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Abstract — This research aims to obtain a very sensitive geochemical analysis method to detect the contribution of
thermal water or slab-dehydrated fluids to the surface waters of the Arima hot spring water in southwestern Japan. In
this study, four groundwater samples from the previous research in the form of lithium isotope systematics and chlorine
were taken from the public baths of the Arima hot spring waters. In addition, fourteen Arima hot water samples in the
form of stable isotope and major element data of fourteen Arima hot water samples from previous research were also
used. The interpretation of lithium isotopes (8’Li) and CI/Li ratios shows that four groundwater samples in this study
have a 8'Li < 5 %o and CI/Li < 1,000 and are in the thermal water category. Meanwhile, thirteen Arima hot spring
waters from the previous research do not have lithium isotope (8’Li) data and might be able to be estimated based on
Li> 0.1 Img/l, C1> 1,000 Img/l, and CI/Li < 1000 and are in the thermal water category. One of the Arima hot spring
waters from the previous research is a mixing water category with fairly high Cl, namely 435 mg/l. The combina-
tions of lithium isotope systematics, stable isotopes, and major elements might be useful as a powerful geochemical
analysis for the detection of slab-dehydrated fluids.
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INTRODUCTION kajima and Hasegawa, 2007; Shiomi and Park,

2008). Its role in the process of island origin has

Background

For more than a decade, the emergence of flu-
ids originating from the Earth's mantle, especially
in subduction zone areas (slab-dehydrated fluids/
thermal waters), has been considered to play an
important role in geodynamic processes (Na-

been known for a long time. In addition, the ac-
tivity of the emergence of slab-dehydrated fluids
has a dramatic effect on various rock properties
and indicates the control of other geophysical
processes in the area around the slab (Morikawa
et al., 2008). Specifically, slab-dehydrated fluids
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are fluids that are formed from the process of slabs
entering the Earth, are dehydrated, and undergo
a long process of water-rock interaction before
finally being released through faults or fractures
around subduction zones (Morikawa et al., 2008;
Stern, 2018; Umam ef al., 2022).

In the process, hydrated areas differ from de-
hydrated areas, such that the low-velocity zone
beneath the lithosphere, which was originally in-
terpreted as a partial melting zone, can be viewed
as a hydrated zone (Wyllie, 1974). Meanwhile,
zones with higher temperatures, pressure, and
trapping can be considered dehydration zones
(Harlaux et al., 2017; Tanimizu et al., 2021;
Zhang et al., 2020). Recently, it has been sug-
gested that the high depletion of upper mantle
elements is caused by melt dehydration above
the 410 km discontinuity (Morikawa et al., 2008;
Stern, 2018; Umam et al., 2022).

Geological Settings
Based on previous research studies, hot spring
water in the Kinki region, southwestern Japan,

is thought to have a close relationship with the
subduction process (Umam et al., 2026; Figure
1). One of the most well-known, the Arima hot
spring water, has been confirmed to come from
deep groundwater as a result of the subduction
process (Kusuda et al., 2014; Nakamura ef al.,
2016). However, along with the development of
geochemical analysis, many researchers continue
to conduct research to find analytical methods
that are more sensitive and effective in analyzing
geofluids. The development of geofluid analysis
methods has become a special topic in the field
of geoscience.

Over the past two decades, many researchers
have analyzed several hot spring waters in the
southwest of Japan and have speculated that some
of the hot spring waters that appear are closely
related to the subduction process by the Philip-
pine Sea Slab (PHS). Various methods have been
carried out, such as He gas analysis (Meibom et
al., 2003; Sano and Nakajima, 2008; Tedesco,
1997), tremor activity (Obara, 2002; Sano and
Nakajima, 2008), geochemical analysis using

Philippine Sea Plate

Figure 1. Schematic illustration of the tectonic setting of the Japanese Archipelago, showing the subduction of the Philip-
pine Sea Plate beneath southwest Japan and its relationship to the occurrence of deep-seated fluids. The Arima hot spring
area is highlighted, indicating the upward migration of slab-derived fluids generated during slab dehydration processes.
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REE (Nakamura et al., 2014), and others to
strengthen this suspicion.

Southwestern (SW) Japan is a nonvolcanic
region that has many representative hot spring
waters for research in recent years (Morikawa
etal., 2016). Some hot spring waters that appear
around the Median Tectonic Line (MTL) are in
SW Japan (Morikawa et al.,2016). MTL is a large
fault that is still actively moving in the SW region
of Japan, starting from the Shikoku region and
extending to the Kinki region. Some research-
ers suspect that MTL movement activities have
a contribution with hot spring water that occurs
in the SW region of Japan (Taira, 2001; Tabei et
al., 2002; Iwamori, 2007). However, these ap-
proaches remain limited in resolving both fluid
origin and geochemical processes simultaneously,
particularly in nonvolcanic subduction settings.
Therefore, an integrated geochemical framework
is required.

This study aims to test whether a combined
geochemical approach using lithium isotope
systematics (8’L1i), stable isotopes (8D and '*0),
major and trace elements (e.g. Cl, Li, and Cl/
Li ratios) can effectively detect and character-
ize the contribution of slab-dehydrated fluids to
surface and shallow groundwater systems in the
Arima region. To achieve this objective, newly
obtained lithium isotope (6’Li) and chemical
data were analyzed from groundwater samples
collected from public baths of Arima hot spring
waters. These data are integrated with previ-
ously published datasets of stable isotopes and
major elements. The interpretation is based on
comparing geochemical signatures, including
d’Li values, Cl concentrations, and Cl/Li ratios,
to distinguish between thermal water, meteoric
water, and mixing processes.

The novelty of this study lies in the integrated
use of lithium isotope systematics together with
stable isotopes and major elements as a unified
geochemical framework. While previous studies
have primarily relied on single tracers (e.g. He
isotopes or REE), this study proposes a multipa-
rameter approach that improves the sensitivity
and reliability of detecting slab-derived fluids.

Furthermore, this study explores the relation-
ship between 6’Li and CI/Li ratios as indicators
of fluid-rock interaction processes, including
lithium adsorption and desorption mechanisms.
This perspective provides new insights into the
behaviour of lithium in hydrothermal systems
and offers an alternative interpretation beyond
conventional dilution-based models. Overall,
this integrated approach contributes to a more
comprehensive understanding of slab-derived
fluid signatures in nonvolcanic subduction set-
tings, particularly in the Arima hydrothermal
system.

METHODS AND MATERIALS

Sampling Procedure

A total of four groundwater samples from
previous research by Umam et al. (2022) and
fourteen Arima hot water samples from previous
research by Kusuda et al. (2014) were collected
from public bath outlets supplied by the Arima
hot spring system (Kinki region, SW Japan)
(Table 1). The sampling points are hydraulically
connected to production wells with screen depths
typically around ~1,000 m, minimizing the influ-
ence of shallow groundwater. Prior to sampling,
each outlet was allowed to flow continuously for
5-10 minutes to remove stagnant water and to
ensure representative in situ conditions. In-situ
parameters, including pH and electrical conduc-
tivity (EC), were measured immediately at the
sampling site. Samples were collected in pre-
cleaned polypropylene (PP) bottles that had been
soaked in 10% HNOs and rinsed with ultrapure
water (18.2 MQ-cm). Bottles were rinsed three
times with sample water before final collection
(Kusuda et al., 2014; Umam et al., 2022).

Immediately after collection, samples were
filtered through 0.22 pm membrane filters using
acid-cleaned filtration units. For major element
and trace element analyses (including Li), filtered
samples were acidified to pH <2 using ultra-pure
HNO:s. Samples for lithium isotope analysis were
filtered but not acidified in the field to avoid po-
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Table 1. Primary Data of Lithium Isotope Systematics on Groundwater Samples has been Taken from Previous Research by
Umam et al., (2022), Secondary Data for Seawater by Oi et al., (1996), and Arima hot spring waters by Kusuda et al., (2014).

Fluid Type (Source) Location Sample Name Li (ppm) Cl/Li Cl &7Li (%o)
( Oiseiizvlvjtg9 6 Sezaki, Japan Seawater 0.17 111764709 19000 30
L1 38.16 436.740 16666 nm
L2 40.75 526.110 21439 nm
L3 6.5 521.846 3392 nm
L4 0.03 466.666 14 nm
L5 35.78 701.173 25088 nm
Arima Type L6 30.76 675.747 20786 nm
Geofluids (Deep Fluids (Non L7 14.42 606.241 8742 nm

Groundwater Water)  Volcanic Area),

(Kusuda et al., 2014)  Southwestern L8 36.69 703.952 25828 nm
Japan L9 22.97 637.222 14637 nm
L10 20.86 735.043 15333 nm
L11 0.05 8700 435 nm
L12 2.08 622.115 1294 nm
L13 51.9 771.348 40033 nm
L14 33.81 1082.579 36602 nm
Al 25.8 694 17900 1.5
Groundwater samples Arima hot spring A2 46.4 733 34000 1.4
(Umam et al., 2022) waters A3 459 795 36500 1.5
A4 27.2 559 15200 1.6

*nm: not measured

tential isotopic fractionation and were preserved
in clean PP bottles. All samples were stored at 4°
C and transported to the laboratory within 24-48
hours (Kusuda et al., 2014; Umam et al., 2022).

ANALYTICAL METHODS

Major ions (e.g. Cl, Na) were analyzed using
titration and ion chromatography (IC). Lithium
concentrations were determined using inductively
coupled plasma-mass spectrometry (ICP-MS;
ELAN DRCII, Perkin Elmer SCIEX, MA, USA)
with internal standardisation (e.g. Be and In).
Lithium isotope ratios ("Li/°Li) were determined
using a multicollector ICP-MS (MC-ICP-MS;
Neptune, Thermo Instruments, Germany) fol-
lowing ion-exchange chromatography. Lithium
was separated from matrix elements using cation
exchange resin (AG50W-X8, 200-400 mesh,
Bio-Rad, USA) with a mixed eluent of HNOs and
methanol (Umam ef al., 2022).
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Samples dissolved in 0.67 M HNOs-33 %
methanol were loaded onto a 2.5 ml cation
exchange column. Matrix elements were first
eluted using a 1 M HNO:-80 % methanol solu-
tion, followed by collection of the Li fraction.
The Li fraction was further purified by repeating
the column separation procedure. Complete re-
covery of Li was verified by monitoring residual
Li in subsequent eluents. Lithium isotope ratios
are reported in delta notation relative to the in-
ternational standard NIST RM 8545 (L-SVEC)
(Tanimizu et al., 2021):

&’Li (%o) = [("Li/°Li)sample / ("Li/°Li)
standard — 1] x 1000

Measurements were conducted using a
standard-sample bracketing method under wet
plasma conditions.

Analytical uncertainty for 8’Li measurements
was typically £0.3 %o (2SD) for ~15 ng Li. Re-
producibility assessed using seawater reference
material IRMM BCR-403) yielded 8’Li=+31.01
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+ 0.29 %o (2SD, n = 12). Procedural blanks dur-
ing chemical separation were low (10-15 pg Li),
indicating negligible contamination. Lithium
concentrations showed precision better than +3 %,
and errors in major ion charge balance were within
+5 %. Repeated measurements of standards and
duplicate samples confirmed high analytical repro-
ducibility and data reliability (Umam et al., 2022).

Secondary Data Integration

In addition to the four newly collected ground-
water samples (Umam et al., 2022), four hot
spring water samples from previously published
datasets (Kusuda et al., 2014), including stable
isotopes (6D and 8'¥0) and major element chem-
istry (Table 2), were incorporated for comparative
analysis. These datasets were selected based on
consistency in analytical quality and relevance to
the Arima Hydrothermal System. The combined
dataset enables robust comparison of 8’Li values,
Cl concentrations, and CI/Li ratios to distinguish
between thermal water, meteoric water, and mix-
ing processes.

RESULT AND ANALYSIS

The results of four groundwater samples from
the public baths of Arima hot spring waters in
this study (Table 1) have a high concentration
of chlorine (Cl) ranging from 15,200 Img/l to
36,500 Img/1. Despite the lower CI concentration
from these thermal waters compared to modern
seawater (+ 19,000 Img/1) (Kazahaya et al., 2014;
Oietal., 1996), it still exceeds that of the shallow
ground and surface water (i ef al., 2019).

Based on the data from Arima hot spring wa-
ters reported by Kusuda et al. (2014), sodium (Na)
concentrations are high, ranging from 18 mg/L to
20,077 mg/l, and potassium (K) concentrations
range from 3 mg/l to 2,593 mg/l. The concen-
tration of calcium (Ca), magnesium (Mg), and
sulphate (SO,) range from 8 Img/I to 3,006 Img/,
0 mg/l to 511 mg/l, and 0.7 mg/I to 59.02 mg/1.

Based on the Piper diagram (Figure 2), the
Arima hot spring water samples reported by
Kusuda et al. (2014) generally plot within the
sodium chloride (Na-Cl) water type field. The

Table 2. Secondary Data on Stable Isotopes and Major Elements in This Article has been Taken, such As Seawater Oi et al.,

(1996), Arima Hot Spring Waters by Kusuda et al. (2014)

. Isotope stable Major element (mg/l)
Fluid Type . Temp
(Source) Location ©C) %0 D ’ . . N ] .
(%) (%) Mg Na K Ca Cl SO, HCO,
Seawater .

(Oi et al., 1996) Sezaki, Japan 12.6 0 0 1400 10600 431 934 19000 2470 nm
223 -035  -40.44 284 9623 959 629 16666 6.54 3803
259 1.09 -38.51 114 12618 1372 985 21439 0.7 3154

32.1 -0.7 -51.05 35 1743 208 491 3392 112 781

19.1 -7.88  -50.27 1 18 3 23 14 59.02 30

95.3 2.07 -38.15 15 11945 2525 2192 25088 2.41 26

Geofluids (Deep  Arima Type  88.3 0.77 -40.5 12 10127 2153 1845 20786 241 203
Groundwater ~ Fluids(Non g3 409 4592 15 4700 1000 627 8742 2492 473

Water) Volcanic Area),

(Kusuda et al., Southwestern 88.3 222 -37.71 17 12189 2593 2356 25828  2.77 137
2014) Japan 61.5 -1.85  -44.69 29 7805 1388 1283 14637 103 435
333 -326  -4431 144 9014 332 860 15333 1.69 1623

19.4 -727 4892 0 23 4 8 435 1527 93

19.5 -7.08 4856 4 704 131 108 1294 23.06 150
29.2 4.98 -34.12 136 20077 1930 3006 40033 10.25 1293

322 3.61 -35.11 511 18379 112 2598 36602 243 214

*nm: not measured
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Figure 2. Piper diagram showing the hydrochemical facies
of Arima hot spring waters (Kusuda et a/., 2014) compared
with seawater (Oi et al., 1996). Most samples plot within the
Na-Cl type field, indicating a strong influence of deep-seated
saline fluids. The clustering of samples near the sodium-
chloride end member suggests a dominant contribution
from high-salinity geothermal fluids rather than shallow
meteoric sources. Minor deviations toward mixed-type
fields indicate local mixing processes and secondary water-
rock interaction.

sodium chloride type are mostly found in coastal
arca (Chandrasekar et al., 2014; Satriani et al.,
2012), geothermal waters area (Deon et al., 2015;
Giggenbach, 1991; Millot et al., 2012; Nukman
and Hochstein, 2019; Siregar and Kurniawan,
2018; Giggenbach, 1992; Winters and Cawvey,
2015), or from the mantle (deep fluids) (li et al.,
2019; Kusuda et al., 2014) in the groundwater
category. Meanwhile, Piper diagrams are excel-
lent for tracking the origins of early groundwater
based on species dominance (Kumar et al., 2009;
Nazri et al., 2016; Ravikumar and Somashekar,
2017; Singh et al., 2020; Umar Kura et al., 2013).
However, further confirmation is still needed re-
garding the origin of the Arima hot water samples,
whether they are derived from sea water intrusion,
or underwater volcanoes, or from the mantle
(deep fluids) due to the subduction process.

The interpretation results of the stable isotope
(Figure 3) showed that Arima hot spring waters
(Kusuda ef al., 2014) have a range of 6D from
-51.05 %o to -34.12 %o with a shift value §'*0O
ranging from -7.88 to 4.98 (from the Global
Meteoric Water Line). According to Matsubaya
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Figure 3. Stable isotope composition (3D vs. 6'*0) of
Arima hot spring waters (Kusuda et al., 2014) compared
with seawater (Oi et al., 1996), surface water (Hosono and
Yamanaka, 2021), geothermal fluids from TVZ (Millot et
al., 2012), and magmatic water (Giggenbach, 1992). Most
samples show a positive $'*0 shift. from the Global Mete-
oric Water Line (GMWL), indicating significant water—rock
interaction at elevated temperatures. The distribution of
samples suggests mixing between deep geothermal fluids
and meteoric water.

et al. (1973), a high shift value occurs due to the
long water-rock interaction process compared to
surface or meteoric water. Furthermore, thermal
water samples exhibit a higher shift than surface
water and are similar to the geothermal waters
from TVZ, New Zealand (Millot et al., 2012).
Based on the results of interpretation using stable
isotopes, several Arima hot spring waters have
plots that are close to other types of water, such
as surface water and geothermal waters (Deon
et al., 2015; Giggenbach, 1991; Millot et al.,
2012; Nukman and Hochstein, 2019; Siregar and
Kurniawan, 2018; Giggenbach, 1992; Winters
and Cawvey, 2015). Thus, stable isotopes still
require other evidence to more accurately detect
the origin of Arima hot spring waters.

Using the ClI/Li ratio of thermal water in Ja-
pan, Kazahaya et al. (2014) conducted a previous
study that yielded highly helpful information, the
CI/Li ratio > 1,000 is a distinctive feature of hy-
drothermal waters. While Millot ef a/. (2012) and
Tanimizu et al. (2021) confirmed that lithium (Li)
is very sensitive to high temperatures. Further-
more, groundwater with a high Li concentration
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is commonly found in the inner layer, namely the
mantle (Meredith et al., 2013; Nishio et al., 2010;
Tang et al., 2007; Tomascak, 2004). Information
on the high Li concentration in groundwater sup-
ports the results of You et al. (1996) comparing
the behaviour of Lithium (Li) and Boron (B) when
experiencing temperature changes (Figure 4).

Based on the interpretation of Figure 5, the
Li concentration of four groundwater samples
(Arima hot spring public bath) in this study had
a Li concentration of > 25 mg/l and a Cl con-
centration ranging from 15,200 mg/l to 36,500
mg/l. Meanwhile, the Arima hot spring water
samples (Kusuda et al., 2014) had Li concentra-
tions ranging from 0.03 mg/I to 51.9 mg/1 (Table
1), and several samples had Cl concentrations <
1,000 (Table 2).

The interpretation of Li concentration and
CI/Li ratios (Figure 5) from four groundwater
samples (Arima hot spring public baths) in this
study showed CI/Li values < 1,000. Meanwhile,
several samples of Arima hot spring waters (Ku-
suda et al., 2014) has a CI/Li value > 1,000. The
results of research by Kazahaya et al. (2014)
using forty-nine hot springs spread throughout
Japan show that magmatic water has a CI/Li >
1,000 (in weight ratio) with C1 > 1000 mg/1.

The results of the interpretation of lithium
isotopes (6’Li) and CI/Li ratios (Figure 6) show
that four groundwater samples (Arima hot spring
public baths) in this study have a ’Li <5 %o and
CI/Li values < 1,000. Meanwhile, seawater (Oi
et al., 1996), which also has a Cl value > 1,000
mg/1, has 6"Li >> 5%o. Based on the interpretation
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Figure 4. a). Experimental setup for simulating fluid-rock interaction under hydrothermal conditions (25-350°C, 800 bar)
using an autoclave system with synthetic saline solution and sediment (You et al., 1996); b). Temperature-dependent be-
haviour of Li and B during heating and cooling processes, highlighting the sensitivity of Li to thermal conditions and fluid
evolution; ¢). A conceptual model linking slab dehydration processes to fluid migration, illustrating the generation of slab-
derived fluids and their ascent toward the surface.
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Figure 5. Relationship between Li concentration and Cl/Li
ratios for groundwater samples (Umam et al., 2022) and
Arima hot spring waters (Kusuda et al., 2014) compared with
seawater (Oi et al., 1996). The dashed line (CI/Li = 1,000)
represents the commonly used threshold for hydrothermal
fluids (Kazahaya et al., 2014). Groundwater samples from
this study plot in the low CI/Li (<1,000) and high Li con-
centration field, while several literature samples show higher
Cl/Li values, indicating variability in fluid processes and
possible mixing or geochemical modification.
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Figure 6. Relationship between lithium isotope composition
(07Li) and CI/Li ratios for groundwater samples (Umam et
al., 2022), compared with geothermal fluids from the Taupo
Volcanic Zone (TVZ) (Millot et al., 2012), and seawater (Oi
et al., 1996). Dashed lines (6’Li = 5 %o and Cl/Li= 1,000)
define three geochemical fields: thermal water, mixing water,
and surface water. Groundwater samples cluster in the low
&7Li (<5%o). and low CI/Li (<1,000) field, consistent with
deep hydrothermal fluids, while seawater plots in the high
d’Li and high CI/Li fields.

results, 8’Li and CI/Li ratios might be able to be
divided into three regions: firsty 8’Li < 5 %o and
CI/Li < 1,000 is the thermal water category; sec-
ond 8’Li < 5 %o and CI/Li < 1,000 are categories of
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mixing between thermal water and surface water
(including shallow groundwater); the third &'Li
> 5 %o and CI/Li > 1,000 are the surface water
category (including shallow groundwater).

Even though the Arima data on hot spring
waters (Kusuda et al., 2014) does not have lithium
isotope (6’Li) data, based on interpretation of Li,
Cl concentrations (Table 1) and Cl/Li ratios (Fig-
ure 5), as well as categories of fluid (Figure 6),
almost all Arima hot spring water (Kusuda et al.,
2014) can be estimated to have Li> 0.1 mg/l, C1>
1,000 mg/1, and CI/Li < 1000, which are thermal
water categories. On the other hand, one of the
Arima hot spring waters (Kusuda et al., 2014),
which has a Li <5 mg/l, C1< 1,000 mg/l, and Cl/
Li > 1,000, is not in the thermal water category,
but it is likely to be in the mixing water category
because it has a fairly high CI value, namely, 435
mg/l (Table 1), and the sample collection location
is in the Arima hot spring water area (far from
the coastal area).

DiscusSION

The combined interpretation of major ele-
ments (Figure 2), stable isotopes (Figure 3),
and lithium systematics (Figure 5 and Figure 6)
provides a progressively refined understanding of
the origin and evolution of Arima hydrothermal
fluids. The Piper diagram (Figure 2) shows that
most samples belong to the Na-Cl type, indicat-
ing a strong influence of saline, deep-seated
fluids (Kusuda et al., 2014). However, this hy-
drochemical signature is not unique and may
also result from seawater intrusion or prolonged
water-rock interaction. Similarly, stable isotope
data (Figure 3) exhibit a clear 5'%0 shift indicative
of high-temperature water-rock interaction, but
overlapping fields between meteoric, geothermal,
and mixed waters limit their ability to uniquely
constrain fluid origin.

Additional ambiguity is observed in the Cl/
Li relationships (Figure 5), where inconsistent
patterns occur within the same hydrothermal
system. Some samples display CI/Li ratios tra-
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ditionally associated with deep fluids, whereas
others show contrasting behaviour that can not
be explained solely by mixing or dilution. This
inconsistency highlights a key limitation of us-
ing Cl/Li as a direct tracer of fluid sources. The
integration of lithium isotope systematics (Fig-
ure 6) resolves this ambiguity. The groundwater
samples consistently plot in the low 6”Li (<5%o)
and low CI/Li (<1,000) fields, clearly distin-
guishing them from seawater and indicating a
strong contribution from deep hydrothermal or
slab-derived fluids. Unlike major elements and
stable isotopes, 6’Li provides a more direct and
process-sensitive constraint on fluid origin due
to its response to water-rock interaction (Umam
et al., 2024).

Importantly, the combined 6’Li-CI/Li
framework demonstrates that C1/Li ratios pri-
marily reflect lithium mobility controlled by
adsorption—desorption processes rather than
fluid sources. This reinterpretation explains
the observed inconsistencies and indicates that
variations in Cl/Li are governed by different
stages of fluid-rock interaction. The integration
of lithium isotope classification into the stable
isotope framework (Figure 7) further refines
fluid interpretation. Although dD-8'%0 data
alone show overlapping fields, the addition of
lithium systematics clearly separates thermal
water from mixing water. Thermal waters exhibit
larger 5'#0 shifts, reflecting stronger water-rock
interaction, whereas mixing waters plot closer to
the meteoric field due to dilution effects (Umam
et al., 2026).

Samples with similar stable isotope signatures
can belong to different fluid categories when
lithium systematics are considered. This dem-
onstrates that stable isotopes alone may mask
differences in fluid origin and evolution. Overall,
this study shows that conventional tracers (major
elements and stable isotopes) are insufficient to
resolve fluid origin in complex hydrothermal sys-
tems (Siregar et al., 2026a; Siregar et al., 2026b).
The integration of lithium isotope systematics
provides a robust and process-sensitive tracer
that significantly improves the identification of
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Figure 7. Stable isotope composition (3D - 5'*0 ) of Arima
hot spring waters combined with lithium-based hydrochemi-
cal classification. The diagram shows 3D versus %0 values
of Arima hot spring waters, together with reference fields
for seawater, magmatic water, geothermal waters, surface
water, and mixing water. Based on the hydrochemical cri-
teria of Kusuda et al. (2014) , most Arima hot spring waters
are classified as thermal waters, characterized by relatively
high Li concentrations (>0.1 mg/1), high CI concentrations
(>1,000 mg/1), and low Cl/Li ratios (<1,000) (Table 1). In
contrast, one sample with lower Cl concentration, lower Li
concentration, and higher CI/Li ratio is interpreted as mix-
ing water (see Figure 5). Although lithium isotope data are
not plotted in this figure, Li concentration and Cl/Li ratios
are used to support the hydrochemical classification of the
plotted samples.

slab-dehydrated fluids. This combined approach

establishes a new geochemical framework in

which:

» O7Li serves as a tracer of fluid origin and
water-rock interaction.

* Cl/Li reflects lithium mobility controlled by
adsorption-desorption processes.

Such a framework offers a more reliable
method for detecting slab-derived fluids in non-
volcanic subduction settings, including the Arima
Hydrothermal System.

By integrating lithium isotope systemat-
ics with stable isotope data and major element
compositions (Piper diagram analysis), a clearer
distinction of fluid types and characteristics can
be achieved (Figure 7 and Figure 8). This com-
bined approach enhances the resolution of fluid
classification beyond what can be obtained from
individual tracers. Figure 7 shows that several
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Figure 8. Piper diagram integrated with lithium isotope-
based fluid classification for Arima hot spring waters. Red
circles represent thermal water, while green circles indicate
mixing water, based on 8’Li and CI/Li classification. Most
samples cluster within the Na-Cl type field, while mixing
water samples show slight deviations, reflecting dilution
and interaction with shallow groundwater. This integrated
approach highlights that similar hydrochemical facies can
represent different fluid origins. When lithium isotope sys-
tematics are considered.

Arima hot spring waters (Kusuda et al., 2014) ex-
hibit relatively small 8'#0 shifts and plot near the
surface water field. However, when lithium iso-
tope systematics are incorporated, these samples
can be more accurately distinguished according
to their fluid origin. Samples represented by red
circles correspond to thermal waters dominated
by slab-derived fluids, while green circles indi-
cate mixing between thermal water and surface
or shallow groundwater.

This classification is consistent with the ma-
jor element interpretation (Figure 8), where the
mixing water samples (green circles) still exhibit
relatively high Cl concentrations (e.g. ~435 mg/l;
Table 1) and fall within the Na-Cl type field.
This suggests that even mixed waters retain a
significant contribution from deep hydrothermal
fluids. Although many samples from Kusuda et
al. (2014) plot within the same Na-Cl field, the
integration of lithium isotope systematics allows
further discrimination of fluid origin and evolu-
tionary processes. This demonstrates that similar
hydrochemical facies can mask fundamentally
different fluid histories.

402

Most samples classified as thermal water
(red circles) cluster within the Na-Cl type field,
confirming the dominant influence of deep, sa-
line hydrothermal fluids. This is consistent with
previous interpretations based on major element
chemistry. However, the incorporation of lithium
isotope systematics reveals that not all samples
within the same Na-Cl facies share the same ori-
gin or evolutionary history. Mixing water samples
(green circles) also plot near the Na-Cl field but
show slight deviations toward other hydrochemi-
cal facies, reflecting dilution by surface or shal-
low groundwater. Despite these deviations, their
relatively high CI concentrations indicate that
they still retain a significant contribution from
deep hydrothermal fluids (Umam et al., 2025).

Importantly, Figure 8 demonstrates that hy-
drochemical classification alone is insufficient
to distinguish fluid origin, as both thermal and
mixing waters can occupy similar positions
in the Piper diagram. The addition of lithium
isotope systematics enables discrimination be-
tween these fluid types, even when their major
element compositions appear similar. This result
reinforces the interpretation that major element
chemistry primarily reflects bulk composition,
while lithium isotopes provide insight into fluid
origin and geochemical processes. The combined
approach therefore offers a more comprehensive
framework for interpreting hydrothermal systems.

CONCLUSIONS

This study demonstrates that the integration of
lithium isotope systematics, stable isotopes, and
major element geochemistry provides a robust
framework for identifying the origin and evolu-
tion of hydrothermal fluids in the Arima System,
southwestern Japan. The results show that the
four groundwater samples collected from Arima
hot spring public baths are characterized by low
07Li values (<5%o) and low Cl/Li ratios (<1,000),
clearly distinguishing them from seawater, which
exhibits significantly higher 6’Li values and C1/Li
ratios. Based on the relationship between d’Li and
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CI/Li, three fluid categories can be defined: (1)
thermal water (87Li <5 %o and Cl/Li <1,000), (2)
mixing water between thermal and surface water,
and (3) surface or shallow groundwater (6’Li >5
%0 and CI1/Li >1,000). The groundwater samples
analyzed in this study fall within the thermal
water category, indicating a strong contribution
from slab-dehydrated fluids.

Although lithium isotope data are not avail-
able for the Arima hot spring waters reported in
previous studies (Kusuda et al., 2014), their Li
concentrations (>0.1 mg/l), Cl concentrations
(>1,000 mg/1), and Cl/Li ratios (<1,000) suggest
that most samples also belong to the thermal water
category. In contrast, one sample with relatively
low Li (<5 mg/l), low CI (<1000 mg/1), and high
CI/Li (>1000), despite having moderate CI (~435
mg/l), is interpreted as mixing water, reflecting
interaction between thermal fluids and surface or
shallow groundwater.

Major element compositions (Piper diagram)
indicate that most samples belong to the Na-Cl
type, suggesting a strong influence of saline deep
fluids. However, this signature alone is not diag-
nostic of fluid origin. Similarly, stable isotopes
(0D-6'*0) indicate significant water-rock interac-
tion but cannot uniquely distinguish between fluid
sources due to overlapping fields. Furthermore,
this study demonstrates that Cl/Li ratios are pri-
marily controlled by lithium mobility through
adsorption—desorption processes rather than
fluid source, which explains the inconsistencies
observed when using Cl/Li as a standalone tracer.

In contrast, lithium isotope systematics (57Li)
provide a more sensitive and process-based tracer,
enabling clearer discrimination between thermal,
mixed, and surface waters. The integration of
lithium isotopes into stable isotope and major
element interpretations significantly improves
the resolution of fluid classification and resolves
ambiguities in conventional geochemical ap-
proaches.

Overall, this study establishes a new geo-
chemical framework in which §7Li serves as a
tracer of fluid origin and water-rock interaction,
while CI/Li reflects lithium mobility controlled

by adsorption-desorption processes. This com-
bined approach provides a reliable and powerful
method for detecting slab-dehydrated fluids in
nonvolcanic subduction settings, and can be ap-
plied to other hydrothermal systems worldwide.
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