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Chapter 1 
 

Introduction 
 

 

 

1.1  Background of this study 

We cannot live without water. The Earth is often called “blue planet” or 

“planet of water,” but now many regions of the world are facing water scarcity. 

Even though there is a lot of water on Earth, only about 2.5% is fresh water and 

because most of that water is stored as glaciers or deep groundwater, only a small 

amount of water is easily accessible—this is a common explanation, as Oki and 

Kanae (2006) mentioned. 

Water resource assessment has been addressed in previous studies. For 

example, according to Oki and Kanae (2006), extended regions mainly in the 

mid-latitude regions of the northern hemisphere, such as the Northern China, the 

region on the border between India and Pakistan in the Middle East, and the 

middle and western regions of the United States have been pointed out as the 

regions with high water scarcity. Also, very recently, a report revealing the 

accelerating groundwater depletion in the United States by Konikow (2013) was 

published on the U.S. Geological Survey’s website (available at 

http://pubs.usgs.gov/sir/2013/5079/). In response to this report, a researcher in 

water resources management of the World Resources Institute (WRI) pointed out 

the lack of our knowledge about groundwater resources and thereafter 

re-emphasized the importance of data and its comprehension to find a solution for 

water resource problems, through the WRI’s official website (available at: 

http://www.wri.org/blog/2013/05/new-study-raises-question-what-don%E2%80%

99t-we-know-about-water-scarcity). Furthermore, in the same year, the WRI 

released global water stress rankings by country (Gassert et al., 2013), and a 

global water stress map that shows the ratio of total withdrawals to total 
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renewable supply in a given area on its official website (available at; 

http://www.wri.org/resources/charts-graphs/water-stress-country). According to 

these publications, it is clear that many countries all over the world are suffering 

seriously from water scarcity. Our country, Japan, is no exception to this situation. 

In order to ensure sustainable use and development of aquifer resources, 

assembling the various data and relevant information concerning groundwater is a 

pressing and indispensable issue. 

 

 

1.2  Hot springs in Japan and the objective of this study 

In Japan, numerous “hot springs” are distributed all over the nation. Hot 

springs have been used for multiple purposes for many years in Japan, which is 

situated at the circum-Pacific volcanic belt wherein geothermal resources abound. 

Of course, Japan is not the only country that uses hot spring resources: many other 

countries in the world do so, such as Italy, United States, Iceland, and New 

Zealand (e.g., Yamamura, 2004). However, according to the latest statement by 

Ministry of the Environment (2013), 27,219 hot spring sources are distributed all 

over Japan. Thus, Japan is often referred to as the most advanced country for the 

exploitation and utilization of hot springs in the world (e.g., Muraoka et al., 2007). 

Where hot springs in Japan are legally defined by Hot Spring Law (enacted in 

1948, revised in 2007) as the waters discharged from underground, which have a 

temperature of over 25°C at the discharge and/or contain higher concentrations in 

several specific constituent than regulated concentrations. These hot springs are 

essentially equal to normal groundwater from the point of view of natural science 

and are valuable groundwater resources, as well as can be used as a source to 

obtain underground information. 

Hot springs in Japan have been subjected to scientific investigation by many 

researchers (e.g., Matsubaya et al., 1973; Sakai and Matsubaya, 1974, 1977; Sakai 

and Oki, 1978; Matsubaya 1981). Among these studies is the study published by 

Oki and Hirano (1970), which revealed the formation mechanisms of the hot 
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springs around the Hakone volcano in central Japan, is known all over the world. 

Matsubaya et al. (1973) and Sakai and Matsubaya (1974) divided Japanese hot 

springs into four types; volcanic type, coastal type, green tuff type, and Arima 

type of unidentified origin, based on geochemical features such as chemical and 

isotopic data and geological distributions. Recently, analysis data that include 

chemistry and temperature from thousands of hot springs have been gathered and 

published as an atlas by Muraoka et al. (2007) and have been applied to 

geothermal power development and other research fields (e.g., Muraoka et al., 

2008; Suzuki et al., 2014). 

It is also noteworthy that, over the last several decades, well drilling for the 

purpose of creating hot springs for bathing has been carried out in non-volcanic 

regions of Japan, in deep aquifers at depths of more than 1,000 m below the 

surface. This is because there is an extremely high demand for such hot springs in 

Japan. In general, temperature increases with depth according to the geothermal 

gradient. A typical geothermal gradient in non-volcanic Japanese regions is about 

2 to 3°C per 100 m (The Association for the Geological Collaboration in Japan, 

1996). Assuming a static geothermal gradient and a surface temperature of 15°C, a 

suitable temperature for bathing can be obtained at depths of about 1,000 to 2,000 

m. However, in general, such deep groundwater is trapped in micro pores or 

fractures, and has a very slow flow rate; hence, inadequate pumping or 

overdevelopment often carries a risk of water level depletion, well interference, 

water quality changes, and other problems. Therefore, clarification of the nature 

of deep groundwater, such as the origin and formation mechanisms of water 

quality, is indispensable for the protection and sustainable development of deep 

groundwater resources. 

The quality of groundwater generally depends on its origin and the 

interactions that take place between the water and the aquifer materials (e.g., 

Drever, 1988), and it is also known that deep groundwater is more diverse in terms 

of quality than is shallow water (Marui, 2012). Recent studies have shown that 

deep groundwater has a wide variety of origins, including meteoric water, fossil 
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seawater, dehydrated inter-layer water from clay minerals, and dehydrated 

metamorphic fluid from subducting slab (e.g., Shigeno, 2011; Muramatsu et al., 

2010a, 2012 and 2014c; Marui, 2012; Ohsawa et al., 2010; Nishimura, 2000a and 

b; Amita et al., 2005 and 2014, Kazahaya et al., 2014). Additionally, a close 

relationship between deep groundwater quality and geology has already been 

shown (e.g., Oyama et al., 2011). Even though it is far from easy to obtain 

information on a deep aquifer and the flow path of deep groundwater, the 

investigation of water-rock interaction processes is important for understanding 

the formation mechanisms that lead to particular deep groundwater qualities. 

The geology of the Southern Fossa Magna region consists of a variety of 

rocks, including Jurassic to Paleogene marine sedimentary rocks, Neogene 

volcanic rocks, and granitic rocks intruded into two former geologic bodies. 

Therefore, the region is assumed to be a challenging but suitable site for 

considering the formation mechanisms of deep groundwater quality based on a 

wide variety of water-rock interactions. The key part of the Southern Fossa Magna 

region is within Yamanashi Prefecture. Since this prefecture has a high 

dependence on groundwater for drinking and industrial uses (e.g., Kobayashi and 

Horiuchi, 2008; Uchiyama et al., 2014), many studies have examined the 

groundwater in its relatively shallow aquifers (e.g., Yanai and Tsugane, 1957; 

Sakamoto et al., 1990; Kobayashi and Koshimizu, 1999; Nakamura et al., 2007 

and 2008; Kobayashi et al., 2009, 2010, and 2011). For example, according to 

Nakamura et al. (2007 and 2008), who investigated the effects of groundwater 

recharge on nitrate concentration in the Kofu basin using hydrogen, oxygen, and 

nitrogen (δD, δ18O, δ15N) stable isotope techniques, the shallow groundwater in 

the Kofu basin originated from precipitation and infiltrated river water, and the 

major source of nitrate was fertilizer used in orchards. They also mentioned the 

importance of accumulating stable isotope data to discuss the origin of the 

components in groundwater and their dynamics. However, most of these studies 

have focused on the distribution of anthropogenic pollutants and on the temporal 

change in water quality as a means of investigating anthropogenic influences on 
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groundwater in a densely populated area, while relationships between geology and 

water quality have not yet been discussed satisfactorily. As a result, 

environmental background data, which are useful for estimating the origin of 

certain kinds of ionic species such as Ca2+ and SO4
2-, are still insufficient, even 

though these are the major chemical components found in groundwater (e.g., 

Kobayashi and Horiuchi, 2008). 

Additional studies of deep groundwaters in this area can be found amid the 

research on hot springs. An old text on hot spring distribution in Yamanashi 

Prefecture, published more than 100 years ago (Ban, 1895), mentioned only five 

hot spring areas (Nishiyama, Shimobe, Kawaura, Enzan, and Yumura hot spring 

areas); hence, the number of hot springs has been considered low (Tanaka, 1989). 

However, the latest report, issued at the end of March 2013, reported 431 hot 

spring sources (Ministry of the Environment, 2013). Today, many studies 

regarding the water quality characteristics and distribution of hot spring waters in 

Yamanashi Prefecture are available (e.g., Akiyama, 1972; Sugihara and 

Shimaguchi, 1978; Aikawa, 1995). According to these previous studies, there are 

hot springs with various qualities, such as Na–Cl type water distributed along the 

Itoigawa-Shizuoka Tectonic Line, Na–HCO3 types with low salinity and high 

alkaline pH around the granitoid area, and Na–Cl and Na–Cl· HCO3 (or 

Na–HCO3· Cl) types from the central Kofu basin. Furthermore, very saline Na–Cl 

water, approximately equal to the salinity of seawater, and sulfate rich water have 

recently been pumped from deep hot spring wells drilled near the 

Itoigawa-Shizuoka Tectonic Line and the northern foothills of Mt. Fuji, 

respectively. Meanwhile, the origins of the water and the water-rock interactions 

that control water qualities have not always been investigated thoroughly based on 

the results of major chemical analyses. 

In consideration of these previous studies, this thesis aims to investigate the 

origin of the deep groundwater in the Southern Fossa Magna region and the 

water-rock interactions that control its water quality using major chemical and 

stable hydrogen, oxygen, and sulfur isotope (δD, δ18O, δ34S) analyses. Water 



 6 

samples were collected mainly from deep, hot spring wells drilled in sedimentary, 

volcanic, and granitic rock areas. Additionally, water was collected from the Kofu 

basin, where quaternary sediment is deposited on basement volcanic rock, and 

very saline water was collected near the Itoigawa-Shizuoka and Median Tectonic 

Lines (ISTL and MTL, respectively). Results are presented separately in Chapters 

2–5 based on the geological settings: (1) granitic settings; (2) volcanic settings; 

(3) sedimentary settings; and (4) the area from the Kofu basin to the adjacent 

ISTL and MTL area. 

 

 

1.3  Overview of geology 

A geological outline map around the study area and tectonic map of Japan are 

shown in Fig. 1-1. The study area is located at the intersection of the Shimanto 

terrain and the Fossa Magna. The geological structure around this region is the 

complex focus of the collision of the Philippine Sea plate with the Eurasian plate 

in the north and with the North American plate in the northeast (Nakamichi et al., 

2007). The boundaries among the three plates are unclear in the Southern Fossa 

Magna, and this situation is further complicated by the collision of the Pacific 

plate with the Philippine Sea and North American plates; the Philippine Sea and 

Pacific plates are subducting northwestward and westward, respectively, beneath 

the Eurasian plate (Iidaka et al., 1991; Nakamichi et al., 2007). 

The geological information given below is mostly quoted from Ozaki et al. 

(2002). Except for the Ryoke metamorphic belt on the north of the Median 

Tectonic Line (MTL), the oldest terrane in the study area is the Sambagawa Belt 

and Chichibu Terrane, following the Shimanto Belt. The Sambagawa Belt consists 

of the crystalline schists and the Mikabu greenstones with minor ultramafic rocks. 

These rocks were regionally metamorphosed from strata of mainly Jurassic age 

under high to intermediate pressure during the Cretaceous time. The Chichibu 

terrane includes the Jurassic sedimentary complex and Cretaceous normal 

sediments. The Shimanto Belt is a Cretaceous-to-Miocene accretionary complex 
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and is mainly composed of sandstone and shale with basalt, chert, and limestone. 

These terranes have been bent to form a large flexure convex northward, together 

with MTL. This is because the Izu-Ogasawara Arc has collided against the central 

Honshu Arc since the Middle Miocene time. The Southern Fossa Magna is cut by 

the Itoigawa-Shizuoka Tectonic Line (ISTL) at its western margin and is mainly 

composed of Neogene, volcanic rock, volcaniclastic sediments (Trough fill 

sediments), and plutonic masses, excluding the Quaternary volcanic rocks and 

alluvial-terrace deposits. The volcanic rocks were regionally metamorphosed into 

greenish rock and are commonly known as the green tuff formation. Further 

details of geological information will be included in each chapter. 

Fig.1-1 (a) Tectonic map of Japan. PHS, Philippine Sea plate; EUR, Eurasian plate; 
NAM, North American plate; PAC, Pacific plate. (b) Simplified geological map 
around southern Fossa Magna Region (modified after Uemura and Yamada, 1988; 
Ozaki et al., 2002 and Geological Survey of Japan, AIST, 2012). MTL, Median 
Tectonic Line; ISTL, Itoigawa-Shizuoka Tectonic Line; TAL, Tonoki-Aikawa 
Tectonic Line; MSF, Misaka Fault; KTF, Katsuragawa Fault; KNF, Kannawa Fault. 
Quaternary volcanoes: fj, Fuji; ky, Kayagatake; yt, Yatsugatake. 
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1.4  Structure of this thesis 

This thesis consists of six main chapters and one supplementary chapter. The 

first chapter, as stated, describes the general background and objective of the 

research and provides an overview.  

Chapter 2, titled “Hydrochemistry and isotopic characteristics of deep 

groundwaters around the Miocene Kofu granitic complex surrounding the Kofu 

basin in the Southern Fossa Magna Region,” discusses the origin of the deep 

groundwater and the formation mechanisms of water quality around the granitic 

rock area. Chapter 3, titled “Formation mechanisms of deep groundwaters from 

the northern foothills of Mt. Fuji,” addresses the waters mainly from the volcanic 

rock area. Chapter 4, titled “Geochemical and isotopic characteristics of the 

groundwaters in the Setogawa group in western Yamanashi Prefecture,” addresses 

the waters from the sedimentary rock area. Chapter 5, titled “The origins and 

geochemical features of deep groundwaters from the western part of the Southern 

Fossa Magna Region and the adjacent western area,” addresses the waters from 

the center of the Kofu basin and near the Itoigawa-Shizuoka and Median Tectonic 

Lines. Chapter 6 is a summary of chapters 2–5 and a general discussion. Chapter 7, 

titled “Influence of nitric acid and hydrochloric acid on the calcium determination 

by AAS in the Presence of an interference inhibitor,” is a supplementary chapter 

on precautions for calcium determination by atomic absorption spectrophotometry 

techniques that serves as a reference for water analysis. 

The content of Chapter 2 was published in Yaguchi et al. (2014a) in 

Geochemical Journal; part of Chapter 3 was submitted to Geochemical Journal 

and is under revision (Yaguchi et al., under revision); the content of Chapter 4 

was published in Yaguchi et al. (2014b) in the Journal of Hot Spring Sciences; 

and the content of Chapter 7 was published in Yaguchi and Anazawa (2013) in 

Bunseki Kagaku.  
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Chapter 2 
 

Hydrochemistry and isotopic characteristics of deep 
groundwaters around the Miocene Kofu granitic 

complex surrounding the Kofu basin in the  
Southern Fossa Magna Region 

 
 

 

2.1  Introduction  

Many researchers have reported water quality characteristics of natural 

waters in granitic rocks of various localities. These include mineral waters from 

the Tanzawa Mountains (Oki et al., 1964), hot spring waters of Dogo in Ehime 

Prefecture (Maki et al., 1976), and mineral spring water from the Abukuma 

Plateau area (Suzuki, 1979). All of the aforementioned waters have low 

temperature, low salinity with alkaline pH. According to Ichikuni et al. (1982), 

who described the chemistry of alkaline spring waters from the Abukuma 

Mountain area of Fukushima Prefecture based on water-rock equilibrium, the 

waters are formed by the reaction of rainwater with felsic rocks under a limited 

CO2 supply. They determined that these alkaline waters are in equilibrium with 

kaolinite and Ca-smectite. They also indicated an additional Ca-mineral in the 

equilibrium system, although its species was not clearly determined. In addition, 

they stated that such spring waters have not gathered enough attention because of 

their low temperature, low concentration, and abundance. However, in recent 

years, the importance of the hydrochemical elucidation of those waters has 

increased due to hot spring use (e.g., Tanaka, 1989), the need to evaluate granitic 

rocks for radioactive waste disposal (e.g., Iwatsuki and Yoshida, 1999; Ajima et 

al., 2006), or the prevention of anthropogenic contamination by N, P, and S in the 

water supply. 

According to Sasaki (2004), who reviewed the geochemistry of groundwater 
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in the granitoids of Japan, the geochemical features of groundwater in granitoids 

derived from meteoric water includes low salinity, Ca.Na–HCO3 type at shallow 

levels with slightly acidic to neutral pH in addition to Na–HCO3 type at deep 

levels with slightly alkaline pH. Water quality is controlled by water–rock 

interactions, such as the dissolution and precipitation of calcite, plagioclase 

weathering, and ion-exchange reactions of clay minerals. However, the origin of 

the SO4
2- ion, which generally exists in trace amounts in granitic groundwater, has 

not been clearly described so far. 

The Miocene Kofu granitic complex surrounding the Kofu basin in the 

Southern Fossa Magna region of central Honshu is the suitable site for discussing 

the hydrochemistry of groundwater in granitoids for the following reasons: 

Relationships between the hydrochemical features of water and rock composition 

can be discussed easily because the Kofu granitic complex consists of several 

different types of granitoids (e.g., Sato and Ishihara, 1983). Moreover, because a 

number of sources of alkaline water such as natural springs and drilled wells have 

been used extensively for hot spring bathing purposes around the complex, 

groundwater samples can be collected easily. Although the water quality 

characteristics concerning these alkaline waters have been reported by many 

researchers (e.g. Takamatsu et al., 1981; Kato et al., 1987; Kato et al., 1988; 

Aikawa, 1995), the water-rock interaction that describes the origin of SO4
2- ion 

and the isotopic compositions of δD, δ18O and δ34S have not been previously 

clarified. 

In this study, chemical and isotopic composition (δD, δ18O, and δ34S) of deep 

groundwaters around the Miocene Kofu granitic complex area were analyzed to 

investigate the water-rock interactions and determine the origin and sulfur 

isotopic characteristics of their trace amounts of SO4
2- ion content. 

 

 

2.2  Overview of geology 

A simplified geological map and sample location of the groundwaters around 
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Fig. 2-1 Geological map and sampling locations of the groundwaters near the 
Miocene granitic complex surrounding the Kofu basin in the Southern Fossa 
Magna region (after Sato and Ishihara, 1983; Shimizu, 1986; Ozaki et al., 
2002). Solid squares show sampling locations of the Fuefukigawa, Omokawa, 
Hikawa, and Kanegawa rivers by Nakamura et al. (2008). Solid triangles with 
numbers show major mountains and heights above sea level (m). Thin broken 
line shows major watershed boundaries. 
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the Kofu granitic complex surrounding the Kofu basin in the Southern Fossa 

Magna region of central Honshu are shown in Fig. 2-1. The study area is located 

at the intersection of the Shimanto terrain and the Fossa Magna. The Shimanto 

group of the Cretaceous age and the granitic complex of the Miocene age have 

been unconformably covered by volcanic rocks of the Plio–Pleistocene age at the 

northern region of the Kofu basin (Mimura, 1971). The Nishiyatsushiro group 

consists mainly of submarine basalt to andesite volcaniclastic rock and lava, with 

mudstone, sandstone, and dacite volcaniclastics of middle Miocene age (Ozaki et 

al., 2002; Matsuda, 2007). The Kofu granitic complex is divided into the 

following four units based on the timing of intrusion and composition (Sato and 

Ishihara, 1983): Syosenkyo-type monzogranite (14–11 Ma; Tsunoda et al., 1992), 

Tokuwa-type granodiorite (10–9 Ma; Matsumoto et al., 2007), Ashigawa-type 

tonalite (12 Ma; Sato, 1991; 11 Ma: Saito et al., 1997), and Kogarasu-type 

granodiorite (4 Ma; Shibata et al., 1984). The former two types intruded into 

sedimentary rocks of the Shimanto group, whereas the latter two intruded into the 

latest Miocene–early Pliocene volcanic rock formations. The Kogarasu-type 

caused hydrothermal alterations to the latest Miocene–early Pliocene volcanic 

rocks in several areas (Takashima and Kosaka, 2000; Kanamaru and Takahashi, 

2008). 

According to Sato and Ishihara (1983) and Shimizu (1986), the 

Syosenkyo-type and the marginal part of the Tokuwa-type have low magnetic 

susceptibility corresponding to the ilmenite series due to solidification under 

reducing conditions caused by the contamination of magma with carbon-bearing 

sedimentary rocks of the Shimanto group. By contrast, the Ashigawa and 

Kogarasu-types and the inner part of the Tokuwa-type have high magnetic 

susceptibility that corresponds to the magnetite series. 

 

 

2.3  Sampling and analytical procedures 

Fourteen water samples were collected from natural discharge and wells 
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drilled for hot spring bathing purposes in the ilmenite and magnetite series of 

granitic rocks and volcanic rocks in the area (Fig. 2-1). Additionally, drilling data 

such as well depth, temperature logging, and underground geology were collected 

by interviewing the owner or facility manager. Most well water samples were 

collected after running for several minutes from the valve located at the well 

head; two water samples, Nos. 5 and 8, were collected from a holding tank. 

Temperature, electrical conductivity, and pH were measured at each sampling site 

using a standard, hand-held, calibrated meter (HORIBA D-24). The total 

alkalinity was determined by titration with sulfuric acid to a final pH of 4.8 

(HACH AL-DT). Na+, K+, Mg2+, Ca2+, Cl-, and SO4
2- were measured by ion 

chromatography (SHIMADZU LC-VP). Total Fe was measured by atomic 

absorption spectrophotometry (SHIMADZU AA-6200), and Al3+ was measured by 

spectrophotometry using Eriochrome Cyanine R (HACH DR-2800); however, 

these parameters in all samples were below detection. SiO2 was analyzed by 

spectrophotometry using the molybdenum yellow method (SHIMADZU 

UV-1650PC).  

Isotopic compositions of hydrogen (D/H) and oxygen (18O/16O) were 

measured by a mass spectrometer connected on-line to a gas chromatograph (GV 

Instruments Isoprime-EA). For oxygen and hydrogen isotope analysis, water 

samples were decomposed in an oxygen-free environment by heating at 1050 °C to 

produce H2 and at 1260 °C to produce CO; the product gases were 

chromatographically separated and introduced into an ion source of the mass 

spectrometer. For the six samples collected in 2012, however, cavity ring-down 

spectroscopy coupled with a vaporizer (Picarro, L2120-i ) was used to analyze the 

isotopic compositions of hydrogen and oxygen (Gupta et al., 2009). Sulfur isotope 

(34S/32S) analysis of dissolved SO4
2- was also performed using an Isoprime-EA 

mass spectrometer. The dissolved SO4
2- in the water samples was collected as 

BaSO4 and mixed with V2O5 as a combustion aid. The mixture was then heated to 

decompose into SO2 gas, which was then introduced to the mass spectrometer. 

Hydrogen, oxygen, and sulfur isotopic compositions are reported as δD, δ18O, and 
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δ
34S (‰) variations relative to a standard using the following notation: 

 

δ(‰) = [Rsample / Rstandard – 1] × 1000                      (2-1) 

 

where R is the isotopic ratios of D/H, 18O/16O, and 34S/32S. These standards 

include the Vienna Standard Mean Ocean Water (V-SMOW) for δD and δ18O and 

Canyon Diablo Troilite (CDT) for δ34S. Analytical precisions are within values of 

±1.0‰ for δD, ±0.1‰ for δ18O, and ±0.2‰ for δ34S. 

 

 

2.4  Results and discussion 

2.4.1  Chemical and isotopic compositions and relationship with bedrock 

The analytical results are listed in Table 2-1, and a tri-linear diagram for the 

water samples is presented in Fig. 2-2. In the granitic rocks area, temperatures of 

the samples ranged from 10.9 to 42.5 °C, and the pH was between 9.2 and 10.3. 

All of the samples are Na–HCO3 type without exception. By contrast, 

temperatures of the samples from the volcanic rocks area ranged from 18.8 to 

43.2 °C, and the pH varied from 7.3 to 9.9. The waters were subdivided into 

Na–HCO3 type (No. 11), Na–SO4 type (Nos. 9, 12, and 13), Na–SO4
.Cl.HCO3 type 

(No. 14), and Ca–SO4 type (No.10). 

All water samples from the ilmenite series of granitic rocks had negative δ34S 

values between –15.1‰ and –4.1‰, whereas the water samples from the 

magnetite series granitic area had positive δ
34S values between +1.7‰ and +8.0‰. 

Waters from the volcanic rocks area showed a wide range of δ34S values from –4.1 

to +13.6‰. 

Sample Nos. 2, 3, and 4 were from a sedimentary rock formation of the 

Shimanto group (Fig. 2-1). However, based on an interview with the well owners, 

it can be believed that the waters originated from the underlying ilmenite series 

granitic rock that intersected the bases of these wells. These three samples gave 

off an obvious odor of hydrogen sulfide. 
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2.4.2  Origin of the deep groundwaters 

Except for the water sample from well No. 10, the electrical conductivities 

were low, between 10.7 mS/m and 39.0 mS/m. The δD and δ18O values of the 

water samples ranged from –82.6 ‰ to –71.6‰ and from –11.9 to –10.6‰, 

respectively. These isotope values are plotted near the local and global meteoric 

water lines (LMWL and GMWL; Fig.2-3), and are similar to those of waters from 

rivers near the sampling sites reported by Nakamura et al. (2008). The sampling 

points of river water are expressed as a closed square in Fig. 2-1, and the average 

altitude of the river watershed is shown in Table 2-2. These characteristics of 

electrical conductivity and δD and δ18O values suggest that the sample waters 

Fig. 2-2  Tri-linear diagram for groundwaters. Numbers shows 
sample locations. 
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are meteoric in origin.  

The recharge altitude of the meteoric water can be estimated based on the 

altitude effect of the isotopic composition. Based on Nakamura (2008), the 

relationship between δ18O values and the altitude of precipitation in the 

Rivers δ
.
D

‰
δ

18
O

‰
 Fuefukigawa River -74.0 -10.7
 Omokawa River -73.1 -10.4
 Hikawa River -72.2 -10.4
 Kanegawa River -71.5 -10.4

1180
1110

 Av. Altitude
m

1570
1150

Table 2-2  Summary of isotopic compositions of precipitation 
and river water (annual average) with an average altitude of 
the watershed from Nakamura et al. (2008). 

Fig.2-3 δD―δ18O diagrams for the water samples. GMWL, δD = 8·δ18O + 10; 
Craig (1961). LMWL, δD = 8·δ18O + 26; Matsubaya (1981). 
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northeastern Kofu basin was represented by the following equation: 

 

Altitude (m) = –500.δ18O – 4553                   (2-2) 

 

The average recharge altitudes of the sources of the groundwaters were calculated 

as follows: 947 m for No. 1, taken from a sampling site at an altitude of 980 m; 

1047 m for No. 2 at 480 m; 1097 m for No. 3 at 720 m; 1097 m for No. 4 at 625 m; 

997 m for No. 5 at 820 m; 1297 m for No. 6 at 905 m; 1397 m for No. 7 at 1230 m; 

947 m for No. 8 at 450 m;, 747 m for No. 9 at 580 m; 797 m for No. 10 at 580 m, 

Fig. 2-4 Temperature logging data of the Yamato hot spring 
(No. 1) well after completion of drilling. Geothermal gradient 
was calculated by the following equation. G = (Tb - Ta )/Depth 
(m) × 100, where G is the geothermal gradient, Tb is the bottom 
hole temperature, and Ta is the mean annual temperature 
(13.8 °C) at Kosyu city near the No. 1 well, as obtained from 
Japan Meteorological Agency (2013). 
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847 m for No. 11 at 810 m, 847 m for No. 12 at 745 m; 1247 m for No. 13 at 700 

m; and 747 m for No. 14 at 450 m. Therefore, the groundwaters were recharged at 

the same altitude or higher than those of the sampling sites.  

The temperature–depth profile of well No. 1 shows a typical conduction-type 

gradient (Fig. 2-4), indicating that the waters were trapped in pore space and 

stagnant rather than flowing upward. Under very slow flow conditions and limited 

atmospheric CO2 supply in the fine fractures of the granitic rocks at deep layer 

levels, the progress of water-rock interaction process was limited. These 

conditions are attributed to the low concentration of dissolved chemical 

constituents of the groundwaters. 

 

 

2.4.3  Formation mechanisms of groundwater quality 

(1) Weathering of plagioclase 

The groundwaters had Na+ and HCO3
- as major chemical components but low 

concentrations of Mg2+. Furthermore, particularly in the granitic rocks area, water 

samples exhibited a strong correlation between Na+ and HCO3
- (Fig. 2-5; R2 = 

0.77). These chemical properties suggest that the quality of groundwaters in the 

Fig. 2-5  Relationships between Na+  and HCO3
- 

concentrations in groundwaters. 
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granitic rocks area was influenced by the weathering of plagioclase to smectite. 

Plagioclase is a solid-solution series between an albite and an anorthite end 

member and reacts with rainwater and atmospheric CO2 by the following 

equations: 

 

6CO2  +  6H2O   → 6H+  +  6HCO3
-                               (2-3) 

 

7NaAlSi3O8  + 6H+ + 20H2O                                          

→ 3Na0.33Al 2.33Si3.67 O10 (OH)2 + 6Na+ + 10H4SiO4            (2-4) 

 

7CaAl2Si2O8  + 12H+ + 8H4SiO4                                                          

→ 3Ca0.33Al 4.67Si7.33O20(OH)4 + 6Ca2+ + 16H2O            (2-5) 

 

This hypothesis is supported by the mineral equilibrium calculation results such 

that samples from the granitic rocks area are distributed in the smectite regions in 

the stability diagram for the Na2O- Al2O2-SiO2-H2O and CaO-Al2O2-SiO2-H2O 

system (Fig. 2-6a and b). Although the weathering rate of anorthite is faster than 

albite (Blum and Stillings, 1995), waters in the granitic rocks area had a dominant 

Fig. 2-6 Stability diagram of minerals in (a) Na2O-Al2O2-SiO2-H2O and 
(b) CaO-Al2O2-SiO2-H2O system at 298 K and at 1 atm (Tardy, 1971). 
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pattern of Na+ > Ca2+. This result can be attributed to an abundance of albite in 

intermediate-acid igneous rock (Kuroda and Suwa, 1983) and Ca2+ exchange with 

Na+ of Na-smectite. Moreover, because the waters in the granitic rocks area were 

supersaturated with respect to calcite (Fig. 2-7a), calcite precipitation may also 

have reduced Ca2+ concentrations in the waters. 

 

(2) Oxidation of sulfides 

In the waters from the granitic rocks area, Nos. 1–8, the concentrations of 

SO4
2- ion ranged from 4.9 mg/L to 24.3 mg/L. Based on the report on recent 

atmospheric deposition in Yamanashi Prefecture (Sasaki et al., 2009a), the annual 

average concentrations of SO4
2- ion in the precipitation in 1988, 1989, 1990, and 

2009 were calculated at 1.63, 1.52, 1.49, and 0.99 mg/L, respectively. Because the 

SO4
2- ion concentration in the precipitation was low, the origin of the SO4

2- ion in 

groundwaters does not appear to originate from precipitation. By contrast, the 

average sulfur contents of ilmenite series and magnetite series granitic rocks in 

Japan are 630 mg/kg and 270 mg/kg, respectively (Sasaki and Ishihara, 1979). 

Fig. 2-7 Relationship between saturation index (SI) and pH in (a) calcite and (b) 
anhydrite. SI with respect to calcite (SIcalc i te) and anhydrite (SIanhydri te) were calculated 
by the following equation: SIcalci te = log ([Ca2+] ·[CO3

2-] /K sp), and SIanhydri te = 
log([Ca2+] ·[SO4

2-] / K sp); where concentrations of CO3
2- were calculated using total 

alkalinity and pH. Ksp used in the calculation were 10-8.42 for calcite (from Stumm and 
Morgan, 1981) and 10-4.36 for anhydrite (from Krupp, 2005). 
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This sulfur content is likely rich enough to be the origin of the SO4
2- ion in the 

groundwaters. Although the sulfur in the granitic rocks is manifested in several 

different chemical forms such as sulfide or sulfate minerals (Sasaki and Ishihara, 

1979), sulfide minerals, particularly pyrite, are likely abundant in the study area 

(Tsunoda et al., 1992; Shimizu et al., 1995; Kanamaru and Takahashi, 2008; 

Takashima and Kosaka, 2000). Because pyrite is oxidized in oxygen-rich 

conditions close to the surface by the following reaction (Appelo and Postma, 

2005), it can be considered that the trace amounts of SO4
2- ion in the groundwater 

may have originated from the oxidation of pyrite. 

 

FeS2 + 15/4O2 + 7/2H2O  →  Fe(OH)3 + 2SO4
2- + 4H+        (2-6) 

 

In consideration of the alkaline pH of the water samples, it is presumed that the 

H+ released by the preceding pyrite oxidation was consumed by the interaction 

with plagioclase, as shown in equations (2-4) and (2-5). Assuming reaction (2-4) 

and subsequent ion exchange reaction, the Na+/HCO3 meq ratio in the water was 

Fig. 2-8  Difference between Na+  and 
SO4

2- versus HCO3
- concentration 

diagram for the groundwaters from the 
granitic rocks area. 
 
 

Fig. 2-9  Total amount of Na+  and 
Ca2+ versus total amount of HCO3

- and 
SO4

2- concentration diagram for the 
groundwaters from the volcanic rocks 
area. 
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calculated to be up to 1.167, whereas the Na+/HCO3 ratio in the sample water was 

slightly high at 1.219 (Fig. 2-5). It can also be considered that the reason for a 

high Na+/HCO3 ratio in the water samples is partly attributed to weathering of the 

plagioclase progressing without an HCO3
- increase because the H+ from the 

sulfide oxidation directly caused the plagioclase weathering (reactions (2-4) and 

(2-5)). The total equivalent amount of H+ is the same as that of SO4
2- in reaction 

(2-6), and the difference between Na+ and SO4
2- concentrations in meq/L of the 

water samples is approximately equal to the HCO3
- concentration in meq/L (Fig. 

2-8). This correlation can support the hypothesis that part of the plagioclase 

weathering was caused by the H+ from sulfide oxidation. Nos. 2, 3, and 4 show 

conspicuous differences in the correlation of Fig. 2-8. It was inferred that this 

ionic imbalance is likely due to SO4
2- reduction to H2S in the anaerobic 

underground because these samples had an obvious hydrogen sulfide odor. 

The δ34S values of SO4
2- ions in the Na–HCO3 type waters in the ilmenite 

series ranged from –15.1 to –4.1‰, whereas the those for waters from the 

magnetite series area all ranged from +1.7 to +8.0‰. These sulfur isotopic 

characteristics are remarkably similar to the specific sulfur isotope trend of 

granitoids and sedimentary rocks of the Shimanto group in Japan reported by 

Sasaki and Ishihara (1979). In that study, the δ
34S of the ilmenite series granitoids 

were mostly negative, from –11 to +1‰, whereas the magnetite series granitoids 

were positive, from +1‰ to +9‰. Sedimentary rocks of the Shimanto group also 

had negative δ34S values, from –21.5 to –1.4‰. Additionally, Sasaki and Ishihara 

(1979) determined that the low δ34S values of the ilmenite series granitoids are a 

result of the assimilation by the magma of sulfur from sedimentary rocks. This 

correspondence between the δ
34S values of water samples and geological 

distribution strongly supports the hypothesis that trace amounts of the SO4
2- ion in 

the Na–HCO3 type waters in the granitic rocks originated from the oxidation of 

the pyrite. A low δ34S value in the Katsunuma (–15.1‰; No.2) was thus likely 

affected by the roof sedimentary rocks of the Shimanto group. 

(3) Dissolution of the anhydrite and cation exchange reaction of smectite and 
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precipitation of calcite 

The volcanic rocks north of the Kofu basin are hydrothermally altered 

(Takashima and Kosaka, 2000). This alteration was sub-divided into an alkaline 

alteration zone that occurs throughout the area and several acidic alteration zones 

that occur locally (Takashima and Kosaka, 2000). Acid alteration is well 

developed near Yakeyama-toge where a silica and alunite zone exists that contains 

natroalunite and alunite. Adjacent to this is a clay zone, next to this a mixed layer 

clay zone followed by a smectite zone (Takashima and Kosaka, 2000). 

Six water samples from the altered volcanic rocks area north of the Kofu 

basin, Nos. 9–14, had different concentrations of SO4
2- ion. These waters were 

undersaturated with respect to anhydrite (Fig. 2-7b), and the sample from the 

Sekisuiji 2 (No. 10), had high concentrations of Ca2+ and SO4
2- (Table 2-1; 

Ca2+/SO4
2- ratio of 0.9), suggesting the contribution of anhydrite dissolution. 

Anhydrite is a hydrothermal mineral commonly found in active geothermal fields 

around the world (Browne, 1978). In addition, anhydrite as an alteration mineral 

has been recognized in geothermal systems of Japan including Hatchobaru 

(Kiyosaki et al., 2006), Fushime (Akaku et al., 1991), Hakone (Matsumura and 

Fujimoto, 2008), and Kakkonda (Muramatsu et al., 2000). Further details of 

alteration minerals and chemical equilibrium in Japanese geothermal systems have 

been reported by Chiba (1991). Considering these previous publications, it is 

reasonable to infer that the existence of anhydrite was formed via past volcanic 

activities in underground volcanic rocks within the study area. 

Because the water qualities of the six samples were distributed between 

Ca–SO4 type and Na–HCO3 type water in the trilineardiagram (Fig. 2-2), it is 

presumed that the water qualities of the waters were controlled by the cation 

exchange reaction of Na-smectite, which was caused by plagioclase weathering 

during the flow process after dissolution of the sulfate minerals; smectite zones 

actually occur near the Yakeyama-toge (Takashima and Kosaka, 2000). As shown 

in the diagram, a strong correlation of the total amount of Na+ and Ca2+ versus the 

total amount of HCO3
- and SO4

2- concentrations in meq/L (Fig. 2-9; R2 = 0.98) 
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supports this hypothesis. 

In addition, calcite precipitation may have occurred in the process of forming 

Na+ and SO4
2- rich water because mixing of Ca–SO4 type and Na–HCO3 type 

waters caused an elevation of Ca2+ and HCO3
- concentrations. In fact, most of 

these waters were supersaturated with respect to calcite (Fig. 2-7a), and several 

calcite depositions were recognized in the volcanic rocks near the Kogarasu 

granitic unit (Takashima and Kosaka, 2000; Kanamaru and Takahashi, 2008). 

Based on aforementioned arguments, groundwater compositions in the altered 

volcanic rocks area appear to be controlled by the dissolution of anhydrite, the 

weathering of plagioclase to smectite, the cation exchange reaction of Na-smectite, 

and the precipitation of calcite during the fluid flow and mixing process. 

 

(4) Disproportionation reaction of sulfur dioxide during past volcanism 

Finally, the possible reasons for the wide dispersion of δ34S values for the 

SO4
2- ion from water derived from the volcanic rock area ranging from –4.1 to 

+13.6‰ (Table 2-1) were discussed. Kiyosaki et al. (2006) reported that alunite 

minerals that have a wide range of δ
34S values in the Hatchobaru geothermal field; 

hypogene alunite has a heavy δ
34S of +23.7‰ at 1238 m underground, whereas the 

supergene alunite had a lower δ
34S value of +0.5‰ at 84.8 m underground. They 

described that this wide dispersion of δ
34S values for alunite minerals is related to 

a disproportionation reaction of volcanic gas as shown in equation (2-7), i.e., the 

hypogene alunite contained 34S-rich sulfate derived from the disproportionation of 

volcanic SO2 gas, whereas the supergene alunite contained 34S-poor sulfate 

derived from the oxidation of ascending H2S gas in shallow groundwater. 

 

4SO2 + 4H2O → 3H2SO4 +H2S                       (2-7) 

 

In the Hatchobaru geothermal field, it was also recognized that anhydrite, which 

belongs to a sulfate mineral group similar to alunite minerals (+12.0 to +23.7‰), 

also exhibits similar dispersion in δ34S values (Kiyosaki et al., 2002). 
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In another previous study, Muramatsu et al. (2014a) interpreted that the 

origin of SO4
2- ion with wide δ34S values in hot spring-derived water from the 

Ikaho and Harunako areas near the Haruna volcano originated from the dissolution 

of anhydrite, which was produced from the disproportionation reaction between 

the fluids during an active stage of volcanism. 

Considering these previous studies, the reasons for the wide dispersion of 

δ
34S values for SO4

2- ions in the volcanic rocks area can be deduced as follows: 

The 34S-rich SO4
2- ions originated from the dissolution of anhydrite, which was 

produced from 34S-rich sulfate in H2SO4 derived from the disproportionation 

reaction of volcanic SO2, whereas the 34S-poor SO4
2- ions originated by the 

dissolution of anhydrite, which was produced from 34S-poor sulfate derived from 

the oxidation of ascending H2S in the shallow groundwaters, both during the 

active stage of past volcanism. Sekisuiji 1 (No. 9) and Sekisuiji 2 (No.10) are 

mostly co-located, and their SO4
2- contents showed a high δ34S value of +13.6‰ 

deep underground (No. 10; 1500 m well depth) and a low δ34S value of –4.1‰ in 

the shallow layer (No. 9; natural spring). These results are in agreement with the 

aforementioned explanation. 

 

 

2.5  Summary 

Chemical and stable isotopic compositions of deep groundwaters near the 

Miocene Kofu granitic complex area surrounding the Kofu basin were analyzed in 

order to investigate the water–rock interactions and to determine the origin and 

sulfur isotopic characteristics of the trace amounts of SO4
2- ion. Three discernible 

conclusions can be drawn from the results: 

(1)  Groundwater samples from granitic rocks were classified as a Na–HCO3 type 

without exception, whereas water samples from the volcanic rocks area were 

classified as Na–HCO3, Na–SO4, Na–.SO4
.Cl.HCO3, and Ca–SO4 types. All of the 

water originated from meteoric water, and the average recharge altitudes of most 

samples were approximately the same or higher than the altitudes of the sampling 
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sites. 

(2)  The Na–HCO3 water from the granitic rocks area was likely formed by the 

weathering of plagioclase to smectite, cation exchange reaction of Na-smectite, 

and precipitation of calcite. SO4
2- ions found in this type were trace amounts 

derived from the oxidation of sulfide, and H+ released by this oxidation process 

was consumed through the interaction with plagioclase. Trace amounts of SO4
2- 

ions in the Na–HCO3 type reflect the δ34S values of granitic rocks and roof 

sedimentary rocks of the Shimanto group. All of the water samples from the 

ilmenite series area had negative values ranging from –15.1 to –4.1‰, whereas 

those from the magnetite series area had positive δ
34S values ranging from +1.7 to 

+8.0‰. 

(3)  Na–HCO3, Na–SO4, Na–SO4
.Cl.HCO3, and Ca–SO4 types from the volcanic 

rocks area to the north of Kofu basin were estimated to be controlled by the 

dissolution of anhydrite, weathering of plagioclase to smectite, cation exchange 

reaction of Na-smectite, and precipitation of calcite during the fluid flow and 

mixing process. These waters had a different concentration of SO4
2- ion, which 

included a wide range of δ34S values from –4.1 to +13.6‰. It was inferred that the 

34S-rich SO4
2- ions originated from the dissolution of anhydrite, which was 

produced from 34S-rich sulfate in sulfuric acid derived from the 

disproportionation of volcanic sulfur dioxide. The 34S-poor SO4
2- ions originated 

from the dissolution of anhydrite, which was produced from 34S-poor sulfate 

derived from the oxidation of ascending hydrogen sulfide in shallow groundwater 

during the active stage of past volcanism. 

In some cases, the sulfur isotope is used to determine the origin of aqueous 

sulfate ions. Such is the case for naturally derived aquifer materials and materials 

derived from anthropogenic pollution (e.g., Torssander et al., 2006; Sato et al., 

2008; Noseck et al., 2009; Shikazono, 2011); this is not limited to the granitic and 

volcanic rock areas (e.g., Muramatsu et al., 2010b and c). However, 

environmental background data for the δ
34S values of aqueous sulfate are still not 

abundant. In a present study, it was revealed that the dissolved sulfate ion in the 
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granitic and volcanic rock areas had a wide range of δ34S values depending on the 

formation process of the aquifer rock minerals. This result can be used as 

environmental background isotope data for the estimation of the origin of sulfate 

in water samples. 
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Chapter 3 
 

Formation mechanisms of deep groundwaters from the 
northern foothills of Mt. Fuji 

 

 

 

3.1  Introduction 

The northern foothills of Mt. Fuji is rich in groundwater storage, and some 

parts of its groundwater are not only known, such as lake-bottom springs of Fuji 

five lakes (Lake Motosu, L. Shoji, L. Sai, L.Kawaguchi, and L. Yamanaka) and 

spring-fed ponds at Oshino, but also are used for drinking and industrial 

(Uchiyama et al., 2014). Therefore, there have been many reports on the water 

quality, recharge and flow system, and residence time of relatively shallow 

groundwater (e.g., Kanno et al., 1986; Susuki and Taba, 1994; Kakiuchi, 1995; 

Sato et al., 1997; Yasuhara, 2003; Tsuchi, 2007; Yasuhara et al., 2007; Ogata et 

al., 2014). Since the mid-1990s, drilling thermal wells for hot spring bathing 

purpose was performed on a deep thermal aquifer at depths reaching 1,500m 

below the surface in the northern foothills of Mt. Fuji. However, as far as I am 

aware, there have not been any reports describing the origin of the water and 

formation mechanisms of the water quality.  

In this study, groundwater samples were collected from wells for hot spring 

bathing purpose and from natural springs at the northern foothills of Mt. Fuji and 

the adjacent Misaka and Tanzawa Mountains area and were subjected to major 

chemical and isotopic analysis of δD, δ18O, and δ34S in order to investigate the 

origin of deep groundwater and its formation mechanisms of water quality. 

 

 

3.2  Overview of geology  

A simplified geological map and sample locations are shown in Fig. 3-1a. 
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The study area is located in the central part of the Southern Fossa Magna 

(Matsuda, 1962). Tonoki-Aikawa Tectonic Line (TAL) is the boundary between 

the northern edge of Southern Fossa Magna and Shimanto accretionary sediments 

of the Kanto Mountains. The Southern Fossa Magna region is situated at the 

junction of the Honshu arc and the Izu-Ogasawara arc, and the bodies of the 

Misaka and Tanzawa Mountains, constituting the basement of Mt. Fuji, are 

considered to be the remnants of the Izu-Ogasawara arc accreted to the Honshu 

arc (e.g., Matsuda, 1982; Niitsuma and Akiba, 1985; Amano, 1986). These 

Fig. 3-1 (a) Simplified geological map and sample locations of the water samples 
(modified after Sakamoto et al., 1987; Ozaki et al., 2002; Matsuda, 2007; Geological 
Survey of Japan, AIST, 2012). Open and gray circles show hot springs and spring water, 
respectively. TAL, Tonoki-Aikawa Tectonic Line; KNF, Kannawa Fault; KTF, 
Katsuragawa Fault. (b) An idealized cross section of Mt. Fuji (North―South) with 
rough model of groundwater flow (simplified after Yasuhara, 2003; Tsuchi, 2007). 
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mountains consist largely of rocks of the Middle Miocene Misaka and Tanzawa 

groups and the Late Miocene to Pliocene Fujikawa Group, both of which were 

deposited primarily in the deep-sea environment (Nishimiya and Ueda, 1976; 

Matsuda, 2007). Because the Misaka and Tanzawa Groups are mostly 

contemporaneous, these two geological groups are shown by the same symbol in 

Fig. 3-1a, whereas in the text, the terms Misaka Group and Tanzawa Group are 

used for westward and eastward of the Katsuragawa Fault (KF), respectively. The 

Misaka and Tanzawa Groups have maximum thicknesses of about 10,000m and 

primarily consist of submarine basaltic andesitic volcanics and pyroclastics 

(Nishimiya and Ueda, 1976; Matsuda, 2007). The Fujikawa Group is mainly 

composed of clastic materials and andesitic volcaniclastic materials, and it 

reaches about 6,000m in thickness. These three geological groups have suffered 

regional metamorphism and hydrothermal alteration related to submarine 

volcanism and are known as the green tuff formation. The Misaka Group is 

considered impermeable by water (e.g., Kanno et al., 1986). 

Mt. Fuji (3,776m in altitude), the highest mountain in Japan, is a composite 

stratovolcano consisting of four volcanoes: Pre-Komitake, Komitake, Old Fuji, 

and Young Fuji, in order of decreasing age (e.g., Yoshimoto et al., 2004 and 2010; 

Nakada et al., 2007). The meteoric groundwater of Mt. Fuji is considered to flow 

mainly in the Young Fuji aquifer on the low permeable Old Fuji body, as shown in 

Fig. 3-1b (simplified after Yasuhara, 2003 and Tsuchi, 2007). 

 

 

3.3  Sampling and analytical procedures 

Nine groundwater samples were collected from deep hot spring wells drilled 

in the Misaka and Tanzawa Groups of the Misaka and Tanzawa Mountains and 

northern foothills of Mt. Fuji (Fig. 3-1a). Additionally, a spring water at the 

northern foothills of Mt. Fuji was collected for comparison with deep 

groundwaters. At the sampling site, drilling data such as well depth, temperature 

logging, and underground geology were also obtained by interviewing the owner 
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or facility manager.  

Temperature, electrical conductivity, pH, and alkalinity were measured at each 

sampling site, and the chemical components Na+, K+, Mg2+, Ca2+, Cl-, SO4
2-, Al 3+, 

total Fe, and SiO2 and the isotopic compositions of δD, δ18O, and δ34S were 

measured in the laboratory using the same procedures as described in Chapter 2. 

Additionally, NO3
- was measured using ion chromatography (SHIMADZU LC-VP), 

and Li+ was measured by atomic absorption spectrophotometry (SHIMADZU 

AA-6200). The concentration of boron was measured using the carmine method 

(HACH DR-2800). Activities of various ions and chemical equilibria for relevant 

minerals were calculated using the SOLVEQ computer programs (Reed, 1982). 

 

 

3.4  Results and discussion  

3.4.1  Analytical results 

The analytical results are listed in Table 3-1. The temperature of the samples 

was between 11.3 and 39.3 °C, and the pH was neutral to alkaline, ranging from 

7.1 to 10.0. The groundwaters were commonly rich in SO4
2- ions, classified as 

Ca·Na–SO4 (Nos. 1, 2, 7), Ca·Na–SO4·HCO3 (No. 3), Na·Ca–HCO3·SO4 (No. 4), 

Na·Ca–SO4·HCO3 ( No. 5), Ca·Na·Mg–SO4·Cl (No. 8), Na·Ca–SO4·Cl (No. 9), 

and Ca·Na–SO4·Cl (No. 10) types based on the trilinear diagram (Fig. 3-2). Spring 

water from the northern foothills of Mt. Fuji (No. 6) was classified as 

Ca·Mg–HCO3 type.  

The δD and δ18O values of groundwaters varied from –90.4 to –63.6‰ and to 

–12.7 to –9.93‰. The δ34S values of SO4
2- ions of the waters tended to be higher 

on the Misaka and Tanzawa Mountains side (up to +20.7‰), whereas they were 

lower on the foot of Mt. Fuji side (down to +8.2‰). 

 

3.4.2  Origin of deep fluids and their storage conditions 

The δD and δ18O values of the sample waters were well along the local and 

global meteoric water lines (LMWL and GMWL; Fig. 3-3a), indicating that 
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groundwaters are derived almost entirely from meteoric water. Since the altitude 

effect in δD and δ18O of precipitation has been recognized at the northern flank of 

Mt. Fuji  (Yasuhara et al., 2007), the δD and δ18O values of the sample waters 

should reflect their recharge altitudes. Relationship between recharge altitude and 

δ
18O values of the groundwater (recharge-water line) have been also investigated 

by Yasuhara et al. (2007); in reference to the report, average recharge altitudes of 

the groundwaters are roughly estimated at about 1700 to 3000m. Spring water is 

estimated at about 1200m. 

However, in spite of their meteoric origin, groundwaters had different 

concentrations of Cl- ion, up to 546 mg/L. Because the Cl- ion concentration in the 

precipitation around Mt. Fuji is low (0.27 - 1.32 mg/L; Hiyama et al., 1995), Cl- 

ion in groundwaters does not appear to originate from precipitation. Considering 

Fig. 3-2 Trilinear diagram for the water samples. 
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geological settings and well depths, the source of Cl- ions is likely related to the 

storage conditions of deep fluids. This is because green tuff generally contains 

seawater in its pore space (Sakai and Oki, 1978). Simplified geological columns 

of wells Akiyama and Kawaguchiko-3 (Nos. 3 and 10) are shown in Fig. 3-4. Well 

No. 3 reached the Tanzawa Group at deeper than 40m below the surface and is 

screened at depths from 1176 to 1488m. Well No. 10 reached the Misaka Group at 

deeper than 340m and is screened at depths of from 1108.5 to 1493.5m. Detailed 

geological data of the Narusawa well (No. 8) could not be obtained, but it is found 

that the volcanic products of Mt. Fuji, such as lava, scoria, andesite, and basalt 

are distributed from the surface to around 640m depth, and the Misaka Group is 

distributed below 640m depth. At other sampling sites, any geological and casing 

Fig.3-3 δD―δ18O (a) , B―Cl- (b), Na+
―Cl- (c) and δ18O―δ34S (d) 

diagrams for the water samples. GMWL, δD = 8·δ18O + 10; Craig (1961). 
LMWL, δD = 8·δ18O + 15.1; Yasuhara et al. (2007). 
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program information about the wells could not be collected. However, considering 

their well depths, as shown in Table 3-1, it is inferred that the green tuff formation 

of the Misaka and Tanzawa Groups is the reservoir of the groundwaters collected 

in this study.  

Reservoir host rock of the groundwaters can be estimated also using B/Cl- 

concentration ratio (Inuyama et al., 1999). According to Inuyama et al. (1999), 

Fig. 3-4 Stratigraphy, casing and screen location of two wells. (a) 
Akiyama (No. 3), (b) Kawaguchiko-3 (No. 10). 
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reservoir rock of groundwaters that have more than 50 mg/L of Cl- and B/Cl- ratio 

of 0.01 to 0.1 are classified as volcanic rocks. Fig. 3-3b is a plot of B against Cl- 

ion concentrations of the samples which have higher boron concentrations than 

the lower limit of quantitation. Among these, the waters that have more than 50 

mg/L of Cl- have B/Cl- ratios between 0.02 and 0.06. This result indicates that 

these waters had been stored in the volcanic rocks. This result is in harmony with 

Fig.3- 5 Temperature logging data from three wells after completion 
of drilling. Geothermal gradient was calculated by the following 
equation. G = (Tb - Ta ) / Depth (m) ×100, where G is the geothermal 
gradient, Tb is bottom hole temperature, and Ta is the mean annual 
temperature (10.6ºC) at the town of Fujikawaguchiko, from Japan 
Meteorological Agency (2014). 
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the result inferred by the drilling data that reservoir of the groundwaters is the 

green tuff formation. Considering reservoir characteristics, it can be deduced that 

the seawater trapped in the pores of basement green tuff formation composes part 

of the origin of deep fluids. But the seawater fraction is very small, less than 3%, 

based on the Cl- concentrations. 

The temperature–depth profile of wells Akiyama, Narusawa, and 

Kawaguchiko-3 (Nos. 3, 8 and 10) show a typical conduction-type gradient (Fig. 

3-5), indicating that the groundwaters were trapped in pore space; fluid upwelling 

from deep underground is not recognized. Geothermal gradients of those wells are 

all calculated at less than 3°C/100m (Fig. 3-5); these are within the range of 

geothermal gradients in non-volcanic regions of Japan. 

 

3.4.3  Formation mechanisms of groundwater quality 

As the relationship between Na+ and Cl- ion concentrations in the samples 

tend to be richer in Na+ than the seawater dilution line (Fig. 3-3c), formation 

mechanisms of the groundwaters cannot be explained by only the simple mixing 

process of meteoric water and seawater. Therefore, hereafter the origin of 

chemical components, after subtraction of the seawater-derived component 

amount, will be discussed. An evaluation of the extent of M component (such as 

Na+, Mg2+, Ca2+, HCO3
-, and SO4

2-) relative to a theoretical seawater 

encroachment can be obtained through calculation of ∆M indices: 

 

∆[M] = [M] – [M/Cl] sea × [Cl]     (3-1) 

 

where ∆[M] is the difference between the M concentration measured in sample 

waters (in meq/L) and that expected from calculation based on the M/Cl ratio of 

the modern seawater. 

 

 (1) Dissolution of anhydrite and/or gypsum 

Because the solubility of anhydrite and/or gypsum decreases with 
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temperature increase, anhydrite and/or gypsum is an important mineral in the 

green tuff region. Sample waters exhibited a strong correlation between ∆Ca2+ 

and∆SO4
2- (Fig. 3-6a), and are undersaturated to saturated with respect to 

anhydrite (Fig. 3-7a; a similar result is also obtained for gypsum). Considering 

these conditions, the maximum concentrations of Ca2+ and SO4
2- ions are mainly 

controlled by the solubility equilibrium of anhydrite and/or gypsum. The δ34S 

values of the SO4
2- ion of waters from the Misaka and Tanzawa Mountains (Nos. 

1-4) range from +16.9 to +20.7‰, confirming that sulfur in the SO4
2- ion derives 

from dissolution of anhydrite and/or gypsum from hydrothermal veins in the green 

tuff formation at the site because of its similar value to anhydrite from the 

Tanzawa Group (+20.0‰; Muramatsu et al, 2011).  

On the other hand, groundwaters from the foot of Mt. Fuji tend to have low 

Fig.3- 6 ∆Ca2+
―∆SO4

2- (a), ∆Na+
―∆HCO3

- (b), ∆Na+
―[ ∆HCO3

- + ΦHCO3
-]  

(c), and [∆Na+  + ∆Mg2+]―[ ∆HCO3
-+ΦHCO3

-]  (d) diagrams for the water 
samples. See the text for calculation of ∆ and Φ values. 
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δ
34S values, down to +8.2‰ at the sampling site of Narusawa (No. 8) groundwater. 

These δ34S values are not in accordance with δ
34S values of anhydrite from the 

Tanzawa Mountains. Fig. 3-3d is a δ
34S against δ18O diagram, showing a good 

correlation; this is, namely, indicating that in the waters recharged at higher 

altitude, the δ34S values tend to be lower. Considering this specific distribution of 

Fig. 3-7 pH versus saturation index for anhydrite (a), calcite (b) and 
Mg-smectite (c) diagrams for the water samples. 
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δ
34S values and geology, volcanic sulfur seems involved in the source of lower 

δ
34S values of SO4

2- ion. This is because the δ34S values of total sulfur (SO2 + H2S 

+ S2) in volcanic gas are generally lower than those of marine SO4
2- ion, ranging 

from +2.2 to +12.5‰ in the geothermal systems of Japan (Sakai and Matsubaya, 

1977). SO2 is a common constituent of volcanic gases (White and Waring, 1963), 

and adhered SO2 gas components on ash form anhydrite and/or gypsum through 

volatilization. Such gypsum has been well observed on the surface of lava at 

Sakurajima volcano, Kagoshima Prefecture of southwest Japan, and investigated 

by Kohno (2009). Occurrence of anhydrite and/or gypsum has been found also on 

the ash of Miyakejima volcano, which belongs to the same volcanic belt as Mt. 

Fuji volcano, and the δ34S values of SO4
2- ions obtained by leaching analysis of 

that ash were also reported as between +5 and +9.5‰ (Nakada and Geologic Party, 

Joint University Research Group, 2001). The δ
34S values of SO4

2- ion are very 

similar to those of Narusawa (No. 10) with +8.2‰, collected in this study. 

Although previous studies that report the existence of anhydrite and/or 

gypsum around Mt. Fuji is very rare, anhydrite and/or gypsum definitely exist 

around Mt. Fuji; Iwasaki (1939) reported an occurrence of gypsum at the 

northeast of the summit crater. In addition, Miyaji and Oguchi (2004) reported 

that the ash discharged from the Fuji volcano very likely contained the gypsum. 

Based on these arguments, the most probable reason for the low δ34S values of 

SO4
2- ion in the waters at the foot of Mt. Fuji is the dissolution of anhydrite and/or 

gypsum, which contain volcanic SO4. 

Recent research has been revealing the flow system in the Old Fuji volcanic 

body, which had been considered aquiclude. For example, Gmati et al. (2011) 

pointed out the existence of vertical leakages of groundwater from Young Fuji 

aquifer toward the Old Fuji volcanic body, which had been considered aquiclude. 

In this study, SO4
2- ions, the origin of which is considered volcanic anhydrite 

and/or gypsum occurring at the surface of the mountain foot, were detected in 

deep hot spring waters at the northern foothills of Mt. Fuji, perhaps indicating that 

the vertical leakage of meteoric water reached the deep basement of Mt. Fuji. 
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(2) Weathering of plagioclase and precipitation of calcite 

Altered minerals caused by hydrothermal activities, such as albitized 

plagioclase and calcite, commonly occur in the green tuff formation in Japan 

(Hattori and Sakai, 1980). Indeed, albitized plagioclase and calcite precipitations 

are recognized also in the green tuff formation of the Misaka and Tanzawa Groups 

in the study area (e.g., Seki et al., 1969; Shimazu et al., 1976). Fig. 3-8 is an 

activity diagram for a Na2O-Al 2O2-SiO2-H2O system. According to this, most 

sample waters are plotted in the stability field of Na-smectite. Therefore, the 

albitized plagioclase must have been weathered into Na-smectite by the following 

reaction: 

 

2.33NaAlSi3O8 + 2CO2 + 2H2O  

→ Na0.33Al 2.33Si3.67O10(OH)2 + 2Na+ + 2HCO3
- + 3.32SiO2  (3-2) 

 

As shown in equation (3-2), in the case that albite weathering is the major process 

Fig.3-8 Stability diagram of minerals in Na2O–Al2O2–SiO2–H2O system at 
298 K and 1 atmosphere. Thermodynamic data are from Tardy (1971). 
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to create water quality, concentrations of Na+ in the waters are expected to be 

same as those of HCO3
-. Such a water formation mechanism is also reported in 

other deep groundwaters (e.g., Muramatsu et al., 2014a and b). In this study, 

however, the relationship between concentrations of Na+ and HCO3
- in the waters 

shows obvious discrepancy, being relatively poor in HCO3
- (Fig. 3-6b). This 

discrepancy is considered to be due mostly to HCO3
- depletion by calcite 

precipitation because dissolution of anhydrite and/or gypsum provides Ca2+ to the 

waters. Groundwaters are in approximately saturated to supersaturated conditions 

with respect to calcite (Fig. 3-7b), strongly supporting the occurrence of calcite 

precipitation. In the study area, some groundwaters have slightly elevated pH, up 

to 10.0 due to albite weathering consuming protons. Under these pH conditions, 

calcite precipitation should have progressed as follows: 

 

Ca2+ + HCO3
- + OH- → CaCO3 + H2O     (3-3) 

 

Assuming the above mentioned three reactions, i.e., dissolution of anhydrite 

and/or gypsum, albite weathering, and subsequence calcite precipitation, the 

depleted amount of HCO3
- by calcite precipitation (ΦHCO3) can be defined as 

“ΦHCO3 = ∆SO4
2- – ∆Ca2+”. Na+ concentrations are in fairly good agreement with 

the total amount of ∆HCO3
-measured and ΦHCO3

- (Fig. 3-6c), strongly supporting 

the occurrence of albite weathering and subsequent calcite precipitation. 

 

(3) Cation exchange reaction 

Based on the aforementioned arguments, it is implied that the dissolution of 

anhydrite and/or gypsum, albite weathering, and precipitation of calcite are the 

main mechanisms to create the qualities of the deep fluids. However, most 

samples show excess in Na+ concentrations against [∆HCO3
- + ΦHCO3

-] (Fig. 

3-6c), and this excess is mostly counterbalanced by ∆Mg2+ (Fig. 3-6d). 

Considering the fact that Mg2+ ions from seawater move into the exchange 

positions of the minerals in preference to Ca2+ and Na+ ions (Carroll and Starkey, 
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1960), it  can be thought that Na+ concentration of the seawater trapped in the pores 

of the Misaka and Tanzawa Groups had been increased by the Mg2+ exchange 

reaction of Na-smectite. Hence, excessive Na+ concentration of groundwaters 

would be the result that reflected the characteristics of the altered seawater. Most 

groundwaters are saturated to supersaturated with respect to Mg-smectite (Fig. 

3-7c). Further, although a mineral species has not been identified, argillized zones 

have been recognized underground at Kawaguchiko-3, No. 10, which has marked 

excessive Na+ concentration, supporting this explanation (Fig. 3-4b).  

 

(4) Weathering of olivine 

On the other hand, in Narusawa groundwater and Oshino spring water (Nos. 8 

and 6), which have relatively high Mg2+ contents, ∆Mg2+ compensates for the 

shortage of ∆Na+ from the ∆Na+ : [∆HCO3
- + ΦHCO3

-] = 1 : 1 line (Fig. 3-6c and 

d). 

This indicates that the existence of the Mg2+ source is related to HCO3
- 

increase or Na+ exchange by Mg-smectite. But the latter cannot be assumed 

because of the high affinity of Mg2+ for smectite as mentioned above. Considering 

the sample locations, weathering of olivine appeared to be a possible source for 

the Mg2+ and HCO3
-. This is because the volcanic products including lava and 

volcanic ash of Mt. Fuji have high olivine content (e.g., Tsuya, 1962; Ohkura et 

al., 1993; Miyaji, et al, 1995); further, olivine has high weathering susceptibility 

in major igneous rock (Goldich, 1938). According to Stefánsson et al. (2001), 

Mg-olivine is less stable against weathering than Fe-rich olivine. Weathering of 

Mg-olivine progresses as follows: 

 

Mg2SiO4 + 4CO2 + 4H2O → 2Mg2+ + 4HCO3
- + Si(OH)4   (3-4) 

 

Mg2+ enrichment is apparently observable only in samples Nos. 6 and 8, but the 

weathering of olivine should have occurred commonly around the distribution 

areas of volcanic product of Mt. Fuji. 
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3.5  Summary 

Major chemical and stable isotopic compositions (δD, δ18O, δ34S) of the 

groundwaters from deep hot spring wells and from a natural spring in the northern 

foothills of Mt. Fuji and the adjacent Misaka and Tanzawa Mountains area were 

analyzed to investigate the origin and formation mechanisms. The following 

conclusions can be drawn from the results: 

(1)  The groundwaters were classified as Ca·Na–SO4, Ca·Na–SO4·HCO3, 

Na·Ca–HCO3·SO4, Na·Ca–SO4·HCO3, Ca·Na·Mg–SO4·Cl, Na·Ca–SO4·Cl, and 

Ca·Na–SO4·Cl types, whereas the spring water from the northern foothills of Mt. 

Fuji was classified as the Ca·Mg–HCO3 type. Sample waters originated through 

the mixing of meteoric water with very small amounts of seawater, which had 

been trapped in the pore space in the basement rock, so-called green tuff 

formation. The compositions of seawater fraction may had been chemically 

altered by the cation exchange reaction of smectite, having higher Na+ and lower 

Mg2+ than modern seawater. 

(2)  After subtracting the amounts of the seawater-derived component, the 

chemistry formation mechanism of the deep fluid can be explaimed by several 

water-rock interactions: the concentrations of Na+, Ca2+, SO4
2-, and HCO3

- ions 

were mainly controlled by the dissolution of gypsum and/or anhydrite, calcite 

precipitation, and the formation of Na-smectite by weathering of albitized 

plagioclase. Around the distribution areas of volcanic products of Mt. Fuji, the 

weathering process of olivine may also influence the concentrations of Mg2+ and 

HCO3
- ions. 

(3)  The δ34S values of SO4
2- ions of the waters were higher on the Misaka and 

Tanzawa Mountains side (up to +20.7‰) and lower on the foot of Mt. Fuji side 

(down to +8.2‰). The high δ34S values at Misaka and Tanzawa Mountains support 

the dissolution of anhydrite and/or gypsum in the green tuff formation, whereas 

low δ34S values at the foot of Mt. Fuji indicate involvement of volcanic anhydrite 

and/or gypsum. 
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Chapter 4 
 

Geochemical and isotopic characteristics of the 
groundwaters in the Setogawa group in         

western Yamanashi Prefecture 
 

 

 

4.1  Introduction 

In this chapter, groundwater from a well drilled for mineral spring bathing 

purpose and a natural spring water located in the Amehata area, located in the 

northern Setogawa Group in the western part of Yamanashi Prefecture, were 

collected and subjected to chemical and isotopic analyses of hydrogen, oxygen, 

and sulfur. A phyllitic rock sample was also taken from a natural spring site for 

microscopic observation to check for the presence of any disseminated minerals. 

Based on the analytical results, origin of the water and water-rock interactions, 

which determine the quality of the water were discussed. 

The study area has one of the highest amounts of rainfall in Japan (mean 

annual rainfall is more than 2,100 mm; Ministry of Land, Infrastructure and 

Transport Government of Japan (2014), and has been designated as one of several 

watershed conservation areas by the Yamanashi prefectural ordinance (Yamanashi 

Prefectural Government, 2012). Further, mineralogical and sulfur isotopic 

properties of Koei vein deposit in the Amehata have been reported by Shimizu et 

al. (1995). Thus, this area is considered a suitable site to discuss the relationships 

between water quality and geological characteristics without anthropogenic 

influence. The water supplies of this area, such as well and spring discharge, have 

been used for mineral spring bathing and other domestic purposes, but the origin 

of the water and their chemical components have not been described previously. 
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4.2  Overview of geology 

A simplified geological map and sample locations are shown in Fig. 4-1. The 

Setogawa Belt of the Shimanto Belt is an Early to Middle Miocene accretionary 

complex situated at the easternmost part of the Akaishi Mountains in Central 

Japan. It is bordered by the Itoigawa-Shizuoka Tectonic Line (ISTL) at its eastern 

end and the Sasayama Tectonic Line to the west (Sugiyama, 1995). The Belt is 

Figure 4-1. Simplified geological map and sample locations of water samples in the 
northern Setogawa Group in the western Yamanashi Prefecture (modified after 
Sugiyama, 1995; Ozaki et al., 2002). 
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comprised of three Groups (the Setogawa, Oigawa, and Ryuso Groups, from west 

to east), which are separated by the Fujishiro and Jumaiyama Faults branching 

from the ISTL (Sugiyama, 1995). The Setogawa Group forms a major part of the 

Setogawa Belt, which is mainly composed of slaty to phyllitic shale and sandstone 

(Sugiyama, 1995; Yagi et al., 1996; Ozaki et al., 2002). The Oigawa Group is 

mainly composed of shale and interbedded sandstone and shale. Furthermore, the 

Ryuso Group is mainly composed of rhyolite volcanic rock and lava (Sugiyama, 

1995; Ozaki et al., 2002). Several ore deposits are recognized in the Setogawa 

group (Shimizu et al., 1995; Sugiyama 1995; Yakushi and Enjoji, 2004). 

 

 

4.3  Sampling and analytical procedures 

Two water samples were taken from a well drilled for mineral spring source 

and a natural spring in the Amehata area, northern Setogawa Group in the western 

Yamanashi Prefecture (Fig. 4-1). Additionally, phyllitic rock samples were 

collected from the natural spring site. Well depth and chemical analysis data for 

the Amehata mineral spring source were obtained by interviewing the facility 

manager. 

Temperature, electrical conductivity, pH, and alkalinity were measured at 

each sampling site, and the chemical components Na+, K+, Mg2+, Ca2+, Cl-, NO3
-, 

SO4
2-, total Fe, and SiO2 ,B and the isotopic compositions of δD, δ18O, and δ34S 

were measured in the laboratory using the same procedures as described in 

Chapter 2 and 3. The amount of free CO2 was calculated based on the alkalinity 

and pH values. Rock samples were observed using a digital microscope 

(KEYENCE VHX-2000) after polishing. 

 

 

4.4  Results and discussion 

4.4.1  Chemical and isotopic compositions of the water samples 

The analytical results of groundwater and natural spring waters are listed in 
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Table 4-1. The extremely low concentration of NO3
- in water samples, which is 

one measure used in the water pollution index, suggests that there are little or no 

anthropogenic effects. Natural spring water showed slightly alkaline pH and ionic 

dominance patterns of Ca2+ > Na+ > Mg2+ and HCO3
- > SO4

2- > Cl-. The 

groundwater gave off a pervasive hydrogen sulfide odor, and the chemical 

contents were 10 times thicker than those of natural spring water, but it had 

approximately the same ionic dominance as the natural spring, i.e., Ca2+ > Mg2+ > 

Na+ and HCO3
- > SO4

2- > Cl-. 

Hot spring analysis certificate (Yamanashi Prefecture Food Hygiene 

Association, 2009) show slightly higher concentration of major cation and anions 

such as, Na+, K+, Ca2+, Mg2+, Fe2+· 3+, Cl-, HCO3
-, and SO4

2- ions, than these of 

groundwater sampled in this study, but show the same ionic dominance pattern. As 

shown in Table 4-1, all these analytical data, including data in this study and the 

hot spring analysis certificate (Yamanashi Prefecture Food Hygiene Association, 

2009), show slightly higher concentrations of boron in the water samples (0.1 to 

0.7 mg/L as B) than that of rain and river water of central Honshu (0.009 ppm and 

0.042 ppm as B, respectively; Utsumi and Isozaki, 1967). This boron content 

indicates that the quality of water samples is influenced by the interactions 

between water and sedimentary rock of the sampling site because the boron 

content is generally high in sedimentary rock (Ishikawa and Nakamura, 1989). 

Yazaki et al. (1981) have pointed out that the groundwater in this area tends to 

have ionic dominance of Na+ > Ca2+ and Cl- > HCO3
- with a slightly alkaline pH. 

However, these water quality characteristics were virtually focused on an 

investigation of waters associated with natural gas. Therefore, relationship 

between water chemistry and sedimentary rock of the Amehata area has not been 

clearly identified. Regarding the sample waters in the present work, water quality 

is similar to general water qualities of shallow groundwater (Ca–HCO3 type) 

rather than the features determined by Yazaki et al. (1981). 

The δ34S values of the dissolved SO4
2- in the samples were very negative. 

This may be one of the features, which found in the water samples from Setogawa 
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Group of Amehata area. 

 

 

4.4.2  Origin of the water and formation mechanisms of the water quality 

The δD and δ18O values of the water samples suggested that the waters were 

meteoric in origin because the δ values of the water samples (Table 4-1) were 

similar to the annual mean values of the spring waters in the Kofu basin, which 

are meteoric in origin (δD=–66‰, δ18O=–9.7‰; Nakamura et al., 2007). 

In general, the water quality of the groundwater derived from meteoric water 

is controlled by several water-rock interaction processes, such as the dissolution 

and precipitation of calcite, plagioclase weathering, and ion-exchange reactions of 

clay minerals. This is especially true at shallow layer levels where a dissolution of 

calcite as shown in the reaction (4-1) is the most dominant factor affecting the 

chemical properties of groundwater because the calcite dissolution rate is 

exceedingly faster than that of plagioclase (Rimstidt, 1997). 

 

CaCO3 + CO2 + H2O   →   Ca2+ + 2HCO3
-              (4-1) 

 

In the Setogawa Group, calcareous rocks, which contain several species of fossils, 

such as foraminiferal, nanno and molluscan fossils, have been occasionally 

recognized (e.g., Honjo and Minoura, 1968; Iwasaki and Ono, 1977; Ibaraki 1983, 

1984; Sugiyama, 1995). Thus the calcareous content of the rocks seems to be the 

source of the Ca2+ and HCO3
- in the water samples. However, the average 

concentrations of the Ca2+ and HCO3
- in the natural waters (including spring water, 

groundwater, and river water) from every region of Japan are 14.7 mg/L and 50.7 

mg/L, respectively (Yabusaki and Shimano, 2009). Based on this, the Ca2+/ HCO3
- 

meq ratio is calculated at 0.88. Conversely, the Ca2+/ HCO3
- ratio of the water 

sampled in the present study is slightly high, reaching 1.17 for groundwater and 

1.01 for natural spring water. 

Next, the origin of the SO4
2- in the water samples was discussed. According 
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to Shimizu et al. (1995), the Koei vein deposit (Fig. 4-1) in the Amehata area 

consists of an abundance of sulfide minerals, such as pyrite, pyrrhotite, 

chalcopyrite, and sphalerite. Furthermore, those sulfides have very negative δ34S 

values at –14.6‰. Those δ34S values are remarkably similar to the values of the 

SO4
2- in the water samples (–14.4‰ for groundwater; –13.7‰ for natural spring), 

suggesting that the origin of the SO4
2- was from an oxidation of the sulfide 

minerals. As a result of this microscopic observation of the phyllitic rock sample 

collected from the natural spring site, a finely-disseminated pyrite was recognized 

and the oxidation of it was seen to progress to the inside (Fig. 4-2). Therefore, the 

SO4
2- in the water samples were derived from the oxidation of pyrite at the 

Figure 4-2. Micrographs of finely-disseminated and oxidized pyrite in the polished rock 
sample. Cube type; (A) stereo microphotograph, (A´) reflected light microphotograph. 
Veinlet type; (B) stereo microphotograph, (B´) reflected light microphotograph. 
Oxidation of the pyrite progressed to the inside. 
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oxygen-rich conditions close to the surface by the following reaction (Appelo and 

Postma, 2005): 

 

FeS2 + 15/4O2 + 7/2H2O    →    Fe(OH)3 + 2SO4
2- + 4H+     (4-2) 

 

According to hot spring analysis certificate (Yamanashi Prefecture Food Hygiene 

Association, 2009), the groundwater contains dissolved S2O3
2-, HS- and H2S as 

specific chemical components of the Japanese Hot Spring Law. Because the slaty 

rock around Amehata area is rich in organic matter (Yazaki et al., 1981), it can be 

considered that H2S was produced via sulfate-reducing bacteria in the anaerobic 

underground environment. This is due to the fact that the decomposition of 

organic matter can lead to anaerobic conditions in groundwater.  

The S2O3
2- is possibly an intermediate product of the reoxidation process of H2S 

to SO4
2-. 

While pyrite oxidation progressed at the oxygen-rich surface layer, water 

samples were not acidified. Since water samples contained free CO2 (Table 4-1), 

H+ derived from pyrite oxidation was consumed through the dissolution of 

calcareous material with the following reaction: 

 

CaCO3 + 2H+     →    Ca2+ + CO2 + H2O             (4-3) 

 

We also considered that the reason for a high Ca2+/HCO3
- ratio in the water 

samples was due mostly to some dissolution of calcareous material progressing 

without a HCO3
- release, as shown in the reaction (4-3). 

In this study, chemical and isotopic characteristics of groundwater and spring 

waters of Amehata, a watershed conservation area of Yamanashi Prefecture, were 

interpreted based on geological attributes. To protect and sustainably use hot 

springs in Yamanashi Prefecture, further geological and isotopic investigations 

should be extensively conducted. 
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4.5  Summary 

Water samples from a well drilled for mineral spring bathing purpose and 

natural spring water in the Amehata area of northern Setogawa Group in the 

western Yamanashi Prefecture, as well as a rock samples taken from the natural 

spring site were investigated in order to determine the origin of the water and 

chemical reactions, which determine the quality of the water. A couple of 

discernible conclusions below can be drawn from the results: 

(1)  The ionic dominance pattern observed in the water samples were Ca2+ > Na+ 

> Mg2+ and HCO3
- > SO4

2- > Cl- for natural spring, and Ca2+ > Mg2+ > Na+ and 

HCO3
- > SO4

2- > Cl- for groundwater, respectively. Based on the isotopic 

characteristics of δD and δ18O, sample waters were shown to be meteoric in 

origin. 

(2)  The Ca2+ and HCO3
- in these water were derived from the dissolution of 

calcareous material in the Setogawa Group. The SO4
2- that has very negative 

values of δ34S was thought to be derived from the oxidation of pyrite at the 

aerobic surface layer. The hydrogen sulfide odor of the groundwater might be 

resulted from SO4
2- reduction to H2S by sulfate-reducing bacteria in the anaerobic 

underground. H+ derived from the pyrite oxidation was then neutralized through 

dissolution of calcareous materials.  
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Chapter 5 
 

The origins and geochemical features of deep 
groundwaters from the western part of the  

Southern Fossa Magna Region and  
the adjacent western area 

 

 

 

5.1  Introduction 

For this chapter, groundwater samples were collected from 19 wells drilled 

for the purpose of hot spring bathing in the area from Kofu basin to the western 

adjacent Itoigawa-Shizuoka Tectonic Line and the Median Tectonic Line area of 

central Japan. The samples were subjected to major chemical and isotopic analysis 

of δD, δ18O, and δ34S. Based on the analytical results, the origins and geochemical 

features of the deep groundwaters are discussed. 

Today, many hot spring sources have been developed by deep drilling within 

the study area. As a result, there are hot spring waters with various characteristics, 

including Na–Cl, Na–Cl·HCO3, and Na·Ca–Cl·SO4 types have been reported (e.g., 

Aikawa et al., 1989; Yaita et al., 1991; Tsukamoto et al., 1994; Aikawa 1995), but 

their formation mechanisms have not been clarified thoroughly. Deep hot spring 

development that precedes the understanding of hot spring formation mechanisms 

has been considered a problem from the viewpoint of the protection of the 

environment and resources; actual concrete problems, such as well interference, 

water level depletion, and water quality changes, have occurred in the study area 

(e.g., Akiyama, 1961; Aikawa et al., 1982; Tsukamoto et al., 1991; Nishimura, 

2006; Nishimura and Jyomori, 2012).  
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5.2  Overview of Geology 

A simplified geological map with the water sampling locations is shown in 

Figure 5-1. The study area is situated at the triple junction of the Eurasian, Pacific, 

Fig. 5-1 Simplified geological map and sampling locations of water (simplified 
after Ozaki et al., 2002 and Geological Survey of Japan, AIST ed., 2012). MTL, 
Median Tectonic Line; ISTL, Itoigawa-Shizuoka Tectonic Line. Quaternary 
volcanoes: Me, Meshimoriyama; Ky, Kayagatake; Kf, Kurofuji; Mi, Mizugamori. 
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and Philippine Sea plates. The Median Tectonic Line (MTL), the most significant 

fault in Japan, is offset by the Itoigawa-Shizuoka Tectonic Line (ISTL) bounding 

the western margin of the Fossa Magna region (Takagi 1986). The MTL 

constitutes a boundary between the low-pressure/high-temperature Ryoke and the 

high-pressure/low-temperature Sanbagawa metamorphic belts. The Ryoke 

metamorphic belt is composed mainly of Ryoke metamorphic rock and intruded 

granitic rocks. The Ryoke metamorphic rock was originally derived mainly from a 

Jurassic accretionary complex (Ozaki et al., 2002). In contrast, the Sambagawa 

metamorphic belt consists of crystalline schists, whose protolith was the last 

Jurassic accretionary complex, and Mikabu green rocks, which are derived mainly 

from submarine, basaltic, volcanic rocks (including pillow lavas and 

hyaloclastites) with ultramafic rocks and gabbros (Ozaki et al., 2002). The weakly 

or non-metamorphosed Jurassic Chichibu and the Cretaceous Shimanto 

accretionary complexes are distributed to the south of the Sambagawa belt. The 

Middle Miocene Misaka and the Late Miocene to Pliocene Fujikawa Group, both 

of which were deposited primarily in a deep-sea environment (Nishimiya and 

Ueda, 1976; Matsuda, 2007), are distributed to the east of the ISTL. These two 

geological groups, collectively known as the green tuff formation, have undergone 

regional metamorphism and hydrothermal alteration related to submarine 

volcanism. The Shimanto complex is intruded by Neogene granitoids at the 

northern end of the Akaishi Mountains and at the north of the Kofu Basin. The late 

Miocene to Quaternary volcanics is widely distributed at the North and Northwest 

of the Kofu basin, and several Quaternary volcanoes are located in this area. 

According to Kunitomo and Furumoto (1995), the basement of the Kofu basin tilts 

southwestward, and the basement rock of the green tuff formation was recognized 

at depths below 1,002 m in the western Kofu basin. 

 

 

5.3  Sampling and analytical procedures 

Groundwater samples were collected from nineteen wells, which were drilled 
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for the purpose of hot spring bathing, in the area from the Kofu basin to the 

western adjacent ISTL and MTL areas in central Japan. At each sampling site, the 

well depth was also obtained by interviewing the owner or facility manager.  

Temperature, electrical conductivity, pH, and alkalinity were measured at 

each sampling site, and the chemical components Li+, Na+, K+, Mg2+, Ca2+, Cl-, 

SO4
2-, Al 3+, total Fe, and SiO2, B and the isotopic compositions of δD, δ18O, and 

δ
34S were measured in the laboratory using the same procedures as described in 

Chapter 2 and 3. The activities of various ions and the chemical equilibria for 

relevant minerals were calculated using the SOLVEQ computer programs (Reed, 

1982) as in Chapter 3. 

Fig.5-2 Trilinear diagram for water samples. 
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5.4  Results and discussion 

5.4.1  Analytical results 

The analytical results are listed in Table 5-1. The temperature of the water 

samples was between 14.1 and 48.8°C, and the pH was between 6.4 and 9.4. The 

water samples were mainly classified as Na–Cl (Nos. 1–6 and 16), Na–Cl·HCO3 

(Nos. 8–10, 14, 17, and 19), Na–HCO3 ·Cl (Nos. 7 and 18), Na·Ca–Cl (No. 11), 

Ca·Na–Cl (No. 15), Na·Ca–Cl·SO4 (No. 12), and Na–Cl·HCO3·SO4 (No. 13) types, 

based on a trilinear diagram (Fig. 5-2). The Cl- concentration of the water samples 

was up to more than that of modern seawater, and the relationship between Na+ 

and Cl- concentrations in the water samples was well along the seawater dilution 

line (Fig. 5-3a). In the δD and δ18O diagram, most samples plotted close to the 

global meteoric water line (GMWL), but the Na–Cl type water, with high salinity 

(e.g., Nos. 1–6; Cl- >100meq/L), clearly departed from the GMWL (Fig. 5-3b), 

and its extended direction indicates a so-called “Arima-type deep thermal water” 

(e.g., Matsubaya, 2009) region instead of modern seawater composition 

(V-SMOW). Such saline water was distributed near the MTL and ISTL. 

 

 

Fig.5-3  Na+
―Cl- (a), δD―δ18O (b) diagrams for water samples. GMWL, δD = 8·δ18O 

+ 10; Craig (1961) 
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5.4.2  Source fluids of deep groundwaters and their geochemical properties 

(1) Kofu basin and green tuff region 

The relationships between δD and δ18O in the water samples from the Kofu 

basin and its adjacent green tuff region (Nos. 11–19) imply a meteoric origin, but 

they have different concentrations of Cl-, up to 3190 mg/L (Table 5-1). The B/Cl 

ratios of the water, which can be used to estimate the reservoir rock of the thermal 

waters (e.g., Inuyama et al., 1999), were distributed from the region of thermal 

waters of seawater and fossil seawater origins (B/Cl <0.01) to the region for 

thermal waters of meteoric water origins stored in volcanic rocks (0.1< B/Cl 

<0.01), as shown in Figure 5-4. Based on these chemical and isotopic properties, 

the groundwaters in this area (Nos. 11–19) are considered to originate from the 

mixing of meteoric water with fossil seawater that had been trapped in the pore 

spaces of the green tuff formation. 

According to Sakai and Oki (1978), seawater causes a Ca2+ increase, but a 

Mg2+ depletion, when seawater reacts with high-temperature volcanic materials 

because calcium in the volcanic materials is replaced with seawater Mg2+. 

Fig.5-4 B-Cl diagrams for water samples. 
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Ca-silicate + Mg2+ → Mg-silicate + Ca2+                   (5-1) 

 

Groundwater samples No. 11–19 had higher Ca2+/Cl- meq ratios (0.069 to 0.698) 

than seawater has (0.037), whereas they had a lower ratio of Mg2+/Cl- meq (0.00 

to 0.17) than seawater (0.21). Furthermore, an evaluation of the occurrence of 

Ca2+ and Mg2+ exchange relative to a theoretical seawater encroachment, can be 

obtained through calculation of the ∆Ca2+ and ∆Mg2+ indices, where the ∆ value is 

the difference between the measured Ca2+ and Mg2+ concentrations in sample 

waters, (in meq/L) that expected from calculations based on the Ca2+ (and 

Mg2+)/Cl- ratio of theoretical seawater (see Chapter 3 sect. 3.4.3). As shown in 

Figure 5-5, the relationships between ∆Ca2+ and ∆Mg2+ in water samples Nos. 

11–19 exhibit a good negative correlation. This correlation confirms the 

occurrence of Ca2+–Mg2+ exchange reactions during seawater reaction with 

high-temperature volcanic materials. 

In general, SO4
2- is removed from seawater under high temperature due to the 

occurrence of anhydrite precipitation (e.g., Sakai and Oki, 1978). This is because 

Fig. 5-5 ∆Ca2+
―∆Mg2+ diagrams for water samples; see the text for 

calculation of ∆ indices. 
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the solubility of anhydrite decreases as temperature increases. Nevertheless, most 

of samples No. 11–19 contained different concentrations of SO4
2- (up to 1,030 

mg/L). As shown in Figure 5-6, the water samples were undersaturated with 

respect to anhydrite, indicating that the SO4
2- in these groundwaters originated 

from anhydrite dissolution during the flow and mixing process of fossil seawater, 

and from meteoric origin. The δ34S values of Nos. 11–16 ranged from +19.0 to 

+31.6‰ (Table 5-1), within the range for hydrothermal waters in the green tuff 

regions of Japan (+15 to +33‰; Sakai and Matsubaya, 1974), and strongly 

supporting that this SO4
2- was derived from anhydrite dissolution. 

Additionally, as many hot springs containing H2S have been recognized in 

this region (e.g., Akiyama, 1964; Aikawa et al., 1989, Meikyo Co. Ltd., 2005), 

SO4
2- consumption by sulfate-reducing bacteria may underlie the higher δ34S 

values of SO4
2- in the groundwater samples (up to +31.6‰) compared with 

modern seawater. 

 

 

Fig.5-6 pH versus saturation index for anhydrite 
diagrams for water samples. 
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(2) Tectonic zones (MTL and ISTL) and area near the Quaternary volcanoes 

north of the Kofu basin 

In the discussion above, it was revealed that fossil seawater has been trapped 

in the green tuff formation, and it constitutes part of the deep groundwaters. Next, 

groundwaters near the MTL (Nos. 1–4), ISTL (Nos. 5, 6, and 10), the Quaternary 

volcanoes north of the Kofu basin (Nos. 7 and 8), and the margins of the intrusive 

granitoid (No. 9) are addressed. These water samples have higher Ca2+/Cl- ratios 

and lower Mg2+/Cl- ratios than those of modern seawater, with one minor 

exception (No. 10 has a lower Ca2+/Cl- ratio than that of modern seawater); no 

clear distinction could be found between these waters and the waters suspected to 

contain fossil seawater in the green tuff formation (Nos.11–19). Likewise, as 

shown in Figure 5-4, no clear distinction could be found in the distribution of 

B/Cl- ratios. These conditions imply that fossil seawater composes part of the 

water in samples No. 1–10. 

On the other hand, Nos. 1–10 show a major distinction from the fossil 

seawater of Nos. 11–19 in that they contain remarkably higher concentrations of 

Li +. In general, the Li+ concentration in seawater is very low (0.17 mg/L; Mason 

and Moore, 1982), but it is also known that some kinds of pore fluids from 

deep-sea cores have higher Li+ concentrations than seawater has. For example, 

Aloisi et al. (2004), who investigated the pore fluids of a mud volcano in the 

Black Sea, reported extreme enrichment of Li+ in the pore fluids (up to 24 times 

higher than bottom waters), and they considered that this was due to concentrated 

Li +, caused by low-temperature alteration that released silicate into pore fluids 

through desorption during burial processes. Additionally, it is also known that the 

amount of Li+ leaching from sediment increases drastically with temperature, and 

once Li+ reaches fluids, it remains in them even when the temperature decreases 

(Takamatsu et al., 1983; You et al., 1996; James et al., 2003). Based on these 

previous studies, it can be deduced that the fossil seawater, which was developed 

in low temperature, altered oceanic crust and marine sediments and afterward 

experienced high temperatures (referred to as “suspected fossil seawater”) and 
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that this is the source fluid of the groundwaters in Nos. 1–10. In previous studies, 

Takamatsu et al. (1986), who investigated non-volcanic Japanese saline spring 

waters and discussed the relationship between the Li + content and the genesis of 

those saline waters, deduced that the Kashio brine water is from an older fossil 

seawater that had strongly interacted with rocks containing high levels of  

lithium; our interpretation supports their inference. However, the processes of the 

increase in salinity concentration and anomalous shift in δD and δ18O ratios with 

respect to modern seawater, are still not clear. 

Today, many saline hot springs that have anomalous δD and δ18O ratios 

compared with modern seawater have been reported, mainly in southwestern Japan, 

such as the water found near the MTL and ISTL in this study, and their origin is 

being vigorously discussed. Squeezed pore fluid from marine sediments (fossil 

seawater), dehydrated inter-layer fluid from clay minerals, and dehydrated 

metamorphic fluid from hydrous minerals are all considered to be involved in the 

source fluids of such hot spring waters (e.g., Nishimura, 2000 a and b; Amita et 

al., 2005; Nishimura et al., 2006; Ohsawa et al., 2010; Muramatsu et al., 2014c; 

Amita et al., 2014; Kazahaya et al., 2014). These fluids are considered to be 

dehydrated at different stages of the subduction process of the oceanic crust 

(Amita et al. 2014). Kazahaya et al. (2014), who examined the chemical features 

of deep groundwaters in the southwestern Japanese arc, concluded that the Li/Cl 

ratio is a good tool for detecting slab-related fluid in groundwaters, and suggested 

a ratio of higher than 0.001 as an indicator of slab-related fluid. Kazahaya et al. 

(2014) also pointed out that deep-seated slab-related fluid upwells are found along 

faults and tectonic lines, and close to Quaternary volcanoes. 

In consideration of these recent studies, the saline hot springs along the ISTL 

should be investigated intensively, and stable isotopic analyses of chlorine and 

lithium (δ37Cl and δ7Li) should be carried out to clarify their origin and increased 

salinity. 

Additionally, notwithstanding sulfate depletion due to bacterial sulfate 

reduction and anhydrite precipitation, sample No. 9 (the Masutomi hot spring in 
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Sutama), situated on the margin of intrusive granitoid, contains SO4
2- of 

substantial amount (278 mg/L), with a δ
34S of +14.2‰. According to Yaguchi et al. 

(2014a), hot spring water containing SO4
2- with a δ34S of +13.6 ‰ was reported at 

the South margin of the intrusive granitoid, and the origin of the SO4
2- is 

considered to be from anhydrite as a hydrothermal mineral formed during past 

volcanism. This δ34S value is very similar to that of No. 9. Considering its 

geological setting, the origin of the SO4
2- in No.9 is probably the same as that 

reported by Yaguchi et al. (2014a). The Masutomi hot spring has also been 

investigated by Sasaki et al. (2009b), and they pointed out the dissolution of 

gypsum as one of the possible sources of SO4
2- in the hot spring water. Our results 

are concordant with their inference. 

 

 

5.5  Summary 

Groundwater samples collected from 19 wells from the Kofu basin to the 

adjacent Itoigawa-Shizuoka Tectonic Line (ISTL) and Median Tectonic Line 

(MTL) area in central Japan, drilled for the purpose of hot spring bathing were 

analyzed to investigate their origin and geochemical features. The following 

conclusions can be drawn from the results: 

(1)  There are two different groundwater sources, apart from meteoric water: 

fossil seawater, which has been proposed to have developed in the pore spaces of 

the green tuff formation; and suspected fossil seawater, which is considered to 

have developed in low-temperature-altered oceanic crust and marine sediments.  

(2)  The increased Ca2+ and decreased Mg2+ relative to modern seawater, are 

common characteristics of the two suspected fossil seawaters, but an obviously 

high concentration of Li+ is the only characteristic of the latter suspected fossil 

seawater. Groundwaters that have high Li+ concentration were found near the 

MTL, ISTL, and Quaternary volcanoes. 
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Chapter 6 
 

General Discussion 
 

 

 

The major chemical and isotopic compositions of hydrogen, oxygen and 

sulfur (δD, δ18O, δ34S) of groundwater samples from the Southern Fossa Magna 

region and its adjacent area in central Japan were determined as a basis for 

discussing the origin of the deep groundwater and the water–rock interactions that 

control water qualities. Water samples were collected mainly from deep hot spring 

wells drilled in granitic, volcanic, and sedimentary rock areas; additionally, 

waters were collected from the Kofu basin, where quaternary sediment is 

deposited on basement volcanic rock, and very saline water was collected near the 

Itoigawa-Shizuoka and Median Tectonic Lines (ISTL and MTL, respectively). 

Assessments were carried out separately based on the geological settings: (1) 

granitic; (2) volcanic; and (3) sedimentary rock areas; and (4) the area from Kofu 

basin to the ISTL and MTL area, and they were reported in Chapters 2–5, 

respectively. The results obtained through investigations in each chapter are 

summarized below. 

 

In Chapter 2, groundwater samples collected mainly from deep wells drilled 

for the purpose of hot spring bathing and also from natural discharges around the 

Miocene Kofu granitic complex surrounding the Kofu basin were analyzed. 

All water samples from the granitic rocks were classified as Na–HCO3
- type, 

whereas water samples from the volcanic rocks were classified as Na–HCO3
-, 

Na–SO4, Na–SO4
.Cl.HCO3

-, and Ca–SO4 types. The water in the samples 

originated from meteoric water, and the average recharge altitude of the samples 

ranged from 947 m to 1,397 m, based on the altitude effect of δ18O. The 

Na–HCO3
- type waters from the granitic rocks were likely formed by the 
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montmorillonization of plagioclase, a cation exchange reaction of Na–smectite 

and calcite precipitation. Trace amounts of the SO4
2- ion in this type of water were 

derived from the oxidation of sulfides such as from pyrite in granitic rocks or the 

roof sedimentary rocks of the Shimanto group, where H+ caused by sulfide 

oxidation was consumed in the process of plagioclase weathering. The SO4
2- ion 

content in the Na–HCO3
- type water from the granitic rocks reflected the δ

34S 

values of the granitic and sedimentary rocks of the Shimanto group. Water 

samples from the ilmenite series area had negative values ranging from –15.1 to 

–4.6‰, whereas waters from the magnetite series area had positive δ34S values 

ranging from +1.7 to +8.0‰. 

The water qualities of the Na–HCO3
-, Na–SO4, Na–SO4

.Cl.HCO3
-, and 

Ca–SO4 types from the volcanic rock area were estimated to be controlled by 

anhydrite dissolution, plagioclase weathering, cation exchange reactions of 

Na–smectite, and precipitation of calcite during the fluid flow and mixing process. 

Different concentrations of SO4
2- ions determined for these waters have a wide 

range of δ34S values, ranging from –4.1 to +13.6‰, likely due to the dissolution of 

34S-rich and 34S-poor anhydrite. The 34S-rich SO4
2- ions were interpreted to be 

derived from the sulfate in sulfuric acid, which arose from the disproportionation 

reaction of volcanic sulfur dioxide, whereas the 34S-poor SO4
2- ions were derived 

from the oxidation of ascending hydrogen sulfide in shallow groundwaters during 

an active stage of past volcanism. 

 

In Chapter 3, groundwater samples from deep hot spring wells and spring 

water samples from the northern foothills of Mt. Fuji and the adjacent Misaka and 

Tanzawa Mountains area were analyzed. 

The water in the samples originated from the mixing of meteoric water with 

very small amounts of altered seawater that had been trapped in the pore spaces in 

the basement rock, the so-called green tuff formation. After subtraction of the 

seawater-derived components, the concentrations of the major components of the 

water samples, i.e., Na+, Ca2+, SO4
2-, and HCO3

- ions, were mainly controlled by 
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the dissolution of gypsum and/or anhydrite, calcite precipitation, and the 

formation of Na-smectite by weathering of albitized plagioclase. Around the 

distribution area of volcanic products from Mt. Fuji, the weathering process of 

olivine may also influence the concentrations of Mg2+ and HCO3
- ions. The δ34S 

values of SO4
2- ions of groundwaters were higher on the Misaka and Tanzawa 

mountainsides (as high as +20.7‰) and lower at the foot of Mt. Fuji (as low as 

+8.2‰), indicating the presence of different SO4
2- ion sources; the former SO4

2- 

ions with high δ34S values are derived from marine anhydrite and/or gypsum, 

whereas the latter SO4
2- ions with low δ34S values are derived from volcanic 

anhydrite and/or gypsum. 

 

In Chapter 4, groundwater from a well located in the Amehata area of the 

northern Setogawa Group in the western Yamanashi Prefecture, which was drilled 

for the purposes of mineral spring bathing and natural spring water, was 

investigated, along with disseminated minerals from a rock sample from the 

natural spring site. 

The sampled waters were meteoric in origin, and the ionic dominance pattern 

observed was Ca2+ > Na+ > Mg2+ and HCO3
- > SO4

2- > Cl- for the natural spring, 

and Ca2+ > Mg2+ > Na+ and HCO3
- > SO4

2- > Cl- for the groundwater. The primary 

dominant ionic contents of Ca2+ and HCO3
- were derived from the dissolution of 

calcareous material, and the SO4
2- was derived from pyrite oxidation in the 

aerobic surface layer. The SO4
2- reflected the very negative δ34S values of the 

sulfides in the Setogawa Group, and may have been reduced to H2S by 

sulfate-reducing bacteria in the anaerobic underground conditions. H+ released by 

pyrite oxidation triggered this dissolution of calcareous material, and was 

neutralized through the reaction. 

 

In Chapter 5, groundwater samples collected from 19 wells drilled for the 

purpose of hot spring bathing from the Kofu basin to the adjacent western 

Itoigawa-Shizuoka Tectonic Line (ISTL) and Median Tectonic Line (MTL) area 
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were analyzed. 

The results implied that there are two different groundwater sources in 

addition to meteoric water, i.e., fossil seawater, which has been proposed to have 

developed in the pore spaces of the green tuff formation, and suspected fossil 

seawater, which is considered to have developed in low-temperature-altered 

oceanic crust and marine sediments. The increased Ca2+ and decreased Mg2+ 

compared with modern seawater are the common characteristics of these two 

suspected fossil seawaters, but the obviously high concentration of Li+ is a 

distinctive characteristic of the latter suspected fossil seawater. Groundwaters 

with high Li+ concentration were found near the MTL, ISTL, and Quaternary 

volcanoes. 

 

In summary, these findings suggested that there are at least three 

groundwater sources: meteoric water; fossil seawater that has been trapped in the 

green tuff formation, and very saline suspected fossil water with high 

concentrations of Li+ and anomalous δD and δ18O ratios compared with modern 

sea water, which is thought to have developed in low-temperature-altered oceanic 

crust and marine sediments. 

These results also imply that the major qualities of deep groundwater are 

controlled by various water–rock interactions, depending on the environment 

where they have been contained. Briefly stated, the origin and formation 

mechanisms of the qualities of deep groundwaters implied by this study are as 

follows. (1) The deep groundwater in the granitic rock area around the Kofu basin 

is typically meteoric in origin, and its major qualities are considered to be 

controlled by plagioclase weathering, cation exchange reactions of smectite, and 

calcite precipitation. The δ34S values of SO4
2- are positive at the magnetite series 

granitoid areas, but negative at ilmenite series areas (refer to Chapter 2 for more 

details). (2) The green tuff formation contains fossil seawater mixed into 

meteoric-derived deep groundwater. Anhydrite/gypsum dissolution was an 

important process in forming the groundwater within the green tuff region. The 
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δ
34S of the samples was basically similar to modern seawater (refer to Chapter 3), 

but heavy δ34S was recognized within the Kofu basin, likely due to sulfate 

reduction by bacteria (Refer to Chapter 5). (3) The groundwater in the Cretaceous 

sediments of the Shimanto Group was also derived from meteoric water, and its 

quality was affected by pyrite oxidation and calcite dissolution. The δ34S values of 

the samples were characteristically low, which was probably reflected in the 

values of the host rock (refer to Chapter 4). (4) Near the tectonic lines and 

Quaternary volcanoes, very saline water (suspected fossil seawater) with high Li+ 

content and anomalous δD and δ18O ratios compared with modern sea water, was 

found (Refer to Chapter 5). Based on these results, a schematic illustration of the 

forming environment for the deep groundwater in the study area is shown in 

Figure 6-1. 

 

These interpretations are still based on inference, grounded mainly in the 

analytical results of major chemical and isotopic compositions of δD, δ18O, and 

δ
34S. Going forward, to verify these inferences, identification of secondary 

minerals in aquifers by X-ray powder diffraction analysis of cutting samples of 

hot spring wells should be carried out. Additionally, as mentioned in Chapter 5, 

stable isotopic analysis of chlorine and lithium (δ
37Cl and δ7Li) should also be 

carried out to clarify the nature of the very saline waters that, like the water found 

near the Itoigawa-Shizuoka and Median Tectonic Lines (suspected fossil 

seawater), have high concentrations of Li+ and anomalous δD and δ18O ratios as 

compared with modern seawater. 
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Fig.6-1 Schematic illustration of the forming environment for the deep groundwater in 
the study area (referenced from Shibata and Kobayashi, 1965; Yamanashi Prefecture, 
1985; Tanaka, 1987, 1989, 1994). ISTL, Itoigawa-Shizuoka Tectonic Line. Pl-w, 
Plagioclase weathering; Ct-ex, Cation exchange; Cal-p, Calcite precipitation; Cal-d, 
Calcite dissolution; Anh-d, Anhydrite dissolution; Py-o, pyrite oxidation; SRB, Sulfate 
reduction by bacteria. 
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Chapter 7  
(Supplementary chapter) 

 
Influence of nitric acid and hydrochloric acid on the 

calcium determination by AAS in the presence  
of an interference inhibitor 

 

 

 

In the previous Chapters 2-5, ion chromatography was used to determine 

calcium in water samples. However, calcium in natural water samples can also be 

analyzed by other analytical techniques, such as by inductively coupled plasma 

atomic emission spectrophotometry or mass spectrophotometry (ICP-AES or MS), 

by atomic absorption spectrophotometry (AAS), or by titration techniques. Among 

these, ICP and AAS techniques can be used to analyze samples rapidly. 

Particularly, ICP has recently become widely used because it can be used to 

analyze multiple elements at the same time. On the other hand, AAS is still a 

major analytical method, as the latest guidelines for mineral spring analysis 

methods (“Kosen-bunsekiho-shishin”; Ministry of the Environment, revised in 

2014) listed AAS techniques for calcium analysis of hot and mineral spring 

samples. In this additional chapter, precautions for calcium determination by AAS 

techniques will be stated as a reference for the future. 

 

 

7.1  Introduction 

Generally, standard solutions or water samples are acidified by hydrochloric 

acid for AAS, but nitric acid has recently become a more common acid for 

acidification than hydrochloric acid with the widespread availability of ICP. 

Because it is reported that various acids interfere with the calcium absorption 

(e.g., Goto et al., 1964; Terashima, 1970; Nakagawa et al., 1972), caution is 
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needed in the choice of the acid used for the preparation of the samples and 

standard solutions for AAS analysis.  

In addition, when calcium is determined by AAS with an air-acetylene flame, 

lanthanum or strontium must be added to sample and standard solutions as an 

interference inhibitor of silicon or aluminum; however, caution is also needed 

here because it is known that the influence effect of acids on calcium absorption is 

evident in the presence of lanthanum (Monder and Sells, 1967).  

Monder and Sells (1967) measured calcium absorption in the presence of 

high concentrations of lanthanum at about 10,000 to 30,000 mg/L. They focused 

on the analysis of biological samples, such as blood and urine. However, in the 

analysis of natural water samples, such as river water and groundwater, additive 

concentrations of an interference inhibitor are smaller at about 1,000 to 2,000 

mg/L (Ministry of the Environment, 2014) or even smaller (30-50mg/L; Koga et 

al., 2004). Therefore, the influence of acids on the calcium determination by AAS 

in the presence of relatively low concentrations of an interference inhibitor was 

investigated in this study. 

 

 

7.2  Apparatus and regents 

The measurement of calcium absorption was performed by using a Shimadzu 

model AA-6800 flame atomic absorption spectrophotometer equipped with a 

hollow-cathode lamp (Hamamatsu Photonics, L733-202NU) as a light source and 

a deuterium lamp for background correction. The wavelength used was 422.7 nm, 

the lamp current used was 10 mA, the slit width was 0.5 nm, the fuel gas 

(air-acetylene) flow rate was 2.0 L/min, and the burner width was 10 cm. 

A stock standard calcium solution of 1,000 mg/L in 0.1M-hydrochloric acid 

was prepared by dissolving 2.498 g of dried calcium carbonate (Special Grade, 

Wako Pure Chemical Industries, Ltd.) in a small amount of hydrochloric acid and 

then diluting it with ultrapure water to 1,000 mL. As an interference inhibitor, a 

lanthanum chloride solution (grade for Atomic Absorption Spectrochemical 
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Analysis, Wako), and a strontium chloride solution prepared by dissolving 

strontium carbonate (purity 99.99%, Wako) in a small excess amount of 

hydrochloric acid were used. The hydrochloric and nitric acid used in this work 

were special grade (Wako) and for the Analysis of Poisonous Metals (Wako), 

respectively. 

 

 

7.3  Experiment and results 

7.3.1  Effect of hydrochloric and nitric acid on calcium absorption  

The calcium solution of 5 mg/L in 0 to 1M-hydrochloric and nitric acid was 

prepared from the stock standard calcium solution. Then, the effects of increasing 

concentrations of hydrochloric and nitric acid on calcium absorption were tested. 

The results are shown in Fig. 7-1. According to this, the interference effect of 

hydrochloric acid increased when its concentration was increased, whereas nitric 

acid interfered strongly with calcium absorption at a low concentration and then 

remain unchanged when the concentration was increased. These results were in 

harmony with the results of Goto et al. (1964) and Monder and Sells (1967).  

Fig.7-1  Effect of hydrochloric acid and nitric acid on absorbance of calcium 
line at 422.7 nm in C2H2-Air flame for standard solution. A0 : absorbance of 
0.001M-HCl treated solution, A: absorbance of HCl (―×―) and HNO3 
(―△―) treated solution. Test solution containing 5 mg/L of calcium. 
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7.3.2  Effect of hydrochloric and nitric acid on calcium absorption in the 

presence of an interference inhibitor 

The calcium solution of 5 mg/L in 0.001M-hydrochloric acid (regarded as a 

non-acid treated solution) in 0.1M-hydrochloric acid and in 0.1M-nitric acid was 

prepared. Then, the effects of hydrochloric and nitric acid on calcium absorption 

in the presence of an interference inhibitor (lanthanum and strontium) were 

investigated. According to the results shown in Fig. 7-2, lanthanum enhanced the 

absorption of calcium in a wide concentration range. On the other hand, strontium 

also enhanced the absorption of calcium at a low concentration but depressed at 

over an additive amount of 500 mg/L. These results are in concordance with the 

results from Monder and Sells (1967) and Yamashige and Shigetomi (1981).  

Furthermore, from Fig. 7-2, it can be found that the interference effects of 

hydrochloric and nitric acid were evident in the presence of lanthanum and 

strontium. It can also be found that increasing the concentration of lanthanum to 

Fig.7-2  Effect of various treated condition on absorbance of calcium line at 
422.7 nm in C2H2-Air flame for standard solution. A0: absorbance of non-treated 
solution, A: absorbance of 0.001-HCl treated solution with La3+ (―○―), 0.1M 
HCl treated solution with La3+ (―×―), 0.1M HNO3 treated solution with La3+  
(―△―), non-acid treated solution with Sr2+ (…○…), 0.1M HCl treated solution 
with Sr2+  (…×…), 0.1M HNO3 treated solution with Sr2+ (…△…). Test solution 
containing 5 mg dm-3 of calcium. 
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more than 2,000 mg/L, in contrast with strontium, decreased the interference of 

calcium absorption by nitric acid. 

 

 

7.3.3  Demonstration by using natural water samples 

According to the above mentioned experimental results, it became clear that 

hydrochloric and nitric acid depress calcium absorption, and this was evident in 

the presence of lanthanum and strontium.  

Then, the effects of acids on calcium absorption in the presence of an 

interference inhibitor were checked by using natural water samples. In this 

experiment, groundwater samples collected from Kagoshima University in 

Kagoshima Prefecture and from Kawaura hot spring in Yamanashi Prefecture, 

both of which have high concentrations of silicon (40 mg/L as Si and 22mg/L, 

respectively), were diluted fivefold with ultrapure water with 0.1M-hydrochloric 

Fig.7-3  Effect of various treated conditions on absorbance of calcium line at 
422.7 nm in C2H2-Air flame for natural water sample. A0: absorbance of 
non-treated sample, A: absorbance of non-acid treated sample with La3+ (―○
―), 0.1M HCl treated sample with La3+ (―×―), 0.1M HNO3 treated sample with 
La3+ (―△―), non-acid treated sample with Sr2+ (…○…), 0.1M HCl treated 
sample with Sr2+ (…×…), 0.1M HNO3 treated sample with Sr2+ (…△…).  
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acid and 0.1M-nitric acid. Then, calcium absorption was measured in the presence 

of lanthanum and strontium. The results are shown in Fig.7-3 (The results of 

Kawaura hot spring were omitted because the result was similar). As shown in 

Fig.7-3, the recovery of calcium absorption caused by lanthanum or strontium can 

be recognized, but otherwise, the results were very similar to the results obtained 

in the previous section (see Fig. 7-2) (i.e., the effects of acids on calcium 

absorption in the presence of an interference inhibitor were recognized 

consistently in the natural water samples). 

Next, calcium determination of groundwater samples diluted with ultrapure 

water, 0.1M-hydrochloric, and 0.1M-nitric acid was carried out in the presence of 

lanthanum and strontium. In this test, series of standard solutions for calibration 

curve (0, 1, 2.5, 5, and 10 mg/L in 0.001M-hydrochloric acid) were prepared by 

diluting the stock solution of calcium 1,000 mg/L with ultrapure water. Additive 

concentrations of lanthanum and strontium were determined at 2,000 and 1,000 

mg/L, respectively, as shown in Fig. 7-3. As shown in the analytical results listed 

in Table 7-1, it was clearly demonstrated that different acid treatment procedures 

have different influences on the quantitative values of calcium in the actual 

analysis.  

Considering these results, it comes near to stating that standard solutions or 

water samples for calcium determination by AAS must be treated by any one acid 

to obtain correct analysis results. Since the interference effect of hydrochloric 

acid at a low concentration is smaller than that of nitric acid, as shown in Table 

non-acid treated 0.1M-HCl 0.1M-HNO3

 Kawaura hot spring La3+ , 2000 13.5 (0.21) 12.6 (0.25) 8.75 (0.16)

 Groundwater at Kagoshima Univ. La3+ , 2000 17.7 (0.29) 16.8 (0.21) 11.1 (0.24)

 Kawaura hot spring Sr2+ , 1000 13.3 (0.07) 12.6 (0.06) 8.28 (0.16)

 Groundwater at Kagoshima Univ. Sr2+ , 1000 17.7 (0.11) 16.7 (0.16) 11.2 (0.14)

 * Values in parenthesis are standard deviation (n = 5).

Natural water samples Interference
inhibitor  (mg/L)

Concentration of Ca2+  (mg/L)3

Table 7-1  Quantitative values of calcium for natural water samples with various 
treated conditions 
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7-1, hydrochloric acid seems to be more suitable than nitric acid for the 

acidification of standard solutions or water samples for AAS analysis. 

 

 

7.4  Summary 

Calcium was determined by atomic absorption spectrophotometry in the 

presence of lanthanum or strontium as an interference inhibitor of silicon or 

aluminum. Nitric acid interfered with calcium absorption, which was evident in 

the presence of lanthanum or strontium, whereas hydrochloric acid showed only 

little interference with calcium absorption. Increasing the concentration of 

lanthanum over 2,000 mg/L, in contrast with strontium, decreased the interference 

of calcium absorption by nitric acid. 
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要旨要旨要旨要旨 

 

本論文は全 7 章で構成されており、第 1 章では研究の背景および目的を述べ

た。第 2 章から第 5 章では、南部フォッサマグナおよびその周辺地域の温泉井

から採取した深層地下水を対象に主成分および水素・酸素・硫黄安定同位体分

析を実施し、得られた結果に基づいて深層地下水の起源と水質形成機構を考察

した。第 6 章では、第 2 章～5 章で得られた成果に基づき当該地域の深層地下水

の生成環境について総合考察を行った。第 7 章は水質分析の手法に関する検討

結果を述べた補章である。 

 

第 2 章では、甲府盆地周縁に発達する花崗岩地帯の深層地下水について検討

した。 

当該地域の深層地下水は天水を起源としており、花崗岩地帯の地下水の水質

は全て Na–HCO3 型であるのに対し、甲府盆地北部の火山岩類の分布域では

Na–HCO3、Na–SO4、Na–HCO3
.SO4

.Cl、および Ca–SO4 型と多様な水質を示した。

花崗岩地域に分布する Na–HCO3 型の水質は、主に曹長石の風化作用、スメクタ

イトによる陽イオン交換反応、方解石の沈殿によって規制されていると考えら

れた。これらの地下水が溶存する低濃度の SO4
2- は花崗岩あるいは堆積岩中に含
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まれる硫化物の酸化由来と考えられ、それらの δ
34S値はチタン鉄鉱系花崗岩の

分布域では低く（–8.8～–4.1 ‰）、磁鉄鉱系花崗岩地域では高い値（+1.7～+8.0 ‰）

であった。 

火山岩地域の Na–HCO3、Na–SO4、Na–SO4
.Cl.HCO3 および Ca–SO4 型の水質

形成には、深部流体の流動および混合過程において酸性変質帯に晶出した硬石

膏の溶解、斜長石の風化、スメクタイトによるイオン交換反応および方解石の

沈殿が関与すると考えられた。火山岩地域の地下水は幅広い δ
34S値（–4.1～

+13.6‰）の SO4
2- 
を溶存しており、これらの起源には過去の火山活動期の SO2

の不均化によって生じた H2SO4 が関与した δ
34S値の高い硬石膏、および上昇し

た H2Sが浅層地下水と混合することによって生じた SO4 型酸性水から沈殿した

低い δ
34S値の硬石膏の溶解が関与すると考えられた。 

 

 第 3 章では、富士山北麓地域および隣接する御坂山地、丹沢山地周辺の深層

地下水および湧水を検討対象とした。本地域の基盤岩は、主に新第三紀中新世

の海底火山活動によって形成されたグリーンタフ層である。 

検討の結果、当該地域の深層地下水は天水と基盤岩のグリーンタフ層の間隙

に取り残された化石海水との混合によって形成され、その混合割合は天水に卓

越すると考えられた。深層地下水の水質形成には石膏・硬石膏（以下、石膏）

の溶解、曹長石の風化、方解石の沈殿が関与し、主成分の濃度が規制されてい

ると考えられた。また、富士山麓ではかんらん石の風化作用が水質に影響して

いると見られ、当該地域には Mg2+ の溶存割合が高い湧水が認められた。深層地

下水が溶存する SO4
2- 
の δ

34
値は+8.2～+20.7‰と幅広く、御坂山地および丹沢山

地周辺で重く、富士山麓で低かったことから、御坂・丹沢両山地の重い δ
34S 値

の SO4
2- 
には基盤岩のグリーンタフに生じた石膏の溶解が関与し、富士山麓の軽

い δ
34S 値の SO4

2- 
には過去の富士山活動期の火山ガスに由来する石膏の溶解が

関与すると考えられた。 

 

第 4 章では、山梨県西端の瀬戸川層群北部に位置する鉱泉井および自然湧水

から地下水および湧水を採取するとともに、湧水地点から採取した岩石片の顕

微鏡観察を実施した。 
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検討の結果、試料水はいずれも降水起源であり、主要成分の溶存割合は湧水

で Ca2+ > Na+ > Mg2+ および HCO3
- > SO4

2- > Cl-、地下水で Ca2+ > Mg2+ > Na+ お

よび HCO3
- > SO4

2- > Cl-であった。これらの成分のうち、最も主要な Ca2+ 
およ

び HCO3
- 
は母岩の瀬戸川層群に含まれる石灰質の溶解作用、SO4

2- 
は表層での黄

鉄鉱の酸化反応に規制されていると考えられ、その SO4
2- の δ

34S値は特徴的に

低いことが明らかとなった。また、SO4
2- は地下の嫌気環境では硫酸還元菌の作

用によって H2Sを生じていると考えられ、地下水試料を採取した鉱泉地では硫

化水素臭を伴っていた。 

 

第 5 章では、甲府盆地およびその西方の糸魚川－静岡構造線、中央構造線地

域の深層地下水を検討対象とした。 

検討の結果、当該地域の深層地下水には、天水のほかに少なくとも 2 種類の

性質の異なる化石海水が関与することが示唆された。このうち一種類はグリー

ンタフ層に取り残された化石海水であり、もう一つは低温変質した海洋地殻あ

るいは海底堆積物中から脱水した化石海水であると推察され、高い塩分濃度を

有し天水よりも顕著に重い δD および δ
18O 値を有していた。これらの化石海水

が関与する深層地下水はいずれも通常の海水に比べて高い Ca2+ /Cl- 比や低い

Mg2+ /Cl- 比といった典型的な化石海水の特徴を示していたが、前者の化石海水

Li + を殆ど含まないのに対し、後者は高濃度の Li + を溶存している点で性質を異

にしていた。後者の化石海水が関与すると見られる高濃度の Li + を溶存する塩

水は、中央構造線や糸魚川－静岡構造線、および第四紀火山の近傍に分布して

いた。 

 

以上、本研究では主成分および水素・酸素・硫黄安定同位体分析によって南

部フォッサマグナおよびその周辺地域に賦存する深層地下水の起源と水質形成

機構を考察した。その結果、当該深層地下水の起源流体には、天水のほかに性

質の異なる複数の化石海水が関与し、それらの水質は貯留環境によって異なる

水－鉱物相互作用によって支配されている可能性が示された。今後、温泉井掘

削時の岩石片の構成鉱物種同定による水－鉱物相互作用の検証や、塩素やリチ

ウムの安定同位体分析による地下水の起源の検討などに取り組む必要がある。 


