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Chapter 1

| ntroduction

1.1 Background of this study

We cannot live without water. The Earth is ofterlled “blue planet” or
“planet of water,” but now many regions of the wbdre facing water scarcity.
Even though there is a lot of water on Earth, oalbput 2.5% is fresh water and
because most of that water is stored as glaciexdeep groundwater, only a small
amount of water is easily accessible—this is a comraxplanation, as Oki and
Kanae (2006) mentioned.

Water resource assessment has been addressedvioygetudies. For
example, according to Oki and Kanae (2006), extenagions mainly in the
mid-latitude regions of the northern hemispherestsas the Northern China, the
region on the border between India and PakistathéenMiddle East, and the
middle and western regions of the United Statesshiaaen pointed out as the
regions with high water scarcity. Also, very reclgnt report revealing the
accelerating groundwater depletion in the Unitedt&$ by Konikow (2013) was
published on the U.S. Geological Survey’s webs#eaflable at
http://pubs.usgs.gov/sir/2013/5079/). In resporséhis report, a researcher in
water resources management of the World Resoumststlite (WRI) pointed out
the lack of our knowledge about groundwater researand thereafter
re-emphasized the importance of data and its cohmarsion to find a solution for
water resource problems, through the WRI's officnsdbsite (available at:
http://www.wri.org/blog/2013/05/new-study-raisesemtion-what-don%E2%80%
99t-we-know-about-water-scarcity). Furthermorethe same year, the WRI
released global water stress rankings by countrgs&@rtet al., 2013), and a

global water stress map that shows the ratio daditetithdrawals to total



renewable supply in a given area on its officialbsge (available at;
http://www.wri.org/resources/charts-graphs/wateess-country). According to
these publications, it is clear that many count@aésover the world are suffering
seriously from water scarcity. Our country, Japi@nno exception to this situation.
In order to ensure sustainable use and developmwkatuifer resources,
assembling the various data and relevant informmationcerning groundwater is a

pressing and indispensable issue.

1.2 Hot springsin Japan and the objective of this study

In Japan, numerous “hot springs” are distributeldogkr the nation. Hot
springs have been used for multiple purposes fonyngears in Japan, which is
situated at the circum-Pacific volcanic belt whergeothermal resources abound.
Of course, Japan is not the only country that usssspring resources: many other
countries in the world do so, such as lItaly, Uni®tdtes, Iceland, and New
Zealand (e.g., Yamamura, 2004). However, accordinthe latest statement by
Ministry of the Environment (2013), 27,219 hot spgisources are distributed all
over Japan. Thus, Japan is often referred to asnihet advanced country for the
exploitation and utilization of hot springs in thrld (e.g., Muraokaet al., 2007).
Where hot springs in Japan are legally defined lmg Spring Law (enacted in
1948, revised in 2007) as the waters dischargethfunderground, which have a
temperature of over 25°C at the discharge and/mtaio higher concentrations in
several specific constituent than regulated conediins. These hot springs are
essentially equal to normal groundwater from thénpof view of natural science
and are valuable groundwater resources, as wethasbe used as a source to
obtain underground information.

Hot springs in Japan have been subjected to sdientivestigation by many
researchers (e.g., Matsubastaal., 1973; Sakai and Matsubaya, 1974, 1977; Sakai
and Oki, 1978; Matsubaya 1981). Among these stutidhe study published by

Oki and Hirano (1970), which revealed the formatimmechanisms of the hot



springs around the Hakone volcano in central Japmaknown all over the world.
Matsubayaet al. (1973) and Sakai and Matsubaya (1974) divided dapa hot
springs into four types; volcanic type, coastaldygreen tuff type, and Arima
type of unidentified origin, based on geochemicadtures such as chemical and
isotopic data and geological distributions. Recgnélnalysis data that include
chemistry and temperature from thousands of hoinggrhave been gathered and
published as an atlas by Muraog&iaal. (2007) and have been applied to
geothermal power development and other researdddige.g., Muraokaet al.,
2008; Suzukiet al., 2014).

It is also noteworthy that, over the last severataides, well drilling for the
purpose of creating hot springs for bathing hasnbe&ried out in non-volcanic
regions of Japan, in deep aquifers at depths ofentban 1,000 m below the
surface. This is because there is an extremely digrhand for such hot springs in
Japan. In general, temperature increases with daptlording to the geothermal
gradient. A typical geothermal gradient in non-vaéc Japanese regions is about
2 to 3°C per 100 m (The Association for the GeobtagiCollaboration in Japan,
1996). Assuming a static geothermal gradient asdrdace temperature of 15°C, a
suitable temperature for bathing can be obtainedegtths of about 1,000 to 2,000
m. However, in general, such deep groundwaterapged in micro pores or
fractures, and has a very slow flow rate; hencadaquate pumping or
overdevelopment often carries a risk of water ledepletion, well interference,
water quality changes, and other problems. Theeefolarification of the nature
of deep groundwater, such as the origin and forarathechanisms of water
quality, is indispensable for the protection andtainable development of deep
groundwater resources.

The quality of groundwater generally depends orottigiin and the
interactions that take place between the waterthedaquifer materials (e.g.,
Drever, 1988), and it is also known that deep grbmater is more diverse in terms
of quality than is shallow water (Marui, 2012). R&¢ studies have shown that

deep groundwater has a wide variety of origins]uding meteoric water, fossil



seawater, dehydrated inter-layer water from clayenals, and dehydrated
metamorphic fluid from subducting slab (e.g., Slmge2011; Muramatset al.,
2010a, 2012 and 2014c; Marui, 2012; Ohsaal., 2010; Nishimura, 2000a and
b; Amitaet al., 2005 and 2014, Kazahaghal., 2014). Additionally, a close
relationship between deep groundwater quality aedlggy has already been
shown (e.g., Oyamat al., 2011). Even though it is far from easy to obtain
information on a deep aquifer and the flow pathdetp groundwater, the
investigation of water-rock interaction processgsmportant for understanding
the formation mechanisms that lead to particulaemgroundwater qualities.

The geology of the Southern Fossa Magna region ists1ef a variety of
rocks, including Jurassic to Paleogene marine sedtary rocks, Neogene
volcanic rocks, and granitic rocks intruded intootformer geologic bodies.
Therefore, the region is assumed to be a challepbunt suitable site for
considering the formation mechanisms of deep growatdr quality based on a
wide variety of water-rock interactions. The keypaf the Southern Fossa Magna
region is within Yamanashi Prefecture. Since thiefpcture has a high
dependence on groundwater for drinking and indastuses (e.g., Kobayashi and
Horiuchi, 2008; Uchiyamat al., 2014), many studies have examined the
groundwater in its relatively shallow aquifers (e.ganai and Tsugane, 1957;
Sakamotoet al., 1990; Kobayashi and Koshimizu, 1999; Nakametal., 2007
and 2008; Kobayashat al., 2009, 2010, and 2011). For example, according to
Nakamuraet al. (2007 and 2008), who investigated the effects mugdwater
recharge on nitrate concentration in the Kofu bassing hydrogen, oxygen, and
nitrogen ¢D, 520, §!°N) stable isotope techniques, the shallow grounéwart
the Kofu basin originated from precipitation andiitrated river water, and the
major source of nitrate was fertilizer used in cacths. They also mentioned the
importance of accumulating stable isotope dataisecuss the origin of the
components in groundwater and their dynamics. Havemost of these studies
have focused on the distribution of anthropogemdyants and on the temporal

change in water quality as a means of investigatinthropogenic influences on



groundwater in a densely populated area, whiletrehships between geology and
water quality have not yet been discussed satisfdgt As a result,

environmental background data, which are usefuldstimating the origin of
certain kinds of ionic species such as’Cand SQ?, are still insufficient, even
though these are the major chemical componentsdanrgroundwater (e.g.,
Kobayashi and Horiuchi, 2008).

Additional studies of deep groundwaters in thiseacen be found amid the
research on hot springs. An old text on hot spdigjribution in Yamanashi
Prefecture, published more than 100 years ago (B885), mentioned only five
hot spring areas (Nishiyama, Shimobe, Kawaura, Bnaad Yumura hot spring
areas); hence, the number of hot springs has beesidered low (Tanaka, 1989).
However, the latest report, issued at the end ofd&013, reported 431 hot
spring sources (Ministry of the Environment, 2018dday, many studies
regarding the water quality characteristics andrdisition of hot spring waters in
Yamanashi Prefecture are available (e.g., Akiyatrs/2; Sugihara and
Shimaguchi, 1978; Aikawa, 1995). According to thegsevious studies, there are
hot springs with various qualities, such as Na-@let water distributed along the
Itoigawa-Shizuoka Tectonic Line, Na—HG®pes with low salinity and high
alkaline pH around the granitoid area, and Na—-Ql Aa—CI|-HCQ (or
Na—-HCG;- Cl) types from the central Kofu basin. Furthermovery saline Na—Cl
water, approximately equal to the salinity of setavaand sulfate rich water have
recently been pumped from deep hot spring wellfeltinear the
Itoigawa-Shizuoka Tectonic Line and the northerpotfalls of Mt. Fuji,
respectively. Meanwhile, the origins of the watedahe water-rock interactions
that control water qualities have not always bemrestigated thoroughly based on
the results of major chemical analyses.

In consideration of these previous studies, thissth aims to investigate the
origin of the deep groundwater in the Southern Rdglsgna region and the
water-rock interactions that control its water gtylusing major chemical and

stable hydrogen, oxygen, and sulfur isotopB,(§'%0, §°*S) analyses. Water



samples were collected mainly from deep, hot spruegls drilled in sedimentary,
volcanic, and granitic rock areas. Additionally, t@awas collected from the Kofu
basin, where quaternary sediment is deposited aemant volcanic rock, and
very saline water was collected near the Itoigavidz8oka and Median Tectonic
Lines (ISTL and MTL, respectively). Results are geated separately in Chapters
2-5 based on the geological settings: (1) grargéttings; (2) volcanic settings;
(3) sedimentary settings; and (4) the area fromKbéu basin to the adjacent

ISTL and MTL area.

1.3 Overview of geology

A geological outline map around the study area satudonic map of Japan are
shown in Fig. 1-1. The study area is located atitliersection of the Shimanto
terrain and the Fossa Magna. The geological stmecaround this region is the
complex focus of the collision of the Philippine&plate with the Eurasian plate
in the north and with the North American plate hretnortheast (Nakamiclet al.,
2007). The boundaries among the three plates acéeanin the Southern Fossa
Magna, and this situation is further complicatedtbg collision of the Pacific
plate with the Philippine Sea and North Americaatpk; the Philippine Sea and
Pacific plates are subducting northwestward andtwerd, respectively, beneath
the Eurasian plate (lidaket al., 1991; Nakamichet al., 2007).

The geological information given below is mostlyadad from Ozaket al.
(2002). Except for the Ryoke metamorphic belt oa ttorth of the Median
Tectonic Line (MTL), the oldest terrane in the syuarea is the Sambagawa Belt
and Chichibu Terrane, following the Shimanto Bdlhe Sambagawa Belt consists
of the crystalline schists and the Mikabu greensswith minor ultramafic rocks.
These rocks were regionally metamorphosed fromtatod mainly Jurassic age
under high to intermediate pressure during the &eous time. The Chichibu
terrane includes the Jurassic sedimentary comphek@retaceous normal

sediments. The Shimanto Belt is a Cretaceous-toeln@ accretionary complex
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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.

and is mainly composed of sandstone and shale la#alt, chert, and limestone.
These terranes have been bent to form a large feegkanvex northward, together
with MTL. This is because the Izu-Ogasawara Arc haBided against the central
Honshu Arc since the Middle Miocene time. The SarthFossa Magna is cut by
the Itoigawa-Shizuoka Tectonic Line (ISTL) at itestern margin and is mainly
composed of Neogene, volcanic rock, volcaniclasgdiments (Trough fill
sediments), and plutonic masses, excluding the €uaty volcanic rocks and
alluvial-terrace deposits. The volcanic rocks weeggionally metamorphosed into
greenish rock and are commonly known as the greé&nformation. Further

details of geological information will be included each chapter.



1.4 Structure of thisthesis

This thesis consists of six main chapters and aqppkEmentary chapter. The
first chapter, as stated, describes the generatdgracind and objective of the
research and provides an overview.

Chapter 2, titled “Hydrochemistry and isotopic cheteristics of deep
groundwaters around the Miocene Kofu granitic coexpsurrounding the Kofu
basin in the Southern Fossa Magna Region,” discu#ise origin of the deep
groundwater and the formation mechanisms of watelity around the granitic
rock area. Chapter 3, titled “Formation mechanisthsleep groundwaters from
the northern foothills of Mt. Fuji,” addresses twaters mainly from the volcanic
rock area. Chapter 4, titled “Geochemical and ipac¢acharacteristics of the
groundwaters in the Setogawa group in western YarshnPrefecture,” addresses
the waters from the sedimentary rock area. Chaptditled “The origins and
geochemical features of deep groundwaters fromwtastern part of the Southern
Fossa Magna Region and the adjacent western aagl@esses the waters from
the center of the Kofu basin and near the Itoigé&&azuoka and Median Tectonic
Lines. Chapter 6 is a summary of chapters 2-5 agdreeral discussion. Chapter 7,
titled “Influence of nitric acid and hydrochlorical on the calcium determination
by AAS in the Presence of an interference inhihitos a supplementary chapter
on precautions for calcium determination by atomibsorption spectrophotometry
techniques that serves as a reference for watedysisa

The content of Chapter 2 was published in Yaguwsttal. (2014a) in
Geochemical Journal; part of Chapter 3 was submitted @ochemical Journal
and is under revision (Yaguchkt al., under revision); the content of Chapter 4
was published in Yaguchet al. (2014b) in theJournal of Hot Spring Sciences;
and the content of Chapter 7 was published in Yagand Anazawa (2013) in

Bunseki Kagaku.



Chapter 2

Hydrochemistry and isotopic characteristics of deep
groundwaters around the Miocene Kofu granitic
complex surrounding the Kofu basin in the
Southern Fossa M agna Region

2.1 Introduction

Many researchers have reported water quality charetics of natural
waters in granitic rocks of various localities. Breeinclude mineral waters from
the Tanzawa Mountains (Olit al,, 1964), hot spring waters of Dogo in Ehime
Prefecture (Makkiet al., 1976), and mineral spring water from the Abukuma
Plateau area (Suzuki, 1979). All of the aforemenéid waters have low
temperature, low salinity with alkaline pH. Accondj to Ichikuniet al. (1982),
who described the chemistry of alkaline spring watEom the Abukuma
Mountain area of Fukushima Prefecture based on matek equilibrium, the
waters are formed by the reaction of rainwater w#lsic rocks under a limited
CO, supply. They determined that these alkaline watgesin equilibrium with
kaolinite and Ca-smectite. They also indicated ddiaonal Ca-mineral in the
equilibrium system, although its species was nefacly determined. In addition,
they stated that such spring waters have not gathenough attention because of
their low temperature, low concentration, and abamak. However, in recent
years, the importance of the hydrochemical eludmabf those waters has
increased due to hot spring use (e.g., Tanaka, 1,988 need to evaluate granitic
rocks for radioactive waste disposal (e.g., Iwatsarkd Yoshida, 1999; Ajimat
al., 2006), or the prevention of anthropogenic contaaiion by N, P, and S in the
water supply.

According to Sasaki (2004), who reviewed the geaailséry of groundwater



in the granitoids of Japan, the geochemical featwriegroundwater in granitoids
derived from meteoric water includes low saliniGaNa—-HCGQ; type at shallow
levels with slightly acidic to neutral pH in additi to Na—HCQ type at deep
levels with slightly alkaline pH. Water quality controlled by water—rock
interactions, such as the dissolution and prectjtaof calcite, plagioclase
weathering, and ion-exchange reactions of clay mdle However, the origin of
the SQ? ion, which generally exists in trace amounts inrjtiz groundwater, has
not been clearly described so far.

The Miocene Kofu granitic complex surrounding thef basin in the
Southern Fossa Magna region of central Honshuessthitable site for discussing
the hydrochemistry of groundwater in granitoids tbe following reasons:
Relationships between the hydrochemical featurewatier and rock composition
can be discussed easily because the Kofu grandmeptex consists of several
different types of granitoids (e.g., Sato and Ishrdh 1983). Moreover, because a
number of sources of alkaline water such as natspaings and drilled wells have
been used extensively for hot spring bathing puesoasround the complex,
groundwater samples can be collected easily. Algiothe water quality
characteristics concerning these alkaline watereHzeen reported by many
researchers (e.g. Takamatsual., 1981; Katoet al,, 1987; Katoet al. 1988,;
Aikawa, 1995), the water-rock interaction that delses the origin of S ion
and the isotopic compositions 8D, §'%0 and&**S have not been previously
clarified.

In this study, chemical and isotopic compositiéD( §'°0, ands**S) of deep
groundwaters around the Miocene Kofu granitic coexparea were analyzed to
investigate the water-rock interactions and detamrihe origin and sulfur

isotopic characteristics of their trace amountsSa;? ion content.

2.2 Overview of geology

A simplified geological map and sample locationtbé groundwaters around

10
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Fig. 2-1 Geological map and sampling locations bétgroundwaters near the
Miocene granitic complex surrounding the Kofu baginthe Southern Fossa

Magna region (after Sato and Ishihara, 1983; Shimi21986; Ozaki et al.,

2002). Solid squares show sampling locations of Fhefukigawa, Omokawa,
Hikawa, and Kanegawa rivers by Nakamura et al. (200Solid triangles with
numbers show major mountains and heights abovelesea (m). Thin broken
line shows major watershed boundaries.

11



the Kofu granitic complex surrounding the Kofu basn the Southern Fossa
Magna region of central Honshu are shown in FidL.. ZFhe study area is located
at the intersection of the Shimanto terrain andkoessa Magna. The Shimanto
group of the Cretaceous age and the granitic compfehe Miocene age have
been unconformably covered by volcanic rocks of Pi@—Pleistocene age at the
northern region of the Kofu basin (Mimura, 1971helNishiyatsushiro group
consists mainly of submarine basalt to andesiteawpiclastic rock and lava, with
mudstone, sandstone, and dacite volcaniclastianidfile Miocene age (Ozalet
al., 2002; Matsuda, 2007). The Kofu granitic complexdivided into the
following four units based on the timing of intresi and composition (Sato and
Ishihara, 1983): Syosenkyo-type monzogranite (14Mbt Tsunodeet al.,, 1992),
Tokuwa-type granodiorite (10-9 Ma; Matsumabal., 2007), Ashigawa-type
tonalite (12 Ma; Sato, 1991; 11 Ma: Sasgbal. 1997), and Kogarasu-type
granodiorite (4 Ma; Shibatat al,, 1984). The former two types intruded into
sedimentary rocks of the Shimanto group, whereaslakter two intruded into the
latest Miocene—early Pliocene volcanic rock formas. The Kogarasu-type
caused hydrothermal alterations to the latest Mimce2arly Pliocene volcanic
rocks in several areas (Takashima and Kosaka, 2B@@amaru and Takahashi,
2008).

According to Sato and Ishihara (1983) and Shimix986), the
Syosenkyo-type and the marginal part of the Tokuw@e have low magnetic
susceptibility corresponding to the ilmenite serdeee to solidification under
reducing conditions caused by the contaminatiomafyjma with carbon-bearing
sedimentary rocks of the Shimanto group. By corttridse Ashigawa and
Kogarasu-types and the inner part of the Tokuwaethipve high magnetic

susceptibility that corresponds to the magnetiteese

2.3 Sampling and analytical procedures

Fourteen water samples were collected from natdistharge and wells

12



drilled for hot spring bathing purposes in the ilmi® and magnetite series of
granitic rocks and volcanic rocks in the area (Figl). Additionally, drilling data
such as well depth, temperature logging, and unaenyd geology were collected
by interviewing the owner or facility manager. Mosell water samples were
collected after running for several minutes frone thalve located at the well
head; two water samples, Nos. 5 and 8, were cabkétom a holding tank.
Temperature, electrical conductivity, and pH wereasured at each sampling site
using a standard, hand-held, calibrated meter (HE3RD-24). The total

alkalinity was determined by titration with sulferacid to a final pH of 4.8
(HACH AL-DT). Na*, K*, Mg**, C&*, CI', and SQ* were measured by ion
chromatography (SHIMADZU LC-VP). Total Fe was meesdl by atomic
absorption spectrophotometry (SHIMADZU AA-6200),chAI*" was measured by
spectrophotometry using Eriochrome Cyanine R (HADR-2800); however,
these parameters in all samples were below detec800, was analyzed by
spectrophotometry using the molybdenum yellow mdti®HIMADZU
UV-1650PC).

Isotopic compositions of hydrogen (D/H) and oxygetO/*°0) were
measured by a mass spectrometer connected ondiaegas chromatograph (GV
Instruments Isoprime-EA). For oxygen and hydrogeotope analysis, water
samples were decomposed in an oxygen-free envirahimeg heating at 1050 °C to
produce H and at 1260 °C to produce CO; the product gaseg we
chromatographically separated and introduced imtaoam source of the mass
spectrometer. For the six samples collected in 20Rvever, cavity ring-down
spectroscopy coupled with a vaporizer (Picarro, 2@4) was used to analyze the
isotopic compositions of hydrogen and oxygen (Gugttal., 2009). Sulfur isotope
(®*s?S) analysis of dissolved S® was also performed using an Isoprime-EA
mass spectrometer. The dissolved,5@n the water samples was collected as
BaSQ, and mixed with ¥Os as a combustion aid. The mixture was then heated t
decompose into SOgas, which was then introduced to the mass spewter.

Hydrogen, oxygen, and sulfur isotopic compositi@me reported a8D, §'%0, and

13
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3%'S (%0) variations relative to a standard using thBowing notation:

6(%0) = [Rsample/ Rstandard_ l] x 1000 (2'1)

where R is the isotopic ratios of D/FO/*°0, and**SP?S. These standards
include the Vienna Standard Mean Ocean Water (V-$W®or D and$'®0 and
Canyon Diablo Troilite (CDT) fob**S. Analytical precisions are within values of

+1.0%o for 8D, +0.1%. for5*®0, and +0.2%. fos>*S.

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, antti-linear diagram for the
water samples is presented in Fig. 2-2. In the giamocks area, temperatures of
the samples ranged from 10.9 to 42.5 °C, and thevpd between 9.2 and 10.3.
All of the samples are Na—HGQype without exception. By contrast,
temperatures of the samples from the volcanic reaalesa ranged from 18.8 to
43.2 °C, and the pH varied from 7.3 to 9.9. Theavatwere subdivided into
Na—-HCGQ; type (No. 11), Na—Sptype (Nos. 9, 12, and 13), Na—$OI-HCO; type
(No. 14), and Ca-S{xype (No.10).

All water samples from the ilmenite series of gtamrocks had negativé®*S
values between —15.1%0 and —4.1%., whereas the vwsa®ples from the
magnetite series granitic area had positi¥#s values between +1.7%. and +8.0%o.
Waters from the volcanic rocks area showed a watege of5**S values from —4.1
to +13.6%eo.

Sample Nos. 2, 3, and 4 were from a sedimentark focmation of the
Shimanto group (Fig. 2-1). However, based on amrriview with the well owners,
it can be believed that the waters originated fritv@ underlying ilmenite series
granitic rock that intersected the bases of thesswThese three samples gave

off an obvious odor of hydrogen sulfide.
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Water quality (symbol shape)
O Na-HCO;

A Na-SO4
< Na-S04-ClI‘HCO;
[ Ca-SO4
Sample location (symbol color)
limenite series granitic rocks
ﬁ Magnetite series granitic roks
Volcanic rocks

0% 0%

100% 0%

100%

0%

Fig. 2-2 Tri-linear diagram for groundwaters. Numis shows
sample locations.

2.4.2 Origin of the deep groundwaters

Except for the water sample from well No. 10, tHec¢rical conductivities

were low, between 10.7 mS/m and 39.0 mS/m. 3heand3'®0 values of the

water samples ranged from —82.6 %o to —71.6%0 anthfrd 1.9 to —10.6%o,

respectively. These isotope values are plotted te@idocal and global meteoric

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

rivers near the sampling sites reported by Nakanairal. (2008). The sampling

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

altitude of the river watershed is shown in Tabt2.2ZThese characteristics of

electrical conductivity andD and§'®0 values suggest that the sample waters
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Fig.2-3 6D—4'%0 diagrams for the water samples. GMWID = 8-6*%0 + 10;
Craig (1961). LMWLSD = 8:6'%0 + 26; Matsubaya (1981).

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

sD  §%  Av. Altitude

Rivers
%o %o m
Fuefukigawa River  -74.0 -10.7 1570
Omokawa River -73.1 -10.4 1150
Hikawa River -72.2 -10.4 1180
Kanegawa River -71.5 -10.4 1110

are meteoric in origin.
The recharge altitude of the meteoric water care$emated based on the
altitude effect of the isotopic composition. Basmd Nakamura (2008), the

relationship betweef*®0 values and the altitude of precipitation in the
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Fig. 2-4 Temperature logging data of the Yamato Isptring
(No. 1) well after completion of drilling. Geotheamgradient
was calculated by the following equation. G =,(TT, )/Depth
(m) x 100, where G is the geothermal gradieng,i§ the bottom
hole temperature, and ,Tis the mean annual temperature
(13.8 °C) at Kosyu city near the No. 1 well, as aibed from
Japan Meteorological Agency (2013).

northeastern Kofu basin was represented by theWdhg equation:

Altitude (m) = —5005"°0 — 4553 (2-2)

The average recharge altitudes of the sourcesefjtbundwaters were calculated
as follows: 947 m for No. 1, taken from a samplgitge at an altitude of 980 m;
1047 m for No. 2 at 480 m; 1097 m for No. 3 at 7201097 m for No. 4 at 625 m;
997 m for No. 5 at 820 m; 1297 m for No. 6 at 9051897 m for No. 7 at 1230 m;
947 m for No. 8 at 450 m;, 747 m for No. 9 at 580787 m for No. 10 at 580 m,
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Fig. 2-5 Relationships between Naand HCQ’
concentrations in groundwaters.

847 m for No. 11 at 810 m, 847 m for No. 12 at 51247 m for No. 13 at 700
m; and 747 m for No. 14 at 450 m. Therefore, theugrdwaters were recharged at
the same altitude or higher than those of the sampites.

The temperature—depth profile of well No. 1 showtypmical conduction-type
gradient (Fig. 2-4), indicating that the waters werapped in pore space and
stagnant rather than flowing upward. Under verwsftow conditions and limited
atmospheric CQsupply in the fine fractures of the granitic rockisdeep layer
levels, the progress of water-rock interaction @ was limited. These
conditions are attributed to the low concentratadrdissolved chemical

constituents of the groundwaters.

2.4.3 Formation mechanisms of groundwater quality
(1) Weathering of plagioclase

The groundwaters had Nand HCQ™ as major chemical components but low
concentrations of Mg. Furthermore, particularly in the granitic rocksea, water
samples exhibited a strong correlation betweef & HCQ (Fig. 2-5; R =
0.77). These chemical properties suggest that thedity of groundwaters in the
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Fig. 2-6 Stability diagram of minerals in (a) Ma-Al,0,-Si0O,-H,O and
(b) Ca0-AL0,-SiO,-H,0 system at 298 K and at 1 atm (Tardy, 1971).

granitic rocks area was influenced by the weathgioh plagioclase to smectite.
Plagioclase is a solid-solution series betweenlaiteaand an anorthite end

member and reacts with rainwater and atmospherig I§Cthe following
equations:

6CO, + 6HO0 — 6H" + 6HCQ

(2-3)
7NaAlSi;0Og + 6H" + 20H,0
— 3N6b_3ﬁ|2_338i3_67 olo (OH)2 + 6N§ + 10H48|O4 (2'4)
7C&A|28i208 + 12H + 8H4S|O4
— 3Ca.35Al4.67Si7.33020(0H)s + 6C&" + 16H,0 (2-5)

This hypothesis is supported by the mineral equilitm calculation results such
that samples from the granitic rocks area are iigted in the smectite regions in
the stability diagram for the N@&- Al,0,-Si0O,-H,0 and Ca0-AJ0,-SiO,-H,0
system (Fig. 2-6a and b). Although the weatheriatgrof anorthite is faster than

albite (Blum and Stillings, 1995), waters in theagitic rocks area had a dominant
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Fig. 2-7 Relationship between saturation index (&hd pH in (a) calcite and (b)
anhydrite. S| with respect to calcite (§li.) and anhydrite (Shnydritd Were calculated
by the following equation: Sicire = log ([Ca**]-[CO3°1/Ksp), and Shanyarite =
log([Ca*"]-[SO4*]/ Ksp); where concentrations of C& were calculated using total
alkalinity and pH. K, used in the calculation were @ for calcite (from Stumm and
Morgan, 1981) and 16-3° for anhydrite (from Krupp, 2005).

pattern of N& > C&". This result can be attributed to an abundancalbite in
intermediate-acid igneous rock (Kuroda and Suwa&3)%nd C&" exchange with
Na" of Na-smectite. Moreover, because the waters engtanitic rocks area were
supersaturated with respect to calcite (Fig. 2-ta)cite precipitation may also

have reduced G4 concentrations in the waters.

(2) Oxidation of sulfides

In the waters from the granitic rocks area, Nos8,1the concentrations of
SO,* ion ranged from 4.9 mg/L to 24.3 mg/L. Based oa tkport on recent
atmospheric deposition in Yamanashi Prefecture éd8iast al., 2009a), the annual
average concentrations of $0ion in the precipitation in 1988, 1989, 1990, and
2009 were calculated at 1.63, 1.52, 1.49, and gL, respectively. Because the
SO,* ion concentration in the precipitation was lowetbrigin of the SG* ion in
groundwaters does not appear to originate from ipitation. By contrast, the
average sulfur contents of ilmenite series and nedig® series granitic rocks in

Japan are 630 mg/kg and 270 mg/kg, respectivelgdBiaand Ishihara, 1979).
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Fig. 2-8 Difference between Nand Fig. 2-9 Total amount of Na and
SO, versus HCQ@ concentration Ca’* versus total amount of HCOand
diagram for the groundwaters from the SO% concentration diagram for the
granitic rocks area. groundwaters from the volcanic rocks
area.

This sulfur content is likely rich enough to be thegin of the SG@* ion in the
groundwaters. Although the sulfur in the granitacks is manifested in several
different chemical forms such as sulfide or sulfatmerals (Sasaki and Ishihara,
1979), sulfide minerals, particularly pyrite, aikdly abundant in the study area
(Tsunodaet al.,, 1992; Shimizuwet al, 1995; Kanamaru and Takahashi, 2008;
Takashima and Kosaka, 2000). Because pyrite isi@glin oxygen-rich
conditions close to the surface by the followingecgon (Appelo and Postma,
2005), it can be considered that the trace amoah®Q,” ion in the groundwater

may have originated from the oxidation of pyrite.

FeS + 15/4Q + 7/2H,0 — Fe(OH) + 2SQ* + 4H' (2-6)
In consideration of the alkaline pH of the watemgsdes, it is presumed that the
H* released by the preceding pyrite oxidation wasstomed by the interaction

with plagioclase, as shown in equations (2-4) a&d). Assuming reaction (2-4)

and subsequent ion exchange reaction, th&H@0; meq ratio in the water was
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calculated to be up to 1.167, whereas thé/N&0O; ratio in the sample water was
slightly high at 1.219 (Fig. 2-5). It can also bensidered that the reason for a
high Na/HCO; ratio in the water samples is partly attributedseathering of the
plagioclase progressing without an HC@crease because the From the
sulfide oxidation directly caused the plagioclaseathering (reactions (2-4) and
(2-5)). The total equivalent amount of lis the same as that of $0in reaction
(2-6), and the difference between Nand SQ* concentrations in meg/L of the
water samples is approximately equal to the HG@ncentration in meqg/L (Fig.
2-8). This correlation can support the hypothebigttpart of the plagioclase
weathering was caused by thé #iom sulfide oxidation. Nos. 2, 3, and 4 show
conspicuous differences in the correlation of FAe¢8. It was inferred that this
ionic imbalance is likely due to SO reduction to HS in the anaerobic
underground because these samples had an obvialredsn sulfide odor.

The §%*S values of S¢F ions in the Na—HC@type waters in the ilmenite
series ranged from —15.1 to —4.1%., whereas thegloswaters from the
magnetite series area all ranged from +1.7 to +8.0%ese sulfur isotopic
characteristics are remarkably similar to the sfieculfur isotope trend of
granitoids and sedimentary rocks of the Shimantmugrin Japan reported by
Sasaki and Ishihara (1979). In that study, A% of the ilmenite series granitoids
were mostly negative, from —11 to +1%., whereas tteggnetite series granitoids
were positive, from +1%. to +9%.. Sedimentary rockstoe Shimanto group also
had negatives®'S values, from —21.5 to —1.4%.. Additionally, Sasakid Ishihara
(1979) determined that the 1087*S values of the ilmenite series granitoids are a
result of the assimilation by the magma of sulfuyrh sedimentary rocks. This
correspondence between tB¥S values of water samples and geological
distribution strongly supports the hypothesis ttrate amounts of the S®ion in
the Na—HCQ type waters in the granitic rocks originated frome oxidation of
the pyrite. A lows**S value in the Katsunuma (—15.1%0; No.2) was thisli
affected by the roof sedimentary rocks of the Shitomagroup.

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

The volcanic rocks north of the Kofu basin are hotthermally altered
(Takashima and Kosaka, 2000). This alteration was-@ivided into an alkaline
alteration zone that occurs throughout the areasawkral acidic alteration zones
that occur locally (Takashima and Kosaka, 2000)idAziteration is well
developed near Yakeyama-toge where a silica andiwone exists that contains
natroalunite and alunite. Adjacent to this is ayctmne, next to this a mixed layer
clay zone followed by a smectite zone (Takashimd Konsaka, 2000).

Six water samples from the altered volcanic rocksaanorth of the Kofu
basin, Nos. 9—14, had different concentrations ©f°Sion. These waters were
undersaturated with respect to anhydrite (Fig. 2;&@md the sample from the
Sekisuiji 2 (No. 10), had high concentrations ofCand SQ* (Table 2-1;
Ca*/SO,* ratio of 0.9), suggesting the contribution of adhiye dissolution.
Anhydrite is a hydrothermal mineral commonly fouimdactive geothermal fields
around the world (Browne, 1978). In addition, anhye as an alteration mineral
has been recognized in geothermal systems of Jagamding Hatchobaru
(Kiyosaki et al.,, 2006), Fushime (Akaket al., 1991), Hakone (Matsumura and
Fujimoto, 2008), and Kakkonda (Muramatstual. 2000). Further details of
alteration minerals and chemical equilibrium in dapse geothermal systems have
been reported by Chiba (1991). Considering theswipus publications, it is
reasonable to infer that the existence of anhydwniées formed via past volcanic
activities in underground volcanic rocks within theudy area.

Because the water qualities of the six samples wiéstibuted between
Ca-SQ type and Na—HC®type water in the trilineardiagram (Fig. 2-2),ist
presumed that the water qualities of the watersewsntrolled by the cation
exchange reaction of Na-smectite, which was causeglagioclase weathering
during the flow process after dissolution of thdfate minerals; smectite zones
actually occur near the Yakeyama-toge (Takashimhlosaka, 2000). As shown
in the diagram, a strong correlation of the totaloaint of Nd and C&"* versus the

total amount of HC@ and SQ* concentrations in meq/L (Fig. 2-9R 0.98)
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supports this hypothesis.
In addition, calcite precipitation may have occutia the process of forming

Na" and SQ? rich water because mixing of Ca—$@pe and Na—HC@type
waters caused an elevation of®Cand HCQ concentrations. In fact, most of
these waters were supersaturated with respectlbitegFig. 2-7a), and several
calcite depositions were recognized in the volcawicks near the Kogarasu
granitic unit (Takashima and Kosaka, 2000; Kanameand Takahashi, 2008).

Based on aforementioned arguments, groundwater ositipns in the altered
volcanic rocks area appear to be controlled bydissolution of anhydrite, the
weathering of plagioclase to smectite, the catinahb@nge reaction of Na-smectite,

and the precipitation of calcite during the fluildw and mixing process.

(4) Disproportionation reaction of sulfur dioxideidng past volcanism

Finally, the possible reasons for the wide dispemsof §3*S values for the
SO, ion from water derived from the volcanic rock amsamging from —4.1 to
+13.6%0 (Table 2-1) were discussed. Kiyoseakial. (2006) reported that alunite
minerals that have a wide range&fS values in the Hatchobaru geothermal field:;
hypogene alunite has a head3/S of +23.7%0 at 1238 m underground, whereas the
supergene alunite had a low&¥'S value of +0.5%0 at 84.8 m underground. They
described that this wide dispersion®fS values for alunite minerals is related to
a disproportionation reaction of volcanic gas asewsh in equation (2-7), i.e., the
hypogene alunite containédS-rich sulfate derived from the disproportionatioi
volcanic SQ gas, whereas the supergene alunite contaif@poor sulfate

derived from the oxidation of ascending$igas in shallow groundwater.
4802 + 4H20 — 3HZSO4 +HZS (2'7)
In the Hatchobaru geothermal field, it was alsoogptized that anhydrite, which

belongs to a sulfate mineral group similar to atemninerals (+12.0 to +23.7%o),

also exhibits similar dispersion &S values (Kiyosaket al., 2002).

25



In another previous study, Muramatstal. (2014a) interpreted that the
origin of SQ? ion with wide$%*S values in hot spring-derived water from the
Ikaho and Harunako areas near the Haruna volcaiginated from the dissolution
of anhydrite, which was produced from the disprdpmration reaction between
the fluids during an active stage of volcanism.

Considering these previous studies, the reasonshimwide dispersion of
5%*S values for S@ ions in the volcanic rocks area can be deducefblsws:
The®*S-rich SQ* ions originated from the dissolution of anhydritehich was
produced front*S-rich sulfate in HSO, derived from the disproportionation
reaction of volcanic SE whereas th&’S-poor SQ* ions originated by the
dissolution of anhydrite, which was produced frdi8-poor sulfate derived from
the oxidation of ascending.8 in the shallow groundwaters, both during the
active stage of past volcanism. Sekisuiji 1 (No.add Sekisuiji 2 (No.10) are
mostly co-located, and their $Ocontents showed a highi*S value of +13.6%o
deep underground (No. 10; 1500 m well depth) andvas**S value of —4.1%o in
the shallow layer (No. 9; natural spring). Thessulés are in agreement with the

aforementioned explanation.

2.5 Summary

Chemical and stable isotopic compositions of despugdwaters near the
Miocene Kofu granitic complex area surrounding ¥a&fu basin were analyzed in
order to investigate the water—rock interactiond &m determine the origin and
sulfur isotopic characteristics of the trace amauat SQ? ion. Three discernible
conclusions can be drawn from the results:
(1) Groundwater samples from granitic rocks welassified as a Na—HCQype
without exception, whereas water samples from thkeanic rocks area were
classified as Na—HC%) Na-SQ, Na—SO,-CI-HCO;, and Ca-S@types. All of the
water originated from meteoric water, and the agereecharge altitudes of most

samples were approximately the same or higher thamaltitudes of the sampling
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sites.

(2) The Na—HCQ@water from the granitic rocks area was likely faanby the
weathering of plagioclase to smectite, cation exajereaction of Na-smectite,
and precipitation of calcite. S© ions found in this type were trace amounts
derived from the oxidation of sulfide, and IHeleased by this oxidation process
was consumed through the interaction with plagiselaTrace amounts of SO
ions in the Na—HC@type reflect thes*'S values of granitic rocks and roof
sedimentary rocks of the Shimanto group. All of thater samples from the
ilmenite series area had negative values rangiogifr15.1 to —4.1%., whereas
those from the magnetite series area had posii{@ values ranging from +1.7 to
+8.0%o.

(3) Na-HCQ, Na-SQ, Na-SQ-CI-HCO;, and Ca-SQtypes from the volcanic
rocks area to the north of Kofu basin were estirdatebe controlled by the
dissolution of anhydrite, weathering of plagioclasesmectite, cation exchange
reaction of Na-smectite, and precipitation of ctdciluring the fluid flow and
mixing process. These waters had a different cotre¢ion of SQ* ion, which
included a wide range @*S values from —4.1 to +13.6%o. It was inferred thee
¥S-rich SQ% ions originated from the dissolution of anhydritehich was
produced front*S-rich sulfate in sulfuric acid derived from the
disproportionation of volcanic sulfur dioxide. TA%-poor SQ* ions originated
from the dissolution of anhydrite, which was progddrom?®*S-poor sulfate
derived from the oxidation of ascending hydrogeffide in shallow groundwater
during the active stage of past volcanism.

In some cases, the sulfur isotope is used to deterithe origin of aqueous
sulfate ions. Such is the case for naturally detdieguifer materials and materials
derived from anthropogenic pollution (e.g., Torsdanet al., 2006; Satcet al,,
2008; Noseclet al,, 2009; Shikazono, 2011); this is not limited t@thranitic and
volcanic rock areas (e.g., Muramatsual, 2010b and c). However,
environmental background data for th¥S values of aqueous sulfate are still not

abundant. In a present study, it was revealed thatdissolved sulfate ion in the
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granitic and volcanic rock areas had a wide rangd*ts values depending on the
formation process of the aquifer rock minerals. STheésult can be used as
environmental background isotope data for the eatian 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. Fuiji is rich in grodmwater storage, and some
parts of its groundwater are not only known, sushake-bottom springs of Fuji
five lakes (Lake Motosu, L. Shoji, L. Sai, L.Kawagh, and L. Yamanaka) and
spring-fed ponds at Oshino, but also are used forking and industrial
(Uchiyamaet al.,, 2014). Therefore, there have been many reportghenwater
quality, recharge and flow system, and residenoetof relatively shallow
groundwater (e.g., Kannet al, 1986; Susuki and Taba, 1994; Kakiuchi, 1995;
Satoet al, 1997; Yasuhara, 2003; Tsuchi, 2007; Yasuhetral., 2007; Ogataet
al., 2014). Since the mid-1990s, drilling thermal vgelbr hot spring bathing
purpose was performed on a deep thermal aquifelepths reaching 1,500m
below the surface in the northern foothills of NFuji. However, as far as | am
aware, there have not been any reports descriliiagtigin of the water and
formation mechanisms of the water quality.

In this study, groundwater samples were collecteinf wells for hot spring
bathing purpose and from natural springs at thehern foothills of Mt. Fuji and
the adjacent Misaka and Tanzawa Mountains areansaré subjected to major
chemical and isotopic analysis 8D, 5'°0, and3®*'S in order to investigate the

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

3.2 Overview of geology

A simplified geological map and sample locations ahown in Fig. 3-1a.
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Fig. 3-1 (a) Simplified geological map and sampbedtions of the water samples
(modified after Sakamoto et al., 1987; Ozaki et @002; Matsuda, 2007; Geological
Survey of Japan, AIST, 2012). Open and gray circlesw hot springs and spring water,
respectively. TAL, Tonoki-Aikawa Tectonic Line; KNnnawa Fault; KTF,
Katsuragawa Fault. (b) An idealized cross sectidnvid. Fuji (North—South) with

rough model of groundwater flow (simplified afteastihara, 2003; Tsuchi, 2007).

The study area is located in the central part ef Southern Fossa Magna
(Matsuda, 1962). Tonoki-Aikawa Tectonic Line (TALg the boundary between
the northern edge of Southern Fossa Magna and Stioreccretionary sediments
of the Kanto Mountains. The Southern Fossa Magmaoreis situated at the
junction of the Honshu arc and the Izu-Ogasawara and the bodies of the
Misaka and Tanzawa Mountains, constituting the besg of Mt. Fuji, are
considered to be the remnants of the Izu-Ogasaweraccreted to the Honshu

arc (e.g., Matsuda, 1982; Niitsuma and Akiba, 198Btano, 1986). These
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mountains consist largely of rocks of the Middleddene Misaka and Tanzawa
groups and the Late Miocene to Pliocene Fujikawaupr both of which were
deposited primarily in the deep-sea environmentsfitniya and Ueda, 1976;
Matsuda, 2007). Because the Misaka and Tanzawa g3rave mostly
contemporaneous, these two geological groups aoesiby the same symbol in
Fig. 3-1a, whereas in the text, the terms Misakauprand Tanzawa Group are
used for westward and eastward of the KatsuragaawdtKKF), respectively. The
Misaka and Tanzawa Groups have maximum thicknestavout 10,000m and
primarily consist of submarine basaltic andesitodoanics and pyroclastics
(Nishimiya and Ueda, 1976; Matsuda, 2007). The kajia Group is mainly
composed of clastic materials and andesitic volckastic materials, and it
reaches about 6,000m in thickness. These threeogexd!| groups have suffered
regional metamorphism and hydrothermal alteratielated to submarine
volcanism and are known as the green tuff formatibme Misaka Group is
considered impermeable by water (e.g., Kaenha@l., 1986).

Mt. Fuji (3,776m in altitude), the highest mountamJapan, is a composite
stratovolcano consisting of four volcanoes: Pre-Kiaike, Komitake, Old Fuji,
and Young Fuji, in order of decreasing age (e.gaskimotoet al,, 2004 and 2010;
Nakadaet al., 2007). The meteoric groundwater of Mt. Fuji isneadered to flow
mainly in the Young Fuji aquifer on the low perméal®ld Fuji body, as shown in

Fig. 3-1b (simplified after Yasuhara, 2003 and Tsiu2007).

3.3 Sampling and analytical procedures

Nine groundwater samples were collected from deefpsipring wells drilled
in the Misaka and Tanzawa Groups of the Misaka &adzawa Mountains and
northern foothills of Mt. Fuji (Fig. 3-1a). Additimally, a spring water at the
northern foothills of Mt. Fuji was collected for eyparison with deep
groundwaters. At the sampling site, drilling dateck as well depth, temperature

logging, and underground geology were also obtailbbgdnterviewing the owner
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or facility manager.

Temperature, electrical conductivity, pH, and alkéty were measured at each
sampling site, and the chemical componentd,N&, Mg®*, C&", CI, SO, AI*",
total Fe, and Si@and the isotopic compositions 8D, 520, and3®*'S were
measured in the laboratory using the same procedasedescribed in Chapter 2.
Additionally, NO;” was measured using ion chromatography (SHIMADZU-\E),
and Li" was measured by atomic absorption spectrophotom(&HIMADZU
AA-6200). The concentration of boron was measursoh@ the carmine method
(HACH DR-2800). Activities of various ions and chial equilibria for relevant

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

3.4 Results and discussion
3.4.1 Analytical results

The analytical results are listed in Table 3-1. Ttmperature of the samples
was between 11.3 and 39.3 °C, and the pH was nettralkaline, ranging from
7.1 to 10.0. The groundwaters were commonly ricl8®?* ions, classified as
CaNa-SQ (Nos. 1, 2, 7), Cd&Na-SQ-HCO; (No. 3), NaCa-HCQ-S0O; (No. 4),
Na-Ca-SQ-HCO; ( No. 5), CaNa-Mg—-SQ;-Cl (No. 8), NaCa-SQ-Cl (No. 9),
and CaNa-SQ-Cl (No. 10) types based on the trilinear diagrang(B-2). Spring
water from the northern foothills of Mt. Fuji (N®&) was classified as
CaMg—HCG; type.

The 8D and$'®0 values of groundwaters varied from —90.4 to —&3.8nd to
—-12.7 to =9.93%.. Thé*'S values of S¢F ions of the waters tended to be higher
on the Misaka and Tanzawa Mountains side (up to.#2€, whereas they were

lower on the foot of Mt. Fuji side (down to +8.2%o).
3.4.2 Origin of deep fluids and their storage conitions

The 8D andd'®0 values of the sample waters were well along tiwal and

global meteoric water lines (LMWL and GMWL; Fig.3), indicating that
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Fig. 3-2 Trilinear diagram for the water samples.

groundwaters are derived almost entirely from meitewater. Since the altitude
effect indD and&*®0 of precipitation has been recognized at the remitflank of
Mt. Fuji (Yasuharaet al, 2007), thesD and&'®0 values of the sample waters
should reflect their recharge altitudes. Relatidpdhetween recharge altitude and
3'%0 values of the groundwater (recharge-water lin@yehbeen also investigated
by Yasuhareet al. (2007); in reference to the report, average regbaltitudes of
the groundwaters are roughly estimated at abouD1803000m. Spring water is
estimated at about 1200m.

However, in spite of their meteoric origin, grounaers had different
concentrations of Clion, up to 546 mg/L. Because the @in concentration in the
precipitation around Mt. Fuji is low (0.27 - 1.32gfh; Hiyamaet al.,, 1995), Ci

ion in groundwaters does not appear to originatenfiprecipitation. Considering

34



-50 -
(a) A
-60
. - 10
£ 70 >
o -80 £
© m 1
_ O Groundwater roundwater
90 O Spring water 8 :pringdwatter
-100 0.1 ‘
-15 -10 -5 1 10 100 1000 10000
8 80 (%o) CI" (mg/L)
600 25
c (d) ,
500 | (© 20 -
= 400 O, < ’
> - L 19
& 300 oS %)) 7
= < 10 y =3.42 x + 53.44
‘s 200 ""0 O, R?=0.81
= 100 Qe 5
0 C ‘ 0
0 100 200 300 400 500 600 -14 13 -12 -11 10 -9 -8
CI' (mg/L) 8 %0 (%o)

Fig.3-3 dD—6'%0 (a) , B—CI" (b), N&—CI (c) and6*®0—03*S (d)
diagrams for the water samples. GMWID = 8-5'%0 + 10; Craig (1961).
LMWL, 6D = 8-6*%0 + 15.1; Yasuhara et al. (2007).

geological settings and well depths, the sourc€lofions is likely related to the
storage conditions of deep fluids. This is becagisen tuff generally contains
seawater in its pore space (Sakai and Oki, 1978hpbfied geological columns

of wells Akiyama and Kawaguchiko-3 (Nos. 3 and B0 shown in Fig. 3-4. Well
No. 3 reached the Tanzawa Group at deeper thanbdlow the surface and is
screened at depths from 1176 to 1488m. Well Norelached the Misaka Group at
deeper than 340m and is screened at depths of 4108.5 to 1493.5m. Detailed
geological data of the Narusawa well (No. 8) contit be obtained, but it is found
that the volcanic products of Mt. Fuji, such asdasgcoria, andesite, and basalt
are distributed from the surface to around 640mtdepnd the Misaka Group is

distributed below 640m depth. At other samplingesitany geological and casing
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Fig. 3-4 Stratigraphy, casing and screen locatiohtwo wells. (a)
Akiyama (No. 3), (b) Kawaguchiko-3 (No. 10).

program information about the wells could not bélected. However, considering

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

of the Misaka and Tanzawa Groups is the reservbthe groundwaters collected

in this study.

Reservoir host rock of the groundwaters can benesited also using B/Cl

concentration ratio (Inuyamet al., 1999). According to Inuyamat al. (1999),

36



Temperature (°C)
0 10 20 30 40 50 60

0 ‘
300 |

g600 :

<

& 900 |

()]

Geothermal gradient

1 200 B mg: g 2.65°C/100m

1.99°C/100m
No. 10 2.27°C/100m

-O- Akiyama(No.3)
=0~ Narusawa(No.8)

1 500 || -A Kawaguchiko-3

(No.10)

Fig.3- 5 Temperature logging data from three wedfser completion
of drilling. Geothermal gradient was calculated lke following
equation. G = (T - T, ) / Depth (m) x100, where G is the geothermal
gradient, T, is bottom hole temperature, and, 1 the mean annual
temperature (10.6°C) at the town of Fujikawaguchikmom Japan
Meteorological Agency (2014).

reservoir rock of groundwaters that have more tB&rmg/L of CI and B/CI ratio
of 0.01 to 0.1 are classified as volcanic rockgy.Fd-3b is a plot of B against Cl
ion concentrations of the samples which have hidimon concentrations than

the lower limit of quantitation. Among these, thaters that have more than 50
mg/L of CI' have B/Cl ratios between 0.02 and 0.06. This result indisdteat

these waters had been stored in the volcanic roEks result is in harmony with
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the result inferred by the drilling data that ressr of the groundwaters is the
green tuff formation. Considering reservoir chaeacdtics, it can be deduced that
the seawater trapped in the pores of basement grdéformation composes part
of the origin of deep fluids. But the seawater tran is very small, less than 3%,
based on the Ckoncentrations.

The temperature—depth profile of wells Akiyama, Nsawa, and
Kawaguchiko-3 (Nos. 3, 8 and 10) show a typical @wction-type gradient (Fig.
3-5), indicating that the groundwaters were trappegore space; fluid upwelling
from deep underground is not recognized. Geothemgnatlients of those wells are
all calculated at less than 3°C/100m (Fig. 3-5)egé are within the range of

geothermal gradients in non-volcanic regions ofalap

3.4.3 Formation mechanisms of groundwater quality

As the relationship between Nand Cl ion concentrations in the samples
tend to be richer in Nathan the seawater dilution line (Fig. 3-3c), fottioa
mechanisms of the groundwaters cannot be explaiyednly the simple mixing
process of meteoric water and seawater. Theretogegafter the origin of
chemical components, after subtraction of the s¢awderived component
amount, will be discussed. An evaluation of theestttof M component (such as
Na“, Mg®*, C&", HCOy, and SQ%) relative to a theoretical seawater

encroachment can be obtained through calculatiofMfindices:

A[M] = [M] — [M/CI] sea x [CI] (3-1)
whereA[M] is the difference between the M concentratiorasured in sample
waters (in meg/L) and that expected from calculatb@sed on the M/CI ratio of

the modern seawater.

(1) Dissolution of anhydrite and/or gypsum

Because the solubility of anhydrite and/or gypsuecrdases with
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samples. See the text for calculationdodnd @ values.

temperature increase, anhydrite and/or gypsum ismportant mineral in the
green tuff region. Sample waters exhibited a stroagelation betweeAC&”*
andASQ,* (Fig. 3-6a), and are undersaturated to saturati¢ll respect to
anhydrite (Fig. 3-7a; a similar result is also abtad for gypsum). Considering
these conditions, the maximum concentrations of' @ad SQ? ions are mainly
controlled by the solubility equilibrium of anhydei and/or gypsum. Th&**s
values of the S@ ion of waters from the Misaka and Tanzawa MounsaiNos.
1-4) range from +16.9 to +20.7%o, confirming thatfsuin the SQ* ion derives
from dissolution of anhydrite and/or gypsum fromdngthermal veins in the green
tuff formation at the site because of its similalwe to anhydrite from the
Tanzawa Group (+20.0%0; Muramatsti al, 2011).

On the other hand, groundwaters from the foot of Mji tend to have low
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Fig. 3-7 pH versus saturation index for anhydrit),(calcite (b) and
Mg-smectite (c) diagrams for the water samples.

5%*S values, down to +8.2%. at the sampling site ofuéawa (No. 8) groundwater.
Thesed®*'S values are not in accordance watfS values of anhydrite from the
Tanzawa Mountains. Fig. 3-3d is33'S agains®*®0 diagram, showing a good
correlation; this is, namely, indicating that iretivaters recharged at higher

altitude, thed**S values tend to be lower. Considering this speadtistribution of



3%*s values and geology, volcanic sulfur seems invdlirethe source of lower
5%*S values of S¢F ion. This is because thé*S values of total sulfur (SOt H,S
+ S,) in volcanic gas are generally lower than thosenafrine S@Q* ion, ranging
from +2.2 to +12.5%0 in the geothermal systems gfala(Sakai and Matsubaya,
1977). SQ is a common constituent of volcanic gases (Whitd ®aring, 1963),
and adhered SQgas components on ash form anhydrite and/or gypsuough
volatilization. Such gypsum has been well obsergadhe surface of lava at
Sakurajima volcano, Kagoshima Prefecture of soutwi@pan, and investigated
by Kohno (2009). Occurrence of anhydrite and/or gym has been found also on
the ash of Miyakejima volcano, which belongs to #aane volcanic belt as Mt.
Fuji volcano, and thé**S values of S¢" ions obtained by leaching analysis of
that ash were also reported as between +5 and +{Mé&kada and Geologic Party,
Joint University Research Group, 2001). Td1&S values of S¢ ion are very
similar to those of Narusawa (No. 10) with +8.2%p]lected in this study.

Although previous studies that report the existeatanhydrite and/or
gypsum around Mt. Fuji is very rare, anhydrite ardgypsum definitely exist
around Mt. Fuji; Iwasaki (1939) reported an occuue of gypsum at the
northeast of the summit crater. In addition, Miyajid Oguchi (2004) reported
that the ash discharged from the Fuji volcano Vékgly contained the gypsum.
Based on these arguments, the most probable rgasdhe low%*S values of
SO,* ion in the waters at the foot of Mt. Fuji is thiesslolution of anhydrite and/or
gypsum, which contain volcanic R0

Recent research has been revealing the flow sygtetime Old Fuji volcanic
body, which had been considered aquiclude. For gapGmatiet al. (2011)
pointed out the existence of vertical leakages mfugdwater from Young Fuji
aquifer toward the Old Fuji volcanic body, whichchkeen considered aquiclude.
In this study, S@ ions, the origin of which is considered volcanithgdrite
and/or gypsum occurring at the surface of the maitmfoot, were detected in
deep hot spring waters at the northern foothillsviaf Fuji, perhaps indicating that

the vertical leakage of meteoric water reacheddéep basement of Mt. Fuji.
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Fig.3-8 Stability diagram of minerals in N@-ALO,—Si0,—H,0O system at
298 K and 1 atmosphere. Thermodynamic data are ffandy (1971).

(2) Weathering of plagioclase and precipitation otalcite

Altered minerals caused by hydrothermal activitiss¢ch as albitized
plagioclase and calcite, commonly occur in the gragf formation in Japan
(Hattori and Sakai, 1980). Indeed, albitized plaése and calcite precipitations
are recognized also in the green tuff formatiortted Misaka and Tanzawa Groups
in the study area (e.g., Sed&i al., 1969; Shimazet al, 1976). Fig. 3-8 is an
activity diagram for a N#D-Al,0,-Si0O,-H,0 system. According to this, most
sample waters are plotted in the stability fieldNd-smectite. Therefore, the
albitized plagioclase must have been weathered Neesmectite by the following

reaction:

2.33NaAISE0g + 2CO, + 2H,0
— Nag 33Al5.35Si3.67010(OH), + 2Nd + 2HCO; + 3.32SiQ (3-2)

As shown in equation (3-2), in the case that alathering is the major process
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to create water quality, concentrations of 'Nia the waters are expected to be
same as those of HGO Such a water formation mechanism is also repoimed
other deep groundwaters (e.g., Muramagsal., 2014a and b). In this study,
however, the relationship between concentrationsl@fand HCQ™ in the waters
shows obvious discrepancy, being relatively pooH@O; (Fig. 3-6b). This
discrepancy is considered to be due mostly to HG@@pletion by calcite
precipitation because dissolution of anhydrite amdjypsum provides Gato the
waters. Groundwaters are in approximately saturatesupersaturated conditions
with respect to calcite (Fig. 3-7b), strongly suptiog the occurrence of calcite
precipitation. In the study area, some groundwaberge slightly elevated pH, up
to 10.0 due to albite weathering consuming protdsisder these pH conditions,

calcite precipitation should have progressed akod:

Ca* + HCO; + OH — CaCQ + H,0 (3-3)

Assuming the above mentioned three reactions, dissolution of anhydrite
and/or gypsum, albite weathering, and subsequentadte precipitation, the
depleted amount of HCOby calcite precipitation®HCOs) can be defined as
“@HCO; = ASO,> —AC&*”. Na' concentrations are in fairly good agreement with
the total amount oAHCOs; measured an@HCOs™ (Fig. 3-6c¢), strongly supporting

the occurrence of albite weathering and subsequoeltite precipitation.

(3) Cation exchange reaction

Based on the aforementioned arguments, it is intptheat the dissolution of
anhydrite and/or gypsum, albite weathering, andcji¢ation of calcite are the
main mechanisms to create the qualities of the dagds. However, most
samples show excess in Neoncentrations againshAHCO; + ®HCO;7] (Fig.
3-6¢), and this excess is mostly counterbalancedMg®* (Fig. 3-6d).
Considering the fact that M§ions from seawater move into the exchange

positions of the minerals in preference to?Cand Nd ions (Carroll and Starkey,
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1960),it canbethoughtthatNa" concentratiorof the seawatetrappedin the pores
of the Misaka and Tanzawa Groups had been increagate Md* exchange
reaction of Na-smectite. Hence, excessivé Nancentration of groundwaters
would be the result that reflected the characterssof the altered seawater. Most
groundwaters are saturated to supersaturated wgpact to Mg-smectite (Fig.
3-7¢). Further, although a mineral species hasheean identified, argillized zones
have been recognized underground at Kawaguchikide3,10, which has marked

excessive Naconcentration, supporting this explanation (Fig4l8).

(4) Weathering of olivine

On the other hand, in Narusawa groundwater and f@shpring water (Nos. 8
and 6), which have relatively high Mgcontents AMg®* compensates for the
shortage ofANa’ from theANa’" : [AHCO; + ®HCO;] = 1 : 1 line (Fig. 3-6¢ and
d).

This indicates that the existence of the ®gource is related to HGO
increase or Naexchange by Mg-smectite. But the latter cannoaabsumed
because of the high affinity of M§for smectite as mentioned above. Considering
the sample locations, weathering of olivine appédai@be a possible source for
the Mg and HCQ'. This is because the volcanic products includiagal and
volcanic ash of Mt. Fuji have high olivine conteg®tg., Tsuya, 1962; Ohkuret
al., 1993; Miyaji,et al, 1995); further, olivine has high weathering sysdeility
in major igneous rock (Goldich, 1938). AccordingStefanssoret al. (2001),
Mg-olivine is less stable against weathering thaarkeh olivine. Weathering of

Mg-olivine progresses as follows:
Mg,SiOs + 4CO, + 4H,0 — 2Mg?" + 4HCO; + Si(OH), (3-4)
Mg®" enrichment is apparently observable only in samMNes. 6 and 8, but the

weathering of olivine should have occurred commoatgund the distribution

areas of volcanic product of Mt. Fuji.
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3.5 Summary

Major chemical and stable isotopic compositiofb (520, §3*S) of the
groundwaters from deep hot spring wells and froma&ural spring in the northern
foothills of Mt. Fuji and the adjacent Misaka andrizawa Mountains area were
analyzed to investigate the origin and formationcimenisms. The following
conclusions can be drawn from the results:
(1) The groundwaters were classified as K&SQ, CaNa-SQ-HCO;,
Na-Ca-HCQ-SO,, NaCa-SQ-HCO;, CaNa-Mg-SO;-Cl, Na-Ca-SQ-Cl, and
CaNa-SQ-Cl types, whereas the spring water from the nomheothills of Mt.
Fuji was classified as the @dg—HCO; type. Sample waters originated through
the mixing of meteoric water with very small amosimif seawater, which had
been trapped in the pore space in the basement smckalled green tuff
formation. The compositions of seawater fractionyrhad been chemically
altered by the cation exchange reaction of smectitving higher Naand lower
Mg®* than modern seawater.
(2) After subtracting the amounts of the seawaterived component, the
chemistry formation mechanism of the deep fluid @@nexplaimed by several
water-rock interactions: the concentrations of N@&*, SO,*, and HCQ ions
were mainly controlled by the dissolution of gypsamd/or anhydrite, calcite
precipitation, and the formation of Na-smectitewgathering of albitized
plagioclase. Around the distribution areas of valicaproducts of Mt. Fuji, the
weathering process of olivine may also influence toncentrations of Mg and
HCO; ions.
(3) Thed**s values of S¢ ions of the waters were higher on the Misaka and
Tanzawa Mountains side (up to +20.7%0) and lowettloan foot of Mt. Fuji side
(down to +8.2%0). The high®*S values at Misaka and Tanzawa Mountains support
the dissolution of anhydrite and/or gypsum in thhean tuff formation, whereas
low §°*S values at the foot of Mt. Fuji indicate involvemeof volcanic anhydrite

and/or gypsum.
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Chapter 4

Geochemical and isotopic characteristics of the
groundwatersin the Setogawa group in
western Yamanashi Prefecture

4.1 Introduction

In this chapter, groundwater from a well drilled fmineral spring bathing
purpose and a natural spring water located in theAata area, located in the
northern Setogawa Group in the western part of Maashi Prefecture, were
collected and subjected to chemical and isotopialyses of hydrogen, oxygen,
and sulfur. A phyllitic rock sample was also takieom a natural spring site for
microscopic observation to check for the presentany disseminated minerals.
Based on the analytical results, origin of the wated water-rock interactions,
which determine the quality of the water were dis®ed.

The study area has one of the highest amountsiofalhin Japan (mean
annual rainfall is more than 2,100 mm; Ministrylednd, Infrastructure and
Transport Government of Japan (2014), and has besignated as one of several
watershed conservation areas by the Yamanashi piaf@ ordinance (Yamanashi
Prefectural Government, 2012). Further, mineralag@nd sulfur isotopic
properties of Koei vein deposit in the Amehata haeen reported by Shimizat
al. (1995). Thus, this area is considered a suitaktie to discuss the relationships
between water quality and geological charactersstiuithout anthropogenic
influence. The water supplies of this area, suclval and spring discharge, have
been used for mineral spring bathing and other dsiingurposes, but the origin

of the water and their chemical components havebe®n described previously.
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Figure 4-1. Simplified geological map and sampledtions of water samples in the
northern Setogawa Group in the western Yamanashéfdature (modified after
Sugiyama, 1995; Ozaki et al., 2002).

4.2 Overview of geology

A simplified geological map and sample locationse ahown in Fig. 4-1. The
Setogawa Belt of the Shimanto Belt is an Early taltle Miocene accretionary
complex situated at the easternmost part of theigtkaviountains in Central
Japan. It is bordered by the Itoigawa-Shizuoka @eit Line (ISTL) at its eastern
end and the Sasayama Tectonic Line to the westiy@aota, 1995). The Belt is
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comprised of three Groups (the Setogawa, Oigawd,Ryuso Groups, from west
to east), which are separated by the Fujishiro &umhaiyama Faults branching
from the ISTL (Sugiyama, 1995). The Setogawa Gréapns a major part of the
Setogawa Belt, which is mainly composed of slatyphyllitic shale and sandstone
(Sugiyama, 1995; Yaget al.,, 1996; Ozakiet al., 2002). The Oigawa Group is
mainly composed of shale and interbedded sandsamdeshale. Furthermore, the
Ryuso Group is mainly composed of rhyolite volcanock and lava (Sugiyama,
1995; Ozakiet al., 2002). Several ore deposits are recoghized enSbtogawa

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

4.3 Sampling and analytical procedures

Two water samples were taken from a well drilled fioineral spring source
and a natural spring in the Amehata area, nortlfsgtogawa Group in the western
Yamanashi Prefecture (Fig. 4-1). Additionally, phtyt rock samples were
collected from the natural spring site. Well dejtid chemical analysis data for
the Amehata mineral spring source were obtainednbgrviewing the facility
manager.

Temperature, electrical conductivity, pH, and alkély were measured at
each sampling site, and the chemical componenfs K'§ Mg®*, C&"*, CI, NOg,
SO,%, total Fe, and Si©,B and the isotopic compositions &b, §'°0, ands3*S
were measured in the laboratory using the samegatoies as described in
Chapter 2 and 3. The amount of free Ofas calculated based on the alkalinity
and pH values. Rock samples were observed usingisattmicroscope

(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 natupairsg waters are listed in
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Table 4-1. The extremely low concentration of N@ water samples, which is
one measure used in the water pollution index, ssggthat there are little or no
anthropogenic effects. Natural spring water showkghtly alkaline pH and ionic
dominance patterns of €a> Na' > Mg** and HCQ > SQ,* > CI'. The
groundwater gave off a pervasive hydrogen sulfiderpand the chemical
contents were 10 times thicker than those of ndtspaing water, but it had
approximately the same ionic dominance as the matspring, i.e., C& > Mg** >
Na“" and HCQ > SQ” > CI.

Hot spring analysis certificate (Yamanashi Prefeetbood Hygiene
Association, 2009) show slightly higher concentoatiof major cation and anions
such as, Nj K*, Cc&*, Mg?*, F&*3*, CI', HCO;, and SQ” ions, than these of
groundwater sampled in this study, but show theesé&mic dominance pattern. As
shown in Table 4-1, all these analytical data, irdéhg data in this study and the
hot spring analysis certificate (Yamanashi Prefeetdood Hygiene Association,
2009), show slightly higher concentrations of boiarthe water samples (0.1 to
0.7 mg/L as B) than that of rain and river watercentral Honshu (0.009 ppm and
0.042 ppm as B, respectively; Utsumi and Isozaki67d). This boron content
indicates that the quality of water samples isueficed by the interactions
between water and sedimentary rock of the sampdibg because the boron
content is generally high in sedimentary rock (kdwa and Nakamura, 1989).
Yazakiet al. (1981) have pointed out that the groundwaterhiis tarea tends to
have ionic dominance of Na C&* and Cl> HCO; with a slightly alkaline pH.
However, these water quality characteristics wereually focused on an
investigation of waters associated with natural.dgéserefore, relationship
between water chemistry and sedimentary rock ofAhnehata area has not been
clearly identified. Regarding the sample waterdha present work, water quality
is similar to general water qualities of shallowogndwater (Ca—HC®type)
rather than the features determined by Yaztkal (1981).

The §**S values of the dissolved $0in the samples were very negative.

This may be one of the features, which found in weder 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 8D and3'®0 values of the water samples suggested that therwavere
meteoric in origin because tlevalues of the water samples (Table 4-1) were
similar to the annual mean values of the springessiin the Kofu basin, which
are meteoric in origindD=—66%o, 8'°0=-9.7%.; Nakamurat al., 2007).

In general, the water quality of the groundwaterided from meteoric water
is controlled by several water-rock interaction peeses, such as the dissolution
and precipitation of calcite, plagioclase weathgriand ion-exchange reactions of
clay minerals. This is especially true at shall@aydr levels where a dissolution of
calcite as shown in the reaction (4-1) is the na®tinant factor affecting the
chemical properties of groundwater because theitmattissolution rate is

exceedingly faster than that of plagioclase (Rimgtll997).

CaCQ + CO, + H,0 — cat + 2HCOy (4-1)

In the Setogawa Group, calcareous rocks, which @iondeveral species of fossils,
such as foraminiferal, nanno and molluscan fosgitsye been occasionally
recognized (e.g., Honjo and Minoura, 1968; lwasakid Ono, 1977; Ibaraki 1983,
1984; Sugiyama, 1995). Thus the calcareous cordétlte rocks seems to be the
source of the Cd and HCQ' in the water samples. However, the average
concentrations of the Gaand HCQ' in the natural waters (including spring water,
groundwater, and river water) from every regionJapan are 14.7 mg/L and 50.7
mg/L, respectively (Yabusaki and Shimano, 2009)s&hon this, the G4 HCOy
meq ratio is calculated at 0.88. Conversely, th8'CIHCO; ratio of the water
sampled in the present study is slightly high, téag 1.17 for groundwater and
1.01 for natural spring water.

Next, the origin of the S§} in the water samples was discussed. According
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Figure 4-2. Micrographs of finely-disseminated aoxidized pyrite in the polished rock
sample. Cube type; (A) stereo microphotograph, (#&flected light microphotograph.
Veinlet type; (B) stereo microphotograph, (B") exfted light microphotograph.
Oxidation of the pyrite progressed to the inside.

to Shimizuet al. (1995), the Koei vein deposit (Fig. 4-1) in thenAhata area
consists of an abundance of sulfide minerals, aglpyrite, pyrrhotite,
chalcopyrite, and sphalerite. Furthermore, thodéides have very negativé**s
values at —14.6%.. Thos¥“S values are remarkably similar to the values @&f th
SO,* in the water samples (—14.4%. for groundwater; 7%3.for natural spring),
suggesting that the origin of the $Owas from an oxidation of the sulfide
minerals. As a result of this microscopic obsergatdf the phyllitic rock sample
collected from the natural spring site, a finelysseminated pyrite was recognized
and the oxidation of it was seen to progress toitlséde (Fig. 4-2). Therefore, the

SO,% in the water samples were derived from the oxidmtf pyrite at the
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oxygen-rich conditions close to the surface by tbléowing reaction (Appelo and

Postma, 2005):

FeS + 15/4G + 7/2H,0 — Fe(OH) + 2SQ* + 4H" (4-2)

According to hot spring analysis certificate (Yamahi Prefecture Food Hygiene
Association, 2009), the groundwater contains digsd|S05*", HS and HS as
specific chemical components of the Japanese Hoin§p.aw. Because the slaty
rock around Amehata area is rich in organic maf¥azakiet al.,, 1981), it can be
considered that 6 was produced via sulfate-reducing bacteria inaghaerobic
underground environment. This is due to the faeitt tthe decomposition of
organic matter can lead to anaerobic conditiongraundwater.
The SO is possibly an intermediate product of the reoxida process of 55
to SO

While pyrite oxidation progressed at the oxygendrgurface layer, water
samples were not acidified. Since water sampledaiaed free CQ (Table 4-1),
H* derived from pyrite oxidation was consumed througé dissolution of

calcareous material with the following reaction:

CaCQ + 2H' — cat + CO, + H,0 (4-3)

We also considered that the reason for a high"/B&CO5™ ratio in the water
samples was due mostly to some dissolution of caleas material progressing
without a HCQ' release, as shown in the reaction (4-3).

In this study, chemical and isotopic characteristo¢ groundwater and spring
waters of Amehata, a watershed conservation areéaofanashi Prefecture, were
interpreted based on geological attributes. To @ebtand sustainably use hot
springs in Yamanashi Prefecture, further geologirad isotopic investigations

should be extensively conducted.
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4.5 Summary

Water samples from a well drilled for mineral spryibathing purpose and
natural spring water in the Amehata area of nomh®&etogawa Group in the
western Yamanashi Prefecture, as well as a rockpsssrtaken from the natural
spring site were investigated in order to determtime origin of the water and
chemical reactions, which determine the qualitytlod water. A couple of
discernible conclusions below can be drawn from rié®ults:
(1) The ionic dominance pattern observed in theéavaamples were Ga> Na'
> Mg?* and HCQ > SQ,* > CI for natural spring, and Ga> Mg?* > Na" and
HCO; > SQ,* > CI for groundwater, respectively. Based on the isatop
characteristics 08D and§'®0, sample waters were shown to be meteoric in
origin.
(2) The C& and HCQ in these water were derived from the dissolutién o
calcareous material in the Setogawa Group. Theg?3®at has very negative
values 0f3*S was thought to be derived from the oxidation pfife at the
aerobic surface layer. The hydrogen sulfide odotha&f groundwater might be
resulted from S reduction to HS by sulfate-reducing bacteria in the anaerobic
underground. Hderived from the pyrite oxidation was then neduitzatl 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 colétem 19 wells drilled
for the purpose of hot spring bathing in the areanf Kofu basin to the western
adjacent Itoigawa-Shizuoka Tectonic Line and thedM@ Tectonic Line area of
central Japan. The samples were subjected to ntj@mical and isotopic analysis
of 8D, 5'%0, ands**S. Based on the analytical results, the origins gadchemical
features of the deep groundwaters are discussed.

Today, many hot spring sources have been develbyedkep drilling within
the study area. As a result, there are hot spriatevs with various characteristics,
including Na—CIl, Na—GCHCOs, and NaCa-CI SO, types have been reported (e.g.,
Aikawaet al., 1989; Yaitaet al., 1991; Tsukamotet al., 1994; Aikawa 1995), but
their formation mechanisms have not been clarifieadroughly. Deep hot spring
development that precedes the understanding ospaohg formation mechanisms
has been considered a problem from the viewpointhefprotection of the
environment and resources; actual concrete problemsh as well interference,
water level depletion, and water quality changesyehoccurred in the study area
(e.g., Akiyama, 1961; Aikawat al., 1982; Tsukamotet al., 1991; Nishimura,
2006; Nishimura and Jyomori, 2012).
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Fig. 5-1 Simplified geological map and sampling locations of water (simplified
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5.2 Overview of Geology
A simplified geological map with the water samplifggations is shown in

Figure 5-1. The study area is situated at the ¢érjphction of the Eurasian, Pacific,
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and Philippine Sea plates. The Median Tectonic L{M&L), the most significant
fault in Japan, is offset by the Itoigawa-Shizudlkectonic Line (ISTL) bounding
the western margin of the Fossa Magna region (Tak8§6). The MTL
constitutes a boundary between the low-pressuréftegnperature Ryoke and the
high-pressure/low-temperature Sanbagawa metamoipdlis. The Ryoke
metamorphic belt is composed mainly of Ryoke metgrhic rock and intruded
granitic rocks. The Ryoke metamorphic rock was orédly derived mainly from a
Jurassic accretionary complex (Ozakial., 2002). In contrast, the Sambagawa
metamorphic belt consists of crystalline schisthpse protolith was the last
Jurassic accretionary complex, and Mikabu greerkspavhich are derived mainly
from submarine, basaltic, volcanic rocks (includipitjow lavas and
hyaloclastites) with ultramafic rocks and gabbr@=zékiet al., 2002). The weakly
or non-metamorphosed Jurassic Chichibu and theaCestus Shimanto
accretionary complexes are distributed to the saitthe Sambagawa belt. The
Middle Miocene Misaka and the Late Miocene to P&ne Fujikawa Group, both
of which were deposited primarily in a deep-seaisrvment (Nishimiya and
Ueda, 1976; Matsuda, 2007), are distributed toghst of the ISTL. These two
geological groups, collectively known as the greefi formation, have undergone
regional metamorphism and hydrothermal alteratielated to submarine
volcanism. The Shimanto complex is intruded by Nemg granitoids at the
northern end of the Akaishi Mountains and at theth@f the Kofu Basin. The late
Miocene to Quaternary volcanics is widely distriedtat the North and Northwest
of the Kofu basin, and several Quaternary volcanaslocated in this area.
According to Kunitomo and Furumoto (1995), the brasat of the Kofu basin tilts
southwestward, and the basement rock of the greHrfdrmation was recognized

at depths below 1,002 m in the western Kofu basin.

5.3 Sampling and analytical procedures

Groundwater samples were collected from nineteelhswahich were drilled
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Q Green tuff and Kofu basin area: Nos.11-19
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Fig.5-2 Trilinear diagram for water samples.

for the purpose of hot spring bathing, in the afman the Kofu basin to the
western adjacent ISTL and MTL areas in central dapd each sampling site, the
well depth was also obtained by interviewing thenewor facility manager.
Temperature, electrical conductivity, pH, and alkély were measured at
each sampling site, and the chemical componentsNa’, K*, Mg®*, C&", CI',
SO, AI**, total Fe, and Si© B and the isotopic compositions &b, §'°0, and
5%*S were measured in the laboratory using the samegutures as described in
Chapter 2 and 3. The activities of various ions #émel chemical equilibria for
relevant minerals were calculated using the SOLVd@@hputer programs (Reed,

1982) as in Chapter 3.
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Fig.5-3 Na'—ClI (a), )D—o*®0 (b) diagrams for water samples. GMWL, 6D = 8:5*%0
+ 10; Craig (1961)

5.4 Results and discussion
5.4.1 Analytical results

The analytical results are listed in Table 5-1. Tthmperature of the water
samples was between 14.1 and 48.8°C, and the pHbe®&geen 6.4 and 9.4. The
water samples were mainly classified as Na—Cl (Nles6 and 16), Na—CHCO;
(Nos. 8-10, 14, 17, and 19), Na—He Q@I (Nos. 7 and 18), N&a-ClI (No. 11),
CaNa—Cl (No. 15), NaCa-CI SO, (No. 12), and Na—CHCO;-SO; (No. 13) types,
based on a trilinear diagram (Fig. 5-2). Theé @ncentration of the water samples
was up to more than that of modern seawater, aadé¢hationship between Na
and CI concentrations in the water samples was well aldregseawater dilution
line (Fig. 5-3a). In théD and5*®0 diagram, most samples plotted close to the
global meteoric water line (GMWL), but the Na—Chpt/water, with high salinity
(e.g., Nos. 1-6; CP100meqg/L), clearly departed from the GMWL (Fig35),
and its extended direction indicates a so-calledififa-type deep thermal water”

(e.g., Matsubaya, 2009) region instead of modemawsder composition

(V-SMOW). Such saline water was distributed neax MTL and ISTL.
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Fig.5-4 B-Cl diagrams for water samples.

5.4.2 Source fluids of deep groundwaters and theigeochemical properties
(1) Kofu basin and green tuff region

The relationships betweea¥D and§*®0 in the water samples from the Kofu
basin and its adjacent green tuff region (Nos. B)-inply a meteoric origin, but
they have different concentrations of Qip to 3190 mg/L (Table 5-1). The B/CI
ratios of the water, which can be used to estintheereservoir rock of the thermal
waters (e.g., Inuyamet al., 1999), were distributed from the region of thetma
waters of seawater and fossil seawater origins (BATCO01) to the region for
thermal waters of meteoric water origins storedromcanic rocks (0.1< B/CI
<0.01), as shown in Figure 5-4. Based on these ¢danand isotopic properties,
the groundwaters in this area (Nos. 11-19) are ickmred to originate from the
mixing of meteoric water with fossil seawater thwetd been trapped in the pore
spaces of the green tuff formation.

According to Sakai and Oki (1978), seawater cauws€st" increase, but a
Mg?* depletion, when seawater reacts with high-tempaetolcanic materials

because calcium in the volcanic materials is repthwith seawater M.
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Fig. 5-5 ACa**—AMg** diagrams for water samples; see the text for
calculation of 4 indices.

Ca-silicate + M§* — Mg-silicate + C&" (5-1)

Groundwater samples No. 11-19 had highef*@2" meq ratios (0.069 to 0.698)
than seawater has (0.037), whereas they had a loatar of Mg®*/CI” meq (0.00
to 0.17) than seawater (0.21). Furthermore, anweatadn of the occurrence of
ca* and Md* exchange relative to a theoretical seawater ertno@nt, can be
obtained through calculation of theCa®* andAMg?®* indices, where tha value is
the difference between the measured'Gmd Md* concentrations in sample
waters, (in meq/L) that expected from calculatidrased on the G4 (and
Mg?")/CI  ratio of theoretical seawater (see Chapter 3 s2ét.3). As shown in
Figure 5-5, the relationships betwe&@a’* andAMg?* in water samples Nos.
11-19 exhibit a good negative correlation. Thisretation confirms the
occurrence of Cd-Mg?" exchange reactions during seawater reaction with
high-temperature volcanic materials.

In general, S§ is removed from seawater under high temperature tduhe

occurrence of anhydrite precipitation (e.g., Sakad Oki, 1978). This is because
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the solubility of anhydrite decreases as tempertocreases. Nevertheless, most
of samples No. 11-19 contained different concenores of SQ* (up to 1,030
mg/L). As shown in Figure 5-6, the water sampleseaevendersaturated with
respect to anhydrite, indicating that the $0n these groundwaters originated
from anhydrite dissolution during the flow and mmyi process of fossil seawater,
and from meteoric origin. Th&*S values of Nos. 11-16 ranged from +19.0 to
+31.6%0 (Table 5-1), within the range for hydroth@lmvaters in the green tuff
regions of Japan (+15 to +33%0; Sakai and Matsubagd@4), and strongly
supporting that this S§& was derived from anhydrite dissolution.

Additionally, as many hot springs containing3ihave been recognized in
this region (e.g., Akiyama, 1964; Aikaweat al., 1989, Meikyo Co. Ltd., 2005),
SO,* consumption by sulfate-reducing bacteria may utidehe highers3*s
values of S in the groundwater samples (up to +31.6%) compavét

modern seawater.
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(2) Tectonic zones (MTL and ISTL) and area near theQuaternary volcanoes
north of the Kofu basin

In the discussion above, it was revealed that lcssawater has been trapped
in the green tuff formation, and it constitutes tpaf the deep groundwaters. Next,
groundwaters near the MTL (Nos. 1-4), ISTL (Nos65and 10), the Quaternary
volcanoes north of the Kofu basin (Nos. 7 and 8)d éhe margins of the intrusive
granitoid (No. 9) are addressed. These water sasnpéee higher C4/Cl ratios
and lower Md*/CI' ratios than those of modern seawater, with oneomin
exception (No. 10 has a lower €£CI ratio than that of modern seawater); no
clear distinction could be found between these watnd the waters suspected to
contain fossil seawater in the green tuff format{®dos.11-19). Likewise, as
shown in Figure 5-4, no clear distinction couldfoend in the distribution of
B/CI ratios. These conditions imply that fossil seawatemposes part of the
water in samples No. 1-10.

On the other hand, Nos. 1-10 show a major distarcfrom the fossil
seawater of Nos. 11-19 in that they contain remibinkk&igher concentrations of
Li*. In general, the Liconcentration in seawater is very low (0.17 mg¥ason
and Moore, 1982), but it is also known that somedsi of pore fluids from
deep-sea cores have highef tioncentrations than seawater has. For example,
Aloisi et al. (2004), who investigated the pore fluids of a muedcano in the
Black Sea, reported extreme enrichment of ilni the pore fluids (up to 24 times
higher than bottom waters), and they considered this was due to concentrated
Li*, caused by low-temperature alteration that reldasiBcate into pore fluids
through desorption during burial processes. Addiéilby, it is also known that the
amount of Li leaching from sediment increases drastically wamperature, and
once Li reaches fluids, it remains in them even when #rapgerature decreases
(Takamatstet al., 1983; Youet al., 1996; Jamest al., 2003). Based on these
previous studies, it can be deduced that the fas=alwater, which was developed
in low temperature, altered oceanic crust and mnesadiments and afterward

experienced high temperatures (referred to as “scs\ul fossil seawater”) and
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that this is the source fluid of the groundwatardNios. 1-10. In previous studies,
Takamatstet al. (1986), who investigated non-volcanic Japanesmeapring
waters and discussed the relationship between thedntent and the genesis of
those saline waters, deduced that the Kashio bragr is from an older fossil
seawater that had strongly interacted with rockstaming high levels of

lithium; our interpretation supports their inferendHowever, the processes of the
increase in salinity concentration and anomalolt $h 8D and§*20 ratios with
respect to modern seawater, are still not clear.

Today, many saline hot springs that have anomab@usnd&®0O ratios
compared with modern seawater have been reportathlyin southwestern Japan,
such as the water found near the MTL and ISTL iis §tudy, and their origin is
being vigorously discussed. Squeezed pore fluignfroarine sediments (fossil
seawater), dehydrated inter-layer fluid from clajnerals, and dehydrated
metamorphic fluid from hydrous minerals are all sadered to be involved in the
source fluids of such hot spring waters (e.g., Nslra, 2000 a and b; Amitet
al., 2005; Nishimureet al., 2006; Ohsawat al., 2010; Muramatset al., 2014c;
Amita et al., 2014; Kazahayat al., 2014). These fluids are considered to be
dehydrated at different stages of the subductictess of the oceanic crust
(Amita et al. 2014). Kazahayat al. (2014), who examined the chemical features
of deep groundwaters in the southwestern Japaneseancluded that the Li/Cl
ratio is a good tool for detecting slab-relatedidlin groundwaters, and suggested
a ratio of higher than 0.001 as an indicator obstalated fluid. Kazahayet al.
(2014) also pointed out that deep-seated slab-edlfitid upwells are found along
faults and tectonic lines, and close to Quaternaricanoes.

In consideration of these recent studies, the galiot springs along the ISTL
should be investigated intensively, and stabledpaod analyses of chlorine and
lithium (8%’Cl and&’Li) should be carried out to clarify their origima increased
salinity.

Additionally, notwithstanding sulfate depletion dtebacterial sulfate

reduction and anhydrite precipitation, sample Ndtl82 Masutomi hot spring in
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Sutama), situated on the margin of intrusive graiuif contains S¢F~ of

substantial amount (278 mg/L), withd3*S of +14.2%.. According to Yaguclet al.
(2014a), hot spring water containing $Owith a8*S of +13.6 %0 was reported at
the South margin of the intrusive granitoid, ané trigin of the SG is
considered to be from anhydrite as a hydrothermialemal formed during past
volcanism. This3*S value is very similar to that of No. 9. Considgiits
geological setting, the origin of the $0in No.9 is probably the same as that
reported by Yaguchet al. (2014a). The Masutomi hot spring has also been
investigated by Sasalet al. (2009b), and they pointed out the dissolution of
gypsum as one of the possible sources 0f°Si@ the hot spring water. Our results

are concordant with their inference.

5.5 Summary

Groundwater samples collected from 19 wells frora Kofu basin to the
adjacent Itoigawa-Shizuoka Tectonic Line (ISTL) aviddian Tectonic Line
(MTL) area in central Japan, drilled for the purpasf hot spring bathing were
analyzed to investigate their origin and geochemfeatures. The following
conclusions can be drawn from the results:
(1) There are two different groundwater sourcgmrafrom meteoric water:
fossil seawater, which has been proposed to haveldped in the pore spaces of
the green tuff formation; and suspected fossil ssa&w which is considered to
have developed in low-temperature-altered oceanistcand marine sediments.
(2) The increased Ghand decreased Mgrelative to modern seawater, are
common characteristics of the two suspected fossawaters, but an obviously
high concentration of Liis the only characteristic of the latter suspedteskil
seawater. Groundwaters that have high tdncentration were found near the

MTL, ISTL, and Quaternary volcanoes.
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Chapter 6

General Discussion

The major chemical and isotopic compositions of togkn, oxygen and
sulfur @D, 5*%0, 8**S) of groundwater samples from the Southern Fosagrid
region and its adjacent area in central Japan wetermined as a basis for
discussing the origin of the deep groundwater aradwater—rock interactions that
control water qualities. Water samples were cokelctainly from deep hot spring
wells drilled in granitic, volcanic, and sedimengaock areas; additionally,
waters were collected from the Kofu basin, wheratgunary sediment is
deposited on basement volcanic rock, and very salater was collected near the
Itoigawa-Shizuoka and Median Tectonic Lines (ISTHdaVTL, respectively).

Assessments were carried out separately basedeogdblogical settings: (1)
granitic; (2) volcanic; and (3) sedimentary rocleas; and (4) the area from Kofu
basin to the ISTL and MTL area, and they were ré@din Chapters 2-5,
respectively. The results obtained through investi@ns in each chapter are

summarized below.

In Chapter 2, groundwater samples collected mafndyn deep wells drilled
for the purpose of hot spring bathing and also froatural discharges around the
Miocene Kofu granitic complex surrounding the Kdiasin were analyzed.

All water samples from the granitic rocks were clidied as Na-HC® type,
whereas water samples from the volcanic rocks ve¢assified as Na—HC9,
Na-SQ, Na-SQ-CI-HCOs', and Ca-SQtypes. The water in the samples
originated from meteoric water, and the averagéaege altitude of the samples
ranged from 947 m to 1,397 m, based on the altiteffiect of3'°0. The
Na—-HCG; type waters from the granitic rocks were likelyifted by the
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montmorillonization of plagioclase, a cation excharreaction of Na—smectite
and calcite precipitation. Trace amounts of the,S®n in this type of water were
derived from the oxidation of sulfides such as frpgrite in granitic rocks or the
roof sedimentary rocks of the Shimanto group, whdifecaused by sulfide
oxidation was consumed in the process of plagicelasathering. The SO ion
content in the Na—HCQtype water from the granitic rocks reflected 47&S
values of the granitic and sedimentary rocks of $imanto group. Water
samples from the ilmenite series area had negataees ranging from —15.1 to
—4.6%0, whereas waters from the magnetite seriea heal positives®*S values
ranging from +1.7 to +8.0%o.

The water qualities of the Na—HGONa-SQ, Na-SQ-CI-HCOs’, and
Ca-SQ types from the volcanic rock area were estimatetd controlled by
anhydrite dissolution, plagioclase weathering, catexchange reactions of
Na—smectite, and precipitation of calcite during fiuid flow and mixing process.
Different concentrations of S® ions determined for these waters have a wide
range ofs**S values, ranging from —4.1 to +13.6%o, likely duethe dissolution of
35-rich and®**S-poor anhydrite. Th&'S-rich SQ? ions were interpreted to be
derived from the sulfate in sulfuric acid, whichoae from the disproportionation
reaction of volcanic sulfur dioxide, whereas fﬁs-poor SQ* ions were derived
from the oxidation of ascending hydrogen sulfidestmallow groundwaters during

an active stage of past volcanism.

In Chapter 3, groundwater samples from deep hoingpwells and spring
water samples from the northern foothills of Mt.jiFand the adjacent Misaka and
Tanzawa Mountains area were analyzed.

The water in the samples originated from the mixafigneteoric water with
very small amounts of altered seawater that hadhliesgpped in the pore spaces in
the basement rock, the so-called green tuff fororatiAfter subtraction of the
seawater-derived components, the concentratiorth@imajor components of the

water samples, i.e., NaC&*, SO,*, and HCQ ions, were mainly controlled by
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the dissolution of gypsum and/or anhydrite, calq@tecipitation, and the
formation of Na-smectite by weathering of albitizekhgioclase. Around the
distribution area of volcanic products from Mt. Kujhe weathering process of
olivine may also influence the concentrations ofMgnd HCQ' ions. Thes*'sS
values of S’ ions of groundwaters were higher on the Misaka &ndzawa
mountainsides (as high as +20.7%.) and lower atftlo¢ of Mt. Fuji (as low as
+8.2%0), indicating the presence of different $0on sources; the former S®
ions with high3®'S values are derived from marine anhydrite andigrsgim,
whereas the latter SO ions with lows%*S values are derived from volcanic

anhydrite and/or gypsum.

In Chapter 4, groundwater from a well located ie thmehata area of the
northern Setogawa Group in the western YamanaséfieRture, which was drilled
for the purposes of mineral spring bathing and naltspring water, was
investigated, along with disseminated minerals framock sample from the
natural spring site.

The sampled waters were meteoric in origin, anditmc dominance pattern
observed was C&4> Na' > Mg** and HCQ > SQ,* > CI for the natural spring,
and C4&" > Mg** > Na" and HCQ > SQ,*> > CI for the groundwater. The primary
dominant ionic contents of aand HCQ were derived from the dissolution of
calcareous material, and the $0was derived from pyrite oxidation in the
aerobic surface layer. The $Oreflected the very negativi@’S values of the
sulfides in the Setogawa Group, and may have bednaed to HS by
sulfate-reducing bacteria in the anaerobic undewgdoconditions. Hreleased by
pyrite oxidation triggered this dissolution of cateous material, and was

neutralized through the reaction.
In Chapter 5, groundwater samples collected fronw&8s drilled for the

purpose of hot spring bathing from the Kofu basrnhe adjacent western

Itoigawa-Shizuoka Tectonic Line (ISTL) and Mediarctonic Line (MTL) area
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were analyzed.

The results implied that there are two differenbwndwater sources in
addition to meteoric water, i.e., fossil seawatehjch has been proposed to have
developed in the pore spaces of the green tuff &arom, and suspected fossil
seawater, which is considered to have developddwitemperature-altered
oceanic crust and marine sediments. The increasétiahd decreased My
compared with modern seawater are the common cheniatics of these two
suspected fossil seawaters, but the obviously ltigicentration of Liis a
distinctive characteristic of the latter suspecteslsil seawater. Groundwaters
with high Li* concentration were found near the MTL, ISTL, anda@rnary

volcanoes.

In summary, these findings suggested that thereatteast three
groundwater sources: meteoric water; fossil seawtiiat has been trapped in the
green tuff formation, and very saline suspectedsilowater with high
concentrations of L'iand anomalousD and&*®0 ratios compared with modern
sea water, which is thought to have developed im-temperature-altered oceanic
crust and marine sediments.

These results also imply that the major qualiti€sleep groundwater are
controlled by various water—rock interactions, degi@g on the environment
where they have been contained. Briefly stated,ahgin and formation
mechanisms of the qualities of deep groundwatenslien by this study are as
follows. (1) The deep groundwater in the granitbick area around the Kofu basin
is typically meteoric in origin, and its major qitiés are considered to be
controlled by plagioclase weathering, cation exaf@neactions of smectite, and
calcite precipitation. Thé%*S values of S¢F™ are positive at the magnetite series
granitoid areas, but negative at ilmenite seriesaar(refer to Chapter 2 for more
details). (2) The green tuff formation containsgdseawater mixed into
meteoric-derived deep groundwater. Anhydrite/gypsiigsolution was an

important process in forming the groundwater withle green tuff region. The
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3%'S of the samples was basically similar to moderavmseter (refer to Chapter 3),
but heavys®*S was recognized within the Kofu basin, likely dwesulfate
reduction by bacteria (Refer to Chapter 5). (3) Tneundwater in the Cretaceous
sediments of the Shimanto Group was also derivechfmeteoric water, and its
quality was affected by pyrite oxidation and caécdtissolution. Thé**S values of
the samples were characteristically low, which wasbably reflected in the
values of the host rock (refer to Chapter 4). (&aNthe tectonic lines and
Quaternary volcanoes, very saline water (suspefdesil seawater) with high Li
content and anomalowd and§'®0 ratios compared with modern sea water, was
found (Refer to Chapter 5). Based on these resalsghematic illustration of the
forming environment for the deep groundwater in stedy area is shown in

Figure 6-1.

These interpretations are still based on inferemeeunded mainly in the
analytical results of major chemical and isotopianpositions o®D, §'°0, and
8%**S. Going forward, to verify these inferences, idénoation of secondary
minerals in aquifers by X-ray powder diffractionawysis of cutting samples of
hot spring wells should be carried out. Additioryalhs mentioned in Chapter 5,
stable isotopic analysis of chlorine and lithiuéi’Cl and3’Li) should also be
carried out to clarify the nature of the very saliwaters that, like the water found
near the Itoigawa-Shizuoka and Median Tectonic kifguspected fossil
seawater), have high concentrations of ahd anomalous8D and§*®0 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)

I nfluence of nitric acid and hydrochloric acid on the
calcium determination by AASin the presence
of an interference inhibitor

In the previous Chapters 2-5, ion chromatographyg waed to determine
calcium in water samples. However, calcium in natwater samples can also be
analyzed by other analytical techniques, such ambductively coupled plasma
atomic emission spectrophotometry or mass specotphetry (ICP-AES or MS),
by atomic absorption spectrophotometry (AAS), ortliyation techniques. Among
these, ICP and AAS techniques can be used to aaagmples rapidly.
Particularly, ICP has recently become widely usedause it can be used to
analyze multiple elements at the same time. Onadtther hand, AAS is still a
major analytical method, as the latest guidelin@smineral spring analysis
methods (“Kosen-bunsekiho-shishin”; Ministry of tBE@vironment, revised in
2014) listed AAS techniques for calcium analysishot and mineral spring
samples. In this additional chapter, precautionscimcium determination by AAS

techniques will be stateas a reference for the future.

7.1 Introduction

Generally, standard solutions or water samplesaaidified by hydrochloric
acid for AAS, but nitric acid has recently becomenare common acid for
acidification than hydrochloric acid with the widmeead availability of ICP.
Because it is reported that various acids interfeitqh the calcium absorption

(e.g., Goto et al., 1964; Terashima, 1970; Nakagawal., 1972), caution is

73



needed in the choice of the acid used for the praji@n of the samples and
standard solutions for AAS analysis.

In addition, when calcium is determined by AAS w#h air-acetylene flame,
lanthanum or strontium must be added to samplesdaddard solutions as an
interference inhibitor of silicon or aluminum; howear, caution is also needed
here because it is known that the influence effdfcacids on calcium absorption is
evident in the presence of lanthanum (Monder anllisS&967).

Monder and Sells (1967) measured calcium absorpitome presence of
high concentrations of lanthanum at about 10,008Q@®00 mg/L. They focused
on the analysis of biological samples, such as #land urine. However, in the
analysis of natural water samples, such as rivetlewand groundwater, additive
concentrations of an interference inhibitor are Baraat about 1,000 to 2,000
mg/L (Ministry of the Environment, 2014) or even glter (30-50mg/L; Koga et
al., 2004). Therefore, the influence of acids oa talcium determination by AAS
in the presence of relatively low concentrationsaofinterference inhibitor was

investigated in this study.

7.2 Apparatus and regents

The measurement of calcium absorption was perfortmedsing a Shimadzu
model AA-6800 flame atomic absorption spectrophod¢ten equipped with a
hollow-cathode lamp (Hamamatsu Photonics, L733-202Mds a light source and
a deuterium lamp for background correction. The alangth used was 422.7 nm,
the lamp current used was 10 mA, the slit width Was nm, the fuel gas
(air-acetyleneflow rate was 2.0 L/min, and the burner width wascin.

A stock standard calcium solution of 1,000 mg/LOiriM-hydrochloric acid
was prepared by dissolving 2.498 g of dried calcieanmbonate (Special Grade,
Wako Pure Chemical Industries, Ltd.) in a small amoof hydrochloric acid and
then diluting it with ultrapure water to 1,000 mAs an interference inhibitor, a

lanthanum chloride solution (grade for Atomic Abgtion Spectrochemical
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Fig.7-1 Effect of hydrochloric acid and nitric ation absorbance of calcium
line at 422.7 nm in gH,-Air flame for standard solution. & absorbance of
0.001M-HCI treated solution, A: absorbance of HCH%—) and HNGQG
(—A—) treated solution. Test solution containing 5 mgfiLcalcium.

Analysis, Wako), and a strontium chloride solutiprepared by dissolving
strontium carbonate (purity 99.99%, Wako) in a dnexicess amount of
hydrochloric acid were used. The hydrochloric antia acid used in this work
were special grade (Wako) and for the Analysis ofsBnous Metals (Wako),

respectively.

7.3 Experiment and results
7.3.1 Effect of hydrochloric and nitric acid on calcium absor ption

The calcium solution of 5 mg/L in 0 to 1M-hydrochio and nitric acid was
prepared from the stock standard calcium solutimen, the effects of increasing
concentrations of hydrochloric and nitric acid cada@um absorption were tested.
The results are shown in Fig. 7-1. According tosththe interference effect of
hydrochloric acid increased when its concentratias increased, whereas nitric
acid interfered strongly with calcium absorptionaatow concentratiomand then
remain unchanged when the concentration was inemkaBhese results were in

harmony with the results of Goto et al. (1964) andnder and Sells (1967).
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Fig.7-2 Effect of various treated condition on ablsance of calcium line at
422.7 nm in GH,-Air flame for standard solution. Aabsorbance of non-treated
solution, A: absorbance of 0.001-HCI treated sotutiwith L&* (—O—), 0.1M
HCI treated solution with L¥ (—x—), 0.1M HNGQ treated solution with L¥
(—A—), non-acid treated solution with r(---O-+-), 0.1M HCI treated solution
with SP* (---x---), 0.1M HNQ treated solution with $i (---A:). Test solution
containing ! mg dm® of calcium

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-hydrochiomacid (regarded as a
non-acid treated solution) in 0.1M-hydrochloric @@nd in 0.1M-nitric acid was
prepared. Then, the effects of hydrochloric andiaiacid on calcium absorption
in the presence of an interference inhibitor (lantbhm and strontium) were
investigated. According to the results shown in.Fe2, lanthanum enhanced the
absorption of calcium in a wide concentration ran@a the other hand, strontium
also enhanced the absorption of calcium at a lomceatration but depressed at
over an additive amount of 500 mg/L. These resalesin concordance with the
results from Monder and Sells (1967) and Yamaslaigeé Shigetomi (1981).

Furthermore, from Fig. 7-2, it can be found tha¢ ihterference effects of
hydrochloric and nitric acid were evident in theepence of lanthanum and

strontium. It can also be found that increasing tbacentration of lanthanum to
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Fig.7-3 Effect of various treated conditions onsabbance of calcium line at
422.7 nm in GH,-Air flame for natural water sample. (A absorbance of
non-treated sample, A: absorbance of non-acid tegasample with L¥ (—O
—), 0.1M HCI treated sample with B (—x—), 0.1M HNQ treated sample with
La®* (—A—), non-acid treated sample with Zr(---O-), 0.1M HCI treated
sample with St (--x--), 0.1M HNQ treated sample with & (--A).

more than 2,000 mg/L, in contrast with strontiunecdeased the interference of

calcium absorption by nitric acid.

7.3.3 Demonstration by using natural water samples

According to the above mentioned experimental riesut became clear that
hydrochloric and nitric acid depress calcium absiap, and this was evident in
the presence of lanthanum and strontium.

Then, the effects of acids on calcium absorptionhi@ presence of an
interference inhibitor were checked by using natwater samples. In this
experiment, groundwater samples collected from Ksgma University in
Kagoshima Prefecture and from Kawaura hot sprinfamanashi Prefecture,
both of which have high concentrations of silicetd (mg/L as Si and 22mg/L,

respectively), were diluted fivefold with ultrapuveater with 0.1M-hydrochloric
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Table 7-1 Quantitative values of calcium for naalmwater samples with various
treated conditions

Concentration of G4 (mg/L)’

Natural water samples Interference
inhibitor (mg/L)  non-acid treated 0.IM-HCl  0.1IM-HNG;
Kawaura hot spring 134, 2000 13.5(0.21) 12.6 (0.25) 8.75 (0.16)
Groundwater at Kagoshima Univ. La>", 2000 17.7 (0.29)  16.8 (0.21) 11.1 (0.24)
Kawaura hot spring SP*, 100( 13.3 (0.07 12.6 (0.06 8.28 (0.1€
Groundwater at Kagoshima Univ. SP*, 1000 17.7 (0.11) 16.7 (0.16) 11.2 (0.14)

*Values in parenthesis are standard deviatior=(B).

acid and 0.1M-nitric acid. Then, calcium absorptwas measured in the presence
of lanthanum and strontium. The results are showRig.7-3 (The results of
Kawaura hot spring were omitted because the resal similar). As shown in
Fig.7-3, the recovery of calcium absorption caubgdanthanum or strontium can
be recognized, but otherwise, the results were sémjlar to the results obtained
in the previous section (see Fig. 7-2) (i.e., tifeeas of acids on calcium
absorption in the presence of an interference intbibwere recognized
consistently in the natural water samples).

Next, calcium determination of groundwater sampldated with ultrapure
water, 0.1M-hydrochloric, and 0.1M-nitric acid wearried out in the presence of
lanthanum and strontium. In this test, series ahsgard solutions for calibration
curve (0, 1, 2.5, 5, and 10 mg/L in 0.001M-hydramf¢ acid) were prepared by
diluting the stock solution of calcium 1,000 mg/litivw ultrapure water. Additive
concentrations of lanthanum and strontium were deieed at 2,000 and 1,000
mg/L, respectively, as shown in Fig. 7-3. As showrthe analytical results listed
in Table 7-1, it was clearly demonstrated that eli&nt acid treatment procedures
have different influences on the quantitative valwd calcium in the actual
analysis.

Considering these results, it comes near to stattiiag standard solutions or
water samples for calcium determination by AAS mhsttreated by any one acid
to obtain correct analysis results. Since the ifeiernce effect of hydrochloric

acid at a low concentration is smaller than thahafic acid, as shown in Table

78



7-1, hydrochloric acid seems to be more suitabbnthitric acid for the

acidification of standard solutions or water sangpler AAS analysis.

7.4 Summary

Calcium was determined by atomic absorption spgdiodometry in the
presence of lanthanum or strontium as an interfeeenhibitor of silicon or
aluminum. Nitric acid interfered with calcium abgtion, which was evident in
the presence of lanthanum or strontium, whereagdugtdoric acid showed only
little interference with calcium absorption. Incegag the concentration of
lanthanum over 2,000 mg/L, in contrast with strami decreased the interference

of calcium absorption by nitric acid.
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Quality and forming environment of deep groundwatersin the
southern Fossa Magna region and its adjacent area,
central Japan
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