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Elemental analysis of bonanza ores of the Ryosen veins, Hishikari epithermal Au—-Ag deposit, Japan, using
micro X-ray fluorescence (u-XRF)
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Cover photograph

Thin section photo of high-grade Au-Ag ore from the Hishikari vein deposit (left) and its X-ray
mapping images of elemental distribution for Au and K (right).

The thin section, polished with diamond abrasives (1um), was prepared by the Geological Sample
Preparation Group, Geological Museum, Geoinformation Service Center. The thick arrow indicates
the growth direction and dotted line represent the boundary between the vein and wall rock. The white
areas in the vein mainly consist of adularia (KAISisOs) and quartz, while the dark-colored areas are
abundant in Au-Ag minerals (e.g., electrum). The X-ray mapping analysis was performed with a
micro-X-ray fluorescence (u-XRF) analytical instrument (Bruker, M4 TORNADO in GSJ-Lab, AIST).
The X-ray map shows distinct difference between the distributions of Au (red) and K (light-blue), and
repeated precipitation of Au (see text 1~14 pages for more information).

(Photograph and caption by Toru Shimizu)
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Article

Elemental analysis of bonanza ores of the Ryosen veins, Hishikari epithermal

Au—Ag deposit, Japan, using micro X-ray fluorescence (p-XRF)

Toru Shimizu

Toru Shimizu (2015) Elemental analysis of bonanza ores of the Ryosen veins, Hishikari epithermal Au-
Ag deposit, Japan, using micro X-ray fluorescence (u-XRF). Bull. Geol. Surv. Japan, vol. 66 (1/2), p.
1-14, 10 figures, 3 tables.

Abstract: Micro X-ray fluorescence (u-XRF) instrumentation (Bruker M4 TORNADO) was used to
investigate the elemental distribution in hand specimen and at microscopic scale of the surface of bonanza
ores from the Ryosen veins in the Hishikari epithermal Au—Ag deposit. The X-ray mapping results show
that the metallic elements (Au, Ag, Cu, Fe, Zn, and Se) and sulfur are correlated. However these elements
are negatively correlated with potassium with a spatial resolution of tens of micrometers.

Microscopic observations indicate that the following vein minerals correspond to the enrichment of
elements in X-ray images: electrum for Au and Ag, naumannite for Ag and Se, chalcopyrite for Cu, Fe,
and S, sphalerite for Zn and S, and adularia for K.

Combined with the previous studies of reaction path modeling and experiments regarding Au and Ag
precipitations from bisulfide complexes in boiling fluids, the negative correlation between Au and K is
interpreted as being the result of a kinetic effect on electrum deposition. Electrum precipitates as a result
of the concurrent decomposition of the bisulfide complexes Au(HS),- and Ag(HS),- after the formation of
adularia when the influence of H2S gas loss becomes dominant over that of the initial increase in pH that
favors adularia precipitation.

Keywords: elemental analysis, X-ray mapping, u-XRF, bonanza ore, Hishikari, epithermal Au-Ag
deposit, electrum, adularia, boiling, kinetic effect

1. Introduction

The Hishikari deposit in southern Kyushu is the most produc-
tive gold mine in Japanese mining history. The deposit currently
produces about 0.25 million metric tons of ore per year with an
average grade of 37 g Au/metric ton (Sumitomo Metal Mining
Co., Ltd., Hishikari mine, 2012).

Metal distribution of ore samples has been examined across
different vein locations using major and trace element chemical
analyses of bulk samples (Izawa et al., 1990; Ibaraki et al., 1991;
Takahashi et al., 2002). These studies showed that Au and other
metals (e.g., Ag, Cu, and Se) generally increase at the higher
levels and have a positive correlation with K and REE, although
there are some variations among different veins. However, one
important question remains: how are these elements distributed
in individual Au—-Ag ores from hand specimen to microscopic
scale?

Micro X-ray fluorescence (p1-XRF) is the method of choice

for non-destructive elemental analysis of the surface of diverse
samples, including inhomogeneous and irregular-shaped
geological samples, both in hand specimen and at microscopic
scale with a spatial resolution of tens of micrometers (Bruker
Nano GmbH, 2013). The analyzed sample requires little or no
preparation. There is no need to coat or even polish the sample;
an approximately flat surface will normally suffice (Wiedenbeck,
2014). A wide area, up to 100 x 100 mm of the sample, can be
analyzed during a single analytical run.

In comparison with the results of geochemical bulk analysis
and microscopic observations, the author demonstrates the
characteristics of two-dimensional distribution of Au, Ag, Cu,
Fe, Zn, Se, S, and K, with special attention to the relationship
between Au and K on bonanza Au—Ag ores of the Ryosen veins,
Hishikari, using the pu-XRF spectrometer (Bruker M4 TOR-
NADO). This is followed by a discussion on the depositional
mechanism of electrum (Au, Ag) and adularia (KAI1Si;Os) in the
Hishikari hydrothermal system, mainly based on the previous
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reaction path modeling and experiments on the gold and silver
depositions.

2. Outline of geology, ore deposit, and mineralogy

The Hishikari deposit belongs to the Pleistocene (0.61-1.25
Ma, Izawa et al., 1990; Sanematsu et al., 2005; Tohma et al.,
2010) within basement sedimentary rocks of the Cretaceous
Shimanto Supergroup and Quaternary volcanic rocks that
unconformably overlie the basement rocks (Fig. 1). The deposit
consists of three ore zones: Honko (Main), Sanjin, and Yamada,
within which the Honko and Sanjin zones are relatively enriched
in Au, especially in the upper half of the ore zones (Ibaraki, 1990;
Ibaraki and Suzuki, 1993). The Honko ore zone contains five
major vein groups: Ryosen, Hosen, Zuisen, Daisen, and Kinsen,
in addition to numerous veinlets (Fig. 2). The veins generally
strike N50°E by 300 to 400 m in length, and dip 70° to 90°
northwest, ranging from 1 to 3 m in width (Izawa et al., 1990).

The bonanza zones at the Honko ore zone are located between
130 and -20 m above sea level (Fig. 1, Izawa et al., 1990). The
gold grade tends to be higher in the upper part of the veins
and decreases abruptly downwards (Ibaraki and Suzuki, 1993).
The extremely high-grade ore (644.5-73,400 g/metric ton Au),
characterized by the presence of a Au-Ag-rich black band
(ginguro, “silver black™), at the Ryosen veins (Ryosen No. 1,
2,5, and 6 veins) is restricted to between 85 and 100 m above
the sea level, which is located above the unconformity between
the Shimanto basement rocks and the overlying volcanic rocks
(Abe et al., 1986; Shikazono et al., 1993; Ibaraki and Suzuki,
1993; Takahashi et al., 2002). The extremely high-grade ore in

the Daisen veins is also restricted to above the unconformity

Fig. I Schematic cross section of the geology around the Honko
and Sanjin deposits, Hishikari epithermal Au—-Ag deposit
(Sekine et al., 2002). “ML’ denotes the mine meter level.
Meter (m) in italic is the elevation above sea level. Locs.
R1 and R2 correspond to the sampling locations for
elemental analysis.

(Ibaraki and Suzuki, 1993). In other veins at the Honko ore zone,
however, the extremely high-grade ore occurs immediately be-
low and/or above the unconformity (Ibaraki and Suzuki, 1993).
The economic veins terminate at 110 m above sea level in the
Ryosen vein group (Abe et al., 1986).

The gangue minerals at Honko ore zone consist mainly of
quartz, adularia, and smectite with minor amounts of kaolinite,
illite, chlorite, calcite, and zeolites (Izawa et al., 1990; Sekine
etal., 2002). The ore minerals consist of electrum, chalcopyrite,
pyrite, and marcasite with minor constituents: naumannite,
sphalerite, galena, and stibnite (Sekine et al., 2002).

3. Sample description

Field and macroscopic observations

The petrographic characteristics of the bonanza ore samples in
field and hand-specimen observations are summarized in Table
1. The samples were collected from two different locations at
the Honko ore zone: Loc. R1 from Ryosen No. 1 vein and Loc.
R2 from Ryosen No. 6 vein (Figs. 1 and 2), where veins com-
monly show rhythmic crustiform banding with a symmetrical
structure (Figs. 3a, 3b, and 4a). The vein is mainly composed of
quartz—adularia bands with a white porcellaneous appearance,
including ginguro and local dissemination of ore minerals. The
analyzed sample from Loc. R1 includes ginguro, as shown in
Fig. 3b.

Microscopic observations

The petrographic characteristics of bonanza ore samples in
microscopic observations are also summarized in Table 1. The
sample from Loc. R1 includes large amounts of ore minerals,
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Fig. 2 Vein distribution and sampling locations at the Honko ore zone (Sumitomo metal Mining Co., Ltd., Hishikari Mine, 2012).
The vein distribution is projected to 40ML (40 m mine level =40 m above sea level). Vein groups, DA: Daisen, HO: Hosen,
KI: Kinsen, RY: Ryosen, ZU: Zuisen. Numbers in italics correspond vein numbers of Ryosen vein group. Sampling locations:

Loc. R1, Ryosen No. 1 vein (100ML E20B), Loc. R2, Ryosen No. 6 vein (10ML-2SL E42B).

whereas the sample from Loc. R2 includes only small amounts
of ore minerals. Electrum, chalcopyrite, and naumannite with
anhedral shapes are the principal ore minerals with chalcopyrite
being the most abundant in each sample. Adularia and quartz are
the principal gangue minerals.

Three types of adularia have been identified on the basis of
their morphological characteristics: columnar (tabular), granular
and rhombic. Columnar adularia, elongating up to 1.6 mm, oc-
curs as parallel or sub-parallel crystals oriented perpendicular
to the vein wall, forming a monomineralic band along the
wall rock (Fig. 5a). Granular adularia is generally fine-grained
(10-100 pm) with anhedral shapes, but with local sub-rhombic
shapes (Fig. 5b, 5d, and 6a). Granular adularia coexists with ore
minerals and anhedral quartz (Fig. 5b, 5S¢, 5d, Se, 6a, and 6b).
Rhombic adularia displays a fine grain size (15-100 pm) and is
commonly associated with anhedral quartz, but rarely with ore
minerals (Fig. 5g and 5h).

There is a variation in mineral associations among the granular
adularia, anhedral quartz and ore minerals as follows. In the
sample from Loc. R1, the granular adularia that formed im-
mediately after the columnar adularia is scarcely associated with
anhedral quartz, but with small amounts of ore minerals (Fig.
5b and 5c¢). As the mineralization progresses, not only granular
adularia, but also anhedral quartz is commonly associated with
fair amounts of ore minerals (Fig. 5d and 5¢). These observations
indicate that there is a trend for granular adularia to decrease
with an increase in anhedral quartz and ore minerals. Another
characteristic is that when ore minerals are extremely populated,
euhedral quartz is the dominant associated gangue mineral (Fig.

5f); some quartz crystals are doubly terminated.

4. Sample preparation and analytical methods

Geochemical bulk analysis

Each analytical sample, weighing between four and ten grams,
was separated from a slab, the surface of which was parallel
to the sample surface with mirror symmetry, for petrographic
observations, as shown in Fig. 3b and 4c. The analyzed sample
from Loc. R1 includes the entire vein sequence between the wall
rocks (Fig. 3b). The sample from Loc. R2 is from the outermost
band, as shown in Fig. 4b.

The analysis was carried out commercially at Actlabs Ltd.,
Ontario, Canada, using FA-GRA (Fire assay — gravimetric analy-
sis), INAA (Instrumental neutron activation analysis), ICP-OES
(Inductively coupled plasma-optical emission spectroscopy) and
ICP-MS (Inductively coupled plasma-mass spectroscopy) tech-
niques. All the samples were crushed and milled at ActLabs, Ltd.

X-ray mapping analysis

The analytical area includes the whole surface of the thin
section (Fig. 3d) and the slab (Fig. 4c) for petrographic observa-
tions. The surface of the thin section was polished using 1 pm
diamond abrasives, while that of the slab was grinded using
40um (400-mesh) silicon carbide. The measurements were
performed with a micro-X-ray fluorescence (u-XRF) analytical
instrument (Bruker, M4 TORNADO in GSJ-Lab, AIST, Fig.
7). The instrument uses an EDX detector that allows the entire
energy spectra from all elements between Na to U to be simul-
taneously collected. The analytical conditions for each sample
are summarized in Table 2.
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Petrographic characteristics of the veins and analyzed samples in field, hand specimen and microscopic observations

Petrographic characteristics

The vein generally strikes N45°-70°E by 60 m in length, dips 70° to the
northwest to 85° to the southeast, ranges up to 0.38 m in width (Abe et al.,
1986). The vein at this level is hosted by altered andesitic pyroclastic rock. Au
and Ag were extremely concentrated at the margin of the vein, forming thick
ginguro, which is commonly seen in the mine level 100ML (Fig. 3a). The
ginguro is followed by porcellaneous white bands (quartz and adularia), which
are subsequently overprinted by druzy quartz and calcite in the center (Fig. 3b
and 3c). Under the microscope, the ginguro can be seen to mainly consist of
various ore minerals (chalcopyrite, electrum, naumannite and sphalerite in the
decreasing order), adularia and quartz. The initial mineral precipitation in the
ginguro is columnar adularia followed by granular adularia and anhedral
quartz coexisting with the ore minerals (Fig. 5a, 5b, 5c, 5d and 5e). The ore
minerals have mutually curving boundaries (Fig. 5c, 5e¢ and 5f), and are
intimately associated with the granular adularia (Fig. 5b and 5d) and the
anhedral to euhedral quartz (Fig. 5d and 5f). Where the amounts of ore
minerals are greater, the amount of quartz is also greater, but the amount of
adularia is less. The porcellaneous white bands (Fig. 3b and 3¢) consist mainly
of rhombic adularia and anhedral quartz (Fig. 5g). Calcite precipitation on
euhedral quartz comes last (Fig. 5h).

Table 1

Location Sample name
Loc. R1
(Ryosen M12212-1

No. 1 vein, (Collection of
100ML, Geological Museum,
E20B) GSJ no. M12212)
Loc. R2 RY980320-1-SL1
(Ryosen

No. 6 vein,

10ML-2S
L E42B)

The vein strikes approximately east-west and dips steeply toward the
northwest. The vein at this location is hosted by shale of the Shimanto
Supergroup. The vein consists mainly of multiple porcellaneous bands of
quartz and adularia with ginguro and local dissemination of ore minerals (Fig.
4aand 4b, the bands 1 to 8). As no cross-cutting relationship is observed in the
vein, except for the zones between band 3 and an unidentified sequence, each
band corresponds to a temporal growth sequence, which began at the vein’s
contact with the wall rock and terminated at the center of the vein (this study).
The analyzed sample (Fig. 4c) was collected from the outermost zone (band 1
at the right hand-side in Fig. 4b). Under the microscope, electrum and
chalcopyrite are seen to occur sporadically and are intimately associated with
both granular adularia and anhedral quartz (Fig. 6a and 6b).

5. Results

The concentration values of Au, Ag, Cu, Fe, Zn, Se, S, and
K by geochemical bulk analysis are listed in Table 3. The
concentrations of each element are variable between the two
samples (Table 3). Au concentrations are distinct between the
samples and are positively correlated with those of Ag, Cu, Fe,
Zn, Se, S, and K.

The X-ray images of the elements (Au, Ag, Cu, Fe, Zn, Se, S,
and K) for the samples from Loc. R1 are shown in Fig. 8. The
distribution of Au is nearly concordant with the other metallic
elements (Ag, Cu, Fe, Zn, Se) and with S. This is consistent
with the data from the geochemical bulk analysis. However, the
distribution of these elements is largely not concordant with K,
and they are apparently negatively correlated with K.

The X-ray images of Cu, Fe, and K for the sample from
Loc. R2 are shown in Fig. 9. The distribution of Cu tends to be
negatively correlated with K. Elements Au, Ag, Zn, and Se were
not detected in the sample owing to their low concentrations

below the detection limit.

A superposition of Au and K mapped images with traverses
of line analyses of each element in the Loc. R1 sample is shown
in Figs. 10a, 10b, and 10c. There are three distinct mineraliza-
tion zones, I, 11, and III, in order of formation, where Au and
K concentrate. Au sequentially concentrates in zones I and II,

whereas Au sporadically concentrates in zone II1.

6. Discussion

The microscopic observation indicates that the enrichment of
Au, Ag, Cu, Zn, Fe, Se, and S, as shown in the geochemical bulk
analysis (Table 3) and X-ray maps (Figs. 8 and 9), reflects the
distribution of the ore minerals: electrum for Au and Ag, nau-
mannite for Ag and Se, chalcopyrite for Cu, Fe, and S, sphalerite
for Zn and S, and adularia for K (Figs. 5 and 6). The enrichment
of K in each mineralized zone (I, II, and III in Fig. 10) in the
sample from Loc. R1 is related to the presence of adularia with
the following morphological characteristics: columnar adularia
attached to the vein wall and the subsequent granular adularia
(zone 1), granular adularia (zone I1) and rhombic adularia (zone
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Fig. 3

Mode of occurrence of Ryosen No. 1 vein. a. Outcrop image of the symmetrical vein at 100ML,
E18B. Courtesy of Dr. Yukitoshi Urashima. b. Collection of a symmetrical vein sample (Sample
M12212-1) from Ryosen No. 1 vein, I00ML, E20B (Loc. R1 in Fig. 1 and 2), which is at a distance
of 20 m towards the northeast from the outcrop shown in (a). The dotted line area, “c” indicates the
position for the sketch shown in (c). The area “d” and the orange-outlined area denote the position of
the thin section in (d) and the region selected for geochemical bulk analysis (Table 2), respectively,
in a slab, the surface of which is parallel to the sample surface “c” (dotted outlined area) with
mirror symmetry. c. A sketch of the dotted outlined area in (b). Abbreviations: qz = quartz, ad =
adularia. d. A petrographic thin section of the area “d” shown in (b) that includes the whole mineral
precipitation sequences between wall rock and druzy comb quartz and calcite in the vein center. An
arrow and dotted lines indicate the growth direction and the boundary between the vein and wall
rock, respectively. The areas, “5a,” “5f,” “5g,” and “5h” denote the locations of the microscope
image shown in Fig. 5a, 5f, 5g, and 5h. The area “5h” includes the druzy comb quartz and calcite
in the center of the vein.
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Fig.4  Mode of occurrence of Ryosen No. 6 vein. a. An outcrop image of the symmetrical vein at 10ML-2SL,
E42B (Loc. R2 in Fig. 1 and 2). The dotted-outlined area “b” denotes the position for a sketch in (b).
b. A sketch of the outcrop of the vein delineated by the dotted-outline area “b” in (a). Abbreviations:
ad = adularia, qz = quartz. The vein consists of multiple banding of qz and ad with symmetrical
distribution. c. A grinded slab collected from band 1 in (b) (Sample RY980320-1-SL1). The white
arrow indicates the growth direction. Goethite occurs along cracks in the sample. The white rectangle
area, the area “6¢” and the orange-outlined area mark the position of a thin section, the position of
the microscopic image shown in Fig. 6¢ and the region for geochemical bulk analysis (Table 2),
respectively, in another slab, the surface of which is parallel to the surface of the grinded slab with
mirror symmetry.

III). The enrichment of Fe is also partly related to the presence However, the positive correlation seen between Au and K
of goethite (Figs. 3d and 4c). above is not consistent with the result of X-ray mapping on
The sample from Loc. R1 could provide representative Au and K at hand specimen to microscopic scale with a spatial
information on the elemental distribution of the bonanza ores at resolution of tens of micrometers (Fig. 10a). The initial peak of
the Ryosen vein because the sample contained various mineral- Au concentration follows that of K in each of the mineraliza-
izing events: the formation of columnar adularia (the earliest tion zones I, II, and IIT (Fig. 10b and 10c), indicating that the
event) through ginguro formation to euhedral quartz and calcite concentration of Au is slightly delayed from that of K. This is
formation in the vein center (the latest event) as shown in Figs. consistent with a negative correlation between the amounts of
3¢, 5a, and 5h. This study hereafter focuses the discussion on electrum and granular adularia as seen under the microscope. The
the mechanism of electrum and adularia precipitation based on negative correlation could be due to the following depositional
the microscopic observations and geochemical interpretation of mechanism of electrum and adularia.
the Au and K contents of the sample from Loc. R1. The positive Exploration of active geothermal systems indicates that the
correlation between Au and K based on the geochemical bulk presence of adularia is evidence of fluid boiling during mineral-
analysis is consistent with the results of previous bulk ore analy- ization (e.g., Browne, 1978; Hedenquist, 1990). The precipitation
sis on the scale of an individual ore deposit (Ibaraki, 1990; Izawa of columnar adularia along the vein walls is common in many
etal., 1990). The positive correlation is also consistent with the veins in the Honko and Sanjin deposits at Hishikari, indicating
fact that the veins containing abundant adularia at Hishikari tend the ubiquitous presence of initial boiling during mineralization—
to be richer in precious-metal minerals than adularia-poor veins based on a mineralogical and fluid inclusion study of adularia
of the same scale (Izawa et al., 1990). (Nagayama, 1993; Etoh et al., 2002). Nagayama (1993) also
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Fig. 5 Photomicrographs of Au—Ag ores in a thin section from Loc. R1. Abbreviations: ad = adularia, cpy = chalcopyrite, el =
electrum, na = naumannite, qz = quartz. a. Magnified image of the white rectangle area “5a” in Fig. 3d under transmitted,
crossed polarized light, rotated 90° counterclockwise. The arrow and the dotted line indicate the growth direction and
the boundary between the vein and wall rock, respectively. Areas “b” and “d” are enlarged in (b) and (d), respectively.
b. Magnified image of the area “b” in (a) under transmitted crossed polarized light. Area “c” is enlarged in (c). Granular
ad formed immediately after tabular ad. c. Magnified image of the area “c” in (b) under reflected light. El, cpy, and na
are intimately associated. d. Magnified image of “d” in (a) under transmitted, crossed polarized light. Granular ad and
anhedral gz coexist. e. Magnified image of the area “e” in (d) under reflected light. El, cpy, na, sp, and gn interstitially
occur in the area of mixture of ad and qz. f. Magnified image of white rectangle area “Sf” in Fig. 3d under reflected light,
rotated 90° counterclockwise. El, cpy, and na enclose euhedral qz. * indicates doubly terminated quartz. g. Magnified
image of the area “5g” in Fig. 3d under transmitted, crossed polarized light, rotated 90° counterclockwise. h. Magnified
image of the area “5h” in Fig. 3d under transmitted, crossed polarized light, rotated 90° counterclockwise. The mineral
sequence has changed from rhombic ad and anhedral qz (bottom) through euhedral qz (middle) to calcite (top).
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Fig. 6 Photomicrographs of Au—Ag ores in a thin section from Loc. 2 (Sample RY980320-1-SL1). Abbreviations: ad = adularia,

cpy = chalcopyrite, el = electrum, qz = quartz. a. An image of anhedral qz in transmitted crossed polarized light from

the area “6¢” in Fig. 4c, rotated 90° clockwise. b. An enlarged view of the white rectangle area in “b” in (a) in reflected
light. El and coexisting cpy sporadically occur in the zone of anhedral quartz and granular adularia.
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- disk drive

suggested that the columnar adularia along the wall rock grew
more rapidly than the subsequent granular adularia in the boiling
fluids because of the lower degree of ordering in Al/Si in the
columnar adularia. This is supported by a genetic consideration
based on a mineralogical study that the columnar adularia is
likely to have formed under conditions of high supersaturation in
response to rapidly changing conditions when the deep hot fluid
moves up to a more permeable environment and starts boiling
violently (Dong and Morrison, 1995). They also suggest that
the rhombic adularia might be formed under similar conditions
to the columnar adularia, but at a lower temperature when the
violent boiling is further protracted.

The gold mineralization at Hishikari is likely to be a result
of decomposition of Au(HS),- due to H,S loss in the boiling,

Fig. 7 Micro X-ray fluorescence (u-XRF) analytical system.
The sample stored in the instrumental cabinet is analyzed
with u-XRF. The analytical image is displayed on the PC
monitor.

followed by rapid cooling and oxidation caused by mixing of
the ascending fluids with cooler oxidized groundwater at the
permeable zone around the unconformity (Izawa, et al., 1990).
However, the presence of extremely high-grade ore only above
the unconformity in the Ryosen as well as the Daisen vein
groups suggests that the mechanism of gold deposition could
be different from that in other veins. In general, the highest
gold grades are found immediately above the boiling horizon in
the epithermal system where flashing (intense boiling) occurs
(Buchanan, 1981; Moncada et al., 2012). This suggests that
hydrothermal boiling may have been the main mechanism for the
extremely high-grade gold deposition above the unconformity
at the Ryosen and Daisen vein groups, rather than the mixing

of deep fluids with shallow ground water at the permeable zone
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Table 2 Analytical conditions of X-ray mapping analysis

Sample name

M12212-TH-1
(Ryosen No.1 vein, 100ML, E20B)

RY980320-1-SL1
(Ryosen No. 6 vein, 10ML-2SL E42B)

Principle

Sample chamber atmosphere
Target material
Detection

Energy resolution (eV)

Accelerating
voltage (kV)

Anode
current (uA)

A beam
diameter (um)

A beam stepsize (um)

Scanning

range (pixels)

Pixel time (milliseconds/pixel) 5
Measuring time (seconds/frame) 6880

Typical limits of detection *
20ppm, Se: 20~100ppm.

1000 x 1376 (25 mm x 34.4mm in area)

Energy dispersive
X-ray (EDX) analysis

Vacuum (= 5mbar)

Rh

Silicon drift
detector (SDD)

<145
(at 3000,000 cps)

50

600

25

25

3844 x 1620 (96.1 mm x 40.5 mm in area)

5.31

33067

K, Al Si, S: 100~1000ppm, Au: 100ppm, Ag: 200~300ppm, Cu: 20ppm, Fe: 40ppm, Zn:

*Data source: Bruker Nano GmbH (2011) and Mizuhira (2012)

around the unconformity.

The negative correlation between electrum and adularia at
Hishikari (this study) could be due to a kinetic effect on gold
deposition in boiling fluids—discussed by Shimizu (2014)—as
in the case of the Koryu deposit. In geothermal systems and
their analogues for epithermal mineralization (e.g., Broadlands,
New Zealand), the principal control on pH is the concentration
of CO, in solution (Henley et al., 1984). Thus, boiling and loss
of CO, to the vapor results in an increase in the pH (equation 1).

HCO; + H" = H,CO;y > CO, (g) + H,O0 (1)

Field observation and related reaction-path modeling among
aqueous and gaseous species and minerals in Broadlands-Ohaaki
geothermal system, New Zealand, show that cooling and pH
increase favor the deposition of adularia (Browne, 1978; Sim-
mons and Browne, 2000). However, experimental data pertain-
ing to gold solubility as a function of time, pH, temperature, and
pressure show that the increase in pH, along with an increase
in oxidation state due to H, loss, initially cause the reaction

shown in equation 2 to shift to the left, competing with H,S
loss, thereby resulting in delay in gold deposition (Brown, 1989;
Seward, 1989).

Au(HS)» +0.5H, (g) =Au + H,S (g) + HS (2)

The gold deposition could only occur when fluid boiling was
protracted and the effect of H,S loss was dominant over that of
the initial increase in pH (Dong and Morrison, 1995).

Silver is transported predominantly as Ag(HS),- in hydro-
thermal systems with a similar environment in which gold is
transported as Au(HS), (Gammons and Barnes, 1989). Silver
deposition follows a similar pattern to gold deposition (Brown,
1989); as a result of the decomposition of Ag(HS),- due to H,S
loss (equation 3), fluid boiling could also cause delay in the
silver deposition.

Ag(HS), +0.5H, (g) =Ag + H,S (g) + HS (3)

Electrum could precipitate due to the concurrent shift of
reactions (2) and (3) to the right at the Ryosen vein, Hishikari.

A local high-concentration of Au in zone Il (Au concentra-
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Table 3 Geochemical bulk analysis of Au-Ag ore samples at the Hishikari deposit

Analyte Symbol Au Ag Cu Zn Fe Se S K
Unit Symbol ppm ppm ppm ppm % ppm % %
Detection Limit 0.03  0.002 0.05 50 0.2 0.5 0.01 0.1 0.01 0.01
Upper Limit 1,000 30 100,000 - 10,000 100,000 - - 20 -
Analysis Method a b c d e c b f g g
Sample M12212-1

(Loc. R1, Ryosen No.

1 vein, 100ML. 9880* - 31,200 25,500 - 2,320 3.7 42,400 299 5.16
E20B)

Sample RY980320-1-

SLL(Loc.R2, Ryosen 50, 15 - 11 11 009 <01 002 126

No. 6 vein, 1I0ML-
2SL, E42B)

Analysis method: Analytical methods: a = FA-GRA (Fire assay - gravimetric analysis), b = INAA (Instrumental
neutron activation analysis), c = MULT INAA/TD-ICP/TD-MS (INAA or total digestion followed by inductively
coupled plasma-optical emssion spectroscopy, ICP-OES or inductively coupled plasma-mass spectroscopy, ICP-MS
analyses), d = FUS-Na,O, (Sodium peroxide fusion and acid dissolution followed by ICP-OES analysis), e =MULT
TD-ICP/TD-ICP-MS (Total digestion followed by ICP-OES or ICP-MS analysis, f = MULT INAA/TD-ICP-MS (INAA
or total digestion followed by ICP-MS analysis), g = TD-ICP (Total digestion followed by ICP-OES analysis).

*: The metal content was determined with the upper limit removed. - : Not determined.

tion within the dotted oval, “LC” in Fig. 10a), however, is not
apparently negatively correlated with K concentrations. This
characteristic and the presence of doubly-terminated quartz
associated with electrum (Fig. 5f) suggest that some electrum
deposition may have been related to a different mechanism (i.e.,
co-transportation of electrum colloidal nanoparticles and the
quartz crystals in the fluids from depth to preferential sites to
precipitate, forming rich orebodies as in the case of the Sleeper
and Buckskin National Au deposits, Nevada, USA-Saunders,
1994, 2012; Mason et al., 2013).

7. Conclusions

Based on the elemental analysis using micro X-ray fluores-
cence (u-XRF), compared with the results of geochemical bulk
analysis and microscopic observations, this study shows the
following mineralogical characteristics in terms of ore formation
at the Ryosen veins, Hishikari Au—-Ag epithermal deposit:

1. The enrichment of Au, Ag, Cu, Zn, Fe, Se, S, and K, as
shown in X-ray maps, reflects the distribution of ore minerals:
electrum for Au and Ag, naumannite for Ag and Se, chalcopyrite
for Cu, Fe, and S, sphalerite for Zn and S, and adularia for K.

2. Although the geochemical bulk analysis at an ore deposit
scale shows a positive correlation between Au and K concentra-
tions, the X-ray maps show a negative correlation between Au
and K at hand specimen to microscopic scale with a spatial reso-
lution of tens of micrometers, indicating that the concentration of

Auis delayed from that of K. The delay in Au precipitation could
be due to the kinetic effect on electrum deposition in boiling
fluids; electrum precipitates from the concurrent decompositions
of the thiocomplexes: Au(HS),- and Ag(HS), after adularia when
the effect of H,S gas loss competes with that of initial increase
in pH that favors adularia precipitation.
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Fig. 8  X-ray mapping images of the entire thin section shown in Fig. 3d from Loc. R1 (Sample M12212-1, Ryosen No. 1
vein, l00ML, E20B). Images show uncalibrated (semiquantitative) element distribution (as total counts). a. Au La,
b.Ag Lo, c. CuKa, d. Fe Ka, e. Zn Ka, f. Se Ka, g. S Ka, h. K Ko. Brightness is proportional to the content of each
element in (a)—(h). The arrow in (a) indicates the growth direction. For analytical conditions, see Table 2.
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Relationship between Au and K distribution. a. A summary image of Au La (Fig. 8a) and K Ka (Fig. 8h). The
color codes at the bottom left-hand corner indicate the color assignments for the two elements. Yellow lines
A-B and C-D correspond to the position of the line analysis traverses in (b) and (c), respectively. The long dashed
lines indicate the boundary between the vein and the wall rock. The short dashed lines indicate the boundary
between distinct mineralization zones where Au and K concentrate (I, 11, and III). The dotted oval, LC, denotes an
area with a local high concentration of Au. LC includes the area for the thin section observation, as shown in Fig. 5f.
b. A linear distribution of Au and K concentrations along the A—B (16.747 mm) traverse in (a). Au data on top of K data.
The analysis number (vertical axis) corresponds to numbers of analytical position with a 25 um stepsize. See Table 2 for the
analytical conditions. The green line in zone I denotes the boundary between granular adularia and columnar adularia that
attaches to the wall rock. c. A linear distribution of Au and K concentrations along the C-D (23.673 mm) traverse in (a). Au
data on top of K data. The green line in zone I denotes the boundary between granular adularia and columnar adularia that
attaches to the wall rock. LC corresponds to the data in the dotted oval “LC” in (a).
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Takahiro Yamamoto (2015) Radiometric age of a newly recognized Quaternary volcano: Sasamoriyama
\olcano, NE Japan, Bull. Geol. Surv. Japan, vol.66 (1/2), p.15-20, 3 figs, 2 tables.

Abstract: In 2009, it was decided to make the Quaternary with its base at approximately 2.6 million
years ago. Corresponding to this revision, Geological Survey of Japan, AIST has published VOLCANOES
OF JAPAN (third edition), including Gelasian volcanoes (Nakano et al., 2013). Sasamoriyama Volcano,
which is located in the southwestern part of the Fukushima City, NE Japan, is one of such volcanoes. This
consists of an andesitic composite edifice in 3.7 to 2.0 Ma. Around the edifice, there are dacite pumice
flow deposits, which is newly named as the Horai Pyroclastic Flow Deposit. Fission-track ages of zircons
from two samples of this deposit were determined as 1.8+0.3 Ma and 1.9+0.2 Ma, respectively. These
ages represent the final activity of Sasamoriyama Volcano.

Keywords: Sasamoriyama Volcano, Horai Pyroclastic Fow Deposit, Quaternary, fission-track age
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Geologic map around Sasamoriyama Volcano.

Ma = pre-Cretaceous metamorphic rocks; U = ultramafic rocks; G2a + G2b + Gaoc = Cretaceous granitic rocks;
Eb = Middle-Miocene basaltic volcanic rocks; M2 = Middle-Miocene sedimentary rocks; M2r = Middle-Miocene
rhyolitic volcanic rocks; L1 = Late-Miocene lacustrine sedimentary rocks: Pa + Via = Sasamoriyama Volcanic Rocks;
V1p = Horai Pyroclastic Flow Deposit + Shimizumachi Formation; V2f = Fushiogami Debris Avalanche Deposit;
V3f = Yamazaki Debris Avalanche Deposit; th = higher terrace deposits; Vap = Adatara-Yukawa Pyroclastic Flow
Deposit; tl = lower terrace deposit; 1 = landside deposits. This is the part of the geologic map of 1:200,000 Fukushima
(Kubo et al., 2003). K-Ar ages are taken from Nagahashi et al. (2004).
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RO A L 5. R 4m O R LA H R
DHBERILEDORELEN 25Tk > TEL GLGAR
H5. FEIZKUG T 2AFIZE A, B2 ~3mmotin
FEMAEPHY. > T3, ZHiZx L, Loc. 3 DA KM
HERNZ AR 2L AERET, BETEEO LD
RN T OEHN R 5T 5.

1LFHERR  Loc. 2 DAKIRFHERI A S SR L 7216857
4 %4 bR DSIO i1 62 Wiobhi| %, WK (%1 A%
A DSIO wIFHI60 wit%Hi % T, EB5EH N ) T AR
Jz7 vy b ¥ 5 (Fig. 3, Table 1). F7z, WEHOL
SERUR I A 1E 2 (2004) 2SS U 72kl 2.4 ~
20Ma i & i, (FIE M ML Y AR L TY
3.

m Scoria lapilli
—_— Pumice lapili
SLELTN Az-FK
Ll viy s Ty - M=
AT (Fk101; T=52; D=0.9) Coase ash
Fine ash

Pyroclastic flow deposit
[A 4] Debris avalanche deposit

@ Ad-MHS5 (T= 25, D= 1.3) | KL.XS) Gravel

Sn-KB

Sand

(FK103; T=5; D=0.1)
[ | Brown volcanic soil

% (T=4, D=0.3)

I  Black humic soil

MmN Basement rocks

? 8n-SK
(Fk105; T=5; D=0.1)

2m
R (T=23,D=08)

: im
B (T= 13, D=1.1)
N (T=15 D=1.3) ]

7m

Fushiogami Debris
Avalanche Deposit

Unconformity

22X

Fig. 2

Horai Pyroclastic
Flow Deposit

Loc.1 DFEIKA.

Ad-MH5 = ZGEKRRKIES 77 7 Az-FK = B3
B7 7 7,;5n-KB = b TIREAfRI T 7 7; Sn-SK = fip
TRV 7 . Fk101, Fk103 %5111t (2012)
ORKES. T=775BOEX. D=775F
TR O KR, (LC (2012) 124 5.
Stratigraphic columns at Loc. 1.

Ad-MH5 = Adatara-Mizuhara 5 tephra; Az-FK =
Azuma-Fukushima tephra; Sn-KB = Sunagohara-
Kubota tephra; Sn-SK = Sunagohara-Sakasegawa
tephra. Fk101, Fk103, etc. are the sample number in
Yamamoto (2012). T = thickness of the tephra unit.
D = averaged maximum diameter of grains in the
tephra unit. Modified from Yamamoto (2012).
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X AERRLTAE & ERKIGHER O T K ORI 3 (L2
FERRILEEH O T — 2 3 RAGIEA (2004) 12k 5. KAV 74 - i) LRF| DB
FHIGIll (1981)i12 &k 5.
Fig. 3 Major and trace elements variations for the Sasamoriyama Lava and Horai Pyroclastic

Flow Deposit.

Data of the Sasamoriyama Lava are taken from Nagahashi et al. (2004). Fields of Low-K
and Medium-K are based on Gill (1981).



B 72 12RRE & M7= SIS K LD B s diedailkal (11oE)

1k ERAWHERYI D O O arA LK.

TR M O DHlEIZ XRFE ICP-MSIZ &
%. LOl I3 PyEkys =

Table I ~ Bulk compositions of pumices in the Horai Pyroclastic

Flow Deposit.

Major- and trace-elements are measured by XRF and

ICP-MS. LOl is loss of ignition.

Sample FKPO1 FKPO3 FKP04
(%)
SiO, 60.13 60.38 58.16
Al,O4 16.04 15.53 16.31
Fe,04(T) 7.45 7.26 8.44
MnO 0.127 0.133 0.149
MgO 2.86 2.66 2.82
Ca0 6.88 6.57 6.62
Na,O 2.34 2.48 2.32
K,0 1.06 11 0.89
TiO, 0.587 0.629 0.673
P,0s 0.07 0.05 0.08
LOI 2.48 2.28 3.08
Total 100.00 99.08 99.56
(ppm)

Sc 26 25 25

\% 154 149 159

Ba 294 292 287

Sr 198 211 211

Y 23 22 22

Zr 95 96 96

Cr 30 30 70

Co 13 13 15
Zn 60 50 60
Ga 12 12 12
Rb 25 26 21
Nb 3 4 4
Cs 25 2.6 2.2

La 10.6 10.2 9.6

Ce 244 22.7 23.2

Pr 2.84 2.58 2.5

Nd 125 115 111
Sm 3.2 3 2.9
Eu 0.87 0.85 0.89
Gd 3.7 34 3.3
Tb 0.7 0.6 0.6
Dy 4.1 3.9 3.7
Ho 0.8 0.8 0.8

Er 25 24 2.3
Tm 0.38 0.37 0.35
Yb 25 2.5 2.4
Lu 0.42 0.42 0.39
Hf 2.7 2.7 2.6

Ta 0.3 0.3 0.3

Tl 0.1 0.1 0.2

Pb 8 6 7

Th 3.3 3.3 35

U 0.6 0.6 0.5

4. 7q4var-- bIvIER

T4 wvay - b7y 2BRMIREE, B REE7 4 v
Yav e b Iy ZITRIEL 220 DU, SR
DR TH 5.

Loc. 2 DMIEERF001113-4 13, AfimHE R O 5 4
P4 MEATHS. ROV LT VSR EARIZRRD
%<, POME~RETHI N 7 v 2 EED/NSNH
TEAESLIAMC, F~BETHH L T v 7 EEDORE W
St aEhtws, HEidAaBEREdRE LT
5. IRTU20DDAFR N T v 2 B D n =l 30
K77 — 2136 2<K 5, YREIEAKL, #Halk
FRICWIEIZAER S humo, 38> THlE 30 k7 % [a] i
FIET 23D LT, 1.8+03MaDERE#FH LT
15 (Table 2).

Loc. 3 DHIEREN100425-113, AFEFRHERIM O BB
Thb. OV T VEEIITRIkGTAR N 5 v o
BEONENEDE, BETARL I v 7 BEOKED
LOBREENDH, WZEOENIARECTH 5. WA
FENFELTWS, WELLKTFT—420F L
DIFRL, X¥REICEAK L 56> TR 30K T %
[FAl—#EIC BT 5 D& LT, 1.9+ 02MaD AU % 5
Hy LT3 (Table 2).

5. FAEDOHIR

AR OFH001113-4 0 4041 1.8 &= 0.3Ma & 58k 100425-1 D
AEARIE 1.9 &+ 0.2Ma =5 D& T —3%X L T\ 3. Loc. 1
&Loc. 2 DFERKMFRHERYNG, AR 1 EHC &
BUETIIHEWL TWBZ er s, FMRIHOHEEE
Z 5L, ZOEEIXOlduvai subchron D% (1.95Ma
PR 1.77Malllfg) LA b5h3b. EB6ThH->TEH6
N7AERAEIZ, BABIE A (2004) D K-Ar AUl & JEFE R
RTHFIE L Toan., R RHERE 2 R L LA o
IS 39 5 2 &, bRtk o BB S Fic
B Z &, LEAIRICKRE RS ENWI L2 £ LD L,
Z o kR Lo RA B OE T, Hoh
AU KLEB O E R AR T e D LMl cE & 5.

X ®

Danhara, T. and Iwano, H. (2009) Determination of zeta
values fission-track age calibration using thermal nertron
irradistion at the JRR-3 reactor of JAEA, Japan. Jour.
Geol. Soc. Japan, 115, 141-145.

Danhara, T., Kasuya, M., Iwano, H. and Yamashita, T. (1991)
Fission-track age calibration using internal and external
surfaces of zircon. Jour. Geol. Soc. Japan, 97, 977-985.

TREREIIZ - AF (5 KER - HEfHys ] (2001) RER R KO
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Fodk  F001113-4 KO 100425-1HD VLI VAR E LT 4 v a v - b Ty 2 FRHEIERSR.
Table 2 Results of fission-track dating for zircons of samples 001113-4 and 100425-1.

Locallity =~ Number Spontaneous Induced Dosimeter
Sample No  of grain ps [Ns] pi [Ni] pd [Nd] r U Agetlc P(xz)
(10°/cm?) (10%cm?) (10*cm?) (ppm) (Ma) (%)

Loc. 2 (37.71191°N, 140.44521°E)

001113-4 30 1.32 [31] 2.28 [535]

Loc. 3 (37.57469°N, 140.47725°E)

100425-1 30 1.75 [119] 485  [3290]

8396  [4299]  0.443 210  18:03 28

133 [3990] 0.603 340 1.9+0.2 10

(1) p and N are density and total number of fission tracks counted, respectively.

(2) All analyses by internal detector method using ED2.

3) P(XZ) is the upper xz tail probability corresponding to the observed Xz-statistics.
(4) Age calculated using dosimeter glass SRM612 and £ = 372+5 (Danhara et al ., 1991) for 001113-4
€ =39144 (Danhara & Iwano, 2009) for 100425-1

(5) r is correlation coefficient between ps and pi.
(6) U is uranium content.
(7) the total decay rate for **®U: AD = 1.480 x 10/ yr.

K-Ar A% E R RKILEZECR O FREE. kil 46
95-106.

Gill, J.B. (1981) Orogenic andesites and plate tectonics.
Springer-Verlag, Berlin, 358p.

AAFHNEE (1994) Bl gURR S tALER D 1= fr/ IV IR I & B2 518
A FEES. FHbEEY:, 46, 1-18.

/Nt — 2 (1968) ALF] gUFR 1L D M FE 2. B iR BE,
no. 4/5, 109-126.

Koike, K. (1969) Geomorphological development of the
Abukuma Mountains and its surroundings, Northeast
Japan. Japan. Jour. Geol. Geogr., 40, 1-24.

ACRAIL - BIR=ER - ILICEIA - BRIER - IRR& TS -
JEIRETE A (2003) 20 543 O LB XM #5165 ). PEAR
W E R AR A v & —.

APRAML - ILJCEIE - FTHZEEE - AP HEZ (2014) )13
BOME. I E WA (5577 O LB XE)
PEARIPE S AR S 1 v 2 —, 86p.

RAGERE - ARNHEE - KT 255 - \REE— (2004) IS H
¥ P ER S S3 A9 2 SR IR L2 L | D K-Ar 4
. HhERE, 58, 407-412.

Hi S (1960) Pl sCRR S HE TR ALIR O s 3. wk
W 12, 62-70.

PP MR - PERIBE - EHEA - BEER - AT -
TPRENE— - 1B - B IR - 113K - T RME TR -
A% 6 IWTFIL - BT (2013) HAD KL (5
3. 200 555 D LB AR 11, PRI IR A A
WAy 4 —.

PRI — (1995) AR OHVE . HbIRHVE iF2E i (5
Tior D LHEIXIE) , WA, 79p.

NS — (1990) HUAE H AN F51F 2 EEHT kLIS O K-Ar
X PRSI R, & AR RLE, Ly T A
FA b, R, ERRN, 44, 150-153.

IHTCEIA (2012) fRE-MIARHUEIZ 351 5 382589 30 J7 471
D7 7 T ORI & w Al AR, 63,
35-91.

BH % PHRELES - $ARERA (1968) MRS — ARILM O 5
PY%. 25004, no.13, 10-29.

( % f:20144E9H10H 5 2 ¥ :20154-5H8H )
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Takeyuki Ueki (2015) The AMS *C age of plant fossils in the travertine at Aso, TaikiTown, central Mie
Prefecture, southwest Japan. Bull. Geol. Surv. Japan, vol. 66 (1/2), p. 21-24, 3 figs, 1 table.

Abstract: The conspicuous travertine develops on the lower terrace of Ouchiyama River, at Aso, Taiki
Town, Mie Prefecture, southwest Japan. The AMS *C age of ca. 130 yrs BP was extracted from a fossil

tree leaf in the travertine.

Keywords: Travertine, **C dating, Holocene, Mie Prefecture

® F

SEEAE, REHUIS O ST E I 50T,
KL OARRE B . FAZ IR 2 A K HE A FE 5% LT
5. FIKEQIAIZEEN 5 KKRDOHED AMS “CHRIZ
F1304EATTH D, VLIS &5 BRI PIIHD & DT
Ho7z.

1. FUBHIC

GIKHEEZ, Mg AL ¥ v A ETH 2 K AS b 26 1239
WL, “BILRZOBAH 2L -T, RBHALY Y L
DU L AL HERCS O — T T H 5. WA (LR AK)
12k BEDIE N F/3—F  (travertine), SR IFAR $HEFLIA
POEOWMARIZEZEDE Ly 77 (ufa) L5 s (FF
PP, 1997). FIKIERFER I FICEE L, Zhb0E
B E NIz G DI AROEEL | LIFIXN, HARZHTRL
ENTw3 (HE, 20037%E). IEREERBEOFR— 4
~ — ¥ (http://www.gifu-onsen.jp/topic_museum/no_06.html,
20154F-2 A 24 HAfERR) 12 JAud, i sl &Lk 0 #7105
WIRIZ B AR, ZOHhIZE N KO CHN
HE» 5 M??Eﬁ@‘:ﬁf% IhizEhs.

SEHEE SRR, ERAKOWIZ & 5T
R E N KL RIKER & 5. KIRETIE, 0
AR OREYLE KR DOAMS “CHME 217572, Th
(&, 55530 LHEIXIE] RS DA - OB & LT
AIKIEH D B oM 2 H & LT irbh 7z,

2. AREOHFOFH
RACHT il 55 2R D S A B 75 B Bl R SR S &

~ OuchiyamaR. §

AR AL ey

EaN! R 2R RATHT BT 1S 45 1 % A PR BE D i 1
S E R BB O MK B — e 22 K B 1
25000 Jh[X] % il FH.

Fig. 1 Location of the travertine at Aso, Taiki Town, Mie
Prefecture
Base map is after 1: 25,000 topographic map published
on the website of Geospatial Information Authority of
Japan.

D, EEAEOIKA OB AWM TEL L 1A
ISR R T d B (B¥A, 19595 KB - /N, 1968). Fif
VL ILE DIRFCE AN IZ3 DD RESER L T
D, Zh5OFu (HERHR T 34.342226 1%, HUA%
136.409054 % : 5 1[X)) 12iE, K25 m, EXHN4AmD
BIRFEBER E T (E2-1X). ZOHRIKIER, Hb

TIERP R A B (Faculty of Risk and Crisis management, Chiba Institute of Science),
PE IR A TIZET B HERS ¥ v & — WS HRAFZEEBM  (AIST, Geological Survey of Japan, Institute of Geology and Geoinformation)
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TR~ A v, [HF], Tz & &Eh, A
M ORRTLRINIE XN TN B, GIKIEO KIS
AW A B D, ERICZZEEA L0 (E2-2K). LK
HFEOTEHIZIE 2D THREAD T L TO2FEH L5 m
DR b 5 25, BUEIEBORBM 5 AW,
LT3 (52-31X).

3. AREILEFE N S HEMER

T8 (1986) 12 kAU, fHKFENLE 2 ), TF, KLY
DIFEOERACA VG 14FISiEg I h T s, Sl 1
PREEDTEER I AN CREYLE AR % & B O HiR4A % F8
FU, AACHTHR LR Ol A 5 TERELL 72, #indiid,
FIREQTEROEXHAN -t DEEbI LN, L
& B o EBTIEN TRV, IEAORYRERS 2 &
NB5EHE, 7 IFRICE>TOD (EE3-1X). HaYng
KDL BALRDETH D, FEHOKIBINRIA L
HoTW3, fiRENY v — T8l THIRZ 44 Bl
b O, HEY, HERAY O WIERO S 4, > &l X
h5(E32X). 72721, A S IFITREELEZ
TIRBIS O TATYE, GBS L1 -72DT, Th

2K HIKEOBUNGIL,
1, RS oA, RMAKRICIRANEZ
TWw3. 2, REOMWE. 3, HEBOEIHM 5
Wl B K.

Fig. 2  Field photographs of the travertine
1, Whole view from the road. Shrubs grow over the
surface. 2, Surface structure. 3, Spring at the base of
travertine beside the road.

LI FEOEDREILTE 2o,

4. FEMEFD AMS “C FER

IHCHT Bl DR, KR PNLL A5 OARAT B Fr 112
b 5. OIREEL 2 TRTFRTORKOKIA» 6 TEM 72
EENTO B0 (8, 1986), {KALER FrOFILBILE &
THENTOEY. —Jf, RIRIEIE: OB E
L7283 D72h 6, BREOERIZAIKFEDFR LDt
TCTh D, AIKFEIZED A E N2k & caE ARGl
FISEHT 22212k - T, BREAOERIZHEEINT
2, AIKEOFENERDSZ Z LN TE S,

22T, AKFEIZEENDEE 1.2 NOKEEE, 0.IND
AKEEILF MU w4, 1.2 NOEBRTEREFL, REHIIILY
U L ERE L ZZBICED Y E h 2B % AMS H“CHF
LA A O | Ve = S e S AR P e NN
L7z, FUEIELibby DF:40015,568 4% FIVCTHI L,
6 BC EIZ & D RN ARS RO IEA T 72, 2 LT,
OxCal 4.2 #1E 7 1 25 4 (Bronk Ramsey, 2009) & IntCal
138 E IR (Reimer et al., 2013) % HIWC, JEAERAIE 447 -
7o, ZORER, AKIEROEDAMS “CHEMIF 130 + 20
yrsBPCTH D, ZDFFRIEFENRIL 1,680 ~ 1,764 4 (33.8



—HROOIKIFEIZE TN B HEYERD AMS HC A (lA)

FIN YRR E FDAIKEDTRA DG,
1, WPERS L GEhd T I RO, 2, KROHEE(Y 1) ORIZILA.

Fig. 3 Photographs of the clast of travertine with fossil plants

1, Laminae-like structure containing abundant fossil plants. 2, Tree leaf (Castanopsis) impression fossils.

1k  AMS™C HEGHIE DFER
Table 1 Result of AMS *C dating

Site Material S 13C (%o)

Conventional
14C age (10, yr BP)

Calibrated '*C age (cal AD) Laboratory
+ 20 range (probability) number

Aso, leaf in the —-29.40%0.13
Taiki Town travertine

13020

1,680-1,764 (33.8 %) PLD-17415
1,801-1,892 (46.4 %)
1,908-1,939 (15.2 %)

%), 1,801 ~ 1,8924F-(46.4 %), 1,908 ~ 1,9394F- (15.2 %)
o7z (BE1E).

D EDKER? &, AMS UCHHIE I U 72 4k HEp
DX, TLFERE & BRI D & DT d 5 vl gk
BE. ZO &S BEWVERBE SN0, AKEED
Fil2» 5B AR 72720 Tdh 5. LA WA
FHRWIIZIE, GKIEOTEER & 5\ il 2> & HR A A
W TR D, FZIZENE DT, LK AE N
EEZOoND. RN IV R A & BAR ] &
DEHWEF 258, ThLEFLIHFETsZLiFT
Kiroiz.

B TIERIE RSO B O M A R 2 1
REECE E NS EORE, FHREF Al I3 aKE) 5
OREYREEOH THME IS5 5 72, Wbk - AL
HMOERBRIE L3 2 v Mok ->T, AREidkeE X
N7z, U LOFIZHES EH#H L ET

X ®

Bronk Ramsey, C. (2009) Bayesian analysis of radiocarbon
dates. Radiocarbon, 51, 337-360.

WaE wi(1986) I KEWTOEAOMS, 2. HWHE. X
BT ESAH, 34-48.

FERPRS % (1997) WKL IRHE T & 7 7 DR & KA - v
Yoo —. HERFY, 51, 177-187.

KEPECTS - /TR R (1968) WSt o SVE 2 B3 2 AL 2
(GE1H) P s 2 B9 2 B AT, I Rk
AACHE, 18, 74-79

Reimer, P. J., Bard, E., Bayliss, A., Beck, J. W., Blackwell, P.
G., Bronk Ramsey, C., Buck, C. E., Cheng, H., Edwards,
R. L., Friedrich, M., Grootes, P. M., Guilderson, T.
P., Haflidason, H., Hajdas, 1., Hatté, C., Heaton, T. J.,
Hoftmann, D. L., Hogg, A. G., Hughen, K. A., Kaiser, K.
F., Kromer, B., Manning, S. W., Niu, M., Reimer, R. W,
Richards, D. A., Scott, E. M., Southon, J. R., Staff, R. A.,
Turney, C. S. M. and van der Plicht, J. (2013) IntCall3

and Marinel3 Radiocarbon Age Calibration Curves
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0-50,000 Years cal BP. Radiocarbon, 55, 1869-1887.
FH_E# 5 (2003) BTBREFGAIIIA IS J50F 2 A K3, fe At
EREE, 134, 2-11.
VAT (1959) RERPHEIX G SR SR AT RS. 15 MPRETT TS
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Akio Cho (2015) Magnetic susceptibility histogram of Tomuro-ishi used in stone walls of Kanazawa
Castle — natural stone walls, divided stone walls and roughly shaped stone walls, Bull. Geol. Surv. Japan,

vol.66 (1/2), p.25-40, 8 figs, 1 table.

Abstract: Kanazawa Castle in Ishikawa prefecture, Japan, has various stone walls. They were built
from the end 16th century to the early 19th century. Tomuro-ishi was used in stone walls. Mt Tomuro is
8 kilometers to the southeast of Kanazawa Castle. Histograms of magnetic susceptibility of Tomuro-ishi,
which are used in 16 stone walls up to the late 17th century, were classified into 4 types. From comparison
with that of quarry areas around Mt. Tomuro, quarry area of each stone wall was decided. Quarry area
change accords with Tomita (2013a)’s result, which was decided from the comparison of remained stone
at old quarry and used stone in stone walls of Kanazawa Castle.

Keywords: Magnetic susceptibility, histogram, Kanazawa Castle, stone wall, Tomuro-ishi, quarry area

® F

SR LA CCREM, 1592 ~ 1596) D 3FH4H, 21 (B &
1], 1596 ~ 1615) MO 5474H, M (LA, 1615~ 1624)
D24, AW (8 A, 1624 ~ 1644) D 44336, 5HA (%
CH, 1661~ 1672) D2 43ET, fAEIZfbNhIFENL
OWREERMEL, XV I 058K LA B2 MY
T LDIRIE, 444 TITKRAITE, SRIEO FEE N
8kmizd 2 FELYI T DAk TOR 2 + 75 4 Lt
LT, B ToFAEE LE Lz f55RE, & H (2013a)
PR AYNTI5I25% % AEk & SIRBAIED X o 55K
W 7RO EEL AL T

1. 3UBHIC

AR, A[E S H O HIRER T RIEE e IZ DR,
AHIZAEM ARG L 260 THAOBLE 28ICEE D
EARETWS. ZORFEHA, AIEE R AEZE T
232003 4F-JE 72 5 10 4[5 20 1 THT » 72 IR EICffi b
NEFEHOLOU THLOMENR TH D, ZORRITH
FhY) T IGMERFATRE S T (JLEIZ A, 2008) &A1 (&
HIiZA, 2013) i oh s, ZOFENZETIE,
EHEOFEREIIR & & & I T HIZB$ 2 30k - |’
RENPE - WEERES M Tbh, FEAICET %81t
O O—BE UCHBEIE L THN 7z (FH, 2008 ;

&, 2013).

200611 H, )10 & iR i3 57 8 e e i 1 e )
2 OIS TR W] GRS B EERE & S =@l %
HFEMRZE L, FEaU] T EREIE % 2 Offifb 2 M4 2
HRED—D EAMEDI TV (FH, 2013b)

AEHTIE, SR Corkill) o 34aE, 1T B R
(BERHTH) o 1A3E, 20IERE (BR%M) o4hE, 3
O o 2 43, 41 (B M) o 4436, 58 (FCH)
D2LFIibN 72 FELTOWEEL 2 b5 L5034
A4 FIZKINTEZZ LA2RT. MAT, AIEERIK
FHAL AT ZE T D 2003 41 = 5 A A sk SR SR A ¢ 0 Ml E A %
FAWT, FEOUTH AR TOmMERe 2 b7 I 4%
fER L, @RS HAETO 2 F 27T 4 & OEPE,
SRk A e L 7=,

JE L SN OREE O T, ZhE TIZRD
HHd 5. il (2005) 1%, BRSO SR
& I N B IEREEO HlRERL Al £ OGR4 PN
o3k DAE 45 O R & P U 72, B UEIZ A (2008) 13,
LR S R TS B B i R R 2 N O A& P 51 1O
WRAEHE L, fEEGE AW IED CIERERARIZ &
DHEENRRL D Z L AR L. Wa (2010) 1, HESCHEE
RoF8» 5 IILF RO A E £ TRIZlibh 72§t
ThAloEb#EE A E LT, FEAREO10KLED
TR A RE L 7z

PE TSR AT B FERA £ v & — HEREREBI 7555 (AIST, Geological Survey of Japan, Institute for Geo-Resources and Environment)
Corresponding author: A. Cho, Central 7, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8567, Japan. Email: akio.cho @aist.go.jp
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$1 EIRIK & F AU THONE

= (2013c) D 2 [X] % e U, S8 - 4208 - 5 2 INEE L 7=,
[GR] [ BRIMT N7 URERFS SWs2 5

& H (2013c) T, FEl-- b ERRE O Frfeiith[X] 2500  (HEXIwEi{5:)

SERC 2745 A 22 H)

Fig. 1  Location of Kanazawa Castle and Tomuro-ishi quarry area. After Tomita (2013c) (permission number "Kinjyo52" 2015.05.22).
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Geological map of Tomuro-ishi quarry area. After Tomita (2013a) and Sakayori (2013a) (permission number "Kinjyo52" 2015.05.22).

48 Quarries are showed by solid red lines. Magnetic susceptibility measurement points by Kanazawa Castle Fieldwork and Research
Office of Ishikawa Prefecture (Nishita, 2008) are showed by solid squares.
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Table 1  Building year of stone wall in Kanazawa Castle and the number of magnetic
susceptibility measurement. Numerals and characters in the last column correspond

those of stone wall in Fig. 3.
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Fig. 3 Location of stone walls in Kanazawa castle. After Kigoshi (2013) (permission number "Kinjyo52" 2015.05.22).
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Histograms of Magnetic susceptibility of Tomuro-ishi used in 16 stone walls of Kanazawa Castle.

a~¢c:

Bunroku period (1592-1596), d ~ h : Keityou period (1596-1615)
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Fig. 4 (2)  Histograms of Magnetic susceptibility of Tomuro-ishi used in 16 stone walls of Kanazawa Castle.

i ~j : Genwa period (1615-1624), k ~ n : Kan-ei period (1624-1644), o0 ~ p : Kanbun period (1661-1672)
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Fig. 5 Histograms of Magnetic susceptibility of Tomuro-ishi used in

a * Bunroku period (1592-1596), b ~ ¢ : Keityou period (1596-1615) , d : Genwa period (1615-1624), e :
Kan-ei period (1624-1644), f : Kanbun period (1661-1672)
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