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Abstract

Fluorine is a dissolved component related to the definition of a hot spring, as listed in
the Japanese Hot Spring Law. On the other hand, the concentration and fluctuations of
fluoride ions in volcanic hydrothermal fluids are essential indicators for monitoring volcanic
activity and changes in the hydrothermal environment. However, in many cases, fluoride ions
are not determined because the analytical procedure usually involves complicated operations
such as distillation. We aimed at a simple, quick, and precise direct determination method to
analyze fluoride ions in high-aluminum volcanic hydrothermal water and investigated the
applicability of the simple direct determination methods of fluoride ions using the ion-selective
electrode (ISE) with total ion strength-adjusted buffers (TISABs) containing several complexing
agents for metal ions to volcanic hydrothermal water samples. The effectiveness of these
analytical methods was evaluated based on the analytical accuracy and precision when applied
to the water of Yugama, an active crater lake of the Kusatsu-Shirane volcano. The results
showed that when the TISAB, which contains the complexing agent Tris(hydroxymethyl)
aminomethane (THAM), was used, it was possible to directly determine fluoride ions with
sufficient accuracy and precision using the ISE method, even when there were high concen-
trations of aluminum and other metals that strongly form complexes with fluoride. Because
THAM forms a stable complex with aluminum ions, TISAB containing THAM is very effective
for ISE measurement of samples with high aluminum concentrations. Directly determining
fluoride ions by ISE using the TISAB with an appropriate complexing agent is simple to
operate without any pretreatment, making it possible to quickly and accurately determine
the fluoride ions in high-aluminum volcanic hydrothermal water samples.

Key words : fluorine, fluoride determination, hydrothermal fluids, ion selective electrode,
total ion strength-adjusted buffer

1. Introduction

Fluorine is a dissolved component that is related to the definition of hot spring as listed in
the appendix of the Japanese Hot Spring Law and is one of the essential components to be ana-
lyzed in hot spring analysis based on the Law. The “Standard Methods of Analysis for Mineral
Springs, Japan” (Ministry of the Environment, 2014), which provides the official method for
analyzing hot spring water, lists the ion-selective electrode method and the lanthanum alizarin
complexone method (colorimetry) as methods for analyzing fluorine. Both methods are assumed
to be combined with sample pretreatment by steam distillation with sulfuric acid for fluorine
isolation. On the other hand, fluorine is also a vital component that should be focused on in
chemical volcanic activity monitoring. In chemical monitoring of volcanic activity using
fumarolic gases and water from hot springs and active crater lakes, chemical species of fluorine
are critical components as important as chlorine for detecting changes in volcanic activity and
volcanic hydrothermal environment.

Both as halogens, fluorine and chlorine are original substances of volcanic activity, but they

also behave differently in actual volcanic activities. Fluorine and chlorine derived from magma
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volatiles are mainly contained as HF and HCI in high-temperature volcanic gases, and dissolved
as fluoride and chloride ions and their complex ions in the liquid phase generated by condensation
of volcanic gases and their mixing with meteoric water. Changes in the concentration ratios of
fluorine and chlorine in shallow hydrothermal systems are helpful for understanding changes in
the state of deep magma-associated hydrothermal systems because fluorine and chlorine behave
differently due to their different properties in the path of magma volatiles from depth to the sur-
face via volcanic hydrothermal systems (Hirabayashi 1982 ; Yoshida 1990 ; Nogami and Onizawa,
2020) in addition to differences in their dissolution and degassing behavior in magma melts
(Aluppa et al., 2002 ; 2004). At the same time, these differences result in a significant disparity in
the concentrations of dissolved fluorine and chlorine in hydrothermal systems. In general, the
concentration of chloride ions is considerably higher than fluoride ions. Chloride ion is one of the
most critical analytical components in monitoring volcanic hot springs and crater lake waters, so
a large amount of observational data has been accumulated at volcanic hydrothermal systems
and geothermal areas worldwide. Chloride ion is recognized the monitoring items that should
never be excluded from the chemical analysis of such sample water. On the other hand, the
reporting and accumulation of observational data on fluoride ions is minimal because obtaining
reliable quantitative values for fluoride ions is more complicated than for chloride ions. This
may be due to the lower concentration of fluoride ions in the sample water compared to chloride
ions, and the analytical methods are much more complicated than chloride ions. However, the
importance of fluoride content as a monitoring item needs to be better understood.

Fluoride ions form highly stable complexes with various coexisting ions in the liquid phase
due to the strong electronegativity of the fluorine atom. When using ion chromatography (IC) or
ion selective electrode (ISE), which are widely used methods for anion analysis, the chemical
species to be detected is a specific dissolved ionic species, which in the case of fluorine determi-
nation is usually a free fluoride ion. Therefore, il fluoride ions form chemically stable complexes
with coexisting ions in the analytical samples, the IC and ISE methods will not provide adequate
analytical values. Volcanic fluids usually contain coexisting ions that readily form complexes
with fluoride ions, such as aluminum and iron. Therefore, for the determination of fluoride ions
by the IC and ISE methods, it is necessary to dissociate dissolved metal-fluoride complex ions in
the samples by an appropriate pretreatment method. The typical pretreatment technique for
this purpose is a series of fluoride distillation methods. Several fluoride distillation methods have
been developed and improved over the years : the most representative of them are the sulfuric
acid steam distillation method (e.g., Willard and Winter, 1933 ; Hoskins and Ferris, 1936 ; Smith
and Parks, 1955) and the fluorosilane distillation method (e.g., Taves, 1968 ; Yoshida e! al., 1978 ;
Tsuchiya et al., 1985). Such pretreatment complicates routine analysis and is an obstacle to auto-
mation since it requires a certain amount of labor and specific equipment (distillation line) for the
distillation operation.

On the other hand, it is also known that a metal ion complexing reagent is added as a
masking reagent to the total ion strength adjustment buffer (TISAB) added to the sample during
ISE measurement to inhibit the formation of metal fluoride complexes, and [ree fluoride ions are
determined directly by ISE. Adding such a masking reagent is also effective in preventing the

sorption of fluoride ions to colloidal aluminum in a neutral pH range in the ISE measurement
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(Pickering, 1986). For example, Deng el al. (2011) reported the results of this method applied to
Yellowstone hydrothermal water to study its fluoride geochemistry. This method does not
require any complicated pretreatment, and fluoride ions can be determined quickly and easily.
This paper calls such a measurement method without pretreatment to isolate fluorine, such as
distillation, “direct determination.” According to the “Standard Methods of Analysis for Mineral
Springs, Japan” (Ministry of the Environment, 2014), the direct determination of fluoride ions by
ISE with a TISAB to which citric acid has been added as a complexing agent is only applicable
when the aluminum concentration in the hot spring water is 100mg/L or less. However, there
are not many examples of applying this type of technique to samples associated with volcanic
hydrothermal systems, and it is difficult to say that it is a widely used method. The effectiveness
of the complexing reagent in masking coexisting metal ions and releasing fluoride ions, which is
the core of this technique, should be highly dependent on the type and concentration of the com-
plexing reagent and the coexisting ion species. Therelore, the type and concentration range of
effective complexing reagents differ depending on the chemical composition of the sample to be
analyzed, and it may be necessary to optimize the type and concentration of complexing reagents
according to the composition and physicochemical properties of the sample water to be analyzed.
If this analytical method for fluoride ion can be reliably applied to more varied hydrothermal
water samples, it could become a valuable option for many researchers in the field of chemical
volcanology as a simple, rapid, and practical method for the determination of fluoride ions in
volcanic hydrothermal water that does not require distillation operation. Therefore, more
reports on fluoride ion concentrations in volcanic hydrothermal fluids are expected to be published,
and discussions on fluorine in volcanic hydrothermal systems will be further deepened.

To explore the applicability of direct determination method for high-salinity, strongly acidic
volcanic hydrothermal samples, we selected the “Yugama”, known as an active crater lake, as the
subject of this study. Yugama is filled with highly acidic lake water (pH is around 1.0), which is
defined as acidic sulfate-chloride waters based on its water chemistry (Taran and Kalacheva,
2020). Yugama water contains significant concentrations of various metal ions, especially high
concentrations of aluminum ion, which easily forms complexes with fluoride ions. Volcanic gas
fumaroles and hydrothermal vents are present at the lake bottom, and molten sulfur is found
around the fumaroles (Takano, 2001). Changes in the concentrations of dissolved chemical com-
ponents in Yugama water have been reported since the 1960s, and changes in chloride ion con-
centration have been discussed in relation to the rise and fall of volcanic activity (Ohba et al,
2000 ; 2008 ; Ossaka et al., 1997 ; Yaguchi et al., 2021). However, in the large amount of analytical
data accumulated on Yugama water samples, we could find only a few reported values of fluoride
ion concentration.

In this study, by using Yugama lake water as an example, we aimed at a simple, quick, and
precise ISE direct determination method to analyze fluoride ions in high-aluminum volcanic
hydrothermal water. We investigated the optimal conditions on the type and concentration of
TISAB reagents, and verified the accuracy and precision of the analytical results by comparing
them with the results analyzed with traditional methods.
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2. Samples and Methods

In this study, we collected Yugama lake water as a representative example with strong
acidity and high aluminum concentration for experiments. By comparing with traditional
analytical methods and conducting spike and recovery test, we evaluated the accuracy of ISE
direct determination results when using different TISAB, and found out the most suitable type
of TISAB.

The samples, reagents, apparatus, and analytical methods used in this study are as follows.

2.1 Preparation of samples, reagents and apparatus
2.1.1 Yugama water samples

The target analyte in this study is fluoride dissolved in the water of Yugama, an active crater
lake of Kusatsu-Shirane Volcano. Kusatsu-Shirane Volcano is an active volcano in the center of
Japan’s main island (Fig. 1), consisting of three pyroclastic cones named Shirane, Ainomine, and
Moto-Shirane. The crater lake, Yugama, is located at the summit of the Shirane pyroclastic cone.

The surface water of Yugama collected at the “U-1" point (Fig. 1) at the southwest shore of
crater lake was subjected to this study. The collected water samples were stored in polypropylene
bottles until the analysis without filtration, degassing, or other chemical treatments. Samples
were collected between July 29, 2002, and June 3, 2024. The specific sampling dates are docu-
mented in the “Sampling Date” column of the analysis result tables (Tables 1, 2, and 4). The
volume collected for each sampling was from 500 to 1,500 mL, depending on the situation while
sampling.

In the following, the sulfuric acid steam distillation and IC measurements were performed
within one month after collection in November 2015. The ISE measurements were performed in
June 2022 and September 2024. The main dissolved components of Yugama water in Table 2
were re-analyzed in February 2024. Na and K were analyzed by Flame Emission Spectroscopy
(Thermo Electron, SOLAAR M6) and Ca, Mg, Fe, Al Mn, Si, C|, SO427 were analyzed by ICP-
OES (SII, SPS3520UVDD). SO is calculated from the ICP-OES analysis value after being
separated by an anion exchange resin. Water temperature and pH were measured using
temperature meter (Anritsu Meter, HD-1200E) and pH meter (Yokogawa Electric, PH72SN, with
PHS82 electrode) at the time of collection.

2.1.2 Reagents and apparatus

The reagents used in this study were basically of JIS special grade or equivalent. All
solutions were prepared using distilled water except for the eluent in the IC measurement,
which was prepared using ultra-purified water (Milli-Q water, prepared with Merck Millipore
Simplicity UV system and the resistance is 182MQ-cm). The standard solutions of fluoride ion
for fluoride determination were prepared by dissolving NaF with distilled water.

ISE measurements were conducted using the Combination Ion Selective Electrode (Thermo
Fisher Scientific Inc., ORION 9609BNWP) with the pH/ISE Benchtop Meter (Thermo Fisher
Scientific Inc., ORION Dual Star). IC measurements were conducted using the ion chromatography
system (Metrohm, 883 Basic IC plus) installed with the separation column (Metrohm, Metrosep
A Supp 4-250/4.0). Sulfuric acid steam distillation of fluoride ions was conducted using fluorine
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Fig. 1 Map and photo of Yugama, crater lake of Kusatsu-Shirane volcano. A : Location of Kusatsu-
Shirane Volcano in the Japanese Islands. This map was generated using Generic Mapping Tools
(GMT ; Wessel et al., 2019). B : Enlarged map around Yugama crater lake. Contours are given
in meters. Created by editing the 1:25,000 Topographic Map of Geospatial Information Authority
of Japan. C: QOverview of Yugama. The sample waters were collected from “U-1" located at the
southwest shore. This photograph was taken on June 13, 2022.

distillation equipment (Sugiyama-Gen Co., Ltd., EHP-341-ELC). The distillation of fluoride ions
was conducted utilizing the distillation apparatus made of glass described in Tsuchiya el al. (1985).
2.1.3 TISABs preparation

Referring to the previous papers (Frant and Ross, 1968 ; Peters and Ladd, 1971 ; Buck and
Cosofret, 1993 ; Corbillon el al., 1995 ; Petrenko el al., 2021), we used three types of TISABs and
here named them “TISAB-B,” “TISAB-C” and “TISAB-D.”

TISAB-B was prepared as follows (Frant and Ross, 1968 ; Buck and Cosofret, 1993) : 170 g of
sodium nitrate, 68 g of sodium acetate trihydrate, and 924 g of sodium citrate dihydrate were
added to 500mL of distilled water and mixed well by stirring. The mixture’'s pH was adjusted
between 5.0 and 5.5 by adding 5 M NaOH dropwise. After the solution was cooled to room

7
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temperature, the solution was finally adjusted to one liter by adding distilled water.

TISAB-C was prepared as follows (Peters and Ladd, 1971 ; Buck and Cosofret, 1993) : 17.65 g
of trans-1,2-Cyclohexanediamine-N,N,N’ N'-tetraacetic acid monohydrate (CyDTA) was added to
500 mL of distilled water, and 40% NaOH sol. was dropped until the salt was dissolved. 300 g of
sodium citrate dehydrate and 60 g of sodium chloride were added to the solution and mixed well
by stirring. The solution was finally adjusted to one liter by adding distilled water.

TISAB-D was prepared as follows (Corbillon el al., 1995) : 84 mL of concentrated hydrochloric
acid (36-38 %), 242 g of tris(hydroxymethyl)aminomethane and 230 g of sodium tartrate dihydrate
were added to 500 mL of distilled water and dissolved by stirring. After the solution was cooled
to room temperature, it was finally adjusted to one liter by adding distilled water.

2.2 Analytical methods and analytical accuracy test
2.2.1 Sulfuric acid steam distillation followed by IC measurement (IC/SFC method)

Sulfuric acid distillation is a conventional technique for isolating fluoride ions from matrix in
sample water as a pretreatment for fluoride determination. The distillation operation here conforms
to the “Standard Methods of Analysis for Mineral Springs, Japan” (Ministry of the Environment,
2014).

Twenty-five mL of the sample water was added with a volumetric pipette in the distillation
flask and placed in an ice bath, and 40 mL of sulfuric acid was added. Then, the distillation appa-
ratus was assembled, and fluorine distillation was performed. When the temperature of the
solution in the distillation flask reached 140, steam was introduced into the distillation flask.
Then, 200 mL of the distillate was collected in a 250 mL volumetric flask. The solution was fixed
to 250 mL, and then the fluoride ion was determined by IC.

2.2.2 Trimethylsilylating distillation (HMDS distillation) followed by ISE measurement
(ISE/HMDS method)

Here, trimethylsilylating distillation using 1,1,1,3,3,3-Hexamethyldisilazane (HMDS, also
known as Bis(trimethylsilyl)amine, structural formula : (CH;);Si-NH-Si(CH;);) was performed
according to the distillation procedure by Tsuchiya et al. (1985). Aflter assembling the distillation
apparatus, DmL of sample water, 3mL of diphosphoric acid, and 1 mL of perchloric acid were
added to the reaction tube, and 10mL of 0.1 mol/L NaOH solution was added to the absorption
tube. Then 85mL of HMDS was dropped into the reaction tube to start the reaction, while N,
gas flowed for at least 40 min from the reaction tube to the absorption tube. The solution in the
absorption tube was transferred into a 25 mL volumetric flask with a suitable volume of 0.5 mol/
L nitric acid to neutralize the solution. Then, the volume was constituted at 25mL with Milli-Q
water to make a sample solution. Twenty-five mL of the fluoride ion standard solution containing
the same NaOH and nitric acid concentrations as the sample solution was also prepared. Next,
2mL of TISAB-B was added to the prepared sample and standard solutions, and ISE measure-
ments were conducted using the calibration curve method.

2.2.3 ISE measurement without distillation (Direct ISE determination, ISE/TISAB
method)

The method here involves mixing the sample with a TISAB containing metal masking re-
agents and analyzing it with ISE. The sample solutions mixed with the same volume of sample

8
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water and the selected TISAB (e.g., Five mL sample and 5mL TISAB) were subjected to the
ISE measurements using the calibration curve method. Standard solutions for ISE measurements
were made by mixing the fluoride standard solution and the TISAB in the same way as the
sample solutions. TISABs C and D were used here to verily their applicability.
2.2.4 Spike and Recovery Test for ISE measurements

The spike and recovery tests were performed to confirm the accuracy of fluoride determi-
nation methods. The sample solution spiked with a known amount of fluoride standard solution
was subjected to the ISE measurement, and then the recovery of the spiked fluoride ion was
calculated. The test solutions here were prepared by adding 1.0-4.0mL of 100 mg/L fluoride
standard solution in 1.0 mL increments each to 20 mL of sample water, and then, they were made
up to 25mL with pure water using a 25mL volumetric flask. Thus, the test solutions were pre-
pared by adding +0, +4.0, +8.0, +12.0, and +16.0 mg/L of fluoride.

3. Results and Discussion

Table 1 summarizes the fluoride ion determination values for Yugama samples obtained by
the different analytical methods applied in this study. Figure 2 shows an example of a calibration
curve for ISE determination. As shown in the figure, the linearity of the calibration curves was
good for all TISABs tested in this study, and there were no problems with the stability of the

measurement potentials and response time.

3.1 Analytical consideration

Figure 3 shows the results of determining fluoride ion concentrations in Yugama water
collected in 13 July 2015 using different analytical methods. Figure 3 shows that the IC/SFC
and ISE/HMDS methods yielded nearly equal determination values of approximately 20mg/L.
In contrast, the direct determination by the IC or ISE/TISAB-B methods without distillation
yielded determination values that were 40-50% smaller than those obtained by IC/SFC and ISE/
HMDS. The ISE/HMDS method uses TISAB-B for ISE determination after distillation ; the only
difference between the ISE/HMDS and ISE/TISAB-B methods is whether HMDS distillation
was performed as a pretreatment. The analytical results shown in Fig. 3 indicate that directly
determining fluoride ions by IC or ISE/TISAB-B does not yield the correct concentration because
fluoride ions form stable complexes with coexisting metal ions at high concentrations in the
Yugama sample. Yugama water contains several hundred mg/L of aluminum ions (Table 2). It
is well-known that the presence of aluminum ions greatly hinders the determination of fluoride
ions. In addition to aluminum ions, Yugama water also contains high concentration of iron ions
that can form complexes with fluoride ions. Taking Yellowstone National Park as an example,
Deng ef al. (2011) mentioned that the Al-F complexes AIF**, AIF,", AIF; and the Fe-F complexes
FeF*, FeF,’, may be widely exist in the water samples. Therefore, the fluoride ion concentration
of Yugama water cannot be uncritically accepted as determined directly by IC or ISE without
pretreatment.

Next, comparing the results of three direct determinations by ISE using different TISABs in
Fig. 3, the ISE/TISAB-D method gave determination values consistent with the two analytical
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Analytical results of fluoride ion concentrations in Yugama water using different
“Mean” column lists the average F concentration with the error at

the 95% confidence limits. “SD” represents the standard deviation, and “CV” represents
the coefficient of variation. “n” shows the number of parallel experiments.

Sampling Date Analytical Methods ~ F Conc. (mgL™) Mean SD CV(%) n
July 2, 2014 ISE/HMDS 12.66 11.26 12.58 12.16£1.96 0.787 6.47 3
ISE/TISAB-B 6.64 6.55 6.55 6.58£0.32  0.053 0.81 3

ISE/TISAB-C 11.17 1121 11.17 11.18+0.07 0.028 025 3

ISE/TISAB-D 1294 1240 12.65 12.66+0.67 0.269 2.13 3

July 13, 2015 IC 10.74 - - - 1
IC/SFC 19.64 - - - 1

ISE/HMDS 17.19 1790 17.10 17.40£1.08 0.437 2.51 3

ISE/TISAB-B 7.61 737 749 7.49£026  0.338 1.57 3

ISE/TISAB-C 12.64 1253 12.58 12.58+0.61 0.800 0.44 3

ISE/TISAB-D 19.27 1873 18.18 18.73£1.35 0.544 290 3

November 22,2015 ISE/HMDS 19.42 20.63 19.74 19.93+1.56 0.629 3.16 3
ISE/TISAB-B 691 6.80 6.78 6.83£t0.42  0.070 1.03 3

ISE/TISAB-C 1531 14.56 13.99 14.62£1.64 0.659 4.51 3

ISE/TISAB-D 19.22 1929 18.85 19.12+£0.59 0237 124 3

November 14, 2016 ISE/HMDS 20.38 22.16 20.98 21.1742.25 0904 427 3
ISE/TISAB-B 6.19 6.09 6.11 6.13£0.46  0.056 091 3

ISE/TISAB-C 1413 1427 13.15 13.85£1.52 0.613 443 3

ISE/TISAB-D 22.11 21.89 21.15 21.72¢1.25 0.502 231 3

y=-46.741x - 33.667
r2=0.9999

0.0 0.5

1.0
log ¢

20

Fig. 2 An example of a calibration curve using
the ISE/TISAB-D method. Measured po-
tential values for the prepared standard
solutions are plotted against the logarithm
of ¢ (log ¢), where ¢ represents the fluoride
concentration (mg L™") of the standard
solutions.
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Table 2 Some examples of the water quality of Yugama water in recent years.

Water dissolvable components concentration (mg L'l)
o p.
Temp. (°C) Na K Ca Mg Fe Al Mn Si Cl SO
September 22, 2006 23.9 144 27.1 15.6 86.8 169 694 124 0.871 642 2495 1381

Sampling Spot Sampling Date

May 20, 2012 16.1 1.12 30.6 18.6 100 194 77.9 157 0.969 83.7 2777 1459
July 2,2014 26.3 126 259 145 83.6 13.8 689 124 0.760 67.3 2575 1362
November 3, 2015 17.5 098 37.0 206 105 244 83.0 186 1.16 851 3947 1817
Yugama U-1
November 12, 2015 18.4 093 37.1 207 107 252 82.1 192 1.19 882 4111 1825
November 14, 2016 12.3 092 46.0 254 129 31.6 98.6 249 1.49 889 4976 2204
October 24, 2021 18.7 1.09 485 324 155 306 126 249 135 873 4131 1251
September 6, 2022 26.9 1.06 39.7 203 131 27.1 100 219 1.15 75.6 3892 1183
25.00
20.00 T
—~ T |
:] 1
o 1300
E :
g 10.00
8 .
O
B 5.00
0.00
ISE/HMDS IC IC/SFC  ISE/TISAB-B ISE/TISAB-C ISE/TISAB-D

Analytical Methods

Fig. 3 Determined values of fluoride ions in Yugama water samples collected on July 13,
2015, using the ISE/HMDS, IC, IC/SFC, ISE/TISAB-B, ISE/TISAB-C and ISE/TISAB-D
methods. The error bars represent 95% confidence limits.

methods using distillation as pretreatment. In contrast, the determination values of the ISE/
TISAB-B and ISE/TISAB-C methods were lower than those of the methods with distillation, and
the values were different depending on the type of TISAB used. The analytical results above
indicate that directly determining fluoride ions in Yugama water by ISE is not impossible, but
selecting the TISAB with appropriate composition is essential.

Figure 4 shows the quantitative values obtained by applying the ISE/HMDS, ISE/TISAB-B,
ISE/TISAB-C, and ISE/TISAB-D methods to three Yugama samples collected at different times.
The determination values obtained by the ISE/HMDS and ISE/TISAB-D methods were agreed
upon within the analytical uncertainty for all samples. On the other hand, the determination
values by the ISE/TISAB-B and ISE/TISAB-C methods were clearly lower than those by the
ISE/HMDS method. Furthermore, although the concentration of fluoride ions in the 2014 water
sample was more than 25% lower than those in the 2015 and 2016 samples, the determination
values of the ISE/TISAB-B method did not reflect such differences in concentration, and all
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25.00
& ISE/HMDS
2000 | O ISE/TISAB-B
BISE/TISAB-C
ISE/TISAB-D
15.00

747

F Conc. (mgL?)
S
=

5.00 r

0.00

July 2, 2014 November 12,2015 November 14,2016
Sampling Date

Fig. 4 Comparison of analytical results for fluoride ion determined by applying ISE/HMDS,
ISE/TISAB-B, ISE/TISAB-C and ISE/TISAB-D methods to Yugama water samples
collected on July 2, 2014, November 12, 2015 and November 14, 2016. The error bars
represent 95% confidence limits.

Table 3 The results of spike and recovery tests using ISE/TISAB-C and ISE/TISAB-D methods
for Yugama water collected on October 24, 2021.

Analytical Methods ~ Spike (mg L'l) Measured F Conc. (mg L'l) Recovery (mg L'l) Recovery (%)

0 17.71 0
4.00 21.79 4.08 101.9
ISE/TISAB-D 8.00 25.71 8.06 100.7
12.00 29.45 11.74 97.8
16.00 32.70 14.98 93.6
0 14.19 0
4.00 15.70 1.51 37.8
ISE/TISAB-C 8.00 17.66 3.46 433
12.00 19.12 4.93 41.1
16.00 20.94 6.74 422

samples had almost equal determination values of 6 to 7mg/L. In other words, the results of the
ISE/TISAB-B method are considered to be completely meaningless.

Table 3 and Fig. 5 show the results of the spike and recovery tests with the ISE/TISAB-C
and ISE/TISAB-D methods. The recovery of the ISE/TISAB-C method was 38-43%, while that
of the ISE/TISAB-D method was 94-102%. Thus, the ISE/TISAB-D method can reliably deter-

mine fluoride ion concentrations in Yugama water.

12
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3.2 Applicability of ISE/TISAB-D method

From the above experimental results, it can be concluded that TISAB-D is the only TISAB
applicable for directly determining fluoride ions in Yugama water among the TISABs tested in
this study. TISAB-D is equivalent to TISAB-IV in ASTM D1179 “Standard Test Methods for
Fluoride Ion in Water” (ASTM, 2021). The components acting as metal ion masking agents
(complexing agents) in TISAB-B, TISAB-C, and TISAB-D are citric acid, CyDTA/citric acid, and
THAM/tartaric acid, respectively. In the ISE measurement conditions in this study, all of the
TISABs supposedly contain an excess of complexing agents in comparison with the concentra-
tions of dissolved components with high affinity for fluoride ions, such as aluminum and iron
ions, in Yugama water, but the differences in their complexing abilities may cause the differences
in applicability.

The THAM in TISAB-D forms very stable complexes with aluminum ions (Gil el al., 1997)
and is considered to be very effective for Yugama water samples with high concentrations of
aluminum ions. Although CyDTA in TISAB-C also has a higher complexing ability with aluminum
and iron ions (JSAC, 2021), the amount of CyDTA might be insufficient for the concentration of
coexisting metal ions in Yugama water samples under the experimental conditions used in this
study. Moreover, citric acid, which is the complexing agent in TISAB-B, also forms stable
complexes with aluminum ions. However, its complexing ability with aluminum is lower than
CyDTA’s and comparable to fluoride ions (JSAC, 2021). Therefore, the masking effect was
insufficient despite the sufficient concentration of complexing agents compared to the metal ions
in the samples in the case of the ISE/TISAB-B and ISE/TISAB-C methods. In the direct deter-
mination of fluoride ions in sample water containing metal ions by ISE, it is essential to include
an appropriate complexing agent at an appropriate concentration, and it is crucial to select an
appropriate TISAB composition that matches the physicochemical properties of the sample water.

Table 1, Fig. 3 and Fig. 4 show the determination values of the ISE/HMDS and ISE/
TISAB-D methods agreed within an analytical uncertainty. Based on errors in Fig. 3, Fig. 4 and
Coefficient of Variation (CV%) presented in Table 1, the ISE/TISAB-D method exhibits the com-
parable precision and repeatability as the ISE/HMDS method. Figure 4 show the ISE/HMDS
method occasionally exhibited slightly higher errors than the ISE/TISAB-D method (e.g., the

13
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results of November 22, 2015 and November 14, 2016), this may be due to the recovery error in
the distillation process being reflected in the analytical error. The ISE direct determination with
appropriate TISAB may save the laborious distillation process and improve the precision of the
analysis. The ISE direct determination method is simple and quick because it does not require
complicated distillation as a pretreatment step, and it is possible to obtain determination values

for many samples quickly.

3.3 Time-series data on fluoride ion concentrations in Yugama water

The ISE/TISAB-D method was shown to be a reliable fluoride ion determination method
applicable to Yugama samples. It was used to determine the fluoride concentrations in Yugama
water from 2002 to 2024. Table 4 and Fig. 6 show the variation in fluoride and chloride ion con-
centrations over 13 years. As can be seen in the figure, the fluoride ion concentration shows
almost the same fluctuation behavior as that of chloride ion, which is also a halogen. However,
the fluoride ion concentration showed a distinct increase from 2007 to 2008 and from 2013 to
2016, which was much larger than the increase of chloride ion concentration during the same
period. The variation of the F/Cl concentration ratio shows that the ratios were high from 2007
to 2008 and from 2013 to 2016 (Fig. 6). The fluoride and chloride ions originate from HF and HCI
in the volcanic fluid that degassed from the magma, and both of them are soluble in liquid phase.
Compared to HCI, higher volatilization temperatures are required for HF, and HF is more easily
removed from the fluid due to the reaction with rock (Yoshida 1990). When volcanic activity
becomes more active, higher temperature fluids supply the hydrothermal system, leading to an
increase in the F/Cl ratio. The increase in the F/Cl concentration ratio observed during these
periods coincides with a temporary increase in seismic activity in July and November 2007 and
the subsequent appearance of new fumaroles on the north inner wall of Yugama in 2008 (JMA,
2008 ; 2009), and with the earthquake swarm with crustal deformation from March to August
2014 (JMA, 2015), respectively, suggesting a shallow supply of volcanic fluids. In general, supplied
volcanic fluids are subject to significant dilution by meteoric water near the surface, so even in
the case of an active crater lake such as Yugama, fluctuations in the concentration of halide ions
do not necessarily directly reflect fluctuations in the supply flux of volcanic fluids, and an increase
in concentration may not necessarily indicate an increase in volcanic activity. On the other hand,
an increase in the F/CI ratio is thought to reflect the rise in the temperature of deep fluids,
suggesting increasing volcanic activity. Thus, the combination of changes in chloride and fluoride
ion concentrations is expected to lead to a better understanding of the transition of volcanic
activity. The appropriate ISE direct determination method can easily and quickly obtain
determination values of fluoride ions in hydrothermal water samples. It will be a great help in
the geochemical evaluation of volcanic hydrothermal activity.

14
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Table 4 The time-series data of fluoride, chloride concentration and F/Cl molar ratio in Yugama
water between 2002 and 2024.

Sampling Date F Conc. (mg L") ClConc. (mg L") F/Cl Molar Ratio Sampling Date F Conc. (mg L") ClConc. (mg L'l) F/Cl Molar Ratio
July 29, 2002 10.7 2241 0.00892 November 3, 2015 20.5 3947 0.00969
August 2, 2003 11.7 2588 0.00841 November 22, 2015 20.8 4111 0.00945
May 25, 2004 12.0 2849 0.00784 April 25,2016 19.7 4576 0.00802
August 1,2004 11.9 2804 0.00793 May 16,2016 19.5 4583 0.00793
June 5, 2005 11.2 2672 0.00785 May 31, 2016 219 4644 0.00882
July 29, 2005 10.7 2699 0.00737 June 14,2016 21.5 4849 0.00827
May 21, 2006 10.2 2595 0.00731 July 4, 2016 21.5 4828 0.00831
July 31,2006 9.05 2455 0.00687 August 3, 2016 21.6 4867 0.00828
September 22, 2006 9.24 2495 0.00691 August 17,2016 213 5074 0.00782
May 28, 2007 13.0 2557 0.00951 September 5, 2016 202 4746 0.00794
August 1,2007 13.7 2590 0.00990 October 3,2016 18.9 4694 0.00750
July 26,2008 11.1 2383 0.00866 October 31,2016 19.3 4897 0.00734
October 30, 2008 114 2429 0.00873 November 13,2016 19.2 4995 0.00716
May 23, 2009 10.9 2579 0.00792 November 14,2016 19.0 4976 0.00711
May 23,2010 11.3 2734 0.00771 April 23,2017 19.6 4332 0.00845
August 2,2010 10.9 2625 0.00774 May 14,2017 19.1 4322 0.00827
May 15,2011 11.7 2786 0.00781 June 12,2017 18.9 4491 0.00784
July 31,2011 10.7 2665 0.00750 July 3,2017 18.6 4339 0.00799
October 8,2011 9.59 2340 0.00764 August 10,2017 17.1 4036 0.00789
May 20, 2012 10.4 27717 0.00697 September 5, 2017 17.6 4166 0.00788
August 26, 2012 8.90 2369 0.00701 June 3,2018 16.8 4095 0.00767
May 12,2013 9.24 2569 0.00671 June 25,2018 17.0 4033 0.00786
August 1,2013 124 2625 0.00878 July 31,2018 17.3 4098 0.00789
September 8, 2013 133 2715 0.00911 August 21,2018 17.6 4295 0.00764
November 2, 2013 12.5 2669 0.00874 October 14,2018 19.9 4187 0.00885
May 25,2014 12.1 2755 0.00817 October 29,2018 19.6 4165 0.00880
June 24, 2014 12.0 2483 0.00902 November 12,2018 19.9 4239 0.00874
July 2,2014 11.6 2575 0.00844 April 4,2019 20.1 4287 0.00874
August 4,2014 12.8 3074 0.00778 June 19, 2019 18.1 4020 0.00838
September 3, 2014 13.0 2795 0.00869 August 5,2019 18.6 4044 0.00857
September 19,2014 13.9 2928 0.00887 October 28,2019 16.9 3766 0.00837
September 29, 2014 144 3037 0.00887 August 31, 2020 182 3860 0.00878
October 21, 2014 12.9 3072 0.00783 October 5, 2020 19.0 3897 0.00912
November 10, 2014 17.1 3314 0.00962 October 26, 2020 19.1 3906 0.00914
May 11, 2015 17.8 3765 0.00881 May 26, 2021 19.2 4186 0.00858
June 1, 2015 182 3764 0.00903 July 11,2021 19.1 4050 0.00882
June 22, 2015 18.0 3867 0.00866 October 24,2021 19.5 4131 0.00883
July 13,2015 182 3993 0.00851 June 13,2022 18.2 3779 0.00897
August 4, 2015 194 4335 0.00836 September 6, 2022 18.8 3892 0.00903
September 3, 2015 20.4 4118 0.00924 September 8, 2023 20.2 4263 0.00884
October 5, 2015 20.1 4304 0.00871 June 3, 2024 19.9 3982 0.00930

October 20, 2015 19.4 4312 0.00838
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Fig. 6 The time-series data of fluoride concentration and F/CI molar ratio in Yugama water between
2002 and 2024. The plots were made from the data in Table 4.

4. Conclusion

The total fluoride ion concentration in Yugama, an active crater lake of Kusatsu-Shirane
volcano, which contains high concentrations of aluminum and other metal ions with high
complexing ability with fluoride ions, could be accurately determined directly by ISE with the
TISAB containing THAM as a metal complexing agent without any pretreatment such as
distillation.

It is considered that this method can be applied to fluoride ion determination in lake water
of various active crater lakes with compositions similar to those of Yugama. When applying this
method to other samples, the levels of metal ion concentrations should be noticed, and appropriate
dilution could be performed before analysis. Additionally, we recommend that the reliability of
this method for a new sample can be verified by comparing the analysis results of other
methods. The fluoride ion concentration is a vital indicator component in geochemical volcanic
activity monitoring, and we hope that this method will be applied to monitoring many volcanic

hydrothermal fluids and crater lake waters to clarify how fluoride ion concentrations vary.
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