Table 1

for the data sources.
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RS L 72).

ARFETIE, AR IR A a2 5 A, (1) SBIUAC K
sk, (2) el (3) AFFKHbAT, (4) HE = RIKD 4
HIRIZX L CGRRB (G 2 X (A) 2H). DITIC, 44
Bowy, W, kil - ER5 6 R ST DN THE A b
N5, 72, 8§52 KITIT 4 HIROMEREI A BRET %tk
FRIZLTRT. Zh6 4 HIBIC A3 % Skt o B
2oV, s PRI (1977, 1979) A&
ExBHI NI,

(1) FhufdAilsk « LSO FERE O 1L (FEitd)
W, %ﬁ%i%(%ﬁﬁﬁ-fﬁﬁﬁ&E)%ﬁﬂa
LT =R (KA - RS EAZ L 5 Tiids ) —
/57)#ﬁﬁb,%m%m%%AM(kﬁ&&Ahﬁ
WAL C XS NT Z, BRI Tl
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g (B)
6 500 m a.s.l.
O g;a ¢ iae w3
R e ok v .
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o” #le *
57 o :E; Oma.s.l
% 5 o
(M
-500 ma.s.l.
BEHED b
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RHROT — 212D, B1EESH.
Fig. 2 Locations of the sample water collection. (A) Plane

map. (B) Cross-section projected to E-W direction
with the vertical/horizontal scale ratio of 30. Refer
to Table 3 for the sample symbols. Refer to Table 1
for the data used in the background map.
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Table 1 List of the electronic Earth-sciences information used in the present article.

HE (BS) HEAE S UVHES

BER (CL) §1

E L #IERE (2000) #H{EHE 25000 (TR - BEER) (CD-ROMAR).

A-1 (CD-ROM AR).
(Ww A ro—FKIZkd)

25 (Elev) Et#ERE (1997) HEMHE 250 m 4 v 2 (BF) (CD-ROM AR).

Z5 (Elevb0) ELihEERR (1999) #HiEHE 50 m A v a (EF), H

JKE (SBD) BABET -2t 48— (——) 500 m A v aKET—4 (J-EGG500).

#E (Geol) AR (1995) 100 550 1 BAMERE 3R, CD-ROMAR. HEMER, 6-1.
mR (HS)

MWEREREEF— (2005a) BRBR - ShiRPHRRVU—E (F2hk) (CD-ROMAR). HIEHER, GT-2.

gkl Q) HBERER (20000 BARAOHERKLEDSAEER Ver. 1.0. HIEMBER, G-4.

EERE (AF) $2 BH & -

EEE (AF) $2 HERAERES LA — (2005h) EEFEFNMETHHEEMR. HiER, no.

SREXHR (2002) FWEBHEMT OS2Iy T (DVD 24). EAXHIRE.

(B ) 7ILES: DAFM0345)

14, (BFRIET—FITRAR)

$1-82 AT MLT—8 (MF. AvPaHdVERT—4H).

$1 BXFHEFREET.
BE, 3RTHBHEFR (FHAIFH . 2009) [TDOVTIE, AXBLUSIAXHKESE.

52K FEHIRO 4 X5 & HERPF BRI O Lok
Table 2 Four divisions of the survey area, and comparisons of the areas for their Earth-sciences environments.
[i] B
g F S L4 Q)] (2) ()] (4)
S mHE AL B & Hhig AR HE=RE
THOR=H RARIIREE Bk B AL i & Gk HILBARMETFENMD FEEAESORTEE O
D R ILEEB)E (BT — ) BEEEOEHF AT BRI LAE L
IR IR RS IR duiEETR SR O B iR EERBORFEHS LV AFHEHT O R AR SRt DREFGE —
A FHE T O P F s B = LAk FE g
E AR Lt — & ih BETEH -EBE T% R
(NE-SW# KUNW-SET£EZSI)  (NE-SW3 KTUNW-SEEER 1) (N-STEEZ 1) (N-S~NW-SEf£E2 1)
Firth R e FE=R~EmITD HE=SL~EmED FE=RL~FEmILD BYRERL~FE=RLD
~RER e KILESE- HIRELE KILELE- HIREHE HEEE (—HEmL HIEELE
KFETRHETEY)
FaE AR h-HERDHIEALE- hHEROMIESE- LESRKOHIEELE, PER~HE=ZRLD
KSR KSR hAERDMIEEE-EEEE HIEELE
WEDILEUS N5 FICE-WEHER FICE-WEHEFR FICE-WEHHEFR FICE-WEHER
Wi fE GEBTE) FIINER, NWRETE (ER) HEICN-SHR O EF I E ZHDON-SRDFHE
iR BE &L (~40°C/kmElE) BEHNSEENET {ELN (20~30°C/km) {ELN (~30°C/km) ?
(ST EICKHHMEE) (~90 — 30°C/km) (AHT—HIZZLLY)
FErmiE Al X%, EEZEEFNEH 7L 7L L
BHARR U SHOBR~ER, BRIt~ [FEAETL [FEAERL R EARIEIER, P,
HED B IRTRRE N D EiEREDILRN S
BB S EXLOREDICE R0 Iz L G-I Rz H DY) F)
LR X (FEAISR RN )
ARERDIR R H R, iR, AILILR, B (RHUE, 1i#, LSRR, EINEERRE, YA, RN L
XA TR E AL, B, #E, HFHLL) TS HENRR (AL AIZHRAS)
SRSREFENSD Xla (Xla—XDHEFHER) X Ve
iR S Lz § iR — % EMEE I Ov o (R ) B —BILETER AHEEE LS

$, MK F A (1999, 2000) % E D ALIEE DR R LR KD (712, BEHIBICDOVNTITAXSHE).

KREPEIEZEA LT F, Raila L 258 OWmEA g
FeahikTh 5. HWEEHEE LT, NW-SE & NE-SW
D2 SO — MRS &2 ENPETH 5. Atk
i, K ORI EAEE AL kihr ey M) odk
WRIZ & 72 5. AHIRIC ISR~ KR O I SR
RS Z ARG T 5 GREH e UTER, b5k
E IR, IR, BMVERAE EEAR, RIS
BEAGEBNIENB) (1, i TIEIEHNC & 2 R
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PR ITHbN TS (BIAE, Aoyt~ A
i, 1977). ¥RiZ, EOHEBATEIEEFAE [HR] - [8
A TS 1,000 ~ 1,800 m @ 13 KO YUIFEHE LT
T, dLHR~ AL 2ROV THET O Mk
BEA RO S XN (BT 3L F —iRA B
K&, 1983a, 1983b 5 ZJRE, 1986 ; Hi - kL ¥ — - PE¥E
TR A DR FERERE, 1991 5 Ahvh, 1991).

2 AEthE: L Q) o ki L ¢



R A

NE-SW HANZHI 30 km {1085 - E~ BT, &
MO TERHE N RIIETH 5. Ak, Fit3) Df
FHEHH C 82 5 Th 0, WENIZZORFEREETE "5
ZEeeTEB (H2M (A)) »°, JLEDKE AL
i GE1X (B)) 26 HARMIITILIEEEEBIZE T %
LEZOND. HEMIROM FOME S - M,
EKHBRENRONS & L 312, BEEORBVYIE T —
ADREN DB 7202 T L LIS TldAans, %Y
% Ead (1) OFEuL kIO & DIZEPIL T D, bW
FIANH 2 D 2¥IC T L (3) DAEFHKIH D & DIZBT

Lgmé%z%hé 2 s, @F@n ﬁ#
pekds, T, AR, KB, A, [E, HEO 7 H
KIZHEBS A2 20 BB A, IS IR A 5 AL 5 s
10 km OFEAHICFREPHEX (A MK CME— E SREH R D
JAEREADATFAE) b5 (AL, bt N IR A
T, 1977).

FEHIS TId, 1962 DB hIX Bl O %
UERICAIE L, B L SN S 5 sl X I B
LTk, AMETREMEMXIZEDS) K15
Y~ 450 m OFHAEHIZ X 5~ 45C (~54C&$ 5
Xikd d5) OURREHIZIHE D, 1970 -1 2 R
& LT, WRIREI AR T B O AR S AR AL -
FALL T o2 (RATEE~ 1,800 m 5 it 9 H g ~
62°C ; IREVUBEE ~ 75C). A - g5k (2007) 12k
UL, 1962 ~ 1976 FEDORIZ 139 KO HHHENI A TrHh
7o, AEHIR ORI, YPIEE LHENENRL N &
PR E 25T (EEIE2» (1970) 2k, gl
DHFIZOWTHIE TR A 5~ +30 m DAKYE, ~ 3,000 1/
min OVEH RO D %) A, 1975 FEHFE TITIHE &
KIE - B EOK T AR CHhHE A Thbh s X 51
Kotz 2Ok, tiEOEREEISIZEE S hT
FORUE 2 BRI STl (1977 LI O HEIE 5 A

A), AT R AL E O MO R & g LT
ZRREEE IR AL, A - $K, 2007 ; At
WA IHERTSEATIE A, 2008). HEHUEOERRIZDNT
&, fEEIEA, (1970), W EIEA (1978), ik (1987,
1992, 1996, 2001) 7 E1Z &k - THIZE - HiE X hTw 5.

(3) AFHICHS - ALy REB D PEFRIS, H SR
% & PR — R L A B & IR O B R
W2 PP (B P — S0 TE) <, Rt () - (2) &
TRC (4) O 2 B HIE T H 5. ibﬁﬁm'i %
AL H AR A & T Eala158 00 FE Pa ik & Dty
mhﬁ H1=5. $ﬁ@ﬁ%ﬁﬁi6ﬁﬁ%w@ﬁ#$

RSN B, AHuSIE, B =S~ B I O HERTS A
JEL A5 B KD HSE T, TR I R 2 fid R b
WEGEMENZ & TR 6 b (%8 (2011) O
1 XEBW) . MR EIZIE N-S ~ NW-SE Al EE
R ENNMHL, KEETL — F ORI ITRAARICIE
& U 7= T E AT O v 5 N ORE T WA B D h R & -
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2011 4F ZE62%& H3/4H

T, WHWilrRE - FAREEESVERC L T AL KRS TIZE AR
FHRIEA S TV A, ~ 1970 4R LUK 0 VE s 4
HIZ k> TEEOWE (& S50CHER) 2EH L T
3 (B zE, 8 (2011) O 5 XBH) . Al iz
El O - KIAH X ENFREHAEIC & > ¢, SO
BEE ZBOM FER (3,300 ~ 5,500 m) O [FHE
e Arbh B2, KRA 2GS - KPEMaH
FFEWE, 1992 5 SHHIEA, 2007), 1990 470 5134
ANECHIZ BT EEA - 4 R (B~ 5,000 m) A3HH
FEhTnWd BlAE, e, 2004).

(4) H 88 =R RE T I T, W O A (1
i (3) EHA DA RN — HE ik (Lico T Eikai
ISR D P R & - THR U 72 KR 70 1l L ki)
EOMDEBEMAICH 720, W25 FE =R HE =R
BIATERSEL ST g TH 5 (K5 (2011, 55
1 [X) &) . HERSER 1212, N-S il - SO 53 e -
o (LR - B A Ed) HERFEL TR0 IEE
IHEMECH B, AMugiE, i (3) & EBRICIEXINMED
sk (T-HIErOFEERK) <, F2HT — 23440
PSRN | R ) Bl R s B BN & X v Tn
3 (). S RoONRHIROIET IS 5 4Rk T
IR TIE, HE R K OHER Y B BN SR AL
MR OWA (FREH I X UNE 0 R SEOHUE R fF
B) #74CTH D, 1980 FAKRLERICIEHEIX & &
TIRARHEE ~ 1,500 m OIHINC & > THEIERE ORI H
WL Tw 3 (B2, M& 1994 ; %&i# 1994).
Bk, ALHOVIE, ﬁﬁ@%% %% %W&amrm
b o 2 R, Eido [FEEERE] A ISk 5T
BIE 4,000 ~ 5,000 m SROFETIHIFE L rDh T\ 3

AL 38 O U R 53 A O MR RF IS DT, IR IE A
(1999, 2000) % 18 DK X 3 #EL Tk, HES
A, WG, SUFIREIERE, AR rMR, HirE
P (P RS RR, R 2 2 88D R E0EWE
FLHTD, FB2RIRT LT, KD Q) UKL
KL, (3) AFFIKHAE, ( ﬁ%*+ﬁm ZhZEhAm
Wi (1999, 2000) O XIa HHIE— BEMET Oy o
W, X A — BRI, Ve B 0 e B s |y 5.
BB, Q) FAEHSIZOWTIE, BIIEA, (1999, 2000)
X OfF—-S RO e LT3, Lidoth
WM TR OERICHESINT, F2ETIRX & Xla
DERIRE UTRL 72,

3. AAEF, AT E SMERBLVRE
ESZ)
3.1 SR

1976 27 H9~ 15 HB K 1977 6 H2 ~ 7 HD
At 2 |, EERIRIZ O TRENEE A 5h 2l
A, HEEK kK, KO AL 22 &7,
DL IR I IR = DT 8, Wk (— BN

-
—



A, FEiia & o RRK] o1 - RIRRR 2R e IR (5KE)

A, WK, KO A FRELL 72, 1976 i3 31
[VRREEOK | EME S h7zilmK &5t R & Lzh, 1977
T HIROD 7= I H R T 2 KO SRR R IZ D0
TERRE LU GOREREUE, HWRFHAN OEREA S
REEHEVPIFETHEIEL 72

AFHRHUE R 28 2 (X (A) - (B) 12, s —TE% 5 3 &

(A)-(B) 1=/, 2 3 ZOGRHCANZ B 5, A, WK,

JEFAK AR, WEAK (ERRofEizcky, 2 AEit
B, Q) AFHKHAE, (4) HE SR, (1) skl o
JI6) DNERE & 7> Td (BAIZDWNTIHARIZES 6
HFAES]) . SRS S 3R 5 2 2%/ (1976 -1
no. 1 ~40, 1977 #it no. 101 ~ 129) T, FRHUEFD]
R LA & TS B KOV T — & RITIZAE 2 7Z3k
FHIRFE L > T\ 5. 3 ERTIE, MAEREEDORE
ME B, Hithr o DRFAIZ OO TUIEY (Name)
EENEAL U7z, 7272 U, dGipdE S TR AT (1977,
1979) DORNFEIZREER A & SR & 725k 0 43 FrfiEi 28
WEINTWBEDIZDONWTIE, Xk (References) il
IZZDOFFHER L. 3 ROMBOMET, FE 1
BEATD 2 T3 5 T4 D 1 Mg » 65tA N> 724 D Th
5.

H3IERDOTHW (no. 32 ~37) 1%, 1976 F i/
E—4—K— FEPHEML, BRI ckpERARER %
N TEITIIC R K BT 5728 DThH 5. PRARE
13, MO E AT Hif CRE I - SE T o —
IN=HIDEDT, BREF3I1EETCH 72 74 Y —
JEVRICHUD (P 72 R AR &2 T L o A v F LR
V= (T4 Y=o LEEGHH) #HWCTERET
L, PEEETIA Y =28 L TKPITE- =8B
(XY y—) OEBIZKDRAEGOMIGN AT 7
%, VAV —%5E LY TRYL 72, BUHERAKIFIC AR —
M ARG - B & > Th ZFEERE) L 72h, IR AT
BHE - FETEN L 572 D7D, AR ER
IZPEEEICENE Lz W SRERE AW, 3 &RICIE
WG OFHAMD A S EME UTUR L. &k, KR
AR L2 B 0 A EREGRR R OB HIEETH 54, Th
L2 EME L TRL .

1976 ~ 1977 FF- D FE LI, AFFKHE ~ 55 =
SIS DO TIEBHIHNC & 2 R RIZIER ISR &5 h
Tz (e FEIRFALA (1977, 1979) ).
H3EDOKLE (no. 31) &, BUti#&EO—BRE L Cil
I 2 H O HhF Ikttt ~ 3t 2 D PR A A PRl FE T,
BIAT (BAEL 22 DAT) O{EA» 5 FLR DAL L ZFRIC
DNTEREMSTHRML 28D TH 5. ZOMEIE, ~
2000 fELIFRIH X v 3 A [RHER 13< & |
(B 2%, AcigeE S B AT, 2008) O PE K 2 km
IZH 720 [ERE 274 S OWEETDH - 725, ERAG L2
554 TR E N Tz, Eﬁ{?—igd)ﬁﬁ%%ﬁd: H7-B
Z OHIX T, 1957 ~ 1968 -1 Fiti HL e 8k T ik D BN
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Bz frbh Tl WEFAREH, 1973 ; s th'g
WEZEir, 2002), Huk{ER & B 23R RT3, 3
HIERB ORI EZWH S »Tid A, &k, ALE v i
TEIEEHAAT (1977, 1979), Jbd s B RFZE AT (2002)
5 EDOXHNIZIE, RREIZ DOV TORRIE A,

B I, i, AR, pH, A FLtLr vy -7
NAVE, T2 /)—=NLITALA Y- TLAVE Tx/)—
NT a4y - BERERIEL, B LEHR, KO
KFE - MR RN AL D 25 AT FH O RRRE & il 4 12K ) =
F L v EERRHBIZERELL 7=, Na', K', Ca¥, Mg”, To-
tal Fe 72 E O HERHZ D W TIE, BUthTHEE 100 ml
Bz 6N) 21 mlIlA, MU TEBEEAR
B> 7z,

32 PRAGE

AR RO, pH & & OVAFAL ML O 3 Hridid ik
DEDTHS. Thbid, FEIES (1979) OB L
—Tb5.

W BIRKEHRE R B LU — 3 2 2RSS

pH @ BB L UG

T.S. M. (&AFEIZY) « Rk

Cl': E— Lk

SO2 S v AlZ X B EEE

free CO,: 7=/ — L7 X LAY - [BED»LFHE.

HCO, : AFINF LYY - TILAHY Eh S

CO>: T x/—=LTHALAY - TILHYENLFH

Na', K', Ca”, Mg™ : Hift2 b a v F o 2 %A T,
JER TR

Si0, : H Rk

B:~vYy=vy MZkaiiEk

Br, T : FAWEES MY o AREE

Total Fe : 0- 7 =+ ¥ ba ) VI KB NE .

EAHLSER O b, VBB AT ORI E A IR
KoTHEIN. K, ZOMIZCu, Pb, ZnZxED
WIRIE G i S22, HRISEOIRE 278 L7238
HIHIX DR IRAKZ EIZR S iz, SRIOME TIEE
%L 7z,

AR AR DK - B R RN AL D 73 B 7 13k D3 D
Thb. Ihod, EHIES, (1979) OEEEFE—TH 5.

D/H : Sl & TCEIC K 2 BB TG 72 ARR A 2 %,
B AT CHlE

P0/°0 : AR — & A APHEIAIC & B AL TG 72 R 8 77
A%, HERINEFCHIE.

AFEERAME I DWW TIE, TR LR (KRIL)
DR TR OFEREDOFAED ORilERE 5 L OHE
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3R el KJUVE 3 RIS 551 B EREGOR - TSRO —E & (20 1) FRHGhA, W - pH, [N AR & &
Table 3 List of the collected samples and the analytical results for the Shiraoi area and the three regional areas surrounding it

(1/2): Sampling points, temperature, pH, isotopic compositions and others.

No. Name Area  Refer— Longitude Latitude Elev. Depth Date Temp. pH T.SM. ) D0  Sym-

& _ _ _ ences * (deg. E) (deg. N) (m) (m) (deg.C) (mg/1) (per mil) (per mil) bol #
21 EZ 2 GHIBE) BZHT  —— 141174 42491 257 01976.07 175 7.1 71 -487 -697 Kk
125 B2 GHBE) BEET —— 141174 42491 257 0 1977.06 129 7.0 73 -489 -711 %k
37 XHMOmZE) Fmm  —— 141328 42749 248 01976.07 150 74 184 -538 -8.14
32 XHHMC2 mE) Fmh  —— 141328 42749 248 2197607 152 75 182 -530 -823
33 XFHM(1I0 miE) Fret -—— 141328 42749 248 10 197607 147 74 170 -541 -805
38 X7 (20 miE) Fikm  ——— 141328 42749 248 20 1976.07 14.0 74 183 -56.3 -8.16 %
34 XHH(50 miE) Frkth ——— 141328 42749 248 50 197607 120 74 183 -530 -8.11 %
35 X ZM (150 miE) Fmh  ——- 141328 42749 248 150 197607 108 7.3 175 -534 -820
36 X (300 miE) Fmkth  ——— 141328 42749 248 300 197607 114 73 178 -529 -805 %
104 ZH#CGHBE)  Frkm ——— 141407  42.769 248 0197706 6.3 7.4 166 -532 -840
127 12011 (E35R) ZRIm ——  141.003 42454 240 0 1977.06 135 6.8 110  nd. -1027 | 1
117 BFN (ZR)  KEH $1 ——— 141118 42642 720 0197706 6.6 6.9 70 -707 -1142 @ 2
20 RAENI(ER) BEET  —- 141153 42539 320 0 1976.07 108 6.9 75 -621 -10.18 3
16 BE)I(EH) HAZEET  -—- 141186 42652 380 0 1976.07 105 7.1 86 -626 -10.14 4
19 FREN (FFR) BER -—— 141266 42513 0 01976.07 116 68 111 -60.1 -894 5
114 AN (FHR) BHEBR —- 141266 42513 0 0 1977.06 149 6.8 101 nd. -951 5
101 ;&)1 EEW  —— 141288 42817 510 0197706 6.7 6.6 74 -734 -1237 6
22 BEII(TFHR) BER —— 141346 42542 0 0197607 156 68 133 -599 -887 7
111 BENI(FR) BHER  ——  141.346  42.542 0 0 1977.06 173 65 111 nd. -1019 7
5 HFFK-A BER -—— 141300 42552 0 200 1976.07 138 7.1 188 -557 -9.12 8
113 HFK -A BHEBE —— 141300 42552 0 200 1977.06 146 7.4 186 nd. -884 8
3 #FK-B BEE  —— 141371 42556 0 200197607 123 74 142 -553 -930 9
110 #F K -B BHEE  —— 141371 42556 0 200197706 136 74 140 nd. -891 9
30 BK(hERZA)  FE/M&i ——  141.457  42.621 20 0197607 87 67 158 -536 -835 0
15 ZRIEEE ZRT  4.B.1 141184 42462 40 745 197607 554 7.1 1801 -583 -923 a
122 & REGiE ZR™H  4.B.1 141.184 42462 40 745197706 544 71 1770 nd. -927 a
14 BRUE 1 BER -—— 141203 42456 20 825 1976.07 475 80 3511 -652 -908 a
121 FEHUE -1 BEBE  —— 141203 42456 0 825197706 480 84 3530 nd -913 a
25 FERUE -2 BEZE  4.D.3 141211 42453 0 419197607 473 80 2298 nd. -899 a
26 i -1 BEBR —— 141229 42470 0 534197607 488 84 1026 -679 -982 b
116 7758 -1 BEE  ——— 141229 42470 0 534197706 491 84 1056 nd. -987 b
12 ¥7il -2 BER 4E5 141244 42481 0 650 1976.07 456 86 640 nd. nd. b
13 4738 -3 BEE  ——— 141246 42476 0 589197607 452 85 1132 nd. nd. b
11 11t -4 BEB  4.E 10 141264 42497 0 600 197607 290 87 253 -67.7 -10.19 b
115 775 -4 BZB  4.E 10 141264 42497 0 600 1977.06 292 89 265 -69.0 -1054 b
10 #7i@ -5 BEE 4.E 11 141266 42.499 0 1200 197607 547 87 795 -66.8 -993 B
9 bHFR -1 BEE 4 F 1 141276 42511 0 1258 197607 557 83 1248 -645 -916 C
7 EFR -2 BHER —— 141284 42531 0 1300 197607 441 85 508 nd -1028 C
24 JtER -3 BER  —— 141299 42518 0 590 1976.07 294 78 178 -652 -947 ¢
8 FE BHER -—- 141295 42529 0 1300 1976.07 555 87 866 -647 -998 D
4 A/ -1 BEE  4.G.7 141300 42552 0 1300 197607 584 82 1985 -645 -929 E
112 A& -1 BEZE  4.G.7 141300 42552 0 1300 197706 620 86 2003 -60.8 -933 E
6 Al -2 BEE  4.G 2 141303 42536 0 1500 1976.07 580 84 2360 nd. -946 E
27 AL -3 BEZE  4.G.9 141329 42545 0 1500 1976.07 455 82 743  nd. nd. | E
18 B& -1 BEE 4.H 1 141315 42583 40 1480 1976.07 537 89 596 -643 -1003 F
2 8% -2 BEZE  4.H.3 141371 42556 0 1340 197607 450 87 951 -614 -9.00 F
28 & BEB  4.H6 141396 42563 0 1450 197607 460 78 1613 -602 -952 G
109 & BEZE  4.H. 6 141396 42563 0 1450 197706 490 79 1550 nd. -981 G
17 %% BHER 411 141278 42622 166 350 1976.07 345 74 1457 -569 -878 h
23 &/ ERRE ENVT 401 141482 42611 20 1520 197607 36.0 7.4 14080 -382 -6.10 I
108 75 /M ERE T 401 141482 42611 20 1520 197706 359 7.5 13985 -384 -6.07 I
40 TR Fmm  5.E.1 141607 42813 20 1026 1976.07 302 87 348 -77.7 -1134 K
105 Fi% s FrEm 5.E.1 141607 42813 20 1026 1977.06 30.7 89 326 -76.7 -11.76 K
39 b4 ENET 4K 1 141.697  42.697 0 1300 1976.07 309 82 3888 -59.1 -9.11 J
107 #3F -1 Fmm 8. E.1 141726 42910 20 331977.06 254 81 1131 -67.7 -1079 |
106 #AF -2 FiEm  ———  141.726  42.910 20 110 1977.06 27.3 80 11447 -436 -6.20 |
31 FE FERIET §2 —— 142143 42.870 180 0 1976.07 11.0 80 18520 -475 -502 m
126 )1 % ZRIT 4 A1 141003 42454 240 01977.06 330 90 1725 -608 -9.88 A
119 dbi5%iR -1 KiEF $1 2. A3 141026 42613 300 0197706 860 86 824 -66.8 -1049 O
118 dbi%iR -2 KiEF $1 2. A2 141028 42619 300 210 197706 920 86 837 -674 -1050 O
123 AJLILA HR®H  —— 141111 42516 320 40 1977.06 476 7.1 708 -625 -985 ©
128 &7 -1 ZRIT  3.B.17 141.148 42492 160 66 1977.06 86.7 7.3 6140 -53.7 -592 @
129 &5l -2 ZRlIH —— 141148 42492 160 01977.06 736 6.6 11500 -472 -242 @
124 Z 3| (KIE#IE) R —- 141151 42499 260 0197706 945 42 11397 -354 196 @
102 A% Fmm 5.B.1 141.284 42768 248 0197706 434 65 1497 -619 -996 V
103 H.59 Fikm  5.C.1 141314 42778 248 0 1977.06 461 66 1260 —626 -973 WV

&, No. [FEAFEREFF DL D (2HTIX 19765, 3HTIX19774F) THS. Rn(E, KDIEEPERIMIE EICREIRTHS.
#, K (LK, 1~7 [FANIK, 8~0 (FHFK-BEK, a~mlTBRKGHREZ, 1000 mLLFE/NXFT,
FULZERXFTRY), A~VIFELRLKILEDRERKTHS. 2010F1R7E, $1TFER, 23T DETHS.
* LB T ERRAEN (1977, 1979) DEFEREMR2ODTE—EROEHAMESITHET 5 (FXSR).
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Table 3 List of the collected samples and the analytical results for the Shiraoi area and the three regional areas surrounding it

(2/2): Major and minor chemical compositions of waters and others.

No. Cl SO4 H2C03 HCO3 COs3 Na K Ca Mg  SiO2 B I Fe RpH Sym-
& (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/I) (mg/I) (mg/l) (mg/1) (mg/I) bol #
21 3.6 6.0 3.1 229 0.0 5.2 05 34 2.1 55 00 000 0.00 0.00 7.1
125 3.6 5.6 3.1 229 0.0 5.0 05 34 20 7.5 0.0 000 0.00 0.00 7.2
37 16.7 32.7 3.1 51.9 0.0 19.0 2.1 15.6 47 125 0.3 000 0.00 0.00 14
32 16.7 30.9 3.1 549 0.0 204 24 17.3 48 140 0.3 000 0.00 0.00 15
33 16.7 34.2 3.8 53.4 0.0 19.8 2.6 17.3 47 135 0.3 000 000 1.90 74
38 16.7 34.2 47 53.4 0.0 20.4 25 175 49 110 0.3 000 0.00 0.00 14
34 17.0 34.2 3.8 53.4 0.0 19.8 2.1 17.0 47 143 03 000 000 0.00 74
35 174 34.0 47 53.4 0.0 195 24 17.0 47 165 03 000 0.00 0.00 74
36 17.4 32.3 6.3 549 0.0 204 2.4 173 47 15.0 03 000 0.00 0.00 74
104 17.7 34.2 3.1 38.1 0.0 14.0 2.3 15.8 47 185 0.5 000 0.00 0.00 7.7
127 1.8 22.0 1.8 12.2 0.0 3.1 04 8.5 1.7 120 0.0 000 0.00 0.00 6.8
117 1.8 2.7 1.5 16.8 0.0 25 0.7 3.6 0.2 8.5 00 0.00 0.00 0.00 71
20 25 2.6 3.1 214 0.0 41 0.6 3.9 08 120 0.0 000 0.00 0.00 7.0
16 2.8 41 3.1 244 0.0 41 0.8 5.8 1.3 16.0 00 000 0.00 0.00 7.3
19 43 3.7 7.8 29.0 0.0 5.3 11 5.8 1.2 225 0.0 000 000 0.00 70
114 53 3.7 3.1 229 0.0 5.1 1.0 5.0 1.1 285 0.0 000 0.00 0.00 7.2
101 21 124 3.1 15.3 0.0 25 0.3 7.0 0.9 8.5 0.0 000 0.00 0.00 6.9
22 50 25.3 47 16.8 0.0 5.9 0.5 10.4 1.7 250 0.0 000 0.00 0.07 6.8
111 3.6 14.8 2.1 15.3 0.0 3.6 0.3 6.1 1.5 270 0.0 0.00 0.00 0.50 6.9
5 4.6 0.0 125 1281 0.0 18.0 6.4 14.1 57 340 0.0 000 0.00 0.00 7.6
113 5.3 0.0 3.1 1159 0.0 185 6.1 13.8 55 310 0.0 000 000 0.22 7.9
3 4.6 0.0 7.8 854 0.0 144 2.9 12.2 36 310 0.0 000 0.00 0.00 7.7
110 43 2.3 3.1 76.3 0.0 14.0 29 11.2 34 180 00 000 0.00 0.00 7.8
30 17.7 11.7 9.4 42.7 0.0 10.0 2.0 13.2 3.3 320 0.0 0.00 0.00 0.00 7.0
15 1702 5485 69.0 5736 0.0 450.0 17.0 58.5 11.7 158.0 51 027 021 044 71
122 166.7 520.6 474 5644 0.0 460.0 20.0 57.0 12.3 1525 49 013 000 0.50 79
14 12588 735.6 94 2593 0.0 1150.0 50.6 15.3 1.8 95.0 6.7 205 064 0.00 8.0
121 12588 7323 00 2258 9.0 12000 50.0 154 1.9 86.0 6.8 173 042 0.00 8.4
25 851.0 301.2 3.1 3188 0.0 775.0 335 8.8 0.8 101.0 55 115 030 0.07 8.0
26 3972 40.5 00 1974 7.5 3425 154 40 0.3 102.0 1.1 045 021 0.00 8.4
116 407.8 37.5 0.0 161.7 13.5 338.0 17.0 44 03 795 20 032 0.00 0.00 8.4
12 1950 24.3 0.0 1205 10.5 180.0 9.0 3.9 0.2 108.5 08 0.17 021 0.00 8.6
13 461.0 26.8 0.0 186.1 75 362.5 13.0 6.3 0.2 1210 23 080 0.21 0.00 8.5
11 44 0.2 00 1190 15.0 51.3 40 3.9 0.3 520 0.0 000 0.00 0.00 8.7
115 25 0.0 0.0 1205 13.5 49.8 3.7 3.8 0.2 505 00 0.00 0.00 0.00 8.9
10 283.7 253 00 166.3 16.5 225.0 94 2.8 0.1 1340 1.1 000 000 0.00 8.7
9 416.7 0.5 00 3814 9.0 402.5 225 3.6 0.3 1370 7.3 053 0.21 0.00 8.3
7 77.8 3.5 00 183.1 15.0 120.0 6.3 40 03 132.0 0.8 0.13 0.00 0.08 8.5
24 6.2 9.1 3.1 77.8 0.0 24.0 43 6.3 20 545 0.0 0.00 *0.21 0.00 7.8
8 2305 3.9 0.0 2502 19.5 2325 16.8 6.3 0.1 132.0 26 053 0.00 0.00 8.7
4 9503 2.9 3.1 2258 0.0 625.0 50.0 27.8 04 1320 10.7 266 042 0.00 8.2
112 939.6 2.3 0.0 1892 15.0 625.0 55.0 26.0 04 1375 107 280 043 0.00 8.6
6 11525 3.9 0.0 2487 13.5 745.0 40.0 475 10.8 158.0 94 232 013 0.08 84
27 1613 12.8 47 2654 0.0 190.0 244 40 0.3 140.0 1.7 045 0.00 0.00 8.2
18 1126 0.0 0.0 1709 33.0 150.0 9.6 20 1.1 140.0 1.1 035 0.08 0.00 8.9
2 3085 0.2 0.0 2593 19.5 281.3 22.8 7.8 1.2 116.5 26 020 0.10 0.00 8.7
28 1472 0.0 31.3 1373.0 0.0 540.0 455 9.3 34 1020 16 1.07 000 0.22 7.8
109 287.2 0.0 29.1 9458 0.0 504.0 415 8.0 22 1100 16 107 000 020 8.0
17 7003 10.5 18.8 2059 0.0 4475 21.0 34.5 8.8 840 58 093 0.21 0.00 7.8
23 77923 95.1 90.9 1009.9 0.0 4800.0 1925 190.0 1538 770 3.9 1588 144 360 14
108 7676.4 94.2 61.2 9153 0.0 47700 1894 1855 1500 68.0 42 1260 093 4.00 8.3
40 7.1 0.0 0.0 183.1 135 75.0 4.3 1.7 0.2 605 0.0 000 0.00 o0.01 8.7
105 3.6 0.0 0.0 161.7 225 75.2 46 20 0.2 670 06 000 000 0.02 8.9
39 19147 0.0 6.3 701.7 0.0 1315.0 373 1150 13.1 655 48 388 030 1.12 8.2
107 46.1 0.0 9.2 9763 0.0 177.5 5.0 1.8 0.8 455 26 000 0.00 0.28 8.3
106 6311.4 0.0 275 431.7 0.0 3850.0 116.9 140.0 900 420 188 1185 296 246 8.2
31 11130.9 0.0 18.8 38.1 0.0 34250 7.0 3375.0 55 130 162 8.66 18.81 0.23 8.0
126 7.1 10734 0.0 10.7 3.0 725 1.9 3700 25 185 0.0 000 0.00 0.00 9.0
119 173.0 2339 0.0 458 3.0 2125 6.0 23.0 0.1 830 33 013 0.00 0.00 8.6
118 1773 2354 0.0 32.7 5.1 2125 6.0 230 0.1 875 33 0.13 0.00 0.00 8.6
123 521 202.7 15.3 157.1 0.0 140.0 11.1 295 40 700 11 000 000 0.00 7.3
128 29429 48.6 413 1324 0.0 1350.0 1400 420.0 295 2175 658 253 1.90 20.00 14
129 61553 42.0 915 48.8 0.0 29250 2625 810.0 8.0 179.0 1403 413 233 030 7.0
124 58504 1440 1529 4.6 0.0 2475.0 4000 890.0 45 5065 1105 573 106 1.00 43
102 356.3 260.1 143.7 3493 0.0 275.0 48.5 74.0 31.0 1375 7.0 0.40 0.00 224 74
103 2826 227.6 994 2548 0.0 232.5 315 58.8 240 1285 0.00 0.00 0.30 74
&, No | XA FI RIS DL (2HTI & 19762, BHTIE19775) Cpo. Tonld, KDIE %Exb&aytw_ CIREIRCoho.
#, Yok LK, 1~T7 [FEAIIK, 8~0 [FHFK-BEK, a~mlTRRKGIHEEZ, 1000 mLLFE/NXFT,
RULEERXFTERY), A~VIEELTALEDOBRKTHS. * FTEEENSVNT—2ETT (AX-FEIR(C)SH).
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Table 4 List of the geologic units of Hokkaido based on the basement geology data (Yoshida et al. ed., 2009) used in this article

(refer to Shigeno (2011)).

&5 HhEET g4 Vp Vs p HERT EB/NSA—4E
EREHLESOSE $1 EHTEH BEEENSS km/s km/s g/cm’ BS RiE GfE BiE
1 T~ P EEHHR (B%) (B%) 176 040 198 H-Q2 220 255 220
2 TEREHH (B&) (B%) 209 072 198 Qi 220 255 188
3 EEEH EVIIE leEAE 262 120 206 P 255 255 190
4 FE 2B THRE-BRER 321 173 227 M3 255 255 130
5 HhERRETHE BOREB-EAE FADNE JIWHE-RERE, FEOLB(LE) 407 235 241 M2 255 250 0
6 JU—2AT7(TEHhHH) TIWWER (T —247) EDOLE(TE) 542 313 257 M1 224 254 61
1T HE=R ERRE fIELE, mREE, 341 200 236 PG 255 220 92
RNE, ANEH
8 tHOER-HLEER - BB, LEp-hERUREEERE 467 270 258 UC (+FZ) 188 255 156
9 EREH~22SYFE [RAR 7 FE 7% TEMERER, [RIBRERE, 578 340 277 Basement 236 0 255
THIERH, wEGEERESE
BEEREE
10 OYSYRE~ERE - — 670 375 290 —- 220 0 156
11 ERE~FEE100 kmE — — 770 430 325 — 255 0 127
12 EEE100 kmiE LLR - - 810 450 337 — 255 0 O

EZ AROED7HITHAIFH (2007), FHEIFH #7(2009) IZH D ADAFNEESF(2011) (285, $1ZFLRAERLMEED.
INEMEHT, RMAERLIVEENER - HBEEDIC, ThLUBROEMER - RRERLGEEET (FHIFED, 2007).

o #ET (Micromass #1#L 602C ) ZffifH L CFH 25
i U7z, BERFN A DWW TR, WEHEAT (4
e, I TSR FET) CEHHEDELE L gL & %
L, RREETROFEBREOEE G (H L8 Emr
BLRMU-6RS ) ZfEH L THENFEEL 2. WEIZH
7oL, BEMELIROFEEE TR S h 7z NG EEHE K
—EAHE T - g A & LRI, MK iR
Wier (=5H) oW HROFEFETIER S 21
SO N EEUE A 22 EIZDOWTRABE - 3 &iT->C, 7
HrRERE DS HENE % fECR L 72,

3.3 HMTiER
AR D MRS & LT, AR, KOAKE -
1% F IR AR 2 & AP L T8 3 £ (A) - (B) 1T
KF - BRFEN ML, K (SMOW) O
AFE - B RN K & FEdE L UL22DIT o sl (T3
T4, %o (VS I V)) THEIR L 72, B do, A DMIE S (20)
1%, BEREHNZAKFE T 2%, BRETE02%Th 5.

8Xawra = R Reyow - 1) X1000 (%)
(7=7L, X=D %7212 0, R=D/H %7-1% '*0/"0)

GHOFHHRERIE, AL ARBIZ DWW TIEEAR I
SR DOk (ALUEE 7 b N & IR A A (1977, 1979)
L) EXu—Femd. KR - BRERAMBIZ D0
TY, BHMX A EIZONWTOMERIZ, (1978) k&
DAL, HEARRIZ R —3ZRd.

3. 4 AEROREERT

H 3K (A) - (B) DHIRERIZHEDNT, BFHOKDIE
RET-7. 83X (A) ~ (C) 2B DGR & bt
HEE, pH, T.S.M. & OBE%RERY. H4 RN, @
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BRD EEEAFACEMIR DS 8= 24 775 4 (F—
X) &R§. 72, HKERE LTHSX (A) ~ (D) 12,
MEAKDBEFMRDO A% 2T 4 T XA T 7T A
(NFHH) HEEHCTEREMA - WifXIOR g, kb,
X DIEMEAL % 8T 2 72012, 2 4RBE 12 - TEREL - 437
L 72R—5R 2 5 ORI DWW TIE, 1977 5D A%
FRNLT2EN D 5.

FO6X (A) - (B) T, FURIKDAKE —BERIFER AN
ROMBEMEZRY. 72, $H7XA) - B) I, B
DRI A & PRECHE RS O FHBIME: %, 58 8 X (A) -(B)
12iE, SRR DK - MR RN AR & ClRE DAHEE
L e

—J5, HIM (A) ~ (C) 1iF, FBKD MK
EOMEEERT. Zhoid, (A)HACI—B, (B) #8
Cl—Br, (C) A Cl—IDRREE>TN3

X512, 10X (A) ~ (D) 113, WFEAKNDHERAL
FOREREF FROMASRERT. Th5iE, (A) D
Na-K - K-Mg ® 2 FHOWE G & 2850 = AR % H
WA R, (B) A Na-K-Ca #iE — Si0, (QC) iwEZ D
HHBIZOR, (C) - (D) 23RKDOIFHGRE — Si0, IRIE IS
KO IRAKEFTLRELRRE B> T3,

FEHOBR TR, FI3EITRLELE - BEEHWT
KR E R RN L. T abb, Ak - HTA
3 FEFICIX Ay L, HEEEW - Kl OWIKE S %% -
*C, WAKE1~77T, JFEAK-TFAKE 8 ~0 T/RLZ.
MR 4 WK DX 7312 - T, (2) HEHIKTIZ A ~
H, 3)FAMHGRFTIZI~L, @) HE =2 LTH E
PR A M, (1) Euidkligcizs, O, O, @, VT
R (2) ~ @) IZonTiE, ABKEFRELL =850
PR 1,000 m YA EOBAIF AT (A~M) T, 1,000
m U FOESINLE (a~m) TRT. &b, F3X
HETIE, MRS ICRA TRADE - HELERL
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LR RHEOKOMERIE, K (2004a), HUEHHE
ot v 24— (2007), 5% (2008) & EDHEIZL-
Tfio7z. Thbb, T2 L7+ -~y bIC
WoTEHEY 7 by 272X TETTF— 24— 2L
L, H#EiRbyr T — 2 0fi5#&nY 7 7 = 7 GPGG
S (Microsoft #£® Visual Basic v.6 D1 ¥ & =7 ) & —
BRTIEEI L, SMEOWZENTHE) &2 WXL 7.

FESK, BILIKAETE, ANV 7 My
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Bl g WA P - WXL L, Wik gty 7
Y x 7 EHOCTEALZ, AL ZEFERICONT
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853X FRKROERIGERE & HUHFRE, pH, T.S.M. & DO
BIME. (A) S ERHGERE — BUFRIE, (B) I3 BRHGERE —
pH, (C) IZFRHGEE — T.S.M. (#FXI#L) O&B
fRERT. KO FIRE 3 FE2BM. (A) Tt
SEIZ, HWREE % FA RO IR ORI 25 47
PR (7.0C), M OREAEE —E & E L
T, HRABOERE 2R

Correlations of the collection temperature to
the well depth, and the pH and the T.S.M. of
the sample waters. (A) Relation of the collection
temperature and the well depth. (B) Relation of the
collection temperature and the pH. (C) Relation

Fig. 3

of the collection temperature and the T.S.M. (in
logarithmic scale). Refer to Table 3 for the sample
symbols. Reference geothermal gradient lines are
drawn in (A) on the assumptions that the surface
temperature is of the typical averaged annual
temperature (7.0 C) of the plains in the survey
area, and the geothermal gradient is constant for

each line.

i, Wl REZHEIN0, RS, T OWESMmIZD
Wi, HHIER (2007) - HHIEA i (2009) (24X 3
JLifgE OB 7L 3 RO E 7 — 2 L 2. 20
PRI, K (2011) 12HEEDWT RELO QMM R A
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35 NatK ¥t & Clmil A Ik UOnd. RRDEES I35 3 £A2 2. oD (A) - (B) - (C) 121, IR ED SR
TIERRAK (B0, 1993, 1994, 1995 $5K - 45MH, 2007) DR - B4 4 > O =M OFEE % AR D 729779, (A)
3. RENE, (B) iZAtimEHEE O, (C) IIBFRVOER TH 5 (K (2011) ZH).

Piper diagrams for the major chemical components of the sample waters. The upper part shows the analytical results
of the present article. The corners of Nat+K and Cl, where the samples are concentrated, are enlarged at the figure top.
Refer to Table 3 for the sample symbols. In (A), (B) and (C) at the lower part, main parts of tri-linear diagrams of the
major anions and cations for the saline hot-spring waters from Hokkaido (Matsunami, 1993, 1994, 1995; Suzuki and
Shibata, 2007) are shown for comparison. (A), (B) and (C) show hot-spring waters from the coal fields, the low lands at
the central part of Hokkaido, and the seacoast areas, respectively. Refer to Shigeno (2011).
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Distribution maps of the chemical compositions of
the water samples (1/2). (A) Plane map distribution
of the temperature and pH of the samples. Refer to

the legend for the temperature. The pH is shown
with dark gray and light gray for 3 to 6 and 6 to 9,
respectively. The distributions of the Quaternary
volcanoes, the active faults (refer to Table 1 for
the data sources) and the Yufutsu oil and gas field
(Japanese Association of Petroleum Technology,
2004), and the four divisions of the survey area are
shown in the background map. For the distributions
of the Quaternary volcanoes, non-alkaline mafic
and felsic rocks are shown with dark grays, and
pyroclastic rocks are shown with light grays. (B)
Enlarged plane map distribution of Stiff diagrams
for the geothermal-water samples at the Shiraoi
area. Refer to Table 3 for the sample numbers
(only 1977 data are shown where 1976 sample was

collected from the same location).
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Fig. 5 Distribution maps of the chemical compositions of
the water samples (2/2). (C) Plane map distribution
of Stiff diagrams of the samples. Geology
distribution at 1,500 m depth from the surface and
sea bottom is shown, as the background map, based
on the electronic geology data by Yoshida et al.
ed. (2009). (D) Cross-section map distribution of
Stiff diagrams of the samples with the vertical/
horizontal scale ratio of 30. Cross-section of the
geology distribution is projected to E-W direction
in the background map based on Yoshida et al. ed.
(2009). Refer to (C) for the cross-section lines (U-V
and W-X-Y-Z). Refer to Table 3 for the sample
numbers (only the data for 1977 are shown where
the sample was collected in 1976 from the same
location). Refer to Table 4 for the abbreviations of
the geologic units.
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Fig. 6 Relations of the hydrogen and oxygen isotopic

compositions of the sampled waters. (A) All samples.

(B) Enlarged part for the Shiraoi area. Refer to

Table 3 for the sample symbols. In (A), gray squares

are of the hot-spring waters from the Noboribetsu

area after Matsubaya et al. (1978), and cross is of
the geothermal water from the Hiyoshi area in the

Yubari region after Matsunami (1994). In (B), pale

gray circles and gray squares are of the samples

(small ones, river waters; large ones, geothermal

waters) from the Shiraoi area after Urakami (1996),

and from the Noboribetsu area after Matsubaya et

al. (1978), respectively. Small dark-gray circles are
of river and shallow ground waters from the survey
area and the adjacent areas by Mizota and Kusakabe

(1994). Refer to the text for details.
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Fig. 7 Relations of the isotopic compositions of the sample

waters and the sampling elevation. (A) Relation of
the sampling elevation and the hydrogen isotopic
compositions. (B) Relation of the sampling elevation
and the oxygen isotopic compositions. Refer to
Table 3 for the sample symbols. Two straight lines
for (A) and (B) are based on the regression analysis
for the elevation effect to the isotopic compositions
of river and shallow ground waters of meteoric
water origin (w/o the no. 6 sample). Refer to Fig.
6 (B) for pale gray circles. Refer to the text for
details.
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Fig. 8 Relations of the isotopic compositions and the CI

concentrations of the sample waters. (A) Relation

of the Cl concentration and the hydrogen isotopic
composition. (B) Relation of the Cl concentration
and the oxygen isotopic composition. Refer to Table

3 for the sample symbols. The area between the

two straight lines is the mixed water region of

the river and shallow ground waters of meteoric
water origin around the survey area, and seawater.

Refer to Fig. 6 (B) for the pale gray circles (small

circles for river waters are shown with 0 mg/l of

Cl concentration for the values not reported by

Urakami (1996)). Refer to the text for details.
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Fig. 9 Correlations of the concentrations of the 'soluble components' for the sample waters. (A) Relation of the Cl and B

concentrations in logarithmic scales. (B) Relation of the Cl and Br concentrations in logarithmic scales. (C) Relation of
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K-Mg i g s g o A & 2 EFEnR, (B)
I3 Fournier (1992) 7 E 1255 < Na-K-Ca iR —
Si0, (QC)‘IEE@*QB@%%T&% Rk DL 1

Appllcatlons of the geochemlcal geothermometers
(A) Combined
presentation of the Na-K and K-Mg geothermometer

to the sample waters (1/2).

temperatures using a tri-linear diagram based
on Giggenbach (1988) and others. (B) Relation
of the Na-K-Ca and SiO, (QC) geothermometer
temperatures based on Fournier (1992) and others.
Refer to Table 3 for the sample symbols. Refer to

text for details.
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Fig. 10

(C)IXRAEET I (FHHIRE — Si0, IRE) DFRRT,
(D) 1% (C) DLETEDIAZIRTH 5. sABAKRDE
FIEE3E£ESH 5 AKOHhiRIL, 5D Sio,
SV DVEIRIE DUEMRAFYE A, Fournier (1992) IZ
HOWORT. B, 300CLITF CidEkotT
VALK — LR SRS D B 20,
SN AR L A2 2 AR (BESR - S58) &

AR 72 GEEB I R s B D EIK & B I T A &
@ﬁff\‘fﬁﬁ‘?ﬁ%/*ﬁ& X V) Tﬁ“‘l‘%?ﬁ‘iﬁb MBIE S 7z iRA
N I

Applications of the geochemlcal geothermometers
(C) Mixing model

based on the discharge temperature and the SiO,

to the sample waters (2/2).

concentrations. (D) Enlarged bottom left part of
(C). Refer to Table 3 for the sample symbols.
Five curves are of the temperature dependence
of the solubility for the SiO, minerals based on
Fournier (1992).

used, in convenience, for the horizontal axis based

Temperature of hot water is

on the fairly linear relation of specific enthalpy
and temperature below 300 C. Two straight lines
(broken and solid) show the simple mixing line and
the more probable corrected mixing line of the
geothermal water from possible essential deep
reservoir with the ground water of meteoric water

origin. Refer to the text for details.
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WATREME A2 RIE LT 3. &k, 10 (C) - (D) Tl
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— 4, B ERBOMREAK (m) IZO0WTE, F10
M (A) TR FHREIR L 0 & EAICFEREh
% (~50CLL RO Na-K i &b &~ 120C D K-Mg i
FED A ENY) . TSI (1994) &, AikH S X
@ Na-Ca-Cl BIDEFEAIZ DN TRIBEDFER 4 HiE LT
W5, —J5, $10 X (B) Tid Na-K-Ca i H~ 20C,
Si0, 23~ 50C LW FHFEMEALL, 25 10 X (A) D
Na-K#ED~50CU N2 & T, M FEE~ 1,500 m
TREOHEBEORE L L ThE DY el 55T
W5,

JEARHIIZEE 10 X (A) - (B) OMERIL ER IR 3 T3,
KL O i~ TR O BAGRIZ B 1) 2 L2 -l % NUE
L728DH 0 (HA1E, D’Amore ed., 1992), {L2EKIG
PENEROBAKR (FFIZ~50CLLF T, #WAk~{tH
WK & EERIFEAK & U, SEPIRE RS 6 e HERE S %
kg e T 556) ~NOEAIZIZERRH 5. Lzi>
T, T Z TR AR — H7 28 = RIEOURIR KN D
WHIZDOWTE, TN EMEHCD 2L &T 5.

4.4.3 BB X LIFOZFRK
BIFCKIIROEREADOHRTIE, Bhl (@) ORFEM
MWEAE T, 170 ~ 280CFEE D EV Na-K %, Na-K-
Cailf, SiO, AR T (B10X(A)-B). ZThbid,
BRlX O TIC~ 7 < EfA (Sl g 2) 0%
A KREL ZTERBARRB ML THBE E NS
KO (213, MIESIEH,, 1978 LFR T, 1991)
EFMNTH B.
ZOMOALER (O) - Hnz (O) - Xambdtrhs
() - NI (&) oRSEAR, WEXZEIZH 10X (A) -
(B) T 100 ~ 250°C P2 ® Na-K i, 0~ 210CFED
Na-K-Ca #J%, 60 ~ 160°CTEZ D Si0, g DO HPFAN T
s BlEA A . HIERE 2 E OISR (O) oA,
MRy — 3D KB ) il B RAE A n L, 120 ~
150CHEE DEK R A 6 & 725 X =alREME A & &
AZbNhB. AN (O) DEEITIETHR (G5 10 X (A))
ThHD, KRIFERZEERECKR OB OKROERIPEA SR
BEFEE LT BRSO EHEE SRS (it
F— - FEERAR A BITEERE (1991) DU HIEE A S
RESH). ZHdtrE (V) &, JEFEN B 101X
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BETMEEITS. I (A) - (B) 12, FAEHULOM
BN EEKRAMET N %, P - WX & UORT
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RO KR R, AR A BUA R L &L i,
VR - BRVE~ 1 - Na-Ca-C1 Y, (KIS - Wk -
SO, M7 & DL A SRR PIAEL TR D, FHEIURLD
Mmookl BRlkbE &I 3) O FERD~
THEEONSOELE L BIZ, BIROREY (KO H X
B BT s TBAFREA X Y ORIEE 5 5) HMIE &
NTEREBKRIMNFEEL TWB AT, BERIED,
1978 5 &fa T, 1991). BRIHX DM FE AP RT v 7~
IR A OE WV SD il - 80 i (il 21X, Giggen-
bach, 1992) &, ZOEFILELHL W3,
AHIEOILER, A2, TR E D XD
5 - EOIRE (Na-C1-SO, %, Na-Ca-SO,-HCO,-
ClEIZE ;%0 MDY 7 b & kb 12, BHRR
2 U CERRD B O 52V NI TH O, H 3
O~ 272 W0 ~ % O ERS RS R A SR K >
TR SNBBOFGTRREVEBESINIDS (11
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X (B) Tld#Amg). —77, KON OWTIE, K
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RISHAERJEE 5> Tk D (413 23), WTIEEH»S
DI 75 s BMEE N A T Z D RS EA A B 0D —
o Twa Mt e g (RIS, 55 111X (B)
TIZHM).

2011 4F ZE62%& H3/4H

BER™MTbN7z. AL ZEREOEATHH &7z IB-5 -
NB-3 @ 2 HTH TIE%E 700 ~ 1,000 m PA%EIE 200°C 2L
b (R~ 270C) A>Tk O, Fis =R & MBS b
RO KMIRE) OFICERREKRAREL TS
RS E VW E VI RBB O THwE (oL ¥—
WA THFEERE, 1983a, 1983b; %%, 1986;Hr— x )L ¥ —-

PE SN B JE RS, 1991 5 AFrhr, 1991). AFTIE
%;Hi%gz_’:ﬁi, b EAGH FE M AR A AL o [HPL -
[Pl 4@ | WX TEEEENTH D, Fric [EP] e

Aypigid, EREREORHEIEEEZE LN TEH
0, BHA L 72 &5 IZE O EGH RO E S A [HR] - 5
Bl 2 &> THE 1,000 ~ 1,800 m DA EF 13 KDY

w8 ()

7: PG, | i
i ﬁi;i‘:lmJJ: g
" CalNalCl

. (C.Sreem,wL A i
T oL 4. M3

e il e
PRGN TR 7

4. M3

BLse-

i

nent
T o

AD A7 N
8£.9000 N

1422 E

11 XEHAMRORAR A OBEET LR (2D 1), (A)IF Pl E LT, BEEEIZ DA THRE~ 1,500 m & TIZ0is
MEIN S FHAEKRERL, ZOWRREKDIGEREN~5 o/l AITOHAILEHE L, D EOLAIIIKEGETEHEEAT S
LI, FEARRAKOFARE L 72, BEONMIE, FICAHOFESZ ISP S BN WEFAERA Y
s — (2002), %% (2011) M) (CBETRHEE S MART. RIS, 55X (C) Db - W T A 1,500 m OHE

AL 5 X (A) OFEIUACKIAEEHD MM #EATORY. FELLIEE 5 R (RIGR) BIUOARLESIH.

Conceptual model for the distributions of hydrothermal systems in the survey area (1/2). (A) Plane map showing the

estimated distributions of the hydrothermal systems down to ca. 1,500 m depth with rectangles. For the distributed

geothermal waters, T.S.M. is show by the inner color (transparent and gray for lower and higher than ca. 5 g/,

respectively) of the rectangles, and the major water-chemistry type is also shown. The rectangles with the broken rim

Fig. 11

lines correspond to the system related to the geothermal waters developed after the presently-reported survey (refer to
Geological Survey of Japan (2002) and Shigeno (2011)). Distributions of the geology at 1,500 m depth (refer to Fig. 5 (C)),
and the Quaternary volcanoes (refer to Fig. 5 (A)) are shown as the background map. Refer to Table 5 (summary table)

and text for details.
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(B) &Pz (fiE RO R HIE 10) & LT, BRI YA
THAMPEE SN B EREBKRERL, ZOWRKRDIFRIEN~5 g/1 ITOHAIENL L, D EORAIIIKET
W5 L &3, FEARMKO A RE L. BN AIIHEE NS REOBKRRE, FHZ 135 RO
PUFNZ AR RLE S DO CAEFMEA SO BURR 2R3, RIS, 5 X (D) OV W X o J04 5 m D PEREIX] & 31
PR UORT (72720, SHIE2 M (2009) (2HEDWT, 58 = RIBEOD KR 7 flif_L W R <0 Mo hg O widin i3 R BL S h
TOEWZ LIZHR). 72, Bl - 720 CRilibdiin s, 2004) O Rz nRd. Wi (U-V X W-X-
Y-Z) OMEIEE 11X (A) 228, ks, W, SRz - Z2BOKRRIZSOVTIIA I T D, BRIORKRONME
DIEIN TSI EICHRE. FILCIEE S & (BIER) BLUAE2M

Conceptual model for the distributions of hydrothermal systems in the survey area (2/2). (B) Cross-section projection
view, with the vertical/horizontal scale ratio of 10, showing the estimated distributions of the hydrothermal systems
with rectangles. For the distributed geothermal waters, T.S.M. is show by the inner color (transparent and gray for
lower and higher than ca. 5 g/l, respectively) of the rectangles, and the major water-chemistry type is also shown. The
rectangles with the broken rim lines show the hydrothermal systems estimated at the depth, and especially those with
scattered lines show the ones whose concrete distributions are less certain. Cross-section of the geology distribution
projected to the E-W direction (refer to Fig. 5 (D)) is extended to the depth as the background map, but the huge thrust
faults and reversed formations distributed at the Paleogene area are not shown based on Yoshida et al. ed. (2009). Also,
the distribution of the Yufutsu oil and gas field (Japanese Association of Petroleum Technology, 2004) is shown. Refer
to Fig. 11 (A) for the cross-section lines (U-V and W-X-Y-Z). The hydrothermal systems far away from the cross-
section lines are not shown, and the position of the system of the Noboribetsu hot springs is slightly modified. Refer to
Table 5 (summary table) and text for details.
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X, L BLoIcTiiRAz& S 1D, FERIEARHE
MO E LT [HEEK] Ol & g S h T
&7 (B2, HEFEAH, 1980b s MUEHARA £V
% —,2001,2002). LA L, EidL =& 5o (b
VTR - hER) 1d, BRFISHAEN &0 S kD & b v
EOEIRK IR 2 0 e~ Ik TH 0,
HFOBKRIZDONTE BEAERFEAE LT, BT
FIGRLAKILDBEDE 52 KEL ZITTWEEFELLNS.
[BEREEOK] (2oWTid, Eb U724k 512 1970 402 E
WHNZHT = 2L ¥ —HPHOF Y KO HK Tith iz
BN DD, ZOERMNAMMNCLT LA TIE A0
(Bl 70X, i, 1982 ; %%, 1982) A%, HE&HUE (R
2P - ) O FOBUKRIZDOWTIE, dalkd
AR 2 [PRREEK ] ORI IZEABNTHSS.

5.3 AFEMHEOHKR (FICTHEE - BERE
DBRKIZOVT)
5.3.1 AIFEHHEDOEHKR

ERE 4. TR L5112, KFTHRE L 2AFFKH
WS OWERICOWTIEL IO S 5. (1) SR
J& 9 Na-C1 B & KGO Na-HCO, Bz KAl X 5. (2)
W& B2, EAEAKOWHREICES < [HEAE] &
FERHIZ 20 ~ 30 C /km P2 L/ &, (3) [ERLARIC
RIS O Na-Cl A3 K~ K& FE A E L,
GRS D Na-HCO, B[k % JEE 4 5. (4)B/Cl
o7 & B RIS 0 Na-Cl Bz i3k~ bk o3
LGAWIRTH 5. (5) HERLZIRIEFHC & 2 #EEwE i,
A e ARTEERIR & Rk 4 5.

HIZ 412 TR &S, KE (2011) EALEETR
A% G T RS O AN iR SR K D 3R IZ DN T
LRI L T 5. ZOMBRE»EDEHETH %72
W, KBEOLFHEIF SO TSR - THHMIL L, 2
KRAD M B 5 MET LA 11X (A) - (B) IR L 7=,
Thabb, ARFKHI OEFE - LT3 LRC O SRR
JED Na-Cl BI040 U, 3% - #0058 CISIRIRE O
Na-HCO; B2\ 05§ 5. Zd, /K% (2011) OERA
DA OB T, BISAYICHT# (X, (B)-(C) fHIIC,
#%HE I3 (D) IS RE M T 5

R U 72 & 512, AR i3 4t H Ao e &
T E5IRE P ORISR & DA T, K & vefak (H
IR & RRE — AR ORI AE T 5) Lo
Tk, F11X(A) - (B) 2R LS IZHUR~HH =
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F (ZOEEBIITHE =R - AWR) O FISWERHERS
FRIEFIELS LT3, ZD70, M FEEESIEh
KR~ bt IRO H G K A il § 2 B IC 2 > T B
RIS, A IE IRk Og & 2 > TH D, %
DO FIZIEEIARE D K~ ~ 7 v BENIARIET, AN
BHGRB(REN T 5 L E 2 5 h T b, Al
OHRAENE, HAOHER A O hTIRIER I/ X < 1%
W% 20 ~ 30C /km Th 3. ZOFKEILTLEWL LT
WA, HFBITHT U < i 2z W HEREA B B AR 1
B CHERES B L AR, SRR A © o AR
KDL N ERER~TRER N DIE - WA E R T,
2 6 OIRIEI BAREIZ K B BRI AT E N B Z &3,
Big ERFRRDO—ERIZH > T B LRI E 5.
AFHEHIAR 12 D WO T DU~ B 58 A D HERE A FH A
JEL A LT D, MPIE X h - MU 2 [VER UK |
RO MEEIF ORI LTS Z &8 TES. KIS, £
FHICHD AR 13360 S O ALiiEE O AR KR ERIRIZ 5 720,
TPk 25 [RIEEOK ] ORI ICHIEAFE NS, LaL,
EiR U 72 & S5 ISR AE AN 2 W /=912, 50C LI
AR~BoK %15 5 12 IZHEG R IZ B ~ 2,000 m BL_Eo¥i
PHI 2SR E 20, [REEOK] ©% H ORISR
PEORFIA R Z N (B2 1E, RiE (1982) &), BIfE
AHSRT [VRREEOK] ORI RGN 4 [RVREE IR
IIFIFRONAHHIE, ZOfIChIEELOND.

5.3.2 TR - BEREDRERKICOWT

T L, AR ACHEE PEE O LAY 5 O
ARSI AN E FSRICIED I ic s 20 (1K
(A) - 52X (A) 2H), TFHERSE ORI & IEBOR O
T ORERBICNET 5. TREETIE, 1970 £
IZHEERY 1,000 m QBB & > TIEFIIKIERE O
Na-HCO; BIOMSEA A L7z CRFIH) », 2o
PRI/ NI 72 £ T OHUHEANC X % SR Na-Cl
RIDWEIRAK LG IER IR > TE Y EH S hz (Jbimd
ST EFRA T, 1977). 2 0%, AL o dtiEE
PEEB O A Lt & A FHEH AT & OBERIE RIS W T
&, RE~ 1,000 m OHIEHNC & - TTRERHBHX &
FABLOMCIE IR - Na-HCO, BIOHIRA DT X T
3. % (2011) 1F, 4.1.2 TBN7z & IS S b
— B RO [ R ] 12 DWW TR A MET &
TV, RO R K & & & I (D) Hbisk, BIA
WNZBEARIERE LT &7,

TR OEREAIZ DN TH RIS L 72 8D fEi, §°0
6 (=77%o , -11.5%0) &, ZBIOGKIOHTITRERIIC
K<, BAGRFEOMIIAK - Fhght RO 8D i, §°0
ANDOEEDIR» S, EEAEOHE (~ 1,000 m a.s.l.)
THWEIN-EEZEZONS. £, BEOFEGHORAK
ARPEE LT RN ERE S, AuTLrii—%
AR O ML, KRB0 L 07 O TI

—170 -

FRREAREI RS 2L (KRBT -[REEHLEL v 54—
(2002) 1= &AUFE~ 2,000 mm/y B k), —AEANIZREN
DENMEANIZ S 2 KIPEHEP I T2Z2E 850,
Zh 5 ORAGEIEM FK2 N2 2 Bicis) - IlGEL ¢
WA IR ENTH A S,

AR IZ 351 5 _EAD 5.3.1 ORI IR O R
SRR & SRR EE O W AR ~ LA AR IR SR AR D 73 A 1,
R O ADZERRE - BAKMED 0, BN 2 KB G
DAL 12, KOEE (FEIRECHERE KRG O30
ko THEENTED, HIFThA DR AER% &
LT3 HEEELRH 5. 5K (C) - (D) AENRT XD
I TR BB DRI O YU TR T (3. P) 4147
LTS EHEIX D5, &6 < WHOKg 5
DIEAGEIFEOH T ARDIE - WP EA L L, SHEREO
WAR~CAEAGRIEOH TR PR3 5 & & & 1I2JRm
75 MR BRI K T X T, (RIS O A
BT E & -2 DEELIENS (K, YHOD
~ 700 m PIVEICIZEOVI L ARG LT D (WEHE
AT, 1980a), W fEOTREME SV E BN H, FE
WA RKERBECTHER{ L - EME e BB T & 4vy). ki
DIEVEF T OMSERRE OISR S, kD BEE > & [FlkkD
WETHELTWS WEREREG Y 4 —, 2002 ; 1%
¥, 2011).

—Ji, MR L7z k512, M mBEOMERR T, *F
FLEIZH T VRIS ~ 30 m 2 5 RIERE Na-HCO, &I (~
25°C 5 TREBN K 0 & RIEIRIE), ~ 110 m 2 & SER
% Na-Cl BIDMERA (~27C) HBEEL TEHL T3,
BRI L, KBS N-S B - e} o 16 i
JE (RIS AR ) OB RIChiE L Tl (i
AL, ALiE S E NS, 2001), ZAUSHIBIE T
HWTER? 5 TN 6 DIRAKNR A LT EEL 6N
5. BB OBHEE IZEEDTIE, B3I (A) 251
W& L2 1 R 500 ~ 1,000 m FEHE 2> & DR EAKD 5
BHEE SN S, Ik, BBREOIKIEIRE R KD 8D 1,
SO MHI%, 7 DACFEA TR T & DK OB
THhDHILERNLTED, WHOAE LM — H & LR
MEBH0 SN EEZ 6N 52, HiFHYE —K
PEREXEMIZIEVE 7 O IUALAIEE A & & 72 5 S /- TTEE
MrEnEZEZS6NS (11X (A) - (B) 2.

54 HE=RFBOMKFR FEFIH LD S K VIEERY
2)

RHOPAD E N FITAD L 72 & 5 IcaE (~H
FHEH) TH 0, EAO 2 RSz OV Tk kS
WO HI TRURHREL - 3T &7 5728 DTH 5B, Lol
Z 0%, EHE=RIICOWTEEO - KR H 2 EN
FEEIRAT D[RR ] 2 [RVREMR | DORTE A &5
fibh, BHEOT— 2 OFHPAHEL 5> 7. FRHESE
o3 O = S 21 VAR L N 7 2R [ | 3 MY LK 2R )



A, FEiia & o RRK] o1 - RIRRR 2R e IR (5KE)

FeAr (HiE 2 5 2001 FFI28G/H) 12k - ThE A il -
W ITbh, BFEOERSEH - A TE .

Z ZCARITIE, B E (m) ATET B EE R
W TREERR] 12o0WTE, RENaEE,» 55T
DYERNGHERmET> T Lz 22T, Wi
ARG, WML 3B IS T, L D&k
~H 5O BRI & AT TS8R 3.

541 BE#HE

A 38 oD /A Bl R0 Hs B i 1S D T, AR T
V&R (1995a), HUEFAAHT (1999), Jt¥w
SV MFZEATIE A (2008, p.116) A EIZK S TT—4»
With - A S, WEHREAERAS Y 4 — (2004) Z2&-
TETEMEAR SN TWE 2, ikt — HELiko
DI T YIE O ENC & 2 BEEE 7 — 4 K%
LTW3., 20770, WFOLAFHEEHE I & O H0s
D+ 05 - 17 PHEB O H i A Bl 1 5D T, TR IS
R AEE (20 ~ 30°C /km) DAAAHEE XhT\W3
L2L, ZHEBTLEELL AWML S 5.

BEBS 13 Ma IO KEHET L — b — 25 70Dk
AIAAIEF LT, TEINMEESEOFIUR (2 /3-)
W ANEMTIEE 21T 5> Th D, ZOuugko A%
LR — 475k 1L & 2 D JE ki st D Sl e iige - B5
WMERS5TWS, LEn->C, RT3t FESE T
D b5t - I, KRB 5w - RO R, R
JIBREE, ZRAERNC & 5SRO 2 & 2K & L
T2V & DA Bz & - T, N ORI BRI
& 503 FRtk D 225D kE v (30C /km
<) WEEMEAERE NS, ZRITH LT, TRESROGHT
U 3G 36 & O-HIS U P o HE A B, T LV
R DMK 7 HERE e LRI b3 & D 72 Wi R KR
FOMBEZIT TWE DI EVWEEZ OGNS, il
TELA, CHERAT R O h s~ I i L T, %
ORI OB TR 0K WER (B2, S8 (2011,
FIX(C) #2M) 1%, FiloaREtkE L 0 s
LEbhb.

FAPHE A (1994), L7 T & WA (1995b)
nEIT IR, FERTHEO H & X Tid 1986 ~
1989 4FIZVERE 700 ~ 1,500 m OHFHHEIZ & 5T, &
Tl & U CHURIRE T~ 57°C, WURmHIEE T~ 46°C,
MR AE T~ 49C /km I T 5. R, [FH
X0 2 FIFTAMBLOHREFICEREL T, 20k
MOEE RO —FBIZRS < IR A b & U ClRAK
BIMFEL TV EHEEINTWS., LESST, ER:
W24 A % % 47 a1k — H s IR oD rhoC sk~ & 5205k
2BV, LAl OEWERE - K& AR A A 2
D OFPIZIEA > T D, &5 WIFHOSIIZ 0 m LT
UM ELZ NS,

ARFED P TEREL - 871 % 47 - 7= FERR ol R Ak

—171 -

24

W, R (LSRR L BT AR
BiPZ, N-S EROKBANE (EHEWRE) HEbh
THIE BRI B =R (FRERER TECHRE 4 &
£ 1R & BRI 5 & ORI A CHd 3 IRA 3 [
< BRI L 2 EAME) 2 B Mk (T AT
1073 5 I VBT, 2002) W LT H O I
FROBRBICHhBLEZEZ6NS. kB, mhbhL7zkd12hH
FEHRHEAS AL RT3 55, 1ROBTEA 6 OEEUK PSS
TR R A R FE IR, TN - R AR
FBERERE (55 SR AU TR B R L
BY, FEMOBBIC S 5 L S h b,

X DICHIREG T &1, [HERERSE] O (4] (R
~ 4,500 m ; BIEDOHE AN~ 22°C /km) TiE Eito
FIHR L 155 = 00 3 1 S LA TR b T
BLCHY, WS- THBIY 5 BRSO A - Jf
WG O A O T RGRE 1, T 20000 F (%
B~ 1,000 m, ~ 3,000 m#&HBXV~4000 m) #R~LT
VB (RALMER, 1999). 0 Z &k, L il
ONBET B IR AEK L, 7 A0 T 5 EE
DFhA LT B BT S < BB D, 7 DI
B WAL T AN L 72 2 A RIE LT B
LAROSEAE, BN L, EEREE, IS0
BEI, B3\ ORIHROBIEIZES LT3 &S 1
ML AR X h 5.

5.4.2 BrEEEE

YOFHR NS & 2 AL & o Fri B T8 R iz D v T,
—ARA IR B AR R AKNAK T 25 E 12D T
LHEINTT—4anFLHohTE, HREY 2
ELTHiHO bR (EERE KK NROL 1/
min/m) 7% & OESMR B N TH S (IRKIE
22,1997, 1999, 2000). AF L O TIE, SMDE
BRI, AT (— ), SRS LIRS
KARIET 5 Ve muBH M FAF, X AR — B0k
% Xa JHIE—#%ERK 7T a v 2z onT, ishE
A H 6 DXL IZEF Lo TS, X LFF—FIA
HEREZENE, ARGIMEREEE, HISHEREA & IbA TR LRI
FHSR (1~ IV) O 80% LU E% 5 5 ik TdH
D, AR - PR - SRFOBINRE S EH Ok & W Z B,
—H, W SRIBICEEY TS Viie mdkH S R
DNWTE, HABEEOFVILENEOHIIIEHONTE
D, ALiEEN O IR O M TIZ i~ L A E T RATF
il (556 £, 56 2 ZFHOHEA GRRFRY 2 2 850
A%, 18 X HAT OF Ml 50 12x LT 29 &K<, Kb
B ERBEROFERMEN) Lk oT0d, Kk, K
TIERYUHEEIE A A 5 <, YIRHEICE T % Lo
BB OMBROFEGNRKENZ LIZHERETIDELD 5.
W SRETIE, HE R (ZOEEIZITATR) DK
R AR~ TR < 4340 L Cds D Il Rk D B g
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56 % ALiEE OB 3 HX ORISR O Mg R s & Ol (REBIEA (1999) 1255 <).

Table 6 Comparisons of the specific capacity class of geothermal-water wells in the three districts (related to this article) in

Hokkaido (after Matsunami et al. (1999)).

X X £ HHY |HEHERE ([EHEREHR  (LREHESRE  |[REHERER [MEAER
5 00~0M i+ I~11 ofiHF |1~V O5H [00~0DFEE
B M % @ H Q@ 1)/ ((2)+(3))
_ N N (h) N () N () | x 100 (%) (°C/km)
Vile mabR=@ELH 9 2 1 18 0 0 29[ 30 LLF
X A - SBHHER 88 3 12 14 13 83 4] 20~50
Xla BEiR—%EMEID VI & 91 19 43 47 29 32 26] 50 pLl.E
— duigEsE (18H#X) 495 68 130 26 297 60 16 -—
—— WRZEHMELE-FYE  (8#K)| — — 30 — 43 50 —

AR, WIRIEA (1999) OFE2R IFHEX (FIX) " BRADLBHERR” OEHEIE) hotkE - HEL.

HBHE (I/min/m) FE#RIE, 00, 0.10LLF; 0, 0.10~0.32; I,

0.32~1.0; I, 1.0~3.2; I1I, 3.2~10; IV, 10LLL.

HIRIEMN (1999) (2&nE, REOHERS O (1) FmITKLED Xla 12, (2 BE#EE Q) BIFEMFI X I,

A EE=REIF Viic [2HT-5.

ELTHEEE LM, HE R - AIRIHE Rk
U CPRERIZ 2B - BARMEAKLS, EdLL512
WSROI DN T T OWRRD 734012 K 5 Thl
SHllEh T2 (WRIFEN] To ) WREME, &
v (R, 1994). L7=A - T, E = RIS T %8
AKRDFEZIZOWTUIRAE L TS EetEr <, s
128 72 > TN RIS OHA - A A AR TH S 9.

s, VIRHEMXOYIHTIE, =R & AR
BEFUBANL A ISR EI L T s, &7z, [ L 7z
KO TREBIR EOWRIR G, W =R & RO M S AR
BRHIMELTWSE, ZOo—8»rb, MERDMmE
& RIS, KRELWEEREBOWE - kORI MR8
ez J@IRE DS, BT OIZRICEA 5 LT 5 Ll 5.

5.4.3 Atz

AR O = R 530 sk DU SR AR DAL EHR IS D
W, B (1994), AL i IR AT (1995h)
BEWZK > TEEXATHS., ZoHIKTIEA - IH
IREEITN AR 25 E 3 B AL PR &R (IRIRIE 2,
1994) », ZiEHERXOECYH 2 5 OISR AKIE, &
YEURIE - FhE-Na-Ca-Cl Bl & 72 5 TV 5 (A%, 1994) (58
3 XI2H). Na-Ca-Cl %~ Ca-Na-Cl ZIZ, i fEMA
HEA 7B O A ARIEO AL, HAMIZHRD 6
N30 TH5 HlA1E, Collins, 1975, Davisson and
Criss, 1996) .

A7 H # i X O R K o 8D fili-5'°0 fifl (G5 6 [X1 (A)) 14,
EHITKRZF YT b ARTHEANCH D (B, 1994), (F1
Ml ~) W AL BRI O Pz & - Tk —
WAL DHET L7222 & &R LTS, K (2011) (3,
AR L72& 912 CallFBL ZOBIDIERAD, (A) HiH
=R AR B L, REIM WAL S bAoA ~D
ZAERE (i fEH) A ZEBRET, CO, DG4
%< SO, MEE TN 2BICH A BIRIZH VT, MgiR
EOIKT R bsioIgm) Lahan» 56D Ca DEH (#
BAOT AN MME) 12 &> TER L 72 iTREME % fadi L
TW53,

S AEREL - 3B %47 - 7Rk Eo A, HE~
11°C OESEIREE - btk - Ca-Na-C1 T 8D i - 80 i
DOREEY T FEABOOER, EBLEVERSORERA
EHERIMES E. AR EI RS O A s 5§ H @il
HROJEAMIR T &, KA (i 7 3 & 5 3 AT
(1997), &K - HEAR (2000) % & A& BH) & 50 Iidk
FROEE, ZOXS BMOGTELE 5 BTEDOBAEL
T30 TIE BV X h, ZOREOM I
AR 0 &SRO & D IRE A EOERASIRE L Tn
BHREMEMEL BnE EZ 6N 5.

—7J5, White et al. (1973), Collins (1975) Z& &2k
L, HERSHOGRIEH A X S ICEBER & % 5
B CId, WHIS{KHERE O Na-HCO; BIDHiHR K — 25K
K (TEMR S TH B BIZEA, SPOMOY 7 &1
) MEKTEZENMEIN TS, 2D XS BHik
m—%&m&&%&gaa%zeaaw%*@%ﬁw
HATEHHEO Al (RESEAES) 5L TH
HERTED Wz, ZEH#E, 1967 ; Shigeno and Abe,
1982), AbifsE b Y oo AL 00 KIE - Bk 0 HERE 712 4y
19 % Na-HCO, BUD3tfg A - iRIRAK (EERBEEES)
&, ARk A RO TBREEA Sy (s 3t ¥ I
AT, 1979 5 KA, 1993 5 #hk - SEH, 2007 ; K%
2011). 5 SRIKOH FEE, X722 ORGFOIAES
Ho ik (H&Ik—2&1L0) OT Tk, Zo
& 9 HARKEIRIE D Na-HCO, RIS A DM RIZH -
TS, & 5 WIZIRRIIZ A6 LT B afagdk 2348
fiEhs. & 5ICHMEIEA AR ISR I3 IE R R
HRBERAEH R ESIA ML TE D, Bl &EA:
BT N2k 24 S0 — IR RISIZ & - T, (L&
W IEE IS Bk R - IRTF - BEIL T 5
AREME DS B B .

6. £&H
AL E D PaER & rh gL O BRI AL E B R
DHEWIKTIZ, 1960 A2 5 T 400 ~ 1,600 m D
HUFHEHNC & > T, W 40 ~ 60°C D RAA LI I

—172 -



A, FEiia & o RRK] o1 - RIRRR 2R e IR (5KE)

ZEIZHB LTS (AL, FEEIEs, 1970 ; At
WA N IRF A, 1977 5 Wk, 2001 5 BEA - $AK,
2007). Ak A v A0 3 AL (W5 DI
fekalisk, HOF OAFKHA & E SRR A& T,
MR (FRIZ3E~ 1,500 m % Tl LU~ 3,000 m %
T) IR T 2ROKROR B L IEA S 22T 5 HIN
T, MK - MR - RRARIC D W THIERL S - AR
LM B3 - %217 -7z, ZhSDHIRIZDONWTO
RO BT RORR A IHEL LT, ZOMEIILUTO
D~@DE3icFLHvbohsd FEI1X(A) - (B), &
5 KEMH).

(1) B0kl (b @ s o gtz b 72 0,
Tl = RERRLE UTHE =10, X% - 1%
D2 AT T ELROBENULLKILOWE 2 EFE) T
3, BRRGIRRSEHRG LTS, RS, BRX (5
RSB A D) TIE, Sl SEIRE T
M~ - Na-Ca-ClBIDWREA 3 L, WFEAKOE
WD - 880 filizs & 2 & v & 2 IED Tk D 5 h
EEND BlAIE, MESIEH, (1977), R (1991)
ZH). —J, LHIUbX OER - (RERE b - Na-
Cl-SO, i, FLv Z HuIX, A0 vE 7 X o> & 0 Kk -
(G Tt - Na-Ca-S0,-HCO,-Cl 17 E DIRR T
3, WO~ vE D ~SRAKECEERIE - T2 (A
A V) oL LTREXRSH, KOEFEE L
TOHFGIINXNEHERI SN B, MG RITEHRA [H
) - [0 OFUFEE o 2L — - ESERAR
HeRE (1991) &£ 8) 12Xk -T, AL AKX EATIEHE
Ik S 7z SR EUKR (~ 700 m DIET~ 200C L L)
DI ST 5,

(2) FERIR (Fig (3) Db O M VE S IZ &
BH7=5H, JLEEEEEBICALE LT LR (1) Okl
BUCHe T 2R P8~ ) T, (R o -
Na-C1 % (J§{8Ci3 SO, I8 A&, HHTIZ Na-HCO, Y
1278 BEIA) OIS ERRO L SIS L, ST
i 90°C /km 12T 2 KOOI IZIEDS < K&
HEENT O [THRWEL] &85O, AR (RRCeEEs -
i) ORI OWTIE, T B IR ILEED 75,
FECOALAN - R R, IR K ORI AL (~
+1.0% D 80l 7 1), HIERL#AIREET (Na-K i
g5, Na-K-Ca 5t IRAKETNIZL D SiO, &
) Ik BaEOHEERE (200 ~250C) HERS, W
F OFENASA IR D LN DA FFE LT, %
WO~ 2R E O ~ SR AKBUE R A (R R Bi & L 7z
TEURME D AFI 22 RSB AR RS, 2 OEIRE 85T
WAIREE RSV Sl X B, ZhiciE, FEgic
Vfd 2 LAt /7 VoL 2 X JEICHlifE & 7z iR EOKkGCR
EDMAMPESER X B, 8D il - 80 MO En b,
FEEHUR DO B R DWW TIBRIIX O & 5 7~ & < i
TWIRDZGZNE L, F2BLHM - LW OBk,

—173 -

K AL ROBRAITIEF I N EWEF X 5.

(3) FiFHEHhAr (2R — A~ S VUAC D W BHE RS i 8
JEL AT B KB 2 Pk ©, MR AEd 2/ h &) T
13, TR ] SRR ISR IS 0 A0 U SRR -
H - Na-Cl B0k~ LAl KE FEERFEET5 8
DL, Pk & O INERIBIZ A USRI - ik -
Na-HCO; RO REAK &I & § % & DTz 2 55 &
N5, FFHEHA VRO TR X O PR ~ 1,000 m
6 OIIEIRED & O, FFERAIEV D fE - §'°0 &
EFi5, W OBIACKIIROREE~ 1,000 m O (liiho
fek GRBEOIEHIOWEEMES D) 2RFEE LThwa L
Hem & ha, —0F, A EER o BB AR I M X o
JE~ 30 m DYFEA 5 D~ 25C TIRIEIRIE & I~ 110
m OFiFfE2» 6 O~ 27C TEMIRE ORRAKIE, ST
By - NS & o THE RS A SRR KA ESL
TW3BZ L &R,

(4) HE =R (Bid 3) DKM OH T T, Ak
IO R — HE ROV O ez 5720, 1
AT~ #7258 —AC DU BCHERT S JH AT < 204§ 5 BE s 3
Wrkg - #HEHE) IR WT, I VIC AR &P SR
& OBEIFEBO RN EHbX T AR A, I -
AR OhE - Ca-Na-ClBITER 8D fili - 80 fiti %
Fib, EFEKE UThEIERZEA ZURKICE T &
Fzo6h5. ALHFOLYERHMKO 05X T, [FRk
DAL R B A D [REE RS (RE~ 1,500 m T
~57C) MR N2 (R, 1994) L& &g, ik
WSRO - KR A SEFTAE D [FHehEasME ] o3 7
BHciE, @ EWEEEO R~ 200C L THER L 7235
WO ARG TS CRARIZA, 1999).
INEDZEIE, KFETL = — 27 TORDITAR
AT & 5T, TEIRD RTINS E T 5 AR5 A ik -
T2 BREE 12 & 5 A7k Lk — H @ Lk & 2 0 50 sk
T, HFHEE» 6 LR 504 0 EROBRRAKN D K&
L EBFMTIRGFE L TWBZ L ERBL TN 5.

ks, ARPOFEAE - 2L, 1970 FROT 3L F —
FERE ORI [TEREEVK | T B IR & U ¢, HERIR (A
CDER$ 2P H 72 5) OEIBICIRTE§ 2K~
EK (geothermal water) D KEUEZ % H R OGS
Birbhi-s BlAE, e, 1982 ik, 1982) (2,
REM L FFIHIRE L TEDSNZEDTH S, W4,

HASH TELHOYIRENZ LD [REEERR] & LT,
I DWAR~BOKDFES IO TS, LarL, ¥
SRINZIERHE L MEEGIR TH 5 [HREEVK] Tot
B JICOWT, RUIN - REWN LB 2 5 0% HAR|
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Nobuo Geshi and Masayuki Oishi (2011) The *C ages of the late Pleistocene — Holocene volcanic prod-
ucts erupted from the Haruna volcano. Bull. Geol. Surv. Japan, vol. 62(3/4), p. 177-184, 3 figs, 1 table.

Abstract: We report nine new datings of the three major pyroclastic eruptions of the younger Haruna
volcano, at the central part of Japan. Two *“C ages were obtained from the Shirakawa pyroclastic flow
deposit, three ages from the Futatsudake Shibukawa tephra, and four ages from the Futatsudake Ikaho
tephra, erupted from the younger Haruna volcano. The *C ages, 44740+450 yr BP and 450304620 yr BP
obtained from the Shirakawa pyroclastic flow deposit, indicate the age of the Hassaki eruption, oldest
and largest eruption of the Younger Haruna volcano. Three *C ages ranging from 1540 to 1640 yr BP are
obtained from the Haruna Futatsudake Shibukawa tephra. The four samples obtained from the Haruna
Futatsudake lkaho tephra shows same *“C ages of 1480 yr BP. These *‘C ages confirm the age of three
major eruptions of the Younger Haruna volcano. The eruption age of the Futatsudake Shibukawa tephra is
the late 5" century — early 6" century. The eruption age of the Ikaho tephra is considered as between the
late 6" century and the beginning of the 7" century.

Keywords: eruption, volcano, pyroclastic flow deposit, radiocarbon age, Haruna Volcano, tephra
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Fig. 1 Outline of the Geological Map of the Haruna
Volcano after Oshima (1986). The sampling

locations of the dating sample are shown.
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Fig. 2 Detail maps for each sampling point.
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Table 1 The “C ages obtained from the late-Pleistocene-Holocene tephra of Haruna Volcano
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Fig. 3 Stratigraphic relationship of the volcanic products of the Younger Haruna Volcano. AT: Aira-Tn tephra, As-BP:

Asama Itahana Brown pumice, As-Sr: Asama Shiraito pumice, As-YP: Asama Itahana Yellow pumice, As-Sj: Asama

Soja pumice, As-C: Asama C pumice, As-B: Asama B pumice. Ages of the tephra are after Nakayama (1978), Machida
et al. (1984), Soda (1990, 1995, 1996) and Machida and Arai (2003).
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BEEIRINKE & ERKMEEMTEM & OXRMFR
[BEICE T HKIFER - HEKMEZFERICK DB FRMHARE] ICOVT

NRER T - BARIK - OXE?
Naoji Koizumi, Norio Matsumoto and Wen-Chi Lai (2011) Cooperative research entitled “Hydrological
and geochemical research for earthquake prediction in Taiwan “ between National Cheng-Kung Universi-

ty, Taiwan and National Institute of Advanced Industrial Science and Technology, Japan. Bull. Geol. Surv.
Japan, vol. 62(3/4), p. 185-190, 7 figs, 1 table.

Abstract: Geological Survey of Japan, AIST has been carrying out the cooperative research entitled
"Hydrological and geochemical research for earthquake prediction in Taiwan" with Disaster Prevention
Research Center, National Cheng-Kung University, Taiwan since 2002. We made much contribution
to clarifying the mechanism of groundwater changes and their recoveries related to the 1999 Chi-
chi earthquake, constructing a groundwater observation network composed of 16 wells in Taiwan and
understanding the earthquake-related groundwater changes observed by the new groundwater observation
network through this cooperative research. In Taiwan seismicity is more active and crustal deformation
is more rapid than in Japan. Therefore observation and analysis of groundwater changes related to
earthquake and crustal deformation in Taiwan will enable us to make rapid progress in hydrological
and geochemical research for earthquake prediction. This cooperative research will also give important
information for evaluation of long-term groundwater changes in tectonically active areas like Japan and
Taiwan.

Keywords: Taiwan, 1999 Chi-chi earthquake, groundwater, earthquake prediction, crustal deformation,
geochemistry, ground shaking
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modified from Lai et al.(2010). A broken line shows
the earthquake fault of 1999 Chi-Chi earthquake or
the Cherlungpu fault.

Fig.1
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Fig.3 Coseismic and/or postseismic water level changes

in the different aquifers relative to the distances

between the observation wells and earthquake fault.

Layer 1 is unconfined while the other layers are

confined. This figure is after Lai et al.(2004).
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Fig.4 Relation among the coseismic and/or postseismic

water level changes, original altitude of the water

tables and distance between the observation well
and the earthquake fault. The coseismic and/or
postseismic changes are shown by the arrows. This

figure is modified from Lai et al.(2004).
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Fig. 5. Coseismic and/or postseismic groundwater level
changes associated with the earthquake that
occurred on December 10, 2003, event No. 1 in
Table 1 and Fig.1. Two-minute values are shown in
the graph. The date and time are in GMT. ‘P’ , ‘O’
and ‘N’ mean, 'persistent change', 'oscillation' and
'no change', respectively. This figure is after Lai et

al.(2010).
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1% 2003 412 H~ 2006 fFloEBRATRAELZM 6
Db 17 foiE. #EIuds 1 IR EhTns.
Table 1 List of the earthquakes of M 6.0 or greater
(December 2003-December 2006). Locations of the

epicenters are shown in Fig.1.

No. Date* Time* Lat. Long. Depth (km)Mw**
1 Dec. 10,2003 4:38 23.07 121.40 10.0 6.6
2 Feb. 4, 2004 3:24 2338 122.15 4.0 6.0
3 May 16,2004 06:04 23.05 121.98 12.5 6.0
4 May 19,2004 7:04 2271 121.37 8.7 6.5
5 Oct. 15,2004 4:08 24.46 122.85 58.8 7.0
6 Nov.8,2004 15:54 23.79 122.76 10.0 6.6
7 Nov.112004 2:16 24.31 122.16 27.3 6.0
8 Sep. 6, 2005 9:16 2396 122.28 16.8 6.1
9 Apr. 12006 18:02 22.88 121.08 7.2 6.3

10 Apr.16,2006 6:40 22.86 121.30 17.9 6.2
11 Jul. 28,2006  15:40 23.97 122.66 28 6.1
12 Aug. 28,2006 1:11 24.80 123.07 135.3 6.1
13 Oct. 9 2006 18:01 20.70 119.83 28.0 6.1
14 Oct. 9 2006 19:08 20.77 119.93 8.0 6.1
15 Oct. 112006 14:43 20.89 119.90 10.0 6.0
16 Dec. 26,2006 20:26 21.94 120.56 44.1 6.7
17 Dec. 26,2006 20:34 21.95 120.39 47.0 6.4
* Date and Time are expressed in GMT.

** Mw: Moment magnitude

MR ELZILETER AN L ARE IR (56,
7K. A, BAMIEE AKX DO RN 22T
P E —IBIEHBEOD B TIX), mANHEE
DATEFHTELVWEMENE D -7 CGE6X). 5%
i3, WEHNC K S HNERRELLOIRE (L 21,
Brodsky et al.,2003) % &3 5 MENH 5. wFIAR
EEMDMEIZDONTE, REBEROREZE T NE H»
g Lhzmy (Lai et al, 2010) .
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ZAA R ), RIS RS 0EBRVT, T
7 b=y ok RN 2 s A ) A b T RZE L & U TR
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i (bW B EHERE) T, BERIILES-D 107
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JHU IZ 561 B~ b % O M AR 2L &
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(PGA) OBRARL 72X, RREZ(L L HEEB) D
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HPice s &%, ERMICHPITE 2 LKL TV
5. Lai et al.(2010) & D 5[Hl.

Relationships among the coseismic and/or
postseismic groundwater level changes, calculated
coseismic static volumetric strain changes,
and peak ground accelerations (PGA) at JHU.
Symbols show patterns of the coseismic and/or
postseismic groundwater level changes. Triangles,
circles, and squares show persistent changes,
only oscillations, and no changes, respectively.
The directions of the triangles show persistent
increases or decreases in the groundwater level.
The size of the triangle shows the amplitude (H)
of the persistent change. The triangle color shows
how the persistent groundwater level change is
explained by the volumetric strain changes. ‘White’
means ‘quantitatively explainable’ , ‘gray’ means
‘qualitatively explainable’ , and ‘black’ means it
is not explained by the volumetric strain change
at all. ‘Quantitatively explainable’ means that
observed coseismic and/or postseismic groundwater
level changes are 50-200% of the groundwater level
changes expected from the static volumetric strain
changes. This figure is after Lai et al.(2010).

NBA (255 2 g g~ b % O 3 MR ZE (L &
PR IRF O F Y e AR FE SR 28 AL & B2 B O i K
(PGA) DOBIfRE/RL 72X,

Relationships among the coseismic and/or
postseismic groundwater level changes, calculated
coseismic static volumetric strain changes, and peak

ground accelerations at NBA.
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Takayuki Uchino and Rie S. Hori (2011) Late Triassic radiolarians from siliceous mudstone of the Ashio
Terrane in the Kamo district (Quadrangle series 1:50,000), Niigata Prefecture, Japan. Bull. Geol. Surv. Ja-

pan, vol. 62(3/4), p. 191-196, 3 figs, 1 plate.

Abstract: Late Triassic radiolarian fossils were extracted from siliceous mudstone in an accretionary
complex of the Ashio Terrane in the Kamo district (Quadrangle series 1:50,000 of the Geological Survey
of Japan), Niigata Prefecture, Japan. The siliceous mudstone occurs as a block within a muddy matrix.
The siliceous mudstone also belongs to the upper unit of the Senmi Complex, which is distributed
widely in the Kanbara Mountains within the Kamo district. The fauna in the siliceous mudstone consists
mainly of species of the genera Canoptum, Betraccium, Cantalum and Fontinella, including Canoptum
sp. cf. C. rhaeticum, Fontinella sp. cf. F. clara, Fontinella sp. cf. F. primitiva etc. Based on radiolarian
biostratigraphy of these taxa previously documented elsewhere, the radiolarian fauna studied was dated to

the Late Triassic (Rhaetian).

This is a first report of Triassic radiolarian fossils from clastic rocks of the Ashio Terrane in the Kanbara
Mountains; thus, this find contributes to reconstructions of oceanic plate stratigraphy of the Ashio Terrane

in this region.

Keywords: Radiolaria, Late Triassic, Rhaetian, siliceous mudstone, accretionary complex, Ashio Terrane,

Kanbara Mountains, Niigata Prefecture
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Fig. 2 (A) Point of occurrence of the Late Triassic radiolarian fossils. Topographic map is cited from the “Echigohakusan
(topographic map of 1:25,000)” of the Geospatial Information Authority of Japan. Latitude and longitude, values are

referred to the International Terrestrial Reference Frame. (B) Route map around the radiolarian fossil point.

03X R 2 SRRSO EE, (A) BEXK—-5—. (B) WK—-5—. (C) BEIA POy, (EK—
7—). Cm: KL §i¥, R:BKEbA, S:EEMRIC K 2HE Y — 4.

Fig. 3 Photomicrographs of thin sections of radiolaria-bearing siliceous mudstone. (A) Cross-polarized lights. (B) Open-
polarized lights. (C) Radiolarian fossils in the siliceous mudstone. Open-polarized lights. Cm: clay mineral, R:

radiolarian fossil, S: black seam by pressure solution.
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Plate 1 Late Triassic (Rhaetian) radiolarian fossils from the siliceous mudstone of the Kanbara Mountains, Niigata Prefecture,
Japan.

1: Canoptum sp. cf. C. rhaeticum Kozur and Mostler, 2-6: Canoptum spp., 7-8: Cantalum spp., 9-11: Betraccium sp. aff.
B. kennecottense Carter, 12-13: Betraccium ? spp., 14-15: Fontinella sp. cf. F. inflata Carter, 16: Fontinella sp. cf.
F. primitiva Carter, 17: Fontinella sp. cf. F. clara Carter, 18-19: Fontinella spp., 20: Cornutella sp., 21: Archicapsa

sp., 22-23: Radiolarian shell fragments of Serilla ? spp., 24-25: Saitoum ? sp. 26: Gigi ? sp. Scale bar = 100 pum for all
specimens.
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