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Abstract: The Takatori hypothermal tin–tungsten vein deposit is composed of wolframite-bearing
quartz veins with minor cassiterite, chalcopyrite, pyrite, and lithium-bearing muscovite and sericite.
Several wolframite rims show replacement textures, which are assumed to form by iron replacement
with manganese postdating the wolframite precipitation. Lithium isotope ratios (δ7Li) of Li-bearing
muscovite from the Takatori veins range from −3.1‰ to −2.1‰, and such Li-bearing muscovites
are proven to occur at the early stage of mineralization. Fine-grained sericite with lower Li content
shows relatively higher δ7Li values, and might have precipitated after the main ore forming event.
The maximum oxygen isotope equilibrium temperature of quartz–muscovite pairs is 460 ◦C, and it is
inferred that the fluids might be in equilibrium with ilmenite series granitic rocks. Oxygen isotope
ratios (δ18O) of the Takatori ore-forming fluid range from +10‰ to +8‰. The δ18O values of the fluid
decreased with decreasing temperature probably because the fluid was mixed with surrounding pore
water and meteoric water. The formation pressure for the Takatori deposit is calculated to be 160 MPa
on the basis of the difference between the pressure-independent oxygen isotope equilibrium tem-
perature and pressure-dependent homogenization fluid inclusions temperature. The ore-formation
depth is calculated to be around 6 km. These lines of evidence suggest that a granitic magma beneath
the deposit played a crucial role in the Takatori deposit formation.

Keywords: Takatori deposit; hypothermal; tungsten; quartz vein; oxygen isotopes; lithium isotopes;
isotope thermometer; geobarometer

1. Introduction

Tin–tungsten deposits form in association with magmatic intrusions, and magmatic
hydrothermal fluids are the most probable source for the deposits [1–4]. Oxygen isotopes
are used to constrain the ore genesis [1], and magmatic fluid evolution by meteoric water
incorporation was discussed [2]. Japan is divided into two metallogenic provinces, molyb-
denum and tin–tungsten. The granitoids in the tin–tungsten province are magnetite-free
granitic rocks of the ilmenite series (similar to S-type rather than I-type), whereas those
within the molybdenum province are magnetite series (similar to I-type) based on their
chemical and mineralogical compositions [5]. The Takatori deposit is located about 100 km
north of Tokyo, in the tin–tungsten province (Figure 1).

We have applied oxygen isotope thermometry to the Takatori hypothermal tin–
tungsten–quartz vein deposit to determine whether the ore-forming fluid was magmatic.
The fluid evolution is discussed based on the calculations of the oxygen isotope ratio of
the estimated ore-forming fluid. We also determined a formation pressure for the Takatori
deposit by considering isotope and fluid inclusion studies. Lithium-bearing micas are char-
acteristic minerals of the Takatori deposit, and their lithium isotope ratios were determined
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to examine their identity. Here, we discuss the genesis of the deposit by estimating its
formation conditions based on chemical and isotopic analyses.
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Figure 1. Geological map of the Takatori mining area, covered by the Jurassic Yamizo group accre-
tionary sedimentary rocks comprising chert, sandstone, and shale (modified from [6]). The subsurface
vein projection and structural attitudes (red lines) are shown. The location of drill hole 63MAKA-1 is
shown. The high-fluorine area, with rocks containing more than 500 ppm of fluorine, is delineated by
the dotted blue line.

2. Geology and Mineralogy in the Takatori Mining Area
2.1. Geologic Setting

The Takatori mining area is covered by the Jurassic Yamizo group accretionary sedi-
mentary rocks comprising chert, sandstone, and shale (Figure 1). The sedimentary rocks
in the Takatori mining area are partly metamorphosed to hornfels facies. The degree of
graphitization of carbonaceous compounds in the rocks increases with depth [7], and it
is therefore inferred that a granitic stock lies beneath the deposit. Coarse-grained biotite
granodiorite is exposed 12 km south of the deposit [8,9]; however, no granitic rocks outcrop
in the mining area. Aplitic veins, however, were found in drill hole 63MAKA-1 [10] that is
located 350 m west of the No. 7 vein (main vein) of the Takatori deposit (Figure 1). The
presence of aplitic veins implies that a granitoid body could be present at depth. The
center of a Bouguer low-gravity anomaly is located 2 km southwest of the deposit [6], also
suggesting the existence of a latent granitic stock at depth.

2.2. Takatori Deposit

The Takatori deposit is composed of several veins that extend in a 900 m × 500 m area.
The principal veins of the Takatori deposit strike N60◦ W and dip 75◦ S. The Takatori veins
(e.g., Figure 2) are composed of quartz and wolframite with minor amounts of cassiterite,
chalcopyrite, pyrite, and two kinds of potassium mica (one is a coarse-grained lithium-rich
muscovite that co-exists with wolframite, and the other is a fine-grained lithium-poor
sericite). A K–Ar age of 68.7 ± 2.1 Ma [11] was obtained for the coarse-grained Li-bearing
muscovite. A later recalculation of the age using newer decay constants [12] resulted in an
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age of 70.6 Ma. The rocks in the vicinity of the Takatori veins are intensively contaminated
with fluorine (F > 500 ppm; Figure 1), and the fluorine content of the muscovite is high.
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Figure 2. A typical wolframite-bearing quartz vein on the adit roof in the Takatori mine. The vein
(No. 8 vein on level −4L, 57 m above sea level) is composed of quartz and wolframite with minor
amounts of cassiterite, pyrite, and muscovite. Muscovite is mostly found in the vein/wall-rock
boundary.

Ikeda et al. [8] classified the vein mineralization of the Takatori deposit into three stages
based on mineral parageneses. Sakamoto [13] classified the No. 7 vein of the deposit into
three stages based on observed crosscutting relationships. Masukawa et al. [14] classified
the No. 7 vein into four stages based on a modification of [8]. Quartz, Li-bearing muscovite,
and wolframite are the principal minerals in the earliest stage of all the classification
schemes. Figure 3 shows the sequence of mineral paragenesis discussed in this paper. The
criteria for the classification are based on our field observation and after consideration of
Ikeda et al. (1983) and Masukawa et al. (2013).
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Figure 3. Sequence of mineral paragenesis of the Takatori deposit.

Wolframite is the main ore mineral. The average tungsten content (as WO3) is 0.5–3%.
Wolframite and Li-bearing muscovite together with quartz are abundant in the outer part
of the veins (early-stage precipitation), though quartz is ubiquitous in the Takatori veins.
The Mn/Fe ratio of the Takatori wolframite is fairly variable [13].
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3. Materials and Methods

Samples used in this study were obtained from Takatori veins at levels between −2L
(117 m above sea level) and −7L (−33 m below sea level). Table 1 lists the vein numbers
and levels of the samples and the description of the mineral paragenesis in the samples.
Sample localities are shown on the vein map of the Takatori mine (Figure 4).

Table 1. Takatori vein samples used in this study.

Sample No. Vein No. Locality Level Altitude (m) Mineral Paragenesis

82032403 7 W17 −2 117 Qz, Ms, Wolf, Fl, Ser
TK82071305 5 W17 −3 87 Qz, Ms, Wolf
TK82031705 9 W22 −4 57 Qz, Ms, Wolf

82032407 8 W21 −4 57 Qz, Ms, Wolf, Ser
82032406 7 W23 −4 57 Qz, Cassi
82032404 7 W20 −4 57 Qz, Wolf, Fl, Py
82032411 7 W26 −7 −33 Qz, Ms, Wolf, Py

Qz: quartz, Ms: muscovite, Wolf: wolframite, Fl: fluorite, Ser: sericite, Cassi: cassiterite, Py: pyrite.
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Figure 4. Schematic plan view for veins on −4L level (57 m above sea level) of the Takatori mine.
Samples from −4L level are represented by black circles. Samples from other levels (red circles) are
superimposed on the −4L level map. Since the veins dip south, No. 7 vein on −2L level is located in
the northernmost part. The main adit (167 m above sea level) and No. 2 shaft are also shown.

3.1. Chemical Analysis

Scanning electron microscope (SEM) observations of sample textures were conducted
using a Hitachi S-3400N (Hitachi High-Tech, Tokyo, Japan) with energy-dispersive X-ray
spectroscopy (EDS) for qualitative Mn and Fe elemental mapping. Mn and Fe analyses of
wolframite were performed using a JEOL JXA-8900R (JEOL Ltd., Akishima, Tokyo, Japan)
electron probe microanalyzer (EPMA) at Shizuoka University. The operating conditions
were 20 kV accelerating voltage and 12 nA intensity, with 5 µm probe diameter.

3.2. Lithium Isotope Analysis

Chemical compositions of muscovite are shown in Table 2. Li was extracted from
three Li-bearing muscovites and two sericite samples, and Li isotope ratios (7Li/6Li) were
measured using multi-collector inductively coupled plasma mass spectrometry (Neptune).
The analytical procedures used in this work are documented in [15]. The measured
7Li/6Li ratios are expressed as per mill deviations (δ7Li) from the NIST L-SVEC (SRM-8545)
standard [16]. The analytical δ7Li uncertainty was ±0.3‰ (2σ).



Minerals 2021, 11, 765 5 of 16

Table 2. Chemical compositions of muscovite from the Takatori veins.
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Analyses were performed by atomic absorption spectrometry except for Li (flame spectrochemical analysis) and F
(colorimetric analysis) at the Geological Survey of Japan (analyst: S. Terashima). *1: Contaminated quartz (1–3%)
were determined by X-ray diffraction (XRD) and the SiO2 represented by quartz has been subtracted from the
total SiO2. *2: FeS2 (pyrite) is subtracted from the total Fe.

3.3. Oxygen Isotope Analysis

Quartz, muscovite, wolframite, and cassiterite grains were handpicked under the
binocular microscope from samples crushed to 1 mm in diameter, and they were analyzed
to determine their oxygen isotope ratios by extracting oxygen with BrF5 at 550 ◦C for 12 h.
The extracted oxygen was then converted into carbon dioxide by passage over graphite
heated to 700 ◦C [17]. Oxygen isotope analyses were performed on a Finnigan MAT 251
mass spectrometer at the Geological Survey of Japan. Oxygen isotope ratios are reported
in standard δ notation in per mill (‰) relative to Vienna standard mean ocean water
(V-SMOW). The total analytical error of the preparation and measurement is ±0.1‰ (2σ)
for δ18O values.

Experimentally determined calibration curves of oxygen isotope fractionations for
mineral pairs are taken from previously published papers. The quartz–muscovite curve is
based on a combination of laboratory experiments ([18] for quartz and [19] for muscovite).
Quartz–wolframite and quartz–cassiterite curves are constructed by combining separate
experiments [20,21].
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4. Results
4.1. Chemical Analysis

Figure 5a shows a photomicrograph of a wolframite-bearing quartz vein with pyrite
and fluorite. Figure 5b,c show wolframite Mn and Fe elemental mappings by SEM-EDS.
The wolframite rims show Mn enrichment and Fe depletion.
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Fe (c)

Figure 5. (a) Photomicrograph of a wolframite-bearing quartz vein with pyrite and fluorite (82032404)
from No. 7 vein at W20 on level −4L (57 m above sea level, Figure 4). Elemental maps of wolframite
by SEM-EDS are shown for (b) Mn and (c) Fe. The analysis area for (b,c) is designated by the
rectangular frame in Figure 5a. High content (Mn or Fe) corresponds to the right end of each color
bar (qualitative scale). Qz: quartz, Wolf: wolframite, Py: pyrite, Fl: fluorite.
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Quantitative analyses of a wolframite grain (82032404, Table 1) from the No. 7 vein
at −4L (57 m above sea level, Figure 4) for Mn and Fe by EPMA are shown in Table 3
and Figure 6. The MnO/(MnO + FeO) ratio ranges from 42 to 65 mol%. The ratio in the
center of the wolframite grain is around 43 mol%, while it increases to 65 mol% at the rims
(Figure 6). Wolframite grains without replacement textures also exist. An example of a
wolframite grain (82032411, Table 1) from the No. 7 vein at −7L (−33 m below sea level,
Figure 4) has a MnO/(MnO + FeO) ratio of 43 mol%, and no Mn enrichment is found in
the rim.

Table 3. Quantitative EPMA analyses of a wolframite grain (82032404; Table 1) from No. 7 vein at
−4L (57 m above sea level, Figure 4) for FeO and MnO.

Analysis No. FeO MnO MnO/(FeO + MnO)

(wt.%) (wt.%) (mol%)

1 8.83 16.52 65.46
2 10.33 15.32 60.02
3 9.40 15.89 63.11
4 12.42 13.03 51.52
5 12.16 11.84 49.67
6 11.80 13.83 54.28
7 14.78 11.07 43.13
8 14.80 11.04 43.04
9 14.32 11.03 43.81
10 14.60 10.97 43.21
11 13.11 9.26 41.71
12 14.40 10.88 43.35
13 14.53 11.09 43.59
14 14.71 11.31 43.78
15 14.89 11.12 43.06
16 14.20 11.02 44.02
17 14.78 11.16 43.34
18 14.50 11.20 43.91
19 14.86 10.98 42.81
20 14.64 11.16 43.56
21 14.66 10.69 42.46
22 14.86 10.99 42.84
23 14.82 10.91 42.72
24 14.69 10.95 43.02
25 14.64 11.14 43.52
26 14.93 10.87 42.45
27 15.19 10.85 41.98
28 14.78 10.92 42.80
29 14.93 10.94 42.59
30 14.62 10.61 42.36
31 14.59 11.33 44.02
32 8.95 16.31 64.86
33 9.41 15.97 63.21
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Figure 6. (a) Quantitative analyses for Mn and Fe by EPMA. The Mn/Fe ratio is expressed in mol%
of MnO/(MnO + FeO). (b) The analytical traverse line A–B is shown in the photomicrograph. Wolf:
wolframite, Py: pyrite.

4.2. Lithium Isotope Analysis

Table 4 lists the δ7Li values of Li-bearing mica samples and their Li concentrations.
Three of the five samples have high Li concentrations and are designated as Li-bearing
muscovite. The δ7Li values of whole micas from the Takatori deposit (No. 5, No. 7, No. 8,
and No.9 veins at elevations between −33 and 117 m, Table 1; Figure 4) range from −3.1‰
to +2.1‰. The δ7Li values of Li-rich muscovites range from −3.1‰ to −2.1‰, and δ7Li
values of Li-poor sericites range from −0.6‰ to +2.1‰, which are relatively higher than
those of muscovites.

Table 4. Lithium isotope ratios of lithium-bearing micas.

Sample No. Locality Mineral δ7Li Li

(‰) (wt.%)

82032403 No.7V, −2L sericite −0.6 0.045
TK82071305 No.5V, −3L muscovite −3.1 0.175
TK82031705 No.9V, −4L muscovite −2.4 0.242

82032407 No.8V, −4L sericite +2.1 0.020
82032411 No.7V, −7L muscovite −2.1 0.236

4.3. Oxygen Isotope Analysis

Oxygen isotope ratios were measured on coexisting quartz–muscovite, quartz–wolframite,
and quartz–cassiterite mineral pairs from the Takatori deposit (Table 5). The δ18O values of
quartz are about +13‰, and those of muscovite are around +10‰. Wolframite and cassiterite
have low δ18O values, ranging from +5‰ to +6‰ (Table 5). The δ18O value of fine-grained
sericite (82032403, Table 1; Figure 4) is +5.4‰ (not in Table 5).
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Table 5. Oxygen isotope ratios of mineral pairs from the Takatori deposit.

δ18O
SMOW
(‰)

Equilibrium
Temperature

δ18O
SMOW (‰)

Sample No. Vein Quartz Muscovite Sericite Wolframite Cassiterite Fluid

82032403 No.7V, −2L 13.1 5.5 389 ◦C 8.2
TK82071305 No.5V, −3L 13.2 10.6 463 ◦C 9.8
TK82071305 No.5V, −3L 13.2 5.8 404 ◦C 8.7
TK82031705 No.9V, −4L 13.3 10.3 418 ◦C 9.0
TK82031705 No.9V, −4L 13.2 5.0 357 ◦C 7.5

82032406 No.7V, −4L 13.9 5.3 386 ◦C 9.0
82032411 No.7V, −7L 13.0 6.1 430 ◦C 9.0

Table 5 shows the oxygen isotope equilibrium temperature for each mineral pair
using a corresponding calibration curve, on the assumption that we take only equilib-
rium pairs in calculating equilibrium temperatures. The muscovite (Figure 2), wolframite
(Figures 2 and 5a), and cassiterite (Figure 7) samples analyzed in this study exhibit intricate
intergrowths with quartz. A temperature of 140◦C is calculated for the quartz–sericite pair,
but the sericite in the 82032403 sample might not be equilibrated with quartz according to
its occurrence (later stage monomineralic lump). The monomineralic sericite might have
precipitated later than muscovite [8,13,14]. Therefore, the temperature of 140 ◦C is not an
equilibrium temperature.
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5. Discussion
5.1. Replacement Textures in Wolframite

Rims of several wolframite grains in the Takatori quartz veins show replacement tex-
tures with Mn and Fe (Figure 5). Mn is enriched in the wolframite rim, which is evident in
the chemical composition of (Fe, Mn)WO4, with accompanying Fe depletion. Quantitative
EPMA analyses clearly show the chemical replacement texture by the MnO/(MnO + FeO)
ratio in wolframite (Table 3; Figure 6). The ratio in the center of wolframite was fairly
stable around 43 mol%, which is inferred to be an original value. The ratio increased up to
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65 mol% on the wolframite rim with coexisting pyrite. This texture is assumed to form by
iron replacement with manganese postdating the wolframite precipitation.

Wolframite was formed in the earliest stage, whereas pyrite was precipitated later [8,13,14].
The fluid inclusion homogenization temperature in the later stage is around 250 ◦C [22].
Then, we examined mineral stabilities on oxygen fugacity–pH diagrams for the system
Fe–W–O–H–S at 250 ◦C [23]. There is a pyrite stability region between the two ferberite
(FeWO4) regions at 250 ◦C [23] (p. 128). The pyrite stability region disappears above 300 ◦C
under ∑S = 10−3 or is very small under ∑S = 10−2 [23] (p. 128). Conversely, Mn-wolframite
(MnWO4; huebnerite) is stable from 250 ◦C to 300 ◦C [23] (p. 128). When wolframite
forms at temperatures above 300 ◦C, pyrite might not precipitate from the fluid. After
a low-temperature fluid is incorporated into the hydrothermal system, pyrite might be
stable in the later stage. The gradual enrichment of fluids in Fe and S species during
temperature decrease is possible, but Fe contents in the fluid were proved to be very low
after Stage 1 [24].

We have to consider the possibility of wolframite precipitation in a later stage, but
previous papers in addition to this study (Figure 3) described wolframite formation ex-
clusively at the earliest stage of Takatori mineralization. Wolframite occurred in Stage 1
(Figure 3). Hayashi [24] performed quantitative analyses of tungsten content in a single
fluid inclusion from the Takatori veins by synchrotron radiation X-ray fluorescence analysis
(SXRF). He confirmed that tungsten concentration was high in the earliest stage (Stage I)
of the Takatori fluid and drastically decreased at the beginning of Stage II. The tungsten
concentration was less than the detection limit in subsequent stages (Stage II to Stage IV).
This suggests that wolframite precipitation in a later stage of mineralization would not
be possible; however, the replacement of Fe with Mn in wolframite in a later stage was
plausible.

Therefore, it is inferred that Fe in Fe-rich wolframite that formed in the earliest stage
could be replaced by Mn, and the released Fe2

+ is associated with pyrite (FeS2) in a later
stage at lower temperatures (~250 ◦C). The coexistence of pyrite with altered wolframite
rims (Figure 5) is commonly observed and might be proof of the replacement reaction. Such
replacement textures are not present in wolframite grain (82032411, Section 4.1), suggesting
that the alteration occurred locally [13].

5.2. Li Isotopes of Li-Bearing Mica Samples

Masukawa et al. [14] measured δ7Li values of quartz fluid inclusions from the No.
7 vein of the Takatori deposit. The δ7Li values of the fluid were between −2.6‰ and
+7.9‰. They divided the Takatori mineralization into four stages at the No. 7 vein. The
early wolframite–topaz–fluorite–muscovite stage was designated as Stage I, and the δ7Li
values ranged from −2.6‰ to +1.2‰. These values are consistent with those of S-type
granites [14]. The δ7Li values increased in later stages of mineralization [14].

The δ7Li values of Li-rich muscovite (Stage 1 in Figure 3) from the Takatori deposit
range from −3.1‰ to −2.1‰ (Table 4), which correspond to Stage I of Masukawa et al. [14].
Wunder et al. [25] determined the Li isotope fractionation between Li-mica and fluid at
2.0 GPa and between 300 ◦C and 500 ◦C. ∆7Limica-fluid is −2.00‰ at 400 ◦C. The δ7Li value
of the Takatori fluid was about −1‰ to 0‰ when the fluid temperature was assumed to be
around 400 ◦C [26]. Two sericites with relatively higher δ7Li values of −0.6‰ and +2.1‰
have lower lithium concentrations of 0.045 and 0.020 wt.%, respectively (Table 4). Sericites
with higher δ7Li values and lower Li concentrations might have precipitated in Stage 3
(Figure 3).

5.3. Oxygen Isotope Thermometry

Table 5 and Figure 8 show the oxygen isotope equilibrium temperature for each
mineral pair using a corresponding calibration curve. Oxygen isotope equilibrium tem-
peratures for quartz–muscovite pairs are 460 ◦C and 420 ◦C, and the temperatures for
quartz–wolframite pairs range from 430 ◦C to 360 ◦C. A temperature of 390 ◦C was ob-
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tained for a quartz–cassiterite pair. The highest temperature of 460 ◦C might correspond
to the earliest mineralization stage. Ore mineralization occurred below 430 ◦C (Figure 8).
Cassiterite precipitation occurred somewhat later than the main wolframite precipitation
(Figure 3), which is consistent with previous works [8,13,14].
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Figure 8. A set of δ18O values for mineral pairs is plotted against the calculated oxygen isotopic
equilibrium temperatures for the pairs. Oxygen isotope composition of the Takatori hydrothermal
fluid that was in equilibrium with the corresponding mineral pair is then calculated using the
isotope equilibrium temperature, the δ18O value of quartz, and the calibration curve for quartz. The
δ18O values of the fluid range from +9.8‰ to +7.5‰. The regression line shows a rough positive
correlation (R2 = 0.81) between the δ18O value and fluid temperature. Qz: quartz, Ms: muscovite,
Wolf: wolframite, Cassi: cassiterite, Fluid: Takatori fluid.

Fortier and Giletti [27] state that micas normally become closed systems for oxygen
isotope exchange by volume self-diffusion after quartz and before feldspar during the
cooling of metamorphic rocks. This would result in low apparent quartz–mica temperatures.
However, we do not think this has occurred in the case of the Takatori deposit, as the veins
are inferred to have cooled rapidly in comparison with most metamorphic rocks. Moreover,
the vein minerals quickly separated from the fluid after precipitation. The well-preserved
oxygen isotope compositions of both quartz and muscovite in the Takatori veins warrant
their use in isotope thermometry.

The oxygen isotope ratio of the Takatori fluid was then calculated using the isotope
equilibrium temperature, the δ18O value of quartz, and the calibration curve for quartz.
The δ18O values of the fluids range from +9.8‰ to +7.5‰ (Table 5, Figure 8). Table 5 shows
two equilibrium temperatures and two corresponding δ18O values of the fluid for several
mineral pairs. When two sets of equilibrium mineral pairs in a sample were identified, each
pair was separately measured for δ18O values. Therefore, each pair presents an equilibrium
temperature. Different equilibrium temperatures in a sample imply that there are different
mineral stages in a single specimen.
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The highest δ18O value of +9.8‰ was calculated at the highest temperature of 460 ◦C,
and the δ18O values of the fluid decreased with decreasing temperature. Previous studies
indicated that the homogenization temperatures of fluid inclusions in a quartz sample
from the Takatori deposit were proportional to the NaCl eq. wt.% of the fluid inclu-
sions [22,28]. The homogenization temperatures of fluid inclusions in cassiterite, topaz,
and rhodochrosite from the Takatori deposit were also positively correlated with the NaCl
eq. wt.% of the fluid inclusions [22]. Such correlations could be explained by the incor-
poration of meteoric water in the Takatori hydrothermal system, that is, the decreasing
fluid δ18O values with decreasing temperature were probably because the fluid mixed with
meteoric water. The fluid evolutions of the Ohtani and Kaneuchi tungsten–quartz vein
deposits (having formed at 91 Ma within the Jurassic Tanba Group accretionary sedimen-
tary complex), which have similar geologic characteristics to the Takatori deposit, present
similar characteristics [29]. The δ18O values of the Ohtani and Kaneuchi fluids decreased
with decreasing temperature, which was interpreted as a result of the incorporation of
meteoric water into the hydrothermal system.

The effect of dissolved NaCl on equilibrium oxygen isotope fractionation factors be-
tween mineral and fluid phases should be determined to understand salt effects. Although
Truesdell [30] suggested that fractionation constituted a large effect, Zhang et al. [20,21]
reported that oxygen isotope fractionation factors between quartz, cassiterite, or wolframite
and pure water or salt solutions of different types and concentrations (up to 60 wt.%) were
constant to within ±0.5‰, suggesting little effect of the salts on oxygen isotope fraction-
ation. Horita et al. [31] precisely measured the effect of dissolved NaCl on equilibrium
oxygen isotope fractionation factors between liquid water and water vapor. They con-
firmed the findings of Zhang et al. [20,21] and contradicted those of Truesdell [30], and
further concluded that the oxygen isotope effect was −0.2‰/mol at 350 ◦C with increasing
temperature. According to Horita et al. [31], the oxygen isotope fractionation factor for
9 wt.% NaCl fluid at 460 ◦C might be 0.6‰ lower than that of pure water. This is the
maximum effect to be expected for the Takatori fluids. It is worth noting that the oxygen
isotope equilibrium temperatures are not affected by salt contents, as the paired miner-
als respond equally and the salt effect is canceled when the subtraction is performed to
calculate equilibrium temperature.

5.4. Related Underlying Granites

It is inferred that the earliest fluid for the Takatori hydrothermal mineralization (at the
fluid δ18O was +9.8‰ (Table 5)) might have been in equilibrium with ilmenite-series or S-
type granitic magmas based on their oxygen isotope ratios [32,33]. Masukawa et al. [14] also
concluded from 87Sr/86Sr ratios of fluid inclusions that the ore-forming fluid responsible for
tungsten mineralization has a genetic relationship with S-type magma. Tungsten deposits
in Japan are mostly related to ilmenite-series granitoids [34], and Robb [35] stated that
tungsten deposits are associated with deep, highly differentiated and reduced, ilmenite-
bearing S-type granites. Therefore, the estimated granitic stock beneath the Takatori deposit
is ilmenite-series or S-type, though there are no such granitoids exposed in the mining
area. MITI [6] suggested the existence of an underlying granitic body on the basis of a low
Bouguer gravity anomaly southwest of the deposit.

5.5. Formation Pressure of the Takatori Ore Deposit

The oxygen isotope equilibrium temperatures obtained in this study range from 460 ◦C
to 360 ◦C, whereas the homogenization temperatures of fluid inclusions in vein quartz
range from 320 ◦C to 225 ◦C by Takenouchi and Imai [28] or from 330 ◦C to 150 ◦C by
Shibue et al. [26]. The highest temperatures may correspond to the earliest mineralization
stage of the deposit, so we compared the highest values. The difference between the two
temperatures is 140 ◦C using the highest homogenization temperature by Takenouchi and
Imai [28] or 130 ◦C using the highest homogenization temperature by Shibue et al. [26].
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The large discrepancy in temperature between the oxygen isotope equilibrium tem-
peratures and homogenization temperatures might plausibly correspond to a pressure
correction for the fluid inclusion homogenization temperatures. If that is the case, the
formation pressure can be calculated from the difference between the pressure-independent
isotope equilibrium temperatures and pressure-dependent homogenization temperatures
of fluid inclusions, which provides a geobarometer (method described in [29]).

The volumetric properties of fluids are calculated using a modified Redlick–Kwong
equation of state for the H2O–CO2–NaCl ternary system [36,37], and calculated densities
of fluids are shown as isochores (method described in [29]). Previous studies revealed
that the Takatori fluid inclusion with the highest homogenization temperature had a CO2
mole fraction of 0.05 [38] and NaCl equivalent concentration of 9 wt.% [28]. Assuming the
earliest Takatori fluid had those concentrations, the density of the fluid could be calculated
as a function of temperature and pressure, illustrated by isochores in Figure 9.
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Figure 9. Isochors (lines of equal density) for the Takatori fluid. The density (g/cm3) of the fluid
is calculated as a function of temperature and pressure assuming a CO2 mole fraction of 0.05 [38]
and NaCl-equivalent concentration of 9 wt.% [28] for the ternary system of H2O–CO2–NaCl based
on [36,37]. See details in text.

The density of the Takatori fluid inclusion having the highest homogenization temper-
ature of 320 ◦C [28] is 0.77 g/cm3. Taking the highest isotope equilibrium temperature of
460 ◦C, a formation pressure of 168 MPa is obtained for the Takatori deposit (Figure 9) based
on the pressure-independent isotope equilibrium temperature and pressure-dependent
homogenization temperature of fluid inclusions. If we take the highest homogenization
temperature of 330 ◦C [26], the density of the Takatori fluid is 0.75 g/cm3, and the formation
pressure of 153 MPa is calculated taking the highest isotope equilibrium temperature of
460 ◦C (Figure 9). We assume that the formation pressure of the Takatori deposit was
160 MPa by averaging the two sets of data.

5.6. Genesis of the Takatori Deposit

A granitic stock is inferred to lie beneath the deposit, although it is not exposed
(Section 2.1). The surrounding areas are rich in F (Figure 1) and Li (Table 2), which might



Minerals 2021, 11, 765 14 of 16

originate from volatile magmatic components. As the average density of the rocks overlying
the Takatori deposit is 2.65 g/cm3 [6], the ore-forming depth is calculated as 6.0 km using
the ore-formation pressure of 160 MPa (Section 5.5) if we assume lithostatic conditions.
The δ18O value of the earliest Takatori hydrothermal fluid was about +10‰ at 460 ◦C
(Section 5.3), with fluid that was related to an ilmenite-series or S-type granitic magma
beneath the deposit (Section 5.4). Thus, Takatori ore mineralization occurred within a
magmatic hydrothermal system at the earliest stage, when the system had just started to
develop. The magmatic hydrothermal fluid might have first mixed with the surrounding
pore water. At the same time, the vein fractures had developed upward, resulting in
decreasing pressure and incorporating meteoric water from the wider area. Thus, the δ18O
value of the fluid decreased with decreasing temperature by mixing with meteoric water
(Section 5.3). The estimated fluid evolution in the Takatori deposit was reinforced by the
following evidence. The homogenization temperatures of fluid inclusions in quartz were
proportional to the NaCl eq. wt.% of the inclusions [22,28], and Hayashi [24] showed that
W, Fe, and Mn concentrations in fluid inclusions decreased with fluid evolution.

6. Conclusions

The Takatori hypothermal tin–tungsten–quartz vein deposit was formed from a mag-
matic hydrothermal system related to an ilmenite-series or S-type granitic magma at 71
Ma. The δ18O value of the early-stage fluid was about +10‰ at a temperature of 460 ◦C,
and the earliest fluid might be magmatic fluid from an assumed granitic magma beneath
the deposit. An ore-formation pressure of 160 MPa was calculated on the basis of the
discrepancies between oxygen isotope equilibrium temperatures and homogenization
temperatures. The ore-forming depth was then calculated to be 6 km under lithostatic
conditions.

Several vein wolframites show replacement textures with respect to Mn and Fe,
especially wolframite coexisting with pyrite. The texture was thought to form by the
replacement of Fe in the wolframite with Mn in a later stage fluid. δ7Li values of Li-bearing
muscovite from the Takatori veins range from −3.1‰ to −2.1‰. Fine-grained sericites
that have less Li show relatively higher δ7Li values (−0.6‰ and +2.1‰), and they might
have precipitated after main ore mineralization.

The early-stage magmatic fluid might have first mixed with the surrounding pore
water. The δ18O values of the ore-forming fluid range from +10‰ to +8‰. The vein
fractures had developed upward, resulting in decreasing pressure and incorporating
meteoric water from the wider area. The δ18O values of the ore-forming fluid decreased
with decreasing temperature; such a correlation could indicate the incorporation of meteoric
water into the Takatori hydrothermal system. The oxygen isotope thermometry and
barometry suggest that a reduced granitic magma beneath the deposit at depth played a
crucial role in the formation of the Takatori hypothermal deposit.
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