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Regular sampling of lake water has been performed at many volcanoes to assess the state
of volcanic activity. However, it is not clear whether the absolute concentrations or, instead,
rate of changes in concentrations are more suitable for such assessments. In this study,
we show that temporal changes in concentrations of an element in lake water are
described by a simple differential equation, assuming changes in lake volume and
chemical processes are negligible. The time constants (63% response time for
changes in the chemical concentration in lake water) have a wide range varying
between 20 and 1,000 days for the studied volcanoes in Japan, meaning it takes a
long time to assess volcanic activity based on the absolute concentration of an element. In
order to assess the volcanic activity in a shorter time period, based on a time-series of lake
element concentration data, we developed a numerical model to calculate temporal
changes in the steady-state concentration, which is proportional to the elemental
concentrations of the bulk hydrothermal fluid injected from subaqueous fumaroles and
hot springs. We applied our method to Yugama crater lake at Kusatsu—Shirane volcano,
Japan, and quantitatively evaluated temporal changes in the hydrothermal input from 1964
to 2020. As a result, we detected changes in the Cl concentrations of the bulk
hydrothermal input that were associated with unrest including the phreatic eruption in
1976 and earthquake swarms in 1989-1992 and 2014-2020. The future concentration in
the lake water can be predicted from the most recent steady-state concentrations.
Comparing the predicted concentration curve with the concentration obtained from
lake water samples, it is possible to quickly assess whether the concentration of the
bulk hydrothermal input has increased/decreased or remained constant.

Keywords: active crater lake, volcanic lake, chloride, volcanic unrest, monitoring, Kusatsu-Shirane Volcano, Aso
volcano
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1 INTRODUCTION

Volcanic lakes can cause a variety of hazards, such as phreatic
eruptions, mud eruptions, tsunamis, base surges, and lahars
(Morrissey et al., 2010; Manville, 2015; Edwards et al., 2017).
These can be hazards near the volcanic lake, and also near rivers
that drain the lake. Therefore, assessing activity of a volcanic lake
is a critical issue for society. In addition, volcanic lakes can act as
condensers of heat and materials released from hydrothermal
systems. To understand material circulation in hydrothermal
systems, measurements of lake water levels, temperatures, and
concentrations of elements have been undertaken at crater lakes
worldwide (e.g., Pasternack and Varekamp, 1997).

Prior to an eruption, increases/decreases in lake volume have
occurred (Barberi et al., 1992; Werner et al., 2008; Fournier et al.,
2009, 2011; Christenson et al., 2017), which have been interpreted
to reflect changes in the mass flux and enthalpy of fluid emitted
from the lake bottom (Terada and Hashimoto, 2017). Monitoring
the surface water temperature of volcanic lakes, which is a simple
remote measurement by infrared thermometry, is a key
observation for monitoring volcanic activity (Oppenheimer,
1997; Lewicki et al., 2016; Cigolini et al, 2018; Candela-
Becerra et al, 2020). In addition, regular sampling of lake
water has been performed at many volcanoes, including
Ruapehu (Giggenbach and Glover, 1975; Hurst et al, 1991;
Christenson, 2000), Kusatsu-Shirane (Ohba et al., 1994, 2008),
Poas (Rowe et al., 1992; Martinez et al., 2000; Rouwet et al., 2017),
Kawah Ijen (van Hinsberg et al., 2017), Copahue (Agusto et al.,
2017), and crater lakes in Mexico (Armienta et al., 2000; Rouwet
et al., 2008; Peiffer and Taran, 2013; Peiffer et al., 2015).

Yugama crater lake of Kusatsu-Shirane volcano has repeatedly
experienced gradual increases/decreases in concentrations of
chemical components, although water temperatures and levels
have not changed significantly (Ohba et al., 2008). Such changes
in concentrations are accompanied by earthquake swarms,
ground deformation, and thermal demagnetization beneath the
crater lake (Takahashi and Fujii, 2014), corresponding to a
volcano with slow unrest (Stix, 2018).

Although phreatic eruptions have occurred repeatedly at
Yugama crater lake since the 1880s, the lake is a popular
tourist attraction. In the assessment of volcanic activity at
Kusatsu-Shirane volcano, the Japan Meteorological Agency
(JMA) considers changes in concentrations of elements to be a
key parameter, in addition to geophysical observations. However,
it is unclear whether the absolute concentrations or rate of
changes in concentrations are more suitable for such
assessments. Concentrations of lake water are adjusted
according to the mass balance of the lake system (Pasternack
and Varekamp, 1997; Rouwet and Tassi, 2011). Furthermore, the
absolute lake concentration depends on the history of the lake
concentration because the current concentration is a result of
integrating the past inputs and outputs of the element. The rate of
changes in concentrations can occur slowly in large-volume
crater lakes (Varekamp, 2002, 2015; Rouwet et al., 2014), and
thus it takes a long time to assess changes in volcanic activity
based on absolute concentrations. To assess changes in volcanic
activity, monitoring changes in the concentration of the
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hydrothermal fluid injected from the lake bottom is more
suitable rather than tracking element concentrations in
lake water.

In this study, we developed a simple numerical model to
calculate temporal changes in concentrations of the bulk
hydrothermal fluid injected from the lake bottom, by
assuming the water volume remains largely constant during
each analytical period. If pH of lake water is not extremely
low (pH > 0), this model can be applied to elements such as
chloride (Cl) for which chemical reactions and evaporation from
the lake surface are negligible (Rouwet and Ohba 2015;
Capaccioni et al, 2017). In addition, we propose a method
for predicting future lake concentrations based on a time-
series of recent concentrations of water samples taken from
crater lakes. Our model is applied to active crater lakes in
Japan, particularly Yugama crater lake at Kusatsu-Shirane
volcano, in order to test the validity of our assessment of
volcanic activity.

2 MODELING

Volcanic lakes, particularly active hot crater lakes, exhibit variable
chemical characteristics from lake to lake (e.g., Rouwet et al,
2014). Such lakes with diameters greater than several tens of
meters in Japan are Yugama crater lake at Kusatsu-Shirane
volcano (Kusakabe et al., 2000; Ohba et al., 2008), Yudamari
cater lake at Aso volcano (Terada et al,, 2012), Oyunuma crater
lake at Noboribetsu volcano (Murozumi et al., 1966; Fukutomi
et al., 1968; Inoue and Aoki, 2000), and Okama crater lake at Zao
volcano (Anzai, 1961; Miura et al., 2012) (Figure 1). In such
crater lakes, the annual water level is largely maintained
throughout periods of volcanic quiescence, although there are
seasonal fluctuations due to meteorological factors. Our model
does not take into account chemical reactions.

2.1 General Mass Balance of a Chemical

Component of Interest

We assumed that fumaroles and hot-water fountains exist on the
bottom of the crater lakes. All mass injected from the lake bottom
is absorbed by the lake water. For simplicity, it was assumed that
the lake water is well mixed, and thus the element concentration
in the lake water is homogeneous. We considered a closed lake
without surface runoff outlets and inlets, which is the case for
Yugama, Yudamari, and Okama crater lakes (Figures 1A-C).
Oyunuma crater lake (Figure 1D) is affected by surface runoff
inlets and outlets, and is discussed further in Notes on the
Analysis.

The lake water is supplied by fluid injected from the
hydrothermal system beneath the lake bottom (m;, in kg/s)
and by precipitation (rainfall) inflow (i, in kg/s). Lake water
is lost by evaporation from the lake surface (m,, in kg/s) and
seepage through the lake bottom (1, in kg/s) (e.g., Hurst et al.,
1991; Rowe et al., 1992; Pasternack and Varekamp, 1997). If V (¢)
(in m®) is the lake volume as a function of time (¢ in s) and the
density of lake water (p in 1,000 kg/ m>) (Table 1), the mass
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FIGURE 1 | (A) Location map of active crater lakes in Japan. Photographs of (B) Yugama crater lake at Kusatsu—Shirane volcano taken on November 6, 2017, (C)
Yudamari crater lake at Aso volcano taken by Shin Yoshikawa on July 27, 2007, (D) Oyunuma crater lake at Noboribetsu volcano taken by Hiroshi Aoyama on December
7, 2020 with the cooperation of the Hokkaido Regional Development Bureau, and (E) Okama crater lake at Zao volcano taken by Mare Yamamoto on May 29, 2017.
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TABLE 1 | Definitions of abbreviations.

t Time, s

a Time constant, s

p Water density, 1,000 kg/m®

7 Dimensionless time, t/a

V Lake volume, m®

(Mass flux, kg/s)

mj, Sum of the hydrothermal fluid injected from subaqueous fumaroles and hot
springs.

msp Seepage through the lake bottom.

mpr Rain water inflow.

me, Evaporating water from the lake surface.

my; Surface runoff input containing the element of interest.

my, Surface runoff output containing the element of interest.

(Chemical concentration, mg/kg)

C The lake water.

Co The lake water at t = 0.

Cin The concentration of the bulk hydrothermal fluid injected from subaqueous
fumaroles and hot springs.

Cpr Rain water.

Cev Evaporating water.

C,; Surface runoff input.

Ceq Steady-state lake water defined by the Eq. 3.

Clq Steady-state lake water defined by the Eq. 16, which m; and mj, are
considered.

conservation for an element in the lake water (Taran and Rouwet,
2008; Rouwet and Tassi, 2011) is:

d
PE [V(t)c(t)] = mincin - mspC(t) + mpGCr - mevcev (1)

where C(t) is the concentration of the element (mg/kg) as a
function of t. Parameters C;,, Cp, and C,, are the concentrations
of the bulk hydrothermal fluid injected from the lake bottom, rain
water, and evaporated water, respectively.

2.2 Steady-State Condition

We assumed that evaporation loss of elements from the
lake surface is negligible. This assumption can be applied to
elements such as CI (Simonson and Palmer, 1993) as long as pH
of lake water is not extremely low to evaporate HCI (Rouwet and
Ohba 2015; Capaccioni et al., 2017). Assuming conservative
elements such as Cl or Mg as the chemical tracers in our model,
Cyr and C,, are negligible compared to C(t) and Cj,. Eq. 1 is
rewritten

d
P [V ()C ()] = m;,Cip — my,C(t) ()
If V(¢) and C(t) are approximately maintained, i.e., the mass
equilibrium of the lake system is achieved, the steady-state
concentration of the element, C,; mg/kg, is defined as

My,

Cog = —Ciy 3)
Mgy

Equation 3 corresponds to the expression for the steady-
state lake by Varekamp (2002). In the lake system represented
by Eq. 1, C,q is not equal to C;, in the steady-state because
the water mass is balanced between my, and me,,
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FIGURE 2 | The dimensionless concentration C(z)/Cy as a function of
dimensionless time 7 = t/a, assuming Ceq/Co = 0.2, 1.0, 2.0, 3.0, and 4.0.
Red bars show the 63, 90, and 98% response for C(1)/Co.

which do not contain the element of interest, as well as m;,
and myp.

2.3 Non-steady State Conditions
In a lake system where a fluid with a constant concentration of an
element enters at a constant rate and the lake water leaves at a
constant rate, the temporal change in the concentration can be
represented by a response of a first-order system (Albarede, 1995;
Varekamp, 2002, 2015). In this section, we represent the time
constant of the system, assuming the water volume is constant.
If the temporal change in water volume is negligible, Eq. 3 can
be rewritten with Cq4 as:

dCc(t) my,
——=—2(C,y —C(t 4
i = pv (Ca=CW) “)
A nearly constant water volume suggests that temporal
changes in m;, and m;, are negligible. Assuming constant m;,
and my,, the change in C(t) in response to the constant C;, is
obtained by integrating Eq. 4:

C(t) = Ceq+ (Co = Ceg)e (5)

where Cj is the concentration of the element in lake water at t =
0. Here, a is a time constant, corresponding to the residence time
(Taran and Rouwet, 2008):
\%4
a=?
Mgy

(6)

The time constant a increases with increasing V, whereas it
decreases with increasing . Figure 2 shows calculations for the
dimensionless concentration (C(7)/Cy) as a function of
dimensionless time 7 =t/a. For a given C, and a, which are
proportional to V/my, the rate of change in concentration C(t)
increases with C,4, which is proportional to Cj,. Response times at 63,
90, and 98% were calculated to be 2a, 2.2a, and 3.8a, respectively.
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2.4 Estimations of the Time Constant
The seepage flux (m;,) is required to estimate the time constant

a. For Yugama crater lake (Figure 1B), daily seepage flux
(mgp x 86,400) is estimated to be V/1000, based on temporal
changes in '**Cs and '*°Cs activity (Hirayama et al., 2021).
Therefore, the time constant a was estimated to be 8.6 x 10" s
(1,000 days) from Eq. 6 (Table 2).

In the case of Yudamari crater lake (Figure 1C), V and my,
during calm periods (2006/10/21-12/21, 2007/9/20-11/7, and
2008/3/12-5/31) were estimated by Terada et al. (2012) using
a numerical model, which takes into account mass and energy
balance and meteorological conditions. Therefore, the time
constant a was estimated to be 2.0-2.2 x 107 s (230-250 days)
(Table 2).

For Okama crater lake (Figure 1D), the m, has not yet been
estimated. In such a situation, the empirical relationship m;, =
0.2 x V%% (V. is the equivalent water volume of the lake, which
is the product of lake area and mean depth; Figure 6 in Terada
et al., 2012) can be applied. Using a surface area of 8.3 x 10* m*
and mean depth of 18.1 m (Kato, 1960), m, is calculated to be
48 kg/ s and, therefore, the time constant was estimated to be
3.1 x 10 s (360 days) (Table 2).

3 EVALUATION OF CHANGES IN THE
STEADY STATE CONCENTRATION

In this section, we calculate temporal changes in C,, (steady-state
concentration of an element of interest in the lake water) based on
two or three analyses of the lake composition. If m;,/m;;, (mass
flux ratio of the bottom input fluid to seepage through the lake
bottom) is known, temporal changes in the concentration of the
bulk hydrothermal fluid injected from the subaqueous fumaroles
and hot springs C;, can be estimated from Eq. 3.

3.1 Estimation of the Temporal Changes in
the Steady-State Concentration C¢q

We define C' as the concentration of an element in the lake water
at time #'. The time interval between ¢ and t'! is referred to as
At;. During each analytical period (! <t <t), we assumed the
concentration of the bulk hydrothermal input Ci, and time
constant a’ were constant. In such a case, the relationship
between C' and C™! in each period is expressed using Eq. 5
as follows:

At

i1 _ i i i o
C=Cl +(C'-Ci ) e )
Here we define F' as:

_ad

F=ea (8)

Combining Egs 7, 8, the lake concentration C' at time ¢; can be
rewritten as:

i _ (1 _ piyei i ~ie1
C—(l F)Ceq+FC 9)
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TABLE 2| Summary of the seepage flux msp, water volume V, and time constant a for each volcano. Numbers refer to the following references: [1] Hirayama et al. (2020), [2]

Terada et al. (2012), [3] Kato (1960), and [4] Fukutomi et al. (1968).

Crater lake Term

Yugama, Kusatsu-Shirane!" 2012
Yudamari, Asol?! 2006/10/21-12/21
2007/9/20-11/7
2008/3/12-5/31
Okama, Zao® -
Oyunuma, Noboribetul*! 1966-1967

mg, kg/s vmé a day

1,000

27.4 5.5 x 10° 230
30.2 6.5 x 10° 250
22.2 45 x 10° 240
482 1.5 x 10° 360
46° 9x10* 23

@Calculated by the empirical relation of mg, = 0.2 x V339 (V, is the equivalent water volume of the lake; Figure 6 in Terada et al., 2012).

bSurface runoff outout (Fukutomi et al., 1968).

This equation corresponds to the form of a recursive filter (Smith,
1997; Robert et al., 2014). The time-series of Ci at time t; was
calculated sequentially by Eq. 9 using data, C"! and C', as a two
data calculation:

. Ci _ Fici—l
T
Ca=TE 1o
The concentration of the lake water can fluctuate due to
meteorological factors and analytical uncertainties. To reduce
the effects of such fluctuations, we used C'~? in addition to C*!
and C'. We define G' as:
. i1

G =e e (11)
where At;_; =t —t;,. Like Eq. 9, C' is expressed by the
following equation:

C'= (1-FG)C., + FGC" (12)

Summing Eqs 9, 12, Ciq at a time t; can be calculated by the
following equation as a three data calculation:

) zcz _ Fici—l _ FiGici—Z
C = ——— (13)
eq 2 - F — FiGG

Assuming Cfgq does not change during each period of t2<t <t
we sequentially calculated temporal changes in C, . If Cj, and
mj/ms, do not change during each period, then temporal
changes in Cj, were calculated by Eq. 3 with an assumed
(min/msp);n-

3.2 Computational Test of C,,

Figure 3 shows the time-series computational test for the Ciq
estimations described in Estimation of the Temporal Changes in
the Steady-State Concentration Ceq. The time-series of the test C;
data in response to step-like changes in Cf;; (2,300, 11,500,
23,000, 2,300, and 17,000 mg/ kg) were calculated using Eq. 5
at intervals of 30 days, assuming a = 8.6 x 10" s (1,000 days),
which corresponds to Yugama crater lake (Table 2). Here the
chemical concentration of the lake water at t = 0, C,, was set to
2,300 mg/ kg (Figure 3A). The results for Ciq calculated with the
two data calculation (Figure 3B) are in good agreement with the
temporal changes in C;j. For the results of the three data
calculation (Figure 3C), transitional responses in calculated
Ciq occur when sz; has step-like changes.

>

— C55t(Given Clg) O Lake concentration !

24000

X Calculated Cf,

20000 ¢
16000 £
12000 £
8000 |
4000 £

s

Concentration
[mg/kg]

720 1080 1440 1800 2160 2520 2880 3240 3600
day

0 360

o)

24000
20000 +
16000
12000
8000

4000
-

Concentration
[mg/kg]

0 + + + + + + + + +
720 1080 1440 1800 2160 2520 2880 3240 3600

0 360
day
c 24000 e et
§ 20000 ¢ x
=
© 5 16000 f
£g
S © 12000 £
$E
5 8000 f
&}

4000 +
e

1080 1440 1800 2160 2520 2880 3240 3600
day

0 360 720

FIGURE 3 | Time-series computational test of the ng estimation
described in Estimation of the Temporal Changes in the Steady-State
Concentration Ceq, assuming a = 1,000 days, corresponds to the case of
Yugama crater lake (Table 2). (A) Time-series of C' (at intervals of

30 days) in response to step-like changes in Ceq defined as ng’ = 2,300,
11,500, 23,000, 2,300, and 17,000 mg/ kg, as calculated by Eq. 5. (B) Two
data (Eq. 10) and (C) three data (Eq. 13) calculation of C"eq from C'.

4 ANALYSIS OF YUGAMA CRATER LAKE AT
KUSATSU-SHIRANE VOLCANO

In this section we apply the model introduced in Evaluation of
Changes in the Steady State Concentration to Kusatsu-Shirane
volcano, as a representative case for which long-term time series
of lake element concentration data have been obtained.
Kusatsu-Shirane volcano has a hot crater lake, called Yugama,
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with a pH ~ 1.0. Phreatic eruptions have occurred repeatedly at
the volcano, including from the Mizugama Crater in 1976
(Ossaka et al., 1980) (Figure 1B) and from the Yugama Crater
in 1982-1983 (Ohba et al., 2008) and 1989 (Ida et al., 1989). In
2018, a phreatic eruption occurred at the Motoshirane pyroclastic
cone group, which is located 1.2 km south of Yugama crater lake
(Kametani et al., 2021; Terada et al., 2021; Yamada et al., 2021). In
1989-1993 and 2014-2020, earthquake swarms were observed
around Yugama crater lake. In this section, we analyze temporal
changes in Cl concentrations. We assumed a time constant a’ of
8.6 x 10”s (1,000 days) (Table 2) throughout the analysis,
because the lake water volume has not been recorded
accurately but the lake level has remained largely unchanged
over the long term as seen in photographs.

4.1 Chloride Concentrations of Yugama

Crater Lake
The earliest Cl concentration data are from 1949 (Minami et al.,
1952). After 1967, regular sampling of the lake water has been
carried out at site U1 located on its southern shore (Figure 1B)
(Ohba et al., 2008). We used the data of Ossaka et al. (1997) from
1967/7/4-1985/7/26 and Ohba et al. (2008) from 1985/10/
22-2005/10/3. Lake waters sampled by us from 2005/11/4 to
2005/11/4 were analyzed by ion chromatography at the
Meteorological Research Institute, JMA (Yaguchi et al,, 2021).
Figure 4A shows the temporal changes in Cl concentrations.
Sampling prior to 1984 was undertaken once a year in summer
and, since April 1985, monthly sampling has been carried out
except in winter. Snow cover hinders fieldwork during winter, but
from 1990 to the early 2000s, helicopters allowed sampling at site
Ul. Apart from the period prior to 1984 and 2010-2014, the
mean sampling interval was 44 days. We labeled the periods
(a)—(d), based on the trend of temporal changes in Cl
concentrations. Figure 4B shows the monthly numbers of
earthquakes around Yugama crater lake. Earthquake swarms
in periods (b) and (d) were accompanied by an increase in CI
concentrations (arrows in Figure 4A). During a series of phreatic
eruptions in 1982-1983 (Figure 4A) earthquake swarms
occurred, but Cl concentrations remained unchanged (Ohba
et al.,, 2008). The annual precipitation (Figure 4C) observed at
Kusatsu town, which is located 6 km east of the Yugama Crater, is
almost constant at ~1,700 mm and does not affect the temporal
changes in Cl concentrations over the long term.

4.2 Estimations of C},

A moving average of +60 days at intervals of 60 days was applied
to smooth the raw data (Figure 4A), because Cl concentrations
can fluctuate due to atmospheric conditions, such as heavy rain,
snow melt, and drought, leading to changes in lake water volume.
The moving average also reduces uncertainties related to the
analyses and potential concentration heterogeneities around the
sampling site.

Computational results for C (steady-state concentration of
an element of interest in the lake water for each period i) are
shown in Figures 5A,B using the two and three data calculations,
respectively. The results of the three data calculation show less

Assessment of Crater Lakes Activity

fluctuation than those of the two data calculation throughout the
entire period. Both moving averages of C’ , are similar, and thus
we discuss the results from the three data calculation for each
period.

4.2.1 Period (a), 1966-1986

Prior to the eruptions in 1982-1983, calculated Cf?q values
gradually decreased from 3,500 to 2,000 mg/ kg at a rate of
70 mgkg ' yr' (Figure 6A). Although water level fluctuated
annually by 1-2m before the start of the eruptions in
1982-1983, there was no long-term increase/decrease in lake
water level, suggesting no long-term changes in 1, (mass flux of
the bottom input fluid) during the period (a) (Terada and
Hashimoto, 2017). Therefore, our results indicate that the CI
concentrations of the bulk hydrothermal input decreased
gradually preceding the eruptions.

However, calculated C,, values were temporarily constant at
3,500 mg/kg in 1976-78 (A yellow hatch in Figure 6A). The
hiatus in the decrease in C,4 values was probably caused by a
transient increase in subaqueous hydrothermal activity, which
may have been associated with the phreatic eruption that
occurred at the Mizugama Crater (Figure 1B) in 1976.

During the series of eruptions in 1982-1983, Cl concentrations
of the lake water showed no eruption-related changes, resulting in
no eruption-related changes in C,, values. After the eruptions,
calculated C,, values fluctuated around 1,900 mg/kg.

Our calculation results show that the concentration of the bulk
hydrothermal input gradually decreased over the long term,
except for 1976-1978 after the Mizugama eruption. The lowest
value of C,4 (130 mg/kg), in spring in 1986, was probably caused
by localized, temporary dilution around the sampling site U1 due
to enhanced snow melting in spring.

4.2.2 Period (b), 1987-1993

This period includes unrest in terms of an earthquake swarm and
increase in Cl concentrations from 1989 to 1992. After the
temporary increase in C.q values in 1987, C,,; values fluctuated
around 1,400 mg/ kg (Figure 6B). The small eruption at Yugama
crater lake (Ida et al., 1989) occurred at a time when C,, values
were low. From 1990, C,; values increased markedly
(3,000-6,000 mg/kg, yellow hatches in Figure 6B), which was
accompanied by the earthquake swarm (Figure 5C) and thermal
demagnetization around the Yugama Crater (Takahashi and
Fujii, 2014). In 1993, the C,; values decreased to values of
1,000-2,000 mg/ kg, which correspond to concentrations prior
to the earthquake swarm.

After the earthquake swarm from 1989 to 1992, the annual
mean water temperature increased by 5°C (Ohba et al., 2008),
suggesting that evaporative loss from the lake surface increased.
The water level did not decrease at this time, which means that
the mass flux of the hydrothermal fluid injected from the
subaqueous fumaroles and hot springs (m;,) increased after
the earthquake swarms (Terada and Hashimoto, 2017).

Our calculations reveal that the small eruption in 1989
occurred when C,, fluctuated at a relatively low value. The
marked increase in C,,; values corresponds to an increase in
magmatic fluid supply suggested by geophysical observations. At
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FIGURE 4 | (A) CI concentrations of Yugama crater lake. (a—d) represent the periods defined in estimations of Cfeq. (B) Monthly numbers of earthquakes with
maximum amplitudes of >0.05 pm and S-P times of <2 s measured by the UD component at a seismic station that is 1 km northeast of Yugama crater lake. Triangles
indicate the eruption at Kusatsu-Shirane volcano, and circles show lake water turbulence at Yugama crater lake, such as the appearance of a water dome. (C) Annual
rainfall at Kusatsu town, which is 6 km east of Yugama crater lake. The data in (B) and (C) were provided by the JMA.

the end of the earthquake swarm period, our calculation results
indicate that the increase in Cj; stopped before the CI
concentration achieved a steady-state condition.

4.2.3 Period (c), 1994-2013

Chloride concentrations decreased slowly, albeit with large
fluctuations, from 1993 to 2000, and increased slowly in the
early 2000s (Figure 6C). This period is characterized by
significant short-term fluctuations in calculated C,; values,
especially in the 1990s. It is notable that water domes and
jetting, which may be related to the earthquake swarm and
thermal demagnetization in 1989-1992, were observed on the
lake surface during the short-term fluctuations. Since 2005, these
significant short-term fluctuations have subsided.

Such significant short-term fluctuations in C,; can be caused
by an unstable C;, (the concentration of the bulk hydrothermal
input), however, the significant short-term fluctuations in C,,; can
also be attributed to an unstable m;, (mass flux of the bottom
input fluid) causing temporary changes in water volume V.

It is difficult to identify the reason for the significant short-
term fluctuations in C,, during this period. If non-negligible
changes in m;,, (mass flux of the bottom input fluid) occurred,
changes in the values of C,; would not represent actual
changes in C;, (the concentration of the bulk hydrothermal
input). Furthermore, snowmelt and heavy rains may
have caused local and temporary dilution around sampling

site U1, resulting in extremely low and negative C,, values.
Water level needs to be monitored in order to evaluate
the possible changes in m;, (mass flux of the bottom input
fluid), and to correct for the effects of meteoric factors based
on an accurate time constant value a calculated by the lake
volume V.

4.2.4 Period (d), 2014-2020

This period corresponds to a phase of unrest and unusual
volcanic activity. A marked increase in Cl concentrations
from 2014 to 2016 (Figure 6D) was followed by a slight
decrease in Cl concentrations from 2017 to 2020 while
calculated C,,; values indicate three events of an increase in
the Cl concentrations of the bulk hydrothermal input occurred
in 2014-2016, 2018, and 2020.

During the first event in 2014-2016, calculated C,, values were
constant at ~7,000 mg/ kg (A yellow hatch 1 in Figure 6D), which
was three times higher than the value before the onset of the
earthquake swarm. A high CO, concentration in nearby subaerial
fumaroles was observed in 2014 (Ohba et al., 2019). From 2014 to
2016, a tiltmeter network revealed that volume inflation of 1.2 x
10°m’ at a depth of 1,000 m beneath Yugama crater lake was
observed from 2014 to 2016 (Terada et al., 2021). Moreover,
Munekane (2021) also detected a significant increase in pressure
at 6.4 km beneath the volcano. These geodetic studies suggest an
increase in the supply of magmatic fluid from depth to the
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FIGURE 5 | Computational results for ng using (A) the two and (B) the three data calculation (red crosses) of Yugama crater lake at Kusatsu-Shirane volcano.
Smoothed Cl concentrations are shown as gray circles. (a—d) represent the periods defined in estimations of ng. (C) Monthly numbers of earthquakes, which is the same
as Figure 4B.

hydrothermal reservoir, which is consistent with the increase
in Cey.

Since 2017, Cl concentrations of Yugama crater lake have
decreased slowly, but fluctuated. In 2017, calculated C,, values
fluctuated around 2,300 mg/kg, similar to the values prior to the
earthquake swarm. No earthquake swarm and ground
deformation were observed in 2017, indicating that the supply
of magmatic fluid from depth has not increased. The marked
decrease in C,, values in the spring of 2017 were probably caused
by a localized, temporary dilution of the lake water around the
sampling site Ul due to melting of snow.

In 2018, during the second event, calculated C,,; values
increased to 4,000 mg/kg (A yellow hatch 2 in Figure 6D) and
this was accompanied by a re-activated earthquake swarm and
ground deformation (Munekane, 2021). Prior to the second
event, a phreatic eruption occurred at Mt. Motoshirane
(Figure 1B). In 2019, calculated C,; values decreased, similar
as observed in 2017. However, ground deformation and an
earthquake swarm became more intense in the latter half of
2019 preceding the third event in 2020 (A yellow hatch 3 in
Figure 6D). The calculated C,,; value increased markedly from
2,300 to 6,000 mg/kg in 2020. Moderate ground deformation and
an earthquake swarm continued throughout 2020, indicating
repeated increases in the supply of magmatic fluid from depth
to the hydrothermal reservoir.

During this period, we have detected changes in C,; values
which are consistent with geophysical observations and changes
in gas composition nearby subaerial fumaroles. Since the water
temperature and level did not change significantly, the changes in
Ceq values can be attributed to the changes in Cj, (the
concentration of the bulk hydrothermal input) as changes in
magmatic fluid supply altered chemical composition of the
hydrothermal reservoir. The phreatic eruption in 2018
occurred when C,,; fluctuated at a relatively low value, similar
to the small eruption in 1989 (Period (b), 1987-1993). Therefore,
we consider that C,, is a good indicator to evaluate subaqueous
hydrothermal activity.

5 DISCUSSION

In order to assess changes in volcanic activity, based on a time-
series of concentrations of an element in lake water, such as Cl, we
developed a numerical model to calculate temporal changes in
Ceq (steady-state concentration of an element of interest in the
lake water, which changes depending on the concentration of the
bulk hydrothermal input C;,). Our assumption can be applied
during unrest or quiescent periods if there are no significant
changes in water level and temperature, meaning that 1, (mass
flux of the bottom input fluid) remains constant. In the case of
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Yugama crater lake, temporal changes in Cl concentrations can
occur over a long time (e.g., >1,000 days; Table 2), whereas our
model uses two or three recent concentration measurements to
estimate changes in C,,. In our analysis for Yugama crater lake
during the unrest in 2014-2020 (Figure 6D), by the end of 2014,
the gradual increase in Cl concentration from June 2014 could be
identified as a step-like increase in C,4, without the need for
gradual increase in C;,. Our calculation results for Yugama crater
lake suggest that C,, is a good indicator to evaluate subaqueous
hydrothermal activity of a volcanic lake. In this section, we
consider different situations where the model is appropriate or
needs adjustment to account for various conditions. Prediction of
temporal changes in the lake concentration will also be discussed.

5.1 Estimation of the Concentration of the
Bulk Hydrothermal Input C;,

For some volcanic lakes, m;,, (mass flux of the bottom input fluid)
and my, (seepage flux through the lake bottom) have been
estimated using a box model. If (msplmi,,)’ is known, we can
calculate a time-series for C;, based on the estimated C’eq.

For Yugama crater lake of Kusatsu-Shirane volcano, m;, and
mg;, were calculated by Ohba et al. (1994) for 1988-1993. In the
period of the earthquake swarm from 1990 to 1993 (Figure 5), the
average m;, and my, were 22 and 30 kg/ s, respectively, meaning
that mgp,/my, = 1.4. In this period, C;q varied bgtween 33000 and
4,500 mg/kg (Figure 6B). Assuming (msp/m,-n)l =1.4,C;, can be
calculated to be 4,100-6,100 mg/ kg (Table 3). This value is
almost the same as the average of 6,600 mg/ kg estimated for
the same period (1990-1993) by a box model (Ohba et al., 1994).
On the other hand, my, for 2012-2014 was estimated to be
6.8 kg/s (Hirayama et al, 2021), which is one-third of the
estimate for 1990-1993 by Ohba et al. (1994). To estimate the
recent C;, value of Yugama crater lake, it is necessary to examine
the recent mass balance of the lake.

At Yudamari crater lake of Aso volcano, regular water
samplings have not been performed due to steep topography,
but a few water samples have revealed that the Cl concentrations
of Yudamari crater lake during quiescent period were
20,000-38,000 mg/ kg (Miyabuchi and Terada, 2009; Shinohara
etal,, 2015). During this period, 71,,/m;, has been estimated to be
~0.3, without significant changes in lake volume (Terada et al,
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TABLE 3 | Summary of the Cl concentrations of the bulk hydrothermal fluid injected from subaqueous fumaroles and hot springs C,’fn in the period of interest /. In the cases of
Yugama and Yudamari crater lakes, C;, were calculated from Eq. 3, based onmj,, msp, and C’eq. For Oyunuma crater lake, Cj, was calculated from Eq. 16, using m,, and

G, in addition to mi», msp, and Cy,. The Cy, for Yugama crater lake was obtained from this study. Cy, for Yudamari and Oyunuma crater lakes are the Cl concentrations of
the lake water assuming steady-state conditions. Numbers refer to the following references: [1] Ohba et al. (1994), [2] Terada et al. (2012), [3] Miyabuchi and Terada (2009),
[4] Shinohara et al. (2015), [5] Murozumi et al. (1966), [6] Fukutomi et al. (1968), and [7] Kato (1960).

Crater Period Min mg; Mgy
lake i kg/s kg/s kg/s
Yugama, Kusatsu-Shirane 1990-1993 228 0 30°
Yudamari, Aso 2006/10/21-12/21 98 0 27.4
2007/9/20-11/7 104 0 30.2
2008/3/12-5/31 81 0 22.2
Oyunuma, Noboribetsu 1966-97 26 1 ?
Okama, Zao - ? 0 48°

“Average for 1990-1993.
PCI concentration of lake water collected close to the time of interest.
°Refere to Table 2.

2012). Assuming that the Cl concentrations of the lake water
correspond to C,, (i.e., a steady-state condition was
achieved, C(t) = C,4 the Cl concentrations of the bulk
hydrothermal input Cj; can be «calculated to be
5,600-10,000 mg/kg, which correspond to the values during the
recent unrest from 2014 to 2020 at Yugama crater lake of Kusatsu-
Shirane volcano (Table 3). It should be noted that pH of Yudamari
crater lake was less than 0.4 (Shinohara et al., 2015). Considering
HCl degassing from the lake surface, the calculated Cj, of
5,600-10,000 mg/ kg is a minimum estimate.

5.2 Effects of Surface Runoff Input and
Output

If the surface runoff output and input contain the element of
interest, the mass balance in Eq. 2 is modified as follows:

d
P V(OC®] = 1y Coy 4 myuCi = (msp + 10 )C(E) - (14)

where m,; and C,; are the mass flux (kg/s) and concentration
(mg/kg) of the element of interest of the runoff input, respectively.
We define m;,, as the surface runoff output (kg/s). Assuming that
the lake volume V is approximately constant, Eq. 14 can be
rewritten as:

dC(t) mg,+my,

dt pvV (15)

(Ci-C)
where Céq is the concentration at the steady-state. C(t) = Céq can
be expressed by the following equation:

C/ _ mincin + mrvcrv

eq= (16)

Mgp + My

Oyunuma crater lake at Noboribetsu volcano has both surface
runoff inputs and outputs relevant to the element of interest
(Murozumi et al., 1966; Fukutomi et al., 1968; Inoue and Aoki,
2000) (Figure 1D). The seepage through the lake bottom is
unconstrained, and thus we assumed the surface runoff output

Mo Ci, ci, ci Reference
kg/s () () ((e))
mg/kg mg/kg mg/kg
0 - - 6,600 1]
3,000-4,500 - 4,100-6,100 This study

0 20,000P (2007/3/28) - 5,592 23]

0 21,400 (2007/7/26) - 6,214 2141

0 38,000° (2008/7/8) - 10,415 2141

46 361 183 565 BBl6]

0 <10 - ? 7]

is dominant compared with the seepage through the lake
bottom (m, < my,).

In this case, a is estimated to be 2.0 x 10° s (23 days) from Eq.
6, based m;, instead of m,, (Table 2). Table 3 lists 1, m,,, and
my, values, which are averages for 1966-1967 estimated by
Fukutomi et al. (1968). The Cl concentration of the surface
runoff input C,, in 1964 was 361 mg/ kg (Murozumi et al,
1966). Assuming that the Cl concentrations correspond to Ceq
(i.e., steady-state conditions), Cj, is estimated to be 565 mg/ kg
from Eq. 16 (Table 3).

5.3 Notes on the Analysis
Our model is based on a simple mass balance model represented
in Eq. 2. This model has been applied to other volcanoes
including El Chichén in Mexico (Taran and Rouwet, 2008)
and Maly Semyachik in Kamchatka (Taran et al.,, 2021). This
model can be applied to non-reactive elements (e.g. Cl and Mg) in
various volcanic lakes if the evaporation losses of the elements
from the lake surface are negligible. However, in the case of
extremely low pH crater lakes (less than ~0) (Rouwet and Ohba
2015; Capaccioni et al., 2017) such as Pods during eruption period
(Martinez et al., 2000), Kawah Ijen (van Hinsberg et al., 2017),
White Island (Christenson et al., 2017) and Yudamari crater lake
at Aso volcano (Shinohara et al., 2015), the application of this
model requires the evaluation of evaporation loss of HCL

One of the factors that create uncertainty in C,, estimation is
the analytical error of the elements. The error of the chemical
analysis used in this study is 0.15% for Cl (Yaguchi et al., 2021). In
the case of two data calculation (Eq. (10)), assuming Kusatsu-
Shirane [time constant a = 1,000 days, time interval of samplings
At = 60 days, and Cl concentration of 3,000 mg/ kg), the error of
calculated C,, is estimated to be 110 mg/ kg, based on the law of
propagation of errors (63 mg/ kg error for three data calculation,
Eq. 13)]. The analytical error is small enough to discuss the
changes in C,, associated with changes in volcanic activity.

Our model yields a time-series for C,, values, by assuming
that changes in the water volume V are negligible during each
analysis period i [t7'<t < # or #2<t <, Egs 10, 13].
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However, V would vary due to changes in m;, (mass flux of the
bottom input fluid), m;, (seepage flux through the lake bottom)
and meteorological factors such as snow melting, heavy rainfalls
and drought. In such cases, calculated C,4 not always represents
actual changes in Cj,. In the case where the water volume
changes with time, the time constant a’ must be specified for
each analysis period (At'). Therefore, monitoring of the water
level or volume using photographs is essential for a hyper-acidic
hot crater lake (Rouwet, 2011; Terada et al., 2008). If temporal
changes in my;, are not negligible, as suggested by changes in lake
volume and temperature (Terada and Hashimoto, 2017), it is
necessary to evaluate changes in (m;,/m;,) using the box model
(e.g., Pasternack and Varekamp, 1997) to calculate changes
in C,’n.

An element concentration in lake water can fluctuate due to
meteorological factors and local heterogeneity around the water
sampling site. In such a situation, a low-path filter including the
moving average is effective in smoothing out the short-term
fluctuations. When a moving average of +60 days at intervals
of 60 days was applied to the time-series of Cl concentrations in
Yugama crater lake, temporal changes in C,; are detected
(Figure 6), whereas short-term changes in C,; can be
obscured. The moving average parameters should be selected
on a case-by-case basis for each crater lake. Moreover, Inoue and
Aoki (2000) identified spatial heterogeneity in element
concentrations in Oyunuma crater lake at Noboribetsu
volcano. In this case, use of the spatial mean concentration is
desirable to estimate C,,.

The time constant (a) is a critical parameter for calculating
Ceq; however, it is difficult to estimate i, without precise field
surveys and a box model. We applied the empirical relationship
presented in Estimations of the Time Constant (Table 2), while
Varekamp (2015) proposed that both C,; and a can be obtained
simultaneously by fitting to a time-series of concentration data
using the following equation:

log[C(1) — C.y] = —log[Cy - Cuy] (17)

This equation is obtained by taking the logarithm of Eq. 5.
Although the time range for fitting Eq. 17 to the data is somewhat
arbitrary, time constant a estimated from Eq. 17 can be used to
calculate mm;, from Eq. 6. This allows 1, to be estimated when CI
concentrations change gradually and the water volume is broadly
constant.

5.4 Prediction and Monitoring of Lake Water
Provided V (lake volume) and 1, (mass flux of seepage through
the lake bottom) do not change significantly during the period of
interest, the future concentration in the lake water can be
predicted from Eq. 5, based on the latest Ciq value calculated
from two or three analyses of the recent chemical concentration
C; values. By comparing the predicted and observed
concentration, it is possible to assess whether the
concentration of the bulk hydrothermal input has increased/
decreased or remained constant.

In this section, we predict temporal changes in Cl
concentration of Yugama crater lake at Kusatsu-Shirane
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FIGURE 7 | Predicted Cl concentrations of Yugama crater lake
calculated with Eq. 5, assuming V and ms, do not change during the period of
interest. Black squares and gray circles represent raw and smoothed C'
values, respectively. (A) Predicted concentration curve after June 2014,
The initial concentration Cy was set to 2,380 mg/ kg. This is the smoothed Cl
concentration of the lake on June 22, 2014, which was the average observed
concentration over + 60 days. Ceq Was set to 7,200 mg/ kg as estimated by
Figure 5B. (B) Predicted concentration curve after September 2019. The
initial concentration Co was set to 4,020 mg/kg. This is the smoothed ClI
concentration of the lake on September 24, 2019, which was the average
observed concentration over 60 days. Ceq Was set to 2,300 mg/ kg as
estimated by Figure 5B.

volcano, as a representative case for which a long-term time
series has been obtained. We believe that the crystallizing magma,
surrounded with a self-sealing zone (Fournier, 1999), is underlain
in a shallow depth beneath Yugama crater lake (Ohba et al., 2008;
Tseng et al., 2020; Yaguchi et al., 2021). When the overpressure of
the crystallizing magma causes fractures in the self-sealing zone,
the supply of magma fluid such as HCI from within the self-
sealing zone is expected to increase. Therefore, measurements of
temporal changes in Cl concentration are essential to monitor the
volcanic activity of Kusatsu-Shirane volcano.

Figure 7A shows the predicted Cl concentrations of Yugama
crater lake after June 2014, as a representative period when the
concentration increased steadily. Here, the initial concentration Cy
was set to 2,380 mg/ kg, corresponding to the smoothed measured
concentration in the lake water in June 2014 (average observed
concentration over +60 days). We used C, = 7,200 mg/ kg
estimated from Figure 6D.

The predicted Cl concentration increases with time because
Co < Ce4. The curve of the predicted Cl concentration is in good
agreement with the observed concentrations obtained until 2016,
meaning that the gradual increase from 2014 to 2016 was caused
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by an initial change in C,,, without the need for further increase
in the concentration of the bulk hydrothermal input. Since 2017,
the observed Cl concentrations have deviated significantly from
the predicted curve. The water level and temperature did not
change significantly, suggesting m;, (the hydrothermal input
from the lake bottom) is not expected to decrease (Terada and
Hashimoto, 2017). Therefore, the deviation from the predicted
curve in 2017 is interpreted as a decrease in the Cl concentrations
of the bulk hydrothermal input in 2017 as compared with
2014-2016, although Cl concentrations in the lake water
remained high values of >4,000 mg/ kg.

Figure 7B shows the predicted Cl concentrations after
September 2019, as a representative period when the
concentration  decreased  steadily. Here, the initial
concentration Cy was set to 4,020 mg/ kg, corresponding to the
smoothed measured concentration in the lake water in September
2019 (average observed concentration over + 60 days). We use
Ceq = 2,300 mg/ kg calculated from the smoothed C' values (27
May, 26 July, and September 24, 2019) obtained from Eq. 13
(Figure 6D). The predicted Cl concentration curve shows
decrease in the concentration with time because Cy > C,
which is in good agreement with the observed concentrations
until May 2020. Therefore, in 2019, we can see that C;, (the
concentrations of the bulk hydrothermal input) returned to the
value observed before the start of the earthquake swarm in 2014.

The curve predicts that chloride concentrations of the lake
water will decrease from 4,020 mg/ kg in September 2019 to
2,470 mg/ kg in January 2026 as the 90% response, or
2,335 mg/ kg in May 2030 as the 98% response. Thus, it
takes a long time if absolute concentrations are to be used
as the basis for assessing the end of unrest. However, by the end
of 2019, our model indicates the decreases in the Cl
concentrations of the bulk hydrothermal input using the
three recent concentration data. Furthermore, the predicted
curve also clearly reveals an increase Cl concentration in the
bulk hydrothermal input (C;,) in the latter half of 2020. For
Kusatsu-Shirane volcano, our model using time-series of lake
concentration for the past 6 months can be used to quickly
assess the state of volcanic activity.

6 CONCLUSIONS

Temporal changes in the concentrations in the lake can take a
long time to be evident (e.g., >1,000 days). In order to assess
volcanic activity based on a time-series of concentrations of an
element in crater lake waters, we developed a numerical model to
calculate temporal changes in the steady-state concentration Cg,
assuming the water volume in the lake V' is almost constant. The
Ceq values are proportional to the values of Cj; (the
concentrations of the bulk hydrothermal fluid injected from
subaqueous fumaroles and hot springs) and, therefore, can be
used to assess volcanic activity. Our analyses for Yugama crater
lake suggest that C,, is a good indicator to evaluate subaqueous
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hydrothermal activity. Future concentrations in the lake water at
a given time can be predicted based on the recent steady state
concentration C,y. The values of C,, can be easily calculated using
time series of lake water concentrations, time interval of water
samplings and lake water volume. Temporal changes in the
concentrations of the bulk hydrothermal input C;, were
calculated based on C,; when the ratio of seepage flux to fluid
emitted from the lake bottom (,/m;,) remains constant.
Therefore, we conclude that steady-state concentration C,, is
the key parameter in assessing volcanic activity. For Kusatsu-
Shirane volcano, our model using time-series of Cl concentration
for the past 6 months can be used to quickly assess the state of
volcanic activity.
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