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Abstract

Brine samples from the wells in the Kashio mineral spring (an “Arima-type”hot spring at Ooshika-Mura, central Japan)
were analyzed to determine the original chemical and isotopic compositions of the deep brine end-member before
its dilution by meteoric water and to elucidate the origin of the end-member. The trends of variation between Cl, 6D,
and &'®0 indicated the existence of a two-component mixing system and a systematic variation in the mixing ratio,
which were mentioned in previous studies. By carefully tracking the variation in tritium (*H) and atmospheric noble
gas in the brine, the Cl concentration in the end-member was determined to be 24,000 mg/L. This value is consist-
ent with the result of previous studies. Based on the estimated composition and other related data, we inferred that
the end-member originated from slab-derived fluid, which in turn may have undergone oxygen isotope exchange
reactions with minerals. Although both the Arima and Kashio brines are considered to be derived from fluid dehy-
drated from the Philippine Sea slab, the chemical and isotopic compositions of the Kashio end-member are different
from those of the Arima end-member. In particular, the Kashio end-member is characterized by low Cl concentration
(~40% lower than that in the Arima end-member), low hydrogen isotope ratio, and low 3He/*He ratio (1.4 Ra). These
results indicate that the chemical and isotopic compositions of the slab-derived fluid are different for each location.
The significant difference in 8D could reflect the difference in the dehydration depth. Finally, the low temperature and
relatively low *He/*He ratio of the brine end-member could be explained by its long residence time within the crust.

Keywords: Kashio mineral spring, Arima-type hot spring, Slab-derived fluid, Chemical and isotopic composition,
Tritium, Noble gas

Introduction Nakamura and Maeda (1958) measured the concen-

The Kashio mineral spring in Ooshika—Mura, central
Japan, is well known for its unusual brine. The origin, as
well as the chemical and isotopic characteristics of the
brine, has been previously studied. This brine should not
contain present seawater considering its distance from
the coast. (Nakamura and Maeda 1958; Matsubaya et al.
1980; Matsubaya 1981; Hashizume 1984; Takamatsu et al.
1986; Masuda et al. 1988; Muramatsu et al. 2016).
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trations of major ions, Br, and I in a Kashio brine sample
and found that Cl content was equal to that of seawater.
Matsubaya et al. (1980) defined the trend from meteoric
water toward the end-members of the Arima, Takara-
zuka, and Ishibotoke hot spring samples (located in the
Kinki district, southwestern of Japan) (Matsubaya et al.
1973) based on 8D-8'%0 and §D—CI diagrams. Matsub-
aya (1981) classified the Arima, Takarazuka, Ishibotoke,
and Kashio hot springs as “Arima-type” and suggested
that the dilution of the same brine end-member by mete-
oric water in the different locations led to the formation
of the local brines. However, the supporting evidence
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was not sufficient. Notably, all “Arima-type” hot springs
are located far away from Quaternary volcanoes. Masuda
et al. (1988) periodically collected and analyzed Kashio
brine samples for ~ 1 year. They suggested that the Kashio
brine is a mixture of a deep brine end-member and mete-
oric water, and that the mixing ratio varied seasonally.

The Arima-type brine end-member is generally con-
sidered to have originated from slab-derived fluid,
although this hypothesis is yet to be proven by direct
evidence (Nishimura et al. 2006; Kazahaya et al. 2014).
Subducted slabs contain water in the form of pore water
and hydrous minerals. Water is released from slabs dur-
ing consolidation and diagenesis at shallow depths and
during metamorphism at greater depths (Kazahaya et al.
2014). In southwestern Japan, it is thought that water is
derived from the Philippine Sea slab and wells along the
large faults without the generation of magma (Amita
et al. 2014; Kazahaya et al. 2014; Morikawa et al. 2016).
Although some critical issues remain unresolved (e.g.,
hydrogen and oxygen-isotopic fractionation within the
mantle and crust) (Matsubaya 2009), the slab-derived
fluid hypothesis is supported by the following findings:
(1) the 8D and 80 values of the estimated Arima-type
end-member are similar to those of island arc magma
water (Giggenbach 1992); (2) hot spring water with a
high *He/*He ratio was discovered in the Kinki district,
southwestern Japan, suggesting the contribution of
helium from the mantle (Sano and Wakita 1985; Matsu-
moto et al. 2003; Morikawa et al. 2008, 2016); (3) non-
volcanic deep low-frequency tremors and earthquakes
likely related to thermal fluids (Obara 2002; Nugraha and
Mori 2006) have occurred in southwestern Japan; (4) the
calculated 8D and 'O values of water released from
subducted slabs are consistent with those of the Arima
hot spring end-member (Kusuda et al. 2014).

In Matsubaya et al. (1980) and Matsubaya (1981), the
Kashio mineral spring was classified as “Arima-type”
based on the 8D, §'®0, and ClI trends. Many subsequent
studies have been conducted based on this classifica-
tion. However, it is still unclear whether the brine at the
Kashio mineral spring derives from the same end-mem-
ber as other Arima-type brines. Masuda et al. (1988)
assumed that the most saline water sample would have
corresponded to that derived from the end-member. This
water was estimated to contain much less Cl than that in
the end-member of the Arima hot spring (Masuda et al.
1985; Kusuda et al. 2014); however, Masuda et al. (1988)
did not specify whether they were referring to the actual
end-member (no contribution of meteoric water) or to
the diluted Arima end-member (as described by Matsub-
aya et al. (1980) and Matsubaya (1981)).

There are various hypotheses about the origin of the
Kashio brine. For example, it may have originated from
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a slab-derived fluid (Kazahaya et al. 2014), water related
to magmatism (Nakamura and Maeda 1958), fossil sea
water (Hashizume 1984; Takamatsu et al. 1986), or resid-
ual water of submarine hydrothermal deposits (Mura-
matsu et al. 2016). However, none of these hypotheses
has been confirmed yet.

In this study, for the first time, we report periodic
data of the ®H, He, and Ne concentrations in the Kashio
brine, together with ion concentrations and stable iso-
topic ratio. The chemical and isotopic composition of
the Kashio deep brine end-member (KDE) was carefully
estimated considering the variations in ®H, He, and Ne.
We explored the potential origin of the KDE based on
the estimated compositions and related data and finally
compared the compositions of the KDE and of the Arima
end-member. The results of this study clarify the simi-
larities and differences between the KDE and the Arima-
type end-member, and contribute to our understanding
of the characteristics of slab-derived fluids.

Geological setting and sampling locations
Ooshika-Mura is located in the southern part of Nagano
Prefecture, central Japan (Fig. 1a). Figure 1b shows the
surface geology of the study area and the sampling sites.
The major geological units are separated by Japan’s long-
est fault zone: the Median Tectonic Line (MTL). The
Ryoke belt, which primarily consists of gneissose tonalite
(Shibata and Takagi 1988), and the Kashio mylonite, both
lie west of the MTL. The Sanbagawa belt, which primar-
ily consists of Triassic—Jurassic pelitic, psammitic, and
quartz schists (Uesugi and Arai 1999), lies east of the
MTL. The Mikabu belt, which consists of Cretaceous
basaltic and ultramafic rocks, is located east of the San-
bagawa belt (Isozaki and Maruyama 1991). The Shiokawa
peridotite, Iriyamazawa hornblende gabbro, and Oga-
wara ultrabasic rocks are all ultramafic rocks in the Mik-
abu belt (Ilizumi 1968; Makimoto 1978; Uesugi and Arai
1999). The Chichibu belt, which is composed of Jurassic
pelitic rocks, sandstone, chert, and limestone (Uesugi
and Arai 1999), lies east of the Mikabu belt. Meanwhile,
the Shimanto belt lies in the easternmost part of the
study area and consists of Cretaceous sedimentary rocks:
predominantly massive sandstones with alternating lay-
ers of sandstone and mudstone (Kawabata 1984). The
MTL approximately runs NNE to SSW across this area,
with its fault plane varying from vertical to dipping west-
erly at a steep angle in outcrops (Tanaka and Hara 1990;
Tanaka et al. 1996). Seismic experiments have shown that
the MTL plane extends westward at a steep angle down
to a depth of ~ 30 km (Ito 2016).

The Kashio mineral spring is located at the center
of Ooshika-Mura. Two wells inside the Kashio min-
eral spring area (indicated as “A” and “B” in our study)
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Fig. 1 Location and geological setting of the Kashio mineral spring. a Location of the Ooshika—-Mura and the Kashio mineral spring. b Geological
setting of Ooshika—Mura and the positions of the sampled water (red squares: mineral springs, blue open circles: river, small gray circles: small
springs). Depth contours and geology were modified from GeomapNavi (2018)

are spaced ~6 m apart and located ~1 km east of the
MTL. According to their owner, these wells both pen-
etrate psammitic and pelitic schists of the Sanbagawa
belt down to depths of~10 m. In the surrounding
area there are four other mineral springs: the Nyuya
spring is~1 km east of Kashio (detailed well data
were unavailable), whereas the Syozu-no-yu spring
is located in the southern part of Ooshika-Mura and
its water gushes naturally near the Mikabu ultramafic
rock; moreover, the Sansyobo and Koshibu springs
are located on the Chichibu belt and both discharge
via drilled wells. Four rivers (i.e., Kashio, Shiokawa,
Koshibu, and Aoki) run through the study region. All
the mineral springs previously mentioned discharge
near these rivers.

Through a preliminary exploration, we discovered
that some additional small springs also discharge
near these rivers. We refer to these springs as “small
springs”.

Water samples and experimental procedures

The Kashio A and B water samples were collected
approximately once a month from May 2016 to Novem-
ber 2016 (Table 1) at the sites indicated in Fig. 1b. The
Kashio B well was commercially used, and a few tons of
brine were drawn for approximately 5 h from the well
by a submersible pump once or twice a month. Water
samples were collected from the Kashio B well sev-
eral times during each commercial pumping: in June
(KNK-16-M010), July (KNK-16-M012, M013, M014),
and September (KNK-16-M021, M022, M023). The
lapse times from the start of each commercial pump-
ing to each water sampling are also shown in Table 1.
It took ~ 30 min to collect a set of water samples. Addi-
tional Kashio B samples were collected when no com-
mercial pumping was conducted. Two samples were
collected in September from the Kashio A well during
the commercial pumping at the Kashio B well (KNK-
16-M024, M025). This was done in order to test for any
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influence of the pumping at the Kashio B well on the
Kashio A well. Samples were also collected from the
other four mineral springs previously mentioned. For
comparison, water samples were also collected from the
Shiokawa, Kashio, and Koshibu Rivers and from some
small springs. A total of 47 samples were collected from
23 sites (Table 1).

Plastic bottles were used for the collection of sam-
ples to be analyzed for water chemistry, oxygen and
hydrogen isotopes, and *H concentration. The meas-
urements were performed at the National Institute of
Advanced Industrial Science and Technology, Geologi-
cal Survey of Japan (GSJ), in Tsukuba, Japan. The major
element, Li, and Br concentrations were measured by
ion chromatography (Thermo Fisher Scientific DXi-
500 and ICS-2100); moreover, the concentrations of
HCO; and CO4 were determined by using an automatic
potentiometric titrator (Kyoto Electronics Manufactur-
ing AT-510). Hydrogen isotope ratios were measured
by cavity ring-down spectroscopy (Picarro L2120-i),
whereas the oxygen isotope ratios were measured by
isotope ratio mass spectrometry (Thermo Fisher Sci-
entific DELTA plus). The measurement errors for 8D
and 8'®0 were lower than=+1%o and+0.1%o, respec-
tively. The water samples for the *H analysis were dis-
tilled using a rotary evaporator (Buchi Rotavapor R-6).
The 3H concentrations were enhanced by electrolytic
enrichment (Permelec Electrode Tripure XZ030) and
measured using a liquid scintillation counter (Per-
kin Elmer Tri-Carb 3180TR/SL). Because the Kashio
A sample (KNK-16-M005) contained less *H than the
detection limit of the instruments at the GSJ (0.4 TU),
two samples (i.e., KNK-16-M020 and M030) were ana-
lyzed at the Tritium and Water Dating Laboratory,
GNS Science, in New Zealand (Morgenstern and Tay-
lor 2009). These samples were electrolytically enriched
prior to measurement using a Quantulus liquid scin-
tillation counter (Perkin Elmer, Inc.), with a detection
limit of 0.03 TU.

The water samples for the He and Ne analyses were
collected in annealed copper tubes having a 3/8-inch
(0.95 cm) o.d. and a length of 30 cm. The He and Ne dis-
solved in the samples were extracted into glass ampules,
following the procedure described by Jean-Baptiste
et al. (1992), and then sealed by flame. The permeation
of helium into the glass ampules during storage was
negligible (~2x107° c¢cm?STP/year). The He and Ne
concentrations and helium isotope ratios were meas-
ured using a static noble gas mass spectrometer (Micro-
mass MM5400) at the GSJ. The technical details of this
analysis were described by Morikawa et al. (2008). Ten
repeated analyses of the *He/*He ratios and He and Ne
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concentrations were conducted on the air-saturated
water samples, for an average standard deviation (1o)
of +3%.

Results

Water temperature and pH

The results of the chemical and isotopic analyses of the
collected samples, together with their physical param-
eters, are shown in Table 1.

The water temperature and pH at the Kashio A and B
wells remained approximately constant over the meas-
urement period. Figure 2 shows the water temperature
and pH plotted versus the Cl concentrations of the corre-
spondent samples. The pH was consistently ~ 7.8, whereas
the Cl concentration varied (Fig. 2a). Water temperature
showed a weak negative correlation with Cl, although
two anomalous values were obtained from Kashio B sam-
ples (i.e., KNK-16-M006 and -M008) (Fig. 2b).

Water temperature and pH were measured twice dur-
ing the observation period at the Sansyobo and Koshibu
mineral springs, obtaining similar values. The water from
the Nyuya mineral spring showed a constant pH, but a
seasonal temperature variation (Table 1). Upwelling
water from the Nyuya well was transferred to a tank on
the ground, and samples were collected from it. This may
partially explain the seasonal variation in temperature of
the Nyuya samples.

Chemical and isotopic compositions
The Kashio A, Kashio B, Nyuya, and Syozu-no-yu waters
were all of the Na—Cl type. The Cl concentrations in
the corresponding water samples were~23,000 mg/L,
10,000-17,000 mg/L, 5000-6000 mg/L, and ~70 mg/L,
respectively. Meanwhile, the Sansyobo and Koshibu
waters were of Na-CI-HCO; and Na-HCO; types,
respectively. The total dissolved solids (TDS) in the San-
syobo water were more abundant than in the Koshibu
water. Finally, river water was of the Ca—HCO; type,
whereas the water from the small springs mainly con-
tained Na, Ca, Cl, and HCO4

The TDS and the concentration of each element in
the Kashio A water remained almost constant during
the sampling period (Table 1). On the contrary, those
in the Kashio B water varied in the same way as Cl and
alkalinity in Masuda et al. (1988). The chemical compo-
sitions of the Kashio A samples and of KNK-16-M006
(the most saline Kashio B water sample) were approxi-
mately consistent with those reported in previous stud-
ies (Nakamura and Maeda 1958; Takamatsu et al. 1986;
Muramatsu et al. 2016). Variations of the Cl (10,200—
17,100 mg/L) and HCO; (117-157 mg/L) concentrations
in the Kashio B water were within the ranges reported by
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Masuda et al. (1988). We collected water samples more
than once from Nyuya, Sansyobo, and Koshibu mineral
springs. The waters of these springs showed only slight
variations in the TDS concentrations.

A 8D-8"80 diagram is shown in Fig. 3a. The 8D and
880 values obtained for the Kashio A and B samples
varied during the sampling period, following a lin-
ear trend distinct from the global meteoric water line
(Craig 1961) and including higher 8D and §'®O val-
ues. This trend is consistent with the results of previ-
ous studies, which concluded that the Kashio brine is a
mixture of meteoric water and brine with high 8D and
580 (Matsubaya et al. 1980; Masuda et al. 1988). The
8180 values of the Kashio B samples showed a wider
range than those of the Kashio A samples, although the
trends were mutually consistent. The samples collected
from the rivers and small springs presented the same
isotopic compositions as meteoric waters: the corre-
spondent datapoints were plotted near the intersection
of the meteoric water line and the apparent extension
of the data trend for the Kashio A and B samples.

The water samples from the Syozu-no-yu mineral
spring had a meteoric origin, like the river and small
spring waters. The waters from Koshibu and Sansyobo
also had a meteoric origin, although these water samples
presented lower isotopic ratios than the river and small
spring waters. Moreover, the samples from the Nyuya
mineral spring had §'80 values slightly higher than those
of meteoric water.

The above-mentioned trends could also be discerned
from the 8D-CI diagram (Fig. 3b). The data obtained
from the Kashio A and B samples showed a linear trend:
from meteoric and Cl-free water to high-salinity water.
This trend is consistent with the results of previous
studies (Matsubaya et al. 1980; Masuda et al. 1988). The
Nyuya water showed a small shift in §'®0 from the mete-
oric water line (Fig. 3a) and contained 5000—-6000 mg/L
of Cl. These values are much higher than those meas-
ured in the river and small-spring waters. The Sansyobo
and Koshibu waters contained even lower amounts of Cl
than the Kashio and Nyuya waters. The Sansyobo water
bore ~ 600 mg/L of CI (more than the river water).

The 3H concentration was measured in 10 samples
from Kashio A and B, and one sample each from Sansy-
obo, Koshibu, and the Shiokawa River (Table 1). The 3H
concentration in the water samples from Kashio A and B
varied within 0.13-1.4 TU; moreover, the samples from
Kashio B showed higher concentrations than those from
Kashio A. Additionally, the Sansyobo and Koshibu sam-
ples contained non-measurable amounts of *H. Finally,
the H concentration in the Shiokawa river water (2.9
TU) was higher than that in Kashio B.
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Helium isotopes

The concentrations and isotope ratios of the noble gases
(Table 1) varied widely during the sampling period. Fig-
ure 4a shows a plot of *He/*He versus “He/*’Ne obtained
from the Kashio A and B samples. The *He/*He values
were almost constant or slightly positively correlated
with *He/*’Ne, varying between 1.3 and 1.5 Ra. These
values are significantly higher than the atmospheric
one (1 Ra). Meanwhile, the *He/*’Ne ratio varied widely
(between 4.4 and 57.0 in the Kashio A samples, and
between 9.6 and 75.2 in the Kashio B samples). In Fig. 4a,
the gray dashed lines indicate the mixing between air and
the supposed end-members, which contained an upper
mantle component (10%, 20%, and 50%). The 3He/*He
ratios showed in Fig. 4a indicate that the Kashio brine
contained a certain amount of mantle-derived noble gas
(15-20%). The variation in the *He/*’Ne ratio among the
Kashio brine samples seems to be explained by the vari-
ous contributions of an atmospheric component with a
20% mantle-component end-member, which apparently
derived from the mixing of meteoric water and the KDE
(as indicated by 8'%0, 8D, and Cl values) (Fig. 3). How-
ever, the Cl concentrations did not show a linear relation-
ship with the *He/*’Ne ratio (Fig. 4b), indicating that the
variation could not be simply explained by the addition of
meteoric water.

The data obtained from the Arima, Takarazuka, and
Ishibotoke hot spring samples, categorized as Arima-type
by Matsubaya (1981), are also plotted in Fig. 4a (Nagao
et al. 1981; Sano and Wakita 1985; Matsumoto et al. 2003;
Morikawa et al. 2005; Kusuda et al. 2014). The helium
isotope ratios of these samples (5—-8 Ra) were even higher
than those of the Kashio brine and comparable to those
of the upper mantle (Sano and Fischer 2013).

Possible effects of monthly well-water pumping

We collected several samples during the monthly com-
mercial pumping of water from the Kashio B well. Here,
we discuss the possible effect of this pumping on the well
water chemistry. Figure 5 shows the 8D and §'%0 varia-
tions among the Kashio B samples collected over two
stages: within 30 min from the start of the pumping (or
when the pumping was not conducted) and after>1.5 h
of pumping. The former set of samples was considered
to be only marginally affected by commercial pumping
and to reflect natural variations; however, the latter set of
samples was considered to be affected by pumping and,
to possibly reflect artificial variations. Figure 5 shows
that the variations among the former set of samples were
wider than those among the latter. This suggests that,
the impact of natural variations was greater than that of
artificial variations due to the drawdown of the spring.
Moreover, the trends of variation were consistent for the
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Fig. 2 Relationships between pH and Cl concentration and between
water temperature and Cl in water samples from the two wells of the
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Fig. 3 Relationships between 6D and §'0 and between 8D and Cl
concentration in water samples from mineral springs, rivers, and small
springs. 8D, 8'80, and Cl concentration values obtained from Kashio

and -M008)

two sets, suggesting that they reflected the same mixing
phenomenon of the KDE with meteoric water (Fig. 3).
Therefore, we decided to not distinguish these two varia-
tions in the present work.

Estimation of the chemical and isotopic
compositions of KDE

Estimated Cl concentration in the 3H-free end-member

As indicated in Fig. 3, and in agreement with previous
studies (Matsubaya et al. 1980; Masuda et al. 1988), the
chemical and isotopic compositions of the Kashio brine
can be explained by the mixing of meteoric water and the
KDE.

A and B wells follow a linear trend lines in both plots

Figure 6 shows a plot of the ®H and Cl concentrations
in the Kashio A and B samples. The concentration of *H
varied within 0.13-1.4 TU. In the Kashio water, *H con-
centration was roughly linearly and negatively correlated
with Cl concentration, indicating the mixing of two com-
ponents: >H-rich meteoric water and >H-poor brine.

Given that *H originates mainly from the atmosphere
and has a short half-life (Clark and Fritz 2000), we can
assume that the KDE initially contained no *H (as
observed by Tanaka et al. (1984) in the Arima hot spring).
The Cl concentration in the *H-free end-member was
estimated to be 24,000 42000 mg/L (1) by extrapolating
the regression line to 0 TU. Masuda et al. (1988) selected
the highest Cl concentration value measured in their
water samples (670 mEq/L, or 23,800 mg/L) as that of the
Kashio brine end-member. Our estimated value is close
to that indicated by these authors.
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The ®H concentration in the meteoric water diluting
the KDE (2.4 TU) was calculated by extrapolating the
regression line to a concentration of 0 mg/L. This value is
similar to that obtained from the Shiokawa River (2.9 TU;
KNK-16-M011) and spring samples collected around Mt.
Fuji (1.8-2.5 TU; Asai and Koshimizu 2019), whose lati-
tudes are close to that of the Kashio area. Therefore, the
meteoric water end-member was considered to be young
enough to preserve the original *H concentration.

Verification of the end-member estimation using

an atmospheric noble gas (Ne)

We estimated the Cl concentration in the *H-free end-
member to be~ 24,000 mg/L. Afterward, we wanted to
determine whether this end-member coincided with the
KDE or not. One concern was that, if we sampled the
Kashio brine long after the mixing of *H-bearing mete-
oric water, the *H concentration in each sample would
have been underestimated, due to the decay of *H. In this
case, the regression line showed in Fig. 6 would appear
lower than it actually is, and both the Cl concentration
in the H-free end-member and the *H concentration
in the Cl-poor end-member would have been underes-
timated. However, the *H concentration in the Cl-poor
end-member in Fig. 6 (2.4 TU) was similar to that in the
nearby river water (2.9 TU). We infer that our sampling
did not take place long after the mixing of the *H-bearing
meteoric water and *H-free end-member. In this case, the
mixing line in Fig. 6 can be considered appropriate, indi-
cating a Cl concentration of ~ 24,000 mg/L in the *H-free
end-member.

Another concern was that the *H-free end-member
consisted of a mix of KDE and old *H-free meteoric
water (characterized by a lower Cl concentration). In
such a case, the Cl concentration in the KDE would have
been >24,000 mg/L. Hereafter, we discuss the possibility
of the contribution of old meteoric water in the Kashio
A samples in terms of atmospheric noble gas. As the Cl
concentration in the Kashio A brine samples remained
almost constant during the sampling period (Table 1,
Fig. 3), the contribution rate of meteoric water, regardless
of it being fresh or old, was also considered to be con-
stant. Nevertheless, the concentration of 2’Ne (an atmos-
pheric noble gas) in the Kashio A samples varied greatly:
from 8 x 107 to 6 x 107® cm3STP/gH,O (Table 1). These
values were consistently lower than those typical of air-
saturated water (1.7-2 x 10~/ cm®STP/gH,O at 0-20 °C).
These results indicate that the Ne concentrations in
the Kashio A samples were not affected by water mix-
ing, but rather by another process. The concentration of
noble gases in the sampled water can be altered by air

Page 10 of 20

a T T T
Upper mantle component
10 E
/ ________________________________ 50%
. o o@@ - %
= L & o .
o b MR-l 10%
N
)
&
S
5]
en
Lael
0.1 F Kashio A 4
O KashioB
A Arima
©  Takarazuka Radiogenic component
O Ishibotoke
0.01 & 1 1 1 =
0.1 1 10 100 1000
“He/*’Ne
b 100 . : T T
©)
©)
2 o
& sol o 4
B O
o)
= o
(0]0) ©)
O KashioA| 2
O Kashio B o © Q
(e)
0 1 1 1 1
0 5,000 10,000 15,000 20,000 25,000
Cl (mg/L)

Fig. 4 Relationship between 3He/*He, *He/*°Ne, and Cl in water
samples from the Kashio A and B wells. a Relationship between
helium isotope ratio (*He/*He) and *He/*’Ne. The two solid curves
indicate the mixing lines between the upper mantle and radiogenic
components and air, respectively. Three gray dashed lines indicate
the mixing between air and the supposed end-member containing
the upper mantle component partially (10%, 20%, and 50%). For
comparison, data from the previous studies of Arima, Takarazuka,
and Ishibotoke are also plotted (Nagao et al. 1981; Sano and Wakita
1985; Matsumoto et al. 2003; Morikawa et al. 2005; Kusuda et al. 2014).
b *He/*°Ne versus Cl diagram. No linear relationship is observed
between these variables

contamination during sampling or by decompression-
induced degassing during pumping. The Kashio A sam-
ples were collected by using a hand pump placed on the
well. This instrument can cause air contamination or the
degassing of dissolved gases from water during sampling.
By determining which process occurred, it would be pos-
sible to estimate the original **Ne concentration in the
Kashio A brine. We determined the contribution of the
meteoric water contained in the brine, since meteoric
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groundwater is expected to maintain its 2’Ne concentra-
tion in atmospheric equilibrium regardless of its recharge
period due to chemical inertness.

Figure 7 shows the data of the Kashio A samples
(red closed circles) and the calculation results of the
*He/*Ne ratio and *°Ne concentration obtained by
considering the occurrence of air contamination in
the original Kashio A sample (gray solid line). The cal-
culations were performed under the assumption that
up to 4.0 x 1072 cm?® STP of air was added to 10 g of
KNK-16-M005 water sample (the most 2°Ne-depleted).
The variations in the *He/*’Ne ratio and **Ne concen-
tration in the Kashio A samples are well explained by
the solid line, indicating how the variations among the
Kashio A samples can be explained by the occurrence
of air contamination in KNK-16-MO0O05: it is quite likely
that the contamination of a small amount of air (e.g.,
0.04 cm®STP/10 g H,0) occurred during sampling. On
the other hand, if degassing occurred during sampling,
the concentration of *He would have been expected
to decrease faster than that of *°Ne, due to mass frac-
tionation: the ratio of *He/*’Ne should have decreased
with 2°Ne concentration. However, the data obtained
from the Kashio A water samples did not indicate such
a trend (Fig. 7). Considering our results, the variation
in noble gas composition among the Kashio A samples
was better explained by air contamination, rather than
by degassing.

If air contamination caused variations in the noble
gas concentration in the Kashio A samples, it would
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Fig. 6 Negative linear relationship between *H and Cl concentrations
in the Kashio A and B water samples. Assuming that KDE has no *H,
the Cl concentration of KDE was estimated to be 24,000 £ 2000 mg/L.
[R? correlation coefficient]

be expected that the most 2°Ne-depleted sample
(KNK-16-M005) would best preserve the original **Ne
concentration in the Kashio A samples. The 2°Ne con-
centration in the KNK-16-M005 sample (8 x 10~° c¢m?
STPNe/gH,0) was found to correspond to ~5% of the
20Ne dissolved in air-saturated water. Hence, the con-
tribution of the meteoric water contained in the Kashio
A brine would have been < 5%.

In terms of 2H and Cl concentrations, the Kashio A
brine was very similar to the *H-free end-member
brine (Fig. 6). From the above discussion on atmos-
pheric *°Ne, it can be concluded that the Kashio A
brine contains little amount of meteoric water (fresh
and *H-bearing or old and *H-free). In other words, the
3H-free end-member containing 24,000 mg/L of Cl (as
deduced from Fig. 6) also bears little amount of mete-
oric water and coincides with the KDE.

Chemical and isotopic composition of KDE

Figure 8a—h shows the chemical compositions of the
Kashio A and B samples; the Cl concentration (horizon-
tal axes) is plotted against the Na, K, Mg, Ca, HCO;,
SO, Li, and Br concentrations (vertical axes). The cati-
ons (i.e., Na, K, Mg, Ca, and Li) and Br showed positive
linear relationships with Cl, indicating a two-component
mixing system between the cation- and halogen-rich
KDE and the meteoric water bearing low ion concen-
trations (as also suggested by the oxygen and hydrogen
isotopic data in Fig. 3). The HCO3 and SO, concentra-
tions decreased under increasing Cl, likely reflecting the
depletion of HCO; and SO, in the KDE. A depletion of
SO, was previously observed in the Arima and Takara-
zuka hot springs (Matsubaya et al. 1973; Kusuda et al.
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2014); however, these hot spring waters exhibited higher
dissolved inorganic carbon (DIC) concentrations. Mean-
while, the Kashio brine did not bear free CO, and the
KDE was characterized by a lack of DIC.

The chemical and isotopic compositions of the KDE
were estimated by extrapolating the linear relationships
to the Cl concentration of 24,000 mg/L. The estima-
tion results are shown in Table 2. The charge balance of
the major ions in the estimated KDE was — 3.8%, falling
within a reasonable range.

As discussed above, the meteoric water diluting the
KDE was supposed to contain a greater amount of HCO,
and SO, than KDE. The concentrations of these two com-
ponents were estimated to be 220 mg/L and 18 mg/L,
respectively, and calculated by extrapolating the regres-
sion lines to a Cl concentration of 0 mg/L. The concen-
tration of SO, was found to be higher than in the other
mineral springs within the study area, and similar to
those of the Koshibu River (~ 15 mg/L) and small springs
(8-39 mg/L). Meanwhile, the HCO; concentration in
the diluting water was much higher than that in the river
and small spring, but close to that in the Koshibu min-
eral spring, whose water gushes from limestone of the
Chichibu belt. Yamada et al. (1973) pointed out the pos-
sibility of the host rock affecting the chemistry of water
flowing through it. Consequently, the meteoric water
diluting the KDE could be affected by the limestone, as in
the case of Koshibu mineral spring.

Figure 8i and j shows each a plot of 8D versus Cl and
8180 obtained from the Kashio A and B samples, respec-
tively. The 8D and 8§80 of the KDE were estimated to be
—52%o0 and — 2%o, respectively.

The pH of the Kashio brine was almost constant at ~ 7.8
(Fig. 2a), suggesting that the two mixing waters had simi-
lar pH values. This value is close to those of the river
(8-9) and small spring (7.6—8.5) waters in the study area.
The water temperature was also constant, but seemed
to have a slight negative correlation with CI concentra-
tion (Fig. 2b). By extrapolating the regression line to
24,000 mg/L of Cl, the temperature of the KDE was esti-
mated to be ~12 °C.

Origin of KDE

Possibility of slab-derived fluids

There are various hypotheses on the origin of the Kashio
brine (Nakamura and Maeda 1958; Hashizume 1984;
Takamatsu et al. 1986; Kazahaya et al. 2014; Muramatsu
et al. 2016). In this section, we discuss the origin of the
KDE using the estimated 8D, §'%0, its water chemistry,
and the available geological data. Groundwater can origi-
nate from meteoric water (present or fossil), seawater,
magmatic water, or slab-derived fluids. Each of these
cases is discussed below.
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(a) Meteoric water

The §'®0 value of the KDE was significantly different from
that of local meteoric water (Fig. 9). It has been hypoth-
esized that meteoric water infiltrates into underground
spaces and accumulates '*O through isotope exchange reac-
tions with rocks (Craig 1963). However, this idea cannot
explain the high salinity of the KDE. River water in the study
area contains less than a few mg/L of Cl (Table 1). The Cl
concentration in the KDE is~ 10,000 times that value. Such
an increase in concentration is not reasonable, because the
average annual rainfall in the area reaches 1000 mm (Japan
Meteorological Agency 2019). Notably, Cl-rich rocks (e.g.,
halite) have not been found in the area; therefore, the KDE
cannot have originated from meteoric water.

(b)Seawater

8'80 and 8D are close to nearly zero in current seawa-
ter, reflecting the standard oxygen and hydrogen isotope
ratios. Although the 880 of the KDE is close to 0, 8D is
much lower than in current seawater. Fossil seawater and
oilfield brine often has a lighter hydrogen isotope ratio
than current seawater (Kato and Kajiwara 1986; Kato
et al. 2000; Muramatsu et al. 2012). However, the 6D of
fossil seawater and oilfield brine is approximately — 20%o
at minimum, and an isotope ratio shift up to —50%o has
not been reported yet.
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(c) Magmatic water

First, the possibility of magmatic water origin is dis-
cussed in geological terms. The study area is non-volcanic
and the nearest Quaternary volcano, Mt. Yatsugatake,
is located >50 km away from the Kashio mineral spring
(Fig. 1a). The geothermal gradient measured at the near-
est deep borehole is 29 K/km, which is relatively close to
the average value in Japan (Tanaka et al. 1999). There-
fore, the impact of current volcanism is not a reason-
able explanation for the origin of the KDE. The Yamaga
hot spring in Oita Prefecture, southwestern Japan, may
have originated from residual magmatic water linked to
ancient (Tertiary?) volcanism (Sakai et al. 2013). It is not
clear whether such old magmatic water was at the origin
of the KDE. Felsite dykes were observed at the outcrops
of the MTL located (~20 km to the north of the Kashio
mineral spring) and their K—Ar ages were determined
to vary between 12.3 and 15.6 Ma (Takagi et al. 1991).
Although the provenance of ancient magmatic water
from these Miocene dykes cannot be entirely ruled out,
we consider it unlikely, because they were not observed
at any outcrop near the Kashio mineral spring (Shibata
and Takagi 1988).

Afterwards, the possible magmatic origin of the water
is discussed based on the hydrogen and oxygen isotope
ratios. Andesitic magmatic water has a characteristic iso-
topic composition: 8D comprised between —10%o and
—30%o, and 880 between +5%o0 and +10%o0 (Giggenbach
1992). The isotopic composition of the KDE is obviously
different from that of magmatic water values. Assuming
magmatic water at the origin of the KDE, a shift in the
isotope ratio in water would be expected.

It is known that oxygen isotope exchange reactions
occur when water is in contact with minerals (Kawabe
1978; Matsuhisa et al. 1979). According to laboratory
experiments, quartz, K-feldspar, and calcite concentrate
30 below 800 °C, whereas muscovite and anorthite
concentrate *O below 400 °C (Faure 1977), causing a
decrease of §'®0 in water. Minerals concentrate a greater
amount of 0 at lower temperatures (Faure 1977). On
the other hand, below 800 °C, heavy hydrogen isotope
generally accumulates in water rather than in minerals.
Water concentrates a greater amount of D at lower tem-
peratures (Suzuoki and Epstein 1976).

As noted above, such a reaction is expected to cause a
decrease in §'®0 and an increase in 8D, shifting the iso-
topic composition of water toward the upper left part of
the 8D-8'%0 diagram. The isotopic composition of the
KDE is plotted in the lower left part of the magmatic
water plot (Fig. 9). The 8D value of the KDE unlikely
derived from that of magmatic water.
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(d)Slab-derived fluids

In the present study, with the term “slab-derived flu-
ids” we refer to deep-seated water originating from the
dehydration of hydrous minerals in subducted slabs. The
existence of slab-derived fluids has been discussed from
the standpoint of thermodynamics (Hacker 2008), geo-
physics (Obara 2002), and geochemistry (Amita et al.
2005, 2014). Although the 8D and §'%0 of slab-derived
fluids have not been directly observed, Kusuda et al.
(2014) numerically predicted variations in them with the
slab depth based on the mineral composition model of a
subducted slab, the equilibrium equations between each
mineral and water, and the thermal profile estimated
along the slab surface for the Philippine Sea (southwest-
ern Japan) and the Pacific (northeastern Japan) slabs.
The depth of the Philippine Sea slab surface beneath the
Arima hot spring was estimated to be 50-70 km, with
a relatively large uncertainty (Nakajima and Hasegawa
2007; Hirose et al. 2008). Kusuda et al. (2014) suggested
that the slab-derived fluid at such a depth should have an
isotopic composition similar to that of the deep brine of
the Arima hot spring, which was geochemically estimated
(Matsubaya et al. 1973; Tanaka et al. 1984; Masuda et al.
1985). According to their calculation results, the iso-
topic composition of the slab-derived fluid should vary
with depth. Hereafter, we discuss this topic based on the
model in Kusuda et al. (2014).

The Philippine Sea slab is subducted beneath the
Kashio area. The estimated isotopic composition of
the KDE cannot be explained by the calculation results
obtained for southwestern Japan (Kusuda et al. 2014)
(Fig. 9). However, it can be explained by considering an
isotope exchange reaction between the water and the
minerals, as discussed above: the isotopic composition
of the KDE in the 8D-8'®0 diagram might be explained
by a leftward isotopic shift starting from the calculation
results of Kusuda et al. (2014) at a depth of 80—-100 km
(yellow arrow in Fig. 9). Based on the results of Kusuda
et al. (2014), it appears that no substantial hydrogen iso-
tope exchange reactions occurred.

Assuming that the isotope exchanges described
above led to the isotopic composition of the KDE start-
ing from a slab-derived fluid, the §'80 of water should
have decreased by~10%o. It is important to consider
whether this relatively large shift is reasonable. Clay-
ton et al. (1972) predicted a 80 difference of 11.4%o
between quartz and water at oxygen isotopic equilibrium
and under P-T conditions of 1 kbar and 240 °C. Mat-
suhisa et al. (1978) suggested that the §'®0O difference
between quartz and water would be ~9%o at 16 kbar and
250 °C, ~2.8%o between albite and water at 10—12 kbar
and 400 °C, and ~ 0.5%0 between anorthite and water at
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Fig. 9 Comparison of the isotopic compositions of KDE and those
of the Arima and Takarazuka waters with the calculated, slab-derived
fluid from previous research. Red and green solid lines show the
calculation results of 8D and §'80 in water dehydrated from a
subducted slab as a function of depth for the Philippine Sea and
Pacific slabs, respectively (Kusuda et al. 2014). The estimated KDE
might be interpreted as a slab-derived fluid which originated from
dehydration at 80-100 km in depth of the Philippine Sea slab (SW
Japan, red solid curve) and its isotope exchange reactions (mainly
oxygen) with minerals (yellow arrow). Andesitic magma water and
Arima end-member is from Giggenbach (1992) and Kusuda et al.
(2014), respectively

2 kbar and 400 °C. These §'%0 differences between min-
erals and water become greater at lower temperatures
(Faure 1977). Generally, metamorphic rocks and granite
have §'80 values comprised between +10%o and + 25%o
and equal to~10%o, respectively (Sakai and Matsuhisa
1996). Therefore, we infer that a 10%o decrease in §'%0
could occur under adequately low temperatures and
water—rock ratios. In contrast to 830, the 8D of the KDE
was only slightly different from that of a slab-derived fluid
at 80—100 km depth, possibly suggesting a small impact
of the hydrogen isotope exchange in minerals. From the
above discussion, we conclude that the isotopic composi-
tion of the KDE can be explained by a slab-derived fluid
and its isotope exchange reaction with minerals.

Comparison between KDE and dehydration-origin fluid
inclusions in the subduction zone

Next, we discuss whether the chemical composition
of the KDE is reasonable by comparing it to that of a
slab-derived fluid. Although the chemical composi-
tion of slab-derived fluids has never been directly meas-
ured, that of fluid inclusions trapped in metamorphic
rocks located in subduction zones has been analyzed
in some studies (Kendrick et al. 2011; Kawamoto et al.
2013; Fukuyama et al. 2017) (Table 2). The fluid inclu-
sions analyzed in these studies were rich in highly
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mobile elements (Kaasalainen and Stefinsson 2012),
such as Cl (between ~ 10,000 and ~ 100,000 ppm), Li (up
to~50 ppm), and B (up to~770 ppm), and were con-
sidered to have originated through dehydration in sub-
duction zones. Kusuda et al. (2014) suggested that the
chemical composition of the Arima end-member is in
good agreement with this type of fluid inclusions (Ken-
drick et al. 2011; Kawamoto et al. 2013). Based on these
reports, we infer that fluid inclusions can give a rough
indication of the chemical composition of slab-derived
fluids. The cation concentrations in fluids, however, can
be easily altered due to chemical reactions with miner-
als that are in contact with the fluid, suggesting that
cations might not act as indicators. The halogen concen-
trations are less subject to fluid-rock reactions because
rock-forming minerals generally do not contain much
halogens.

Kendrick et al. (2011) reported large variation of the
Cl and Br concentrations in the fluid inclusions of meta-
morphic rocks in subduction zones (Table 2): they var-
ied between 12,000-240,000 mg/L and 27-2000 mg/L,
respectively. The Cl and Br concentrations in the KDE
were within the range of the results obtained by Kend-
rick et al. (2011) (24,000 mg/L and 41 mg/L, respec-
tively). The ratio of these halogen concentrations (Br/
C)) in the KDE was 0.75 x 10™2 (molar ratio). This value
is close to those reported by Kendrick et al. (2011)
(1.0 x 1073~3.7 x 1073), and consistent with the predic-
tion that the Br/Cl ratio of the slab-derived fluid would
be lower than that of seawater (1.6x 1073 Li 1982),
owing to the difference in the ionic radii of the Br and Cl
anions (John et al. 2011).

Therefore, in terms of halogen concentrations and
ratios, it would make sense to consider the KDE a slab-
derived fluid. As mentioned above, the 3He/*He ratio of
the Kashio brine is significantly higher than that of air:
this brine is considered to contain a mantle-derived com-
ponent to some extent, which is concordant with the pos-
sibility of a slab-derived fluid origin.

For reference, we compared the cations of the KDE and
fluid inclusions. The concentrations of Na, K, Mg, and Li
in the KDE are within the order of magnitude of those
measured by Kendrick et al. (2011) and Fukuyama et al.
(2017). The Ca concentration in the KDE is much higher
than in the fluid inclusions, possibly due to the influence
of a solution of Ca-bearing minerals (e.g., anorthite and
carbonates).

We conclude that the isotopic composition of the KDE
may be explained by its origin as a slab-derived fluid and
its isotopic exchange with minerals in terms of isotopic
composition, and the chemical composition is likely con-
sistent with that of slab-derived fluid inclusions.
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Difference between KDE and Arima end-member
As mentioned above, Matsubaya et al. (1980) and Mat-
subaya (1981) assumed that the Kashio brine has the
same end-member as the Arima brine, mainly based
on the trends of 8D and §'®0. However, the estimated
chemical and isotopic compositions of the KDE are sig-
nificantly different from those of the Arima end-member.

Table 2 shows the chemical and isotopic compositions
of the KDE and end-member of the Arima brine (Mas-
uda et al. 1985; Kusuda et al. 2014). One interesting fea-
ture is that the concentrations of Na, K, Ca, Cl, and Br
in the KDE are <50% compared to those of the Arima
end-member, whereas the KDE presented higher con-
centrations of Mg and Li than the Arima end-member.
As discussed in the section about atmospheric noble
gas, the KDE is likely to contain little amount of mete-
oric water. Contrary to what was predicted in previous
studies, the KDE cannot be interpreted as an Arima end-
member diluted by meteoric water. In fact, differences
in chemical and isotopic compositions, particularly in
Cl concentration and 8D, indicate that the KDE and the
Arima end-member are essentially different from each
other. Considering the wide range of chemical com-
positions of the fluid inclusions (Table 2), we infer that
slab-derived fluids may present variations in chemical
composition. The different chemical composition of the
KDE and the Arima end-member may reflect these vari-
ations. Kusuda et al. (2014) indicated the possibility that
the oxygen and hydrogen isotope ratios in slab-derived
fluids may vary with the depth of dehydration (Fig. 9).
As discussed above, the difference in §'%0 between the
KDE and the Arima end-member may be explained by an
oxygen isotope exchange (Fig. 9). Following the model of
Kusuda et al. (2014), the significant lower 86D in the KDE
may imply that its dehydration depth is greater than that
of the Arima end-member. Meanwhile, the depth of the
Philippine Sea slab below Kashio (~ 50 km; Fig. 1A) is not
much different from the depth of that below the Arima
hot spring, i.e., 50—70 km (Nakajima and Hasegawa 2007;
Hirose et al. 2008).

Another interesting feature is the carbon depletion in
the KDE. Masuda et al. (1985) suggested that the Arima
end-member initially bears a significant amount of CO,,
which is boiled off before surfacing. Kawamoto et al.
(2013) reported CO,-bearing saline fluid inclusions in
spinel-harzburgite xenoliths collected from 1991 Pina-
tubo pumice deposits and suggested the hydration
of the forearc and uppermost mantle by slab-derived
CO,-bearing saline fluids. Considering these previous
studies, slab-derived fluid is likely to bear CO, (or DIC).
However, the Kashio brine contains little HCO3 and no
free CO,. The cause of this is unknown and will be the
subject of future studies.
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The third interesting feature is the helium isotope ratio.
According to previous studies, brine samples from the
Arima hot spring possessed a *He/*He ratio as high as
that of the upper mantle component. These results are
regarded as an evidence of their slab-derived fluid origin
(Nagao et al. 1981; Sano and Wakita 1985; Matsumoto
et al. 2003; Morikawa et al. 2005; Kusuda et al. 2014). On
the contrary, the *He/*He ratio in sample KNK-16-M005,
the one expected to best preserve the He and Ne com-
position of the KDE (Fig. 7), is 1.4 Ra (Table 1). Notably,
this value indicates a significant mantle-derived compo-
nent, but it is much lower than that obtained from the
Arima brine samples. Our hypothesis to explain this dif-
ference is that the KDE originally had a *He/*He ratio as
high as that of the upper mantle component, but that it
was reduced by the addition of radiogenic *He during its
upwelling within the crust. If this hypothesis is correct,
the KDE should have a longer residence time in the crust
compared to the Arima end-member. This idea could be
verified in the future by measuring long-lived radionu-
clides which is useful for estimating the residence time of
saline water (e.g., 3°Cl).

The fourth interesting feature is water temperature.
Slab-derived fluids might have temperatures of a few
hundreds of °C when generated, which are considered
appropriate for dehydration reactions (Kazahaya et al.
2014). Incidentally, the water temperature of the Arima
brine reaches~100 °C at surface (Masuda et al. 1985).
Meanwhile, the estimated temperature of the KDE
(12 °C) is close to that of the river and of the small springs
around the Kashio mineral spring. The KDE might have
been substantially cooled during and/or after ascending
to the surface. Two scenarios can be considered: one in
which the ascending speed was slow enough to allow a
thermal equilibrium between the water and the crustal
rocks, and another in which the KDE water remained in
the shallow crust for a long period of time after ascend-
ing, although it is difficult to quantitatively discuss the
depth of the KDE’s aquifer based solely on the available
data. In any case, the KDE might have resided in the
crust for a long time, in accordance with its relatively low
3He/*He ratio. The above issue needs to be further dis-
cussed in future works, together with the possibility that
the upwelling movement of slab-derived fluid occurs
in correspondence of the MTL, as in the Kinki district
(Tanaka et al., 2013; Kazahaya et al. 2014; Morikawa et al.
2016).

Conclusions

(1) The concentration of Cl in the KDE (the deep brine
end-member of the Kashio mineral spring), was carefully
estimated based on the variations of >H and atmospheric
20Ne. The estimated value was not inconsistent with
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previous results, such as those of Masuda et al. (1988).
Based on the estimated concentration of Cl, we also
obtained the chemical and isotopic compositions of the
KDE.

(2) Based on these compositions and those reported in
previous studies, we interpreted the origin of the KDE
as a slab-derived fluid that may have undergone isotopic
exchanges with minerals. Although the helium isotope
ratio in the Kashio brine was significantly lower than in
the Arima brine, ~20% of the dissolved helium contained
in the Kashio end-member was derived from the upper
mantle (whereas the rest from the crust). This result sup-
ports the possibility of a slab-derived fluid origin.

(3) Although in previous studies the Kashio brine has
been considered to have the same end-member as the
Arima hot spring, it is not recommendable to interpret
the KDE as a diluted Arima end-member, because the
Kashio A brine and the KDE contain little amount of
meteoric water (considering the content of atmospheric
noble gas). The differences in chemical and isotopic com-
positions between the KDE and the Arima end-member
may indicate a certain variety in the composition of the
slab-derived fluid. The lower 6D of the KDE seem to
reflect its greater depth of dehydration compared to the
Arima end-member. The reasons behind the observed
carbon depletion and the possible long residence times of
the KDE will be the subject of future studies.

Abbreviations
KDE: Kashio deep brine end-member; MTL: Median Tectonic Line; DIC: Dis-
solved inorganic carbon.
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