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Abstract

The biosphere in terrestrial, highly acidic hot springs is composed solely of
chemotrophic prokaryotic communities. The major environmental factors affecting these
organisms are expected to be temperature and chemical composition. The Kirishima
geothermal area surrounding the Kirishima volcano in Japan, in which highly acidic hot
springs occur, was selected as the study area. Water samples were collected from 21 ponds
and the temperature and pH of these samples were measured. The amount of 21 elements
(Li, Na, Mg, Al Si, P, S, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Rb, Sr, Cd, Cs, and Pb) was
quantified using inductively coupled plasma atomic emission spectroscopy. The
temperature, pH, and total concentrations of measured chemical components were 63-94C,
1.8-4.0, and 3.1-82mmol L', respectively. Major elements common to all pond waters were
S and Si. Calculation of Pearson’s correlation coefficients to clarify the relationships between
the environmental factors demonstrated that several chemical components showed
significant linear relationships with each other. For example, Fe was strongly correlated
with S, Al, P, and Rb, and S was strongly correlated with Al, Mg, P, Rb, and Cs. The total
concentration of the measured chemical components was also strongly correlated with six
elements (Fe, S, Al, Mg, P, Rb, and Cs). Conversely, pH was strongly correlated with Ca, Na,
and As, and temperature was statistically correlated with Mg and Cs. Based on the high
factor loadings observed between these elements and temperature, the 21 water samples in
the highly acidic hot ponds within the Kirishima geothermal area were chemically classified
using principal component analysis. The hot springs could be separated on the basis of
differing values of principal component 1 (PC1), which was most strongly influenced by the
concentrations of eight elements (Fe, S, Al, Mg, P, As, Rb, and Cs) and principal component
2 (PC2), which was mainly controlled by temperature. The springs were classified into four
types : hot springs with relatively high values of both PC1 and PC2 (Type A) ; hot springs
with relatively high PC1 and relatively low PC2 (Type B) ; hot springs with relatively low
PC1 and relatively high PC2 (Type C) ; and hot springs with relatively low values of both
PC1 and PC2 (Type D). The new information obtained in this study on the chemical
characteristics of these volcanic, highly acidic hot springs will be helpful for understanding
the relationships of the diverse prokaryotic communities that inhabit the solfataric-acidic
hot-spring ecosystem.

Key words : Kirishima geothermal area, chemical component, temperature, environmental
factor

1. Introduction

Terrestrial geothermal areas are located in various parts of the world, particularly around
the edges of tectonic plates and in areas where the crust is relatively thin (Johnson et al, 2003).
Hot springs generally fall into two types : vapor-dominated (acid-sulfate) systems and water-
dominated (alkaline-chloride and carbonate) systems (Fournier, 1989 ; Meyer-Dombard et al.,
2005). Springs at higher elevation are small and acidic and those at lower levels are large and
alkaline (Allen and Day, 1935 ; Barth 1950 ; Sahm et al., 2013). Vapor-dominated systems are fed
by reduced gases (e.g., H, and H,S) via fractures from magma bodies 3 to 10 km below the
surface (Fournier and Pitt, 1985 ; Kennedy et al, 1985 ; Fournier et al., 1994). As the gases
approach the surface, the sulfides are oxidized in accordance with, for example,

H,S+20, = SO,/ +2H", @1

resulting in acidic fluids with elevated sulfate concentrations capable of causing considerable
chemical weathering, which releases cations into solution (White et al, 1971). The elevated

89



Ve, AR —, BRI MR

temperatures and extreme acidity in solfataric fields accelerate the dissolution of minerals, so
these environments may contain high concentrations of soluble metals and silica (Johnson et al.,
2003). The biosphere in terrestrial, highly acidic hot springs is only composed of chemotrophic
prokaryotic communities (Brock, 1967 ; Brock, 1978 ; Madigan et al., 2008 ; Cox et al., 2011).
Therefore, the major environmental variables affecting prokaryotic communities in these
environments are expected to be the temperature and the chemical composition.

The Japanese Islands lie at the junction of four major tectonic plates : the Pacific and
Philippine Sea oceanic plates and the North American and Eurasian continental plates. The
Pacific plate is subducting beneath the Kuril Arc and the Izu-Ogasawara Arc, forming the Kuril
Trench, Japan Trench, and Izu-Ogasawara Trench. The Philippine Sea plate is subducting
beneath the Southwest Japan Arc and the Ryukyu Arc, forming the Nankai trough and Ryukyu
Trench. Quaternary volcanoes lie parallel to these trenches and form a “volcanic front” (Nuclear
Waste Management Organization of Japan, 2004). Volcanic geothermal areas containing hot
springs are present around the Quaternary volcanoes. The general spatial distribution of acidic
groundwater around Quaternary volcanoes in Japan was examined using a database of
approximately 9,300 data points of groundwater geochemistry (Asamori et al., 2002). The results
showed that acidic groundwater with pH < 4.8 is mostly found in volcanic regions and occurs
from between several and approximately ten kilometers from Quaternary volcanoes. The pH
value of groundwater tends to increase with increasing distance from a volcano. We selected a
geothermal area containing highly acidic hot springs as the sampling area for this study.

The Kirishima volcano, which is one of the largest Quaternary volcanoes in Japan, is part of
the northern section of the Kagoshima graben, a volcano-tectonic depression caused by
subduction of the Philippine Sea plate (Tsuyuki, 1969). The volcano occupies a 20X 30km area
that is elongated northwest-southeast and contains more than 20 small volcanoes (Imura et al.,
2001). The Kirishima geothermal region surrounding the Kirishima volcano experienced
extensive volcanic activity during the Pleistocene Epoch ; these activities have continued and
resulted in the formation of a thick sequence of volcanic rocks (Goko, 2000). The basement rocks
of the Kirishima volcano are the Mesozoic to Paleogene Shimanto Supergroup and the
Pleistocene Kakuto Volcanic Rocks (Imura et al., 2001).

In this study, a number of ponds located in a relatively wide geothermal field, the Kirishima
geothermal area, Kagoshima Prefecture, Japan, were randomly selected. The temperature, pH,
and chemical components of pond waters were measured as these are representative of major
environmental factors. We chemically characterized the highly acidic hot ponds distributed in
this solfataric field by statistical analysis, and established a classification of the pond waters
based on environmental variability.

2. Experiments

2.1 Study area and sample collection

The ponds investigated in this study are all located in a 1km? field in or near the region of
the Tearai hot spring (Tsuyuki, 1980). This district is situated 3km southwest of the Ohnami-
Ike volcanic crater lake in the Kirishima geothermal area, Kagoshima Prefecture, Japan (Fig. 1).
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Fig. 1 Map of the sampling site in and near the region of the Tearai hot spring in
the Kirishima geothermal area, Kagoshima Prefecture, Japan.
The dotted box shows the area sampled in this study.

The rocks around this region belong to the Younger Kirishima volcano and are composed of
andesitic lava and pyroclastic rocks (Imura et al, 2001). The altitude in this area is generally
800-1,000 m (Goko, 2000). The sampling field within the Kirishima geothermal area is located on
private land ; thus, the area is not usually exposed to human activity. We obtained permission
from the landowner to obtain samples of hot-spring and pond water as well as soil and various
other samples of organisms native to the area. There are many hot springs and muddy ponds
present in this district, which have a variety of temperatures and sediment colors.

The sampling was conducted in July 2005 and February and June 2006. Elemental sulfur is
deposited around many fumaroles in this area. We randomly selected a number of hot ponds
and collected samples of surface muddy water from each pond in sterile 100-mL glass bottles.
The temperature and pH of samples were measured at each sampling site. Part of each sample
was filtered using a 0.22-um membrane filter (Asahi Glass) and 1% (v/v) nitric acid (HNO,) was
added as appropriate preservation and pretreatment. Water samples were stored at 4C until

analysis of the chemical composition was carried out.

2.2 Analysis of chemical composition

Elemental composition analysis was performed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES, ICP-7000 Ver. 2, Shimadzu). Twenty-one elements (Li, Na, Mg,
Al Si, P, S, K, Ca, Cr, Mn, Fe, Ni, Cu, Zn, As, Rb, Sr, Cd, Cs, and Pb) were chosen for quantitative
analysis from the 72 elements that were preliminarily surveyed by ICP-AES analysis.
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2.3 Statistical analysis

To clarify the relationships between temperature, each chemical component, and total
concentrations of the measured chemical components of 21 ponds in the Kirishima geothermal
area, Pearson’s correlation coefficients (») were calculated. Principal component analysis was
performed to reveal the environmental variables (temperature and each chemical component)
affecting the differences between ponds using XLSTAT software (Addinsoft, New York).

3. Results

3.1 Water chemistry

Sampling was conducted at 21 stations in the Kirishima geothermal area (Table 1, Fig. 2).
The 21 ponds are located in a 1km?® field between 759 and 896 m in altitude. The sediment
colors of the ponds were determined by visual observation. The colors were gray or brown and
were different for each pond. Temperature, pH, and chemical components of 21 pond waters are
listed in Table 2. Temperature ranged from 63-94C with a mean of 83°C. The pH values of the
ponds were 1.8-2.9 with a mean of 24 except for one station, St. 5, where the pH value was 4.0.
Thus, the ponds in this area are highly acidic and hot. The concentrations of nine elements (Li,
Cr, Mn, Ni, Cu, Zn, Sr, Cd, and Pb) were below the limit of detection in the waters of all sampled
ponds. The concentrations of Na and K were also below the limit of detection in many pond-
water samples. Major elements constituting more than 1% of total concentrations of measured
chemical components in all pond waters were S and Si. The concentration of Si in all pond-
water samples also had low values of coefficient of variation. The total concentrations of the
measured chemical components were 3.1-82mmol L ™", with a mean of 26 mmolL~". The total
concentrations of measured chemical components are plotted against the temperatures of the 21
ponds in Fig. 3. Two-thirds of all pond waters had relatively lower total concentrations of
measured chemical components (less than 20 mmol L") despite showing a wide range of
temperatures. These pond waters were mostly obtained from the north side of Yunoike (hot
pool). Conversely, the pond waters of seven sites showed relatively higher concentrations of
measured chemical components (more than 30mmolL ™). In these ponds, the concentrations and
percentages of Fe, S, and Al in particular, tended to be higher than those in the other ponds
(Table 3). The waters of these six ponds were at relatively high temperature, approximately
90C. However, only one pond, St. 2, had a lower temperature and a higher total concentration

of chemical components.

3.2 Correlation of environmental variables

To clarify the relationships between temperature, pH, each chemical component, and total
concentrations of measured chemical components (which were standardized with respect to
silicon, /Si) of the 21 pond waters in the Kirishima geothermal area, Pearson’s correlation
coefficients (») were calculated (Table 4). Several chemical components were found to be
statistically correlated with each other. For example, Fe/Si was strongly and positively
correlated with S/Si, Al/Si, P/Si, and Rb/Si with a significance level of «=0.05. The total
concentration of the measured chemical components was also strongly and positively correlated
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Table 1

geothermal area.
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Locations of sampling stations and sediment colors of pond waters in the Kirishima

Station Position Altitude (m) Color of sediments
Latitude Longitude

1 31°54'52.60'"N 130°48'50.20"E 844 light gray

2 31°54'52.40"N 130°48'50.30"E 842 light brown

3 31°54'52.10"N 130°48'49.90"E 839 gray

4 31°54'52.90'"N 130°48'50.30"E 847 light gray

5 31°54°37.90"N 130°49'15.70"E 859 brown gray

6 31°54'33.70"N 130°48'57.00"E 761 brown

7 31°54'37.70"N 130°49'00.60"E 759 brown

8 31°54'37.70'"N 130°49'00.60"E 759 light brown

9 31°54'37.70"N 130°49'00.60"E 759 gray

10 31°54'37.80'"N 130°49'00.20"E 759 light gray

13 31°54'36.70"N 130°48'59.90"E 757 light gray

14 31°55'05.10"N 130°48'42.30"E 892 light gray

15 31°55'04.50"N 130°48'41.00"E 885 gray

16 31°55'05.00"N 130°48'41.10"E 884 light gray

17 31°55'04.80'"N 130°48'40.90"E 884 light gray

18 31°55'05.10"N 130°48'41.20"E 885 light gray

19 31°55'05.20"N 130°48'40.80"E 884 gray

20 31°55'05.30"N 130°48'41.80"E 889 light gray

21 31°55'06.10"N 130°48'42.70"E 896 gray

22 31°55'05.80"N 130°48'42.50"E 894 gray

23 31°55'05.80'"N 130°48'42.20"E 892 light gray

with Fe/Si, S/Si, Al/Si, Mg/Si, P/Si, Rb/Si, and Cs/Si. The pH values were strongly and
positively correlated with Ca/Si, Na/Si, and As/Si. Temperature was statistically correlated
with Mg/Si and Cs/Si with a significance level of a=0.10.

3.3 Principal component analysis

Principal component analysis was performed to distinguish the 21 ponds based on
environmental variables. Some variables characterizing the sites were explained by three
principal factors : Factor 1, Factor 2, and Factor 3 (Table 5). The first factor explained 45% of
the total variance ; Factor 2 and Factor 3 accounted for 22% and 11% of the total variance,
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Fig. 2 Location of pond-water sampling stations in the Kirishima
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respectively. The cumulative variance of these three factors explained 79% of the total variance ;
three extracted factors did not show all variables. Factor 1 was strongly loaded by Fe/Si, S/Si,
Al/Si, Mg/Si, P/Si, As/Si, Rb/Si, and Cs/Si (positively) ; Factor 2 was strongly loaded by Ca/Si,
Na/Si, and As/Si (positively) ; and Factor 3 was strongly loaded by temperature (negatively) and
Fe/Si (positively) (Table 6). Only K/Si was not explained by any of the three factors.

The cumulative variance of principal components 1 and 2 (PC1 and PC2), which affected
Factor 1 and 2, explained 67% of the total variance (Fig. 4a). Strong contributions to PC1 were
made by S/Si, Al/Si, Cs/Si, P/Si, Mg/Si, Rb/Si, Fe/Si, and As/Si and a moderate contribution
was made by temperature. Ca/Si, Na/Si, and As/Si strongly contributed to PC2, and Ca/Si
showed a stronger contribution to PC2 than did Na/Si. As/Si had a similar influence on both
PC1 and PC2, but the contribution to PC2 was slightly higher. The site distributions
corresponding to loadings on PC1 and PC2 are shown in Fig. 4b. The sites that were strongly
and negatively correlated to PC1 are shown on the left side of horizontal axis (F1). These sites

Table 5 Factor analysis of 12 environmental variables in 21 ponds of the Kirishima geothermal area.

Factor  Eigenvalue Total variance (%) Cumulative eigenvalue Cumulative variance (%)

Factor 1 5.39 44.9 5.39 44.9
Factor 2 2.69 22.4 8.07 67.3
Factor 3 1.37 11.4 9.44 78.7

Table 6 Factor loadings for 12 environmental variables in 21 ponds of
the Kirishima geothermal area.

Variables Factor 1 Factor 2 Factor 3
Temperature 0.40 0.29 0.66
Fe/Si 0.70 -0.42 -0.47
S/Si 0.94 -0.17 -0.05
Al/Si 0.88 -0.19 0.33
Mg/Si 0.77 0.43 0.17
Ca/Si 0.25 0.92 -0.16
P/Si 0.85 -0.06 -0.18
Na/Si 0.06 0.89 -0.27
K/Si -0.29 -0.11 -0.24
As/Si 0.51 0.58 -0.34
Rb/Si 0.77 -0.42 -0.38
Cs/Si 0.88 -0.08 0.34

Values in bold differ from 0 with a significance level of a = 0.05 (» > 0.43).
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were thickly scattered around the vertical axis (F2=0). Therefore, the 21 ponds could be
classified into three types based on the two principal components that were defined only by
chemical components : Type 1, hot springs for which both PC1 and PC2 were relatively higher
(St. 5, 7, and 13) ; Type 2, hot springs for which PC1 was relatively higher and PC2 was relatively

Variables (axes F1 and F2: 67 %) Observations (axes F1 and F2: 67 %)
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Fig. 4 Principal component analysis showing the environmental variables of the 21 ponds.
(a) Factor loadings for principal components 1 and 2. (b) Relationships between the 21 ponds
and the principal components.
F1 and F2 indicate Factor 1 and Factor 2, respectively. Arabic figures in (b) denote sampling
stations as shown in Fig. 2 and Table 1.
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Fig. 5 Principal component analysis showing the environmental variables of the 21 ponds.
(a) Factor loadings on principal components 1 and 3. (b) Relationships between the 21 ponds
and the principal components.

F1 and F3 indicate Factor 1 and Factor 3, respectively. Arabic figures in (b) denote sampling

stations as shown in Fig. 2 and Table 1.
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lower (St. 2, 3, 4, 8, 9, and 10) ; and Type 3, hot springs for which PC1 was relatively lower (St. 1,
6, 14, 15, 16, 17, 18, 19, 20, 21, 22, and 23).

The cumulative variance of principal components 1 and 3 (PC1 and PC3), which affected
factors 1 and 3, explained 56% of the total variance (Fig. 5a). Strong contributions to PC1 were
made by S/Si, Al/Si, Cs/Si, P/Si, Mg/Si, Rb/Si, Fe/Si, and As/Si and moderate contributions
were made by temperature. Strong contributions to PC3 were made by temperature (positively)
and Fe/Si (negatively). The site distributions corresponding to loadings on PC1 and PC3 were
widely scattered in four compartments (Fig. 6b). Therefore, the chemical characteristics and
temperature values could be used to classify the 21 ponds into four types : Type A, hot springs
in which both PC1 and PC3 were relatively higher (St. 4, 7, 8, 9, 10, and 13) ; Type B, hot springs
in which PC1 was relatively higher and PC3 was relatively lower (St. 2, 3, and 5) ; Type C, hot
springs in which PC1 was relatively lower and PC3 was relatively higher (St. 1, 14, 16, 18, and
19) ; and Type D, hot springs in which PC1 and PC3 were relatively lower (St. 6, 15, 17, 20, 21, 22,
and 23).

4. Discussion

The highly acidic 21 ponds distributed in a 1km? field within the Kirishima geothermal area
were chemically characterized by statistical analysis and classification of the pond waters based
on their environmental variability. The 21 ponds could be classified into three types based on
the two principal components (PC1 and PC2) that were defined only by chemical components.
However, the only site that was explained well by PC2 was St. 5. This pond was located away
from other ponds investigated in this study. Additionally, PC2 was most strongly affected by
Ca/Si. The percentage of Ca in the total concentration of the measured chemical components
accounted for a high value of 43% compared to the other sites. Thus, the water chemistry in St.
5 was considered to be hydrologically different from that in other ponds. Conversely, the 21
ponds could be classified into four types on the basis of PC1 and PC3, which were defined by
chemical factors and temperature. As major environmental variables affecting the prokaryotic
communities in the terrestrial highly acidic hot springs are expected to be temperature and
chemistry, it might be possible to detect different prokaryotic communities in the four types of
ponds of the Kirishima geothermal area classified by temperature and chemical components.
Prokaryotes are divided into two domains, Bacteria and Archaea, based on 16S rRNA gene
phylogenetic analysis (Woese and Fox, 1977 ; Woese et al., 1990). Investigations of both bacterial
and archaeal communities in representative ponds in the field area using 16S rRNA gene
phylogenetic analysis detected a total of 61 phylotypes (35 Bacteria and 26 Archaea ; Satoh et al.,
2013a, b). It was additionally demonstrated that the bacterial and archaeal biodiversity and
species composition were clearly different between the ponds.

The concentrations of rubidium and cesium, which are mobile alkaline elements, were
measured by ICP-AES in this study. Some mobile elements (including Cs and Rb) are efficiently
extracted from basalts by high-temperature hydrothermal fluids and do not show a strong
affinity for secondary mineral phases (Bowers et al., 1985, 1988 ; Palmer and Edmond, 1989).
Therefore, their concentrations in hydrothermal fluids can yield information concerning the
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nature of the primary mineral assemblage that reacted 108 » . '

with the fluids. The concentrations of Cs and Rb in 20 107 + N = 21
submarine hydrothermal vent fluids from the East = 108 | r2=0.64
Pacific Rise, southern Juan de Fuca Ridge, and Mid- ':' 10% ¢ p<0.01.
Atlantic Ridge showed positive linear relationships 8 104+ N=20 o %0 A
with a significance level of a=0.01 (Fig. 6). The f 108 - ;2:0%29 e 1
concentrations of Cs and Rb in submarine hydrothermal X 102t 5 1
vent fluids were determined by isotope dilution and 107 + g E
thermal ionization mass spectrometry (Palmer and 100 S
Edmond, 1989). On the other hand, the concentrations 10°10710210°10410°10°10710°
of Cs and Rb in the pond waters of the Kirishima Cs (nmol |_—1)

geothermal area also showed positive linear relationships ) o ) )
Fig. 6 The positive linear relationships

between the concentrations of
in the study area are predominantly andesitic lava and cesium and rubidium in terrestrial,
highly acidic, hot-spring waters and
submarine hydrothermal vent fluids.

with a significance level of a=0.01 (Fig. 6). The rocks

pyroclastic rocks produced by the Younger Kirishima

volcano (Imura et al, 2001). The relationship between The samples derived from this study
the concentrations of Cs and Rb were compared for are shown as open circles and the
h ol h . £ thi d d samples derived from submarine
the terrestrial hot spring waters of this study an hydrothermal vent fluids are shown
submarine hydrothermal vent fluids. The samples as open squares.

derived from terrestrial hot springs plotted higher

than those of submarine hydrothermal vents. This could be explained by the samples from the
terrestrial hot springs having been concentrated by evaporation, whereas the samples derived
from submarine hydrothermal vents plotted in the lower side because the fluid was diluted by
exposure to seawater. The relationship between the concentrations of Cs and Rb in terrestrial
hot spring waters might be elucidated by focusing on the Kirishima geothermal area.

5. Conclusion

In this study, we investigated the chemical characteristics of the solfataric-acidic hot spring
waters in the Kirishima geothermal area, Kagoshima Prefecture, Japan. Temperature, pH, and
the chemical components of pond waters were quantitatively measured as being representative
of major environmental factors affecting the biodiversity of prokaryotic communities. The
trends of relationships among the environmental variables of the highly acidic 21 ponds were
discussed in detail. The 21 ponds were statistically classified into four types based on their
environmental variability in terms of certain chemical components and temperature using
principal component analysis. The concentrations of eight elements (Fe, S, Al, Mg, P, As, Rb,
and Cs) were the major influences on principal component 1 (PC1) and temperature was the
major contribution to principal component 2 (PC2). The four types of hot spring are as follows.
Type A is hot springs in which both PC1 and PC2 were relatively higher (St. 4, 7, 8, 9, 10, and
13). Type B is hot springs in which PC1 was relatively higher and PC2 was relatively lower (St.
2, 3, and 5). Type C is hot springs in which PC1 was relatively lower and PC2 was relatively
higher (St. 1, 14, 16, 18, and 19). Type D is hot springs in which both PC1 and PC2 were
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relatively lower (St. 6, 15, 17, 20, 21, 22, and 23). These chemical data will be helpful for
improving our understanding of the ecology in the solfataric-acidic hot springs by linking with
the biological data.

Acknowledgments
We thank Mr. Fuchinoue and Mr. Wada for their support for field sampling. The authors
would like to thank Enago (www.enago.jp) for the English language review.

References

Allen, E.T. and Day, A.L. (1935) : Hot springs of Yellowstone National Park. Carnegie Instit.
Wash. D.C., 466.

Asamori, K., Ishimaru, T. and Iwatsuki, T. (2002) : Distribution of acidic ground water around
Quaternary volcanoes in Japan. Japan Nuclear Cycle Development Institute, 15, 103-111 (in
Japanese with English abstract).

Barth T.F.W. (1950) : Volcanic geology, hot springs and geysers of Iceland. Carnegie Instit. Wash.
D.C, 587.

Bowers, T.S., Von Damm, K.L. and Edmond, J.M. (1985) : Chemical evolution of mid-ocean ridge
hot springs. Geochim. Cosmochim. Acta, 49, 2239-2252.

Bowers, T.S., Campbell, A.C., Measures, C.I, Spivack, A.J., Khadem, M. and Edmond, J.M. (1988) :
Chemical controls on the composition of vent fluids at 13-11 °N and 21°N, East Pacific Rise. J.
Geophys. Res., 93, 4522-4536.

Brock, T.D. (1967) : Life at high temperatures. Science, 158, 1012-1019.

Brock, T.D. (1978) : Thermophilic microorganisms and life at high temperatures. Springer-Verlag,
New York.

Cox, A., Shock, EL. and Havig, J.R. (2011) : The transition to microbial photosynthesis in hot
spring ecosystems. Chem. Geol., 280, 344-351.

Fournier, R.O. and Pitt, AM. (1985) : The Yellowstone magmatic-hydrothermal system, U.S.A.
Geothermal Council’s International Symposium on Geothermal Energy, International Volume.
Geothermal Resources Council, Davis, CA, 319-327.

Fournier, R.O. (1989) : Geochemistry and dynamics of the Yellowstone National Park
hydrothermal system. Ann. Rev. Earth Planet. Sci., 17, 13-53.

Fournier, R.O., Thompson, J.M. and Hutchinson, R.A. (1994) : The geochemistry of hot spring
waters at Norris Geyser Basin, Yellowstone National Park. Geothermal Resources Council
Transactions, 18, 177-179.

Goko, K. (2000) : Structure and hydrology of the Ogiri field, West Kirishima geothermal area,
Kyushu, Japan. Geothermics, 29 : 127-149.

Imura, R., Kobayashi, T. and Senta, C.C.S. (2001) : Geological map of Kirishima volcano. Geological
Survey of Japan (in Japanese with English abstract).

Johnson, D.B,, Okibe, N. and Roberto, F.F. (2003) : Novel thermo-acidophilic bacteria isolated from
geothermal sites in Yellowstone National Park : physiological and phylogenetic
characteristics. Arch. Microbiol., 180, 60-68.

Kennedy, B.M., Lynch, M.A., Reynolds, J.H. and Smith, S.P. (1985) : Intensive sampling of noble

102



55 65 & (2015) FEYR B IR AR B USRI T 1T 2 MEMERR AR K DAL A I HE

gases in fluids at Yellowstone : I. Early overview of data ; regional patterns. Geochim.
Cosmochim. Acta, 49, 1251-1261.

Madigan, M.T., Martinko, J.M., Dunlap, P.V. and Clark, D.P. (2008) : Brock Biology of
Microorganisms. Pearson Education, Inc., Pearson Benjamin Cummings, 1301 Sansome
Street, San Francisco, CA 94111.

Meyer-Dombard, D.R., Shock, E.L. and Amend, J.P. (2005) : Archaeal and bacterial communities in
geochemically diverse hot springs of Yellowstone National Park, USA. Geobiology, 3, 211-
227.

Nuclear Waste Management Organization of Japan (2004) : Evaluating Site Suitability for a HLW
Repository-Scientific Background and Practical Application of NUMO’s Siting Factors.
NUMO Technical Report NUMO-TR-04-04, Tokyo, Japan.

Palmer, M.R. and Edmond, J.M. (1989) : Cesium and rubidium in submarine hydrothermal fluids :
evidence for recycling of alkali elements. Earth. Planet. Sci. Lett., 95, 8-14.

Sahm, K., John, P., Nacke, H., Wemheuer, B., Grote, R, Daniel, R. and Antranikian, G. (2013) : High
abundance of heterotrophic prokaryotes in hydrothermal springs of the Azores as revealed
by a network of 16S rRNA gene-based methods. Extremophiles, 17, 649-662.

Satoh, T., Watanabe, K., Yamamoto, H.,, Yamamoto, S. and Kurosawa, N. (2013a) : Archaeal
community structures in the solfataric acidic hot springs with different temperatures and
elemental compositions. Archaea, 2013-723871, 1-11.

Satoh, T., Watanabe, K., Yamamoto, H.,, Yamamoto, S. and Kurosawa, N. (2013b) : Bacterial
community structures in the solfataric acidic ponds in the Kirishima geothermal area,
Kagoshima Prefecture. J. Hot Spring Sci., 63, 100-117.

Tsuyuki T (1969) : Geological study of hot springs in Kyushu, Japan (5). Some hot springs in the
Kagoshima graben, with special references to thermal water reservoir. Reports of the
Faculty of Science, Kagoshima University (Earth Science and Biology), 2, 85-101 (in Japanese
with English abstract).

Tsuyuki, T. (1980) : Geological hazards and their evaluations in volcanic area (1)—Types of
landslides in the Kirishima volcanic area. Reports of the Faculty of Science, Kagoshima
University, 13, 91-103 (in Japanese with English abstract).

White, D.E., Muffler, L.J.P., and Truesdell, A.H. (1971) : Vapor-dominated hydrothermal systems
compared with hot-water systems. Econ. Geol,, 66, 75-97.

Woese, CR. and Fox, G.E. (1977) : Phylogenetic structure of the prokaryotic domain : the primary
kingdoms. Proc. Natl. Acad. Sci. USA, 74, 5088-5090.

Woese, C.R., Kandler, O. and Wheelis, M.L. (1990) : Towards a natural system of organisms :
proposal for the domains Archaea, Bacteria, and Eucarya. Proc. Natl. Acad. Sci. USA, 87,
4576-4579.

103



