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1. Introduction
1.1. Background of the research

Earth has been called “the planet of water” with 14 hundred million km® water
on the surface, but the fresh water is no more than 2.53%. Furthermore, it is assumed
that the available water for human beings is only 0.01%, i.e., 0.1 million km> (Berner
and Berner, 1996). We human beings are annually wasting 54% of available surface
water resources. Management of the flowing water by the mankind has already been
playing an important role on the terrestrial water circulation. Furthermore, improvement
of the standard of living, increase of population and rapid economic development has
brought synergy for a rise of world water demand; water demand has increased to 6
times in 100 years in the 20th century whereas world population increase was 3 times.

Concerning the fresh water resources, "the quality" problem is indwelling in
addition to such quantitative problem. Freshwater resources are reduced by pollution
besides consumption. Some 2 million tons of waste per day are disposed within
receiving waters, including industrial wastes and chemicals, human waste and
agricultural waste (fertilizers, pesticides and pesticide residues). There are a few reliable
data about the range or seriousness of water pollution, but it is in no doubt that the most
victims are poverty layer; about 50% of the people in the developing countries are using
polluted water resources (World Water Assessment Program, 2003). Consequently,
aquatic environmental issue worsens worldwide, and aquatic environment is regarded
the most important issue as “the 20™ century was the century of oil, the 21* century will
be the century of water” (Alaton, 1999).

Concerning Japanese aquatic environment, Japan is a world's premier rainy
region with 1700 mm of annual precipitation. This value is nearly about twice the world
average. However, for the precipitation per capita, it is only about 1/4 of world average.

Moreover, usable water resource in Japan is really limited; most of rainfall is



concentrated in the rainy season and the typhoon period; the precipitated rainwater
flows at a stretch on the ground for the steep topography. In addition, sudden
development of Japanese industry and the increasing standard of living are extending
the amount of water usage as well as polluting the usable water resources. The severity
of the aquatic environmental impact is rapidly increasing in this “Land of the Golden
Ears of Rice”. Since the available water resources have already been limited, it is
essential for us to maintain the quality of water resources or even to improve them. In
this manner, the social concern and importance for aquatic environment is shifting from
the quantity issue to the quality issue. For the fundamental solution of aquatic
environmental problems, it is necessary to quantitatively assess the anthropogenic load
on the aquatic environment and to clarify the consequence of water pollution. For this
sake, we have to clarify the chemical process on the “natural surface water” in addition
to the survey of anthropogenic polluted water.

However, most hydrochemical research works have been emphasizing on
geothermal waters or anthropogenically polluted river water (eg. Simeonov, 2001;
Ministry of the Environment of Japan, 2004), if not, deep underground water from the
aspect of the disposal of high level radioactive waste (eg. Iwatsuki and Yoshida, 1999;
Kamei et al., 1999; Sasamoto et al., 2004). In the viewpoint of chemical component, the
hydrochemical researches have been emphasizing only health items such as COD, BOD
(eg. Ministry of the Environment of Japan, 2002), heavy metals or other trace elements
(eg. Anazawa et al., 2004). Hydrochemical research works in volcanic areas are
relatively rare for non-geothermal surface water; especially little attention has been paid
for the major chemical components, which controls the fundamental water chemistry
(eg. Kawakami, 1996; Anazawa and Ohmori, 2001). Little concern has been paid to the
major chemical behavior, such as sodium or calcium, which enables us to comprehend
the surface water chemistry. Therefore, ‘this research investigated major chemical
behaviors on the surface water in typical Japanese volcanic regions, where the source of

Japanese river water exists intensively. The major part of this research has involved to



clarify the relation between the volcanic geology and the surface water chemistry and to

extract the underlying factor of the hydrochemical processes in the volcanic area.

1.2. Hydrological and hydrochemical characteristics of Japan

1.2.1. Topology and geology of Japan archipelago

Japan archipelago is located in the tectonically active Circum-Pacific Mobile
Belt and comprises a narrow island arc extending along the eastern margin of the Asian
continent. The nature of this belt is evident in the topography and the geology of the
Japanese islands; the topography is mountainous and rugged, and many volcanoes are
widely distributed. This is the prominent geographical characteristic of Japanese islands
in comparison with Europe or America on the geologically stable continents.

Such natural phenomena emerge on the topography and the geological feature
of Japanese islands. The mountains higher than 3,000m form mountain range in the
central part of the main island (Honshu Island); about 3/4 of the national land are
covered by rugged hills and mountains. Approximately 46 % of the land surface is
covered by Paleogene rocks or older rocks, and the residual 54 % is occupied by
sedimentary rock and volcanic rock of the Neogene period and the Quaternary period
(Geological Survey of Japan, 1982). The rugged topography, many volcanoes and wide
distribution of volcanic ejecta, and various kinds of rocks are the important factors to
consider the aqueous environmental chemistry in Japan.

A relatively temperate climate, abundant of rainfall is also important features.
Japan archipelago extends north and south for 3000 km in the monsoon area, which
includes the northern limit of the laurel forest zone. The general trend of the aquatic
environment in Japan is characterized as the high precipitation, small scale of river in
catchment area and length, rapid flows and the high speed of water circulation. The
evapotranspiration for the precipitation is small, and the concentration by evaporation of

rivers water ingredient is small; the chemical concentration in the river water is



generally small in comparison with the continental rivers (Table 1-1). The groundwater
level is high in Japan and rock formations are saturated with water nearly to the surface.
Therefore, the chemistry of river water in Japan is supposed to be largely influenced by

groundwater or geological feature.

1.2.2. Comparison between continental and Japanese rivers

In 1960s, chemical researches on the river water were intensively conducted
worldwide for the interest in global material circulation between the continent and
ocean. Chemical researches of river water were mainly conducted on the continental
rivers with wide catchment area in order to determine the representative chemical
composition of world river water (eg. Meybeck,1979; Gibbs, 1972; Martin and
Meybeck,1979). For example, Livingstone (1963) determined the average chemical
composition of world river waters based on over 800 chemical data of the continental
river water. The hydrochemical data, which were accumulated in this period, produced
many hydrochemical researches; one of the representative works is assumed to be Gibbs
(1970). In this classic paper, he described that the continental aquatic chemistry is
mainly controlled by three factors; an atmospheric precipitation, carbonate rock
weathering, evapotranspiration and dissolution of evaporite. This model was presented
by a plot of total dissolved salts (TDS) against Na* / (Na" + Ca*") or CI' / (CI' + HCOy).
The plot predicted that water with low TDS and high Na" and CI' had chemistry
dominated by atmospheric precipitation; water with moderate TDS and high Ca>* and
HCO; by rock weathering, and water with high TDS and high Na' and CI' by
evaporation (Fig. 1-1.). This paper mentioned only little about the weathering of silicate
rocks, such as volcanic rock and metamorphic rocks. Piper (trilinear) diagram and Stiff
diagram, which are widely applied for the classification of surface waters in Japan, are
also based on the continental water chemistry (Piper, 1944; Stiff, 1951). These diagrams
are lack of silicon from the chemical item, which is a good indicator of silicate

weathering. The silicate minerals such as feldspar or quarts are far more resistant to



weathering than carbonate minerals, such as calcite or dolomite (eg. White, et al., 1999);
it is reasonable to focus attention on carbonate weathering for the continental rivers,
which flows through sedimentary strata or limestone. On the contrary, as stated above,
Japan archipelago differs from continents in geological and hydrological environment,
where igneous rocks dominate the geology. It is a questionable research strategy to
apply the same methods for the rivers in continents to the rivers in active tectonic zones,
where the water resources exist intensively in the volcanic area.

The average chemical composition of river water in the world and Japan is
shown in Table 1-1, and the conceptual comparison between Continental river and
Japanese river in Table 1-2. The chemistry of Japanese river water is characterized by
the small amount of total dissolved solids (TDS), low calcium and magnesium
concentrations and high silicon in comparison with the world river water. The
comparison between chemical and geographical properties gives general characteristics
of chemical mechanism in Japanese river. First, the small amount of TDS would be
introduced by the shortness of rivers and the rapid flow rate. The low calcium and
magnesium and high silicon concentration is reasoned by the geology of catchment area,
which is mainly composed of silicate rocks (igneous rocks). The prominent
characteristics of Japanese hydrological or hydrochemical environment is supposed to

mainly depend on the Japanese topography and geology.
1.3. Purpose and significance of this research

1.3.1. Purpose

The major part of this research is to quantitatively elucidate the relation
between chemistry of surface water and geological environment in volcanic area, where
the major water sources in Japan intensi\)ely exist (Fig. 1-2). The reasons of lack of
researches on the water chemistry in volcanic areas are supposed that the access to the

observation areas are usually difficult, obtained water samples are weak solutions,



which is difficult to analyze. In addition, even if the analytical values be precise and
accurate, the research significance has not been found; the chemical compositions
would be nearly the same as meteoric waters for the water rock interaction is not
processed in the mountain area with short residence time. However, the preliminary
hydrochemical investigation in the summit area showed significantly different
characteristics between lake or spring waters and meteoric waters. Therefore, even
waters in high mountains were anticipated to show the early stage in the chemical
process of natural surface waters. In this research, the chemistry of surface waters in
volcanic areas was intensively studied using statistical techniques and thermodynamic
calculations. This study aims to state a comprehensive chemical image of natural
surface water in Japan, by elucidating the hydrochemical mechanism of typical volcanic

areas.

1.3.2. Methodology

The research process is composed of field work, chemical analysis, statistical
analysis, thermodynamic calculation, geochemical interpretation and compilation of the
results (Fig. 1-3). The methodological characteristic is applying multivariate statistical
analysis for the computation of the massive analytical data set, and conducting
thermodynamic and stoichiometric calculation for the quantitative interpretation of the

statistical results.

Field work and chemical analysis

In addition to surface waters (eg. river water, spring water and lake water),
meteoric waters (eg. rainwater, snow) or geothermal waters, which are supposed to play
important roles for chemical process of the surface waters, were collected and analyzed.
Over 300 samples were analyzed on the major chemical components altogether. The
chemical analysis was performed by ion - chromatography for anions, atomic

absorption spectrometry for cations, and colorimetric spectrophotometry for silicon.



Statistical analysis

Multivariate statistical analysis was performed on the chemical compositions to
understand the geographical distribution and to extract geochemical potential factors
affecting the chemical concentration of waters. Among the bunch of multivariate
analysis, principal component analysis (PCA), factor analysis (FA), cluster analysis
(CA) and multiple linear regression analysis were mainly applied on the surface water
as well as geothermal water and rainwater. The statistical results were interpreted on the

basis of geochemical or thermodynamic knowledge.

Geochemical interpretation

Thermodynamic and stoichiometric computations were performed to evaluate
the hypothetical models induced by statistical results and the geochemical interpretation.
The calculation was based on the computer simulations and the experiments of

water-rock interaction.

1.3.3. Anticipated results and significance

Probable factors to control the water chemistry in volcanic areas are supposed
to be atmospheric sources (eg. rainwater, snow, and atmospheric fallout), geothermal
sources (eg. hot springs, geothermal waters, volcanic gases, sublimate), geological
sources (eg. rock weathering, ion exchange, adsorption or deposition of solutes), and
subsurface waters. Present research is expected to clarify the influence of those factors
to the water chemistry qualitatively and quantitatively (Fig.1-2). The anticipated results
will firstly give the chemical classification of water samples to specify the range of
chemical variation in natural surface waters. Secondly, the results will clarify the
chemical mechanism or causation by calculating prediction equations, which estimate
chemical composition of real waters or by elucidating various stoichiometric relations.

An application example would be that for the calculation of anthropogenic or other



impact on aquatic environment, this research will provide a fundamental concept to

estimate natural hydrochemistry as a background environment.

1.3.4. Site selection
Followings are the requirements of desirable observation site for investigation

to clarify the natural surface water chemistry.

(1) Away from major metropolitan areas
(2) No industrial area, no farmland, no residential district exists upstream of the site.
(3) Constant amount of water flows

(4) Typical Japanese geological features in the catchments of rivers.

It is preferable to set a simple function to examine natural mechanism of water
chemistry in the early stage. For this sake, it is necessary to take the following

conditions into consideration.

(5) Away from the ocean

(6) No volcanic activity

In this research, Norikura volcano was chosen as a major observation area,
which satisfied all the above-mentioned conditions. Norikura volcano gives the

following characteristics as an ideal research field.

(1) Separated from Tokyo Metropolis or Nagoya area
Mt. Norikura is 200 km away by direct distance from central Tokyo (12 million
people) and 120 km from Nagoya (2 million people). Even the nearest city,

Matsumoto city (200 thousand people) is 40 km away from the study area.



(2) Restriction of the local development
Norikura volcano is in the Chubu Sangaku National Park. It is strictly restricted
or regulated for people to walk in as well as to develop or construct buildings
there. Norikura volcano is the third highest volcano in Japan with 3,026 m high,
and there are no farmlands or industrial areas upstream of the major observation

arca.

(3) High rainfall
The summer precipitation at the summit area of Norikura volcano is nearly 1600
mm during summer season, i.e., June to September. Therefore, the observation
area is supposed to take more precipitation than Japanese annual average

precipitation, which is about 1700 mm (Japan Meteorological Agency, 2005).

(4) Andesitic volcano
Major water resources in Japan is found in volcanic area, most of which are
covered with andesitic ejecta or lava. Norikura volcano consists of an elongated

group of small andesitic stratovolcanoes and is a typical volcano in Japan.

(5) Separated from ocean
The nearest seacoast of Japan Sea from Norikura volcano is 80 km to the north
and the nearest seacoast of Pacific Ocean is 120km to the south; the influence of

airborne sea salt to the rain and river water is supposed to be small.

(6) Dormant for over a thousand years.
Norikura Volcano has been inactive during the last 10,000 years, in spite of the
activity of the surrounding volcanic mountains. Since then, there has only been
small phreatic explosions (Moriya ,1983). The current shape was fixed about

9400 — 9000 years ago (Okuno, et al., 1994). Volcanic activity such as a spout of



steam is no longer seen in the vicinity of the summit area.

As mentioned above, Norikura volcano is an ideal field to observe the chemical
mechanism on the natural surface water. Consequently, the present research is expected
to give not only the case study of this area, but also to give general and typical concept
of the chemical mechanism for Japanese surface waters. In this research, the other type
of volcanic area was also studied to generalize the understanding of surface water

chemistry.

1.3.5. Definition of water chemistry

The definition of “water quality” or “water chemistry” is multifarious, and is
depending on the purpose of investigations. For example, BOD or COD is widely
utilized as an official item related to living environment; heavy metals, such as
cadmium or copper, are used as chemical indicators in viewpoint of the ecosystem;
environmental endocrine disrupter such as dioxin or PCB are applied to know the
impact on the human body. The concentration or value of those indices is so called
“water quality” or “chemistry”. In this research, the “water chemistry” is defined as the
“chemicals, which essentially characterize the chemical property of waters”. For this
sake, the major chemical components are adopted as the indicators, i.e., sodium,
potassium, magnesium, calcium, silicon, chloride ion, nitrate ion, sulfate ion,

bicarbonate ion. The reasons for choosing these components are described as follows:

(1) Those components are the fundamental and major dissolved components. These
components cover over 99 % of the total solutes in weight for river water or
other surface waters.

(2) Since most of the natural river water or the shallow groundwater is weak solution,
it is generally difficult to obtain an accurate analytical value on dissolved

chemical components. Among those components, it is possible for major

10



components to keep the relative analytical error in low level. Moreover,
application of statistical methods, which examines the covariance relation
between variables, such as multivariate analysis, enables us to minimize the
systematic error of the chemical data and to give reliable results.

(3) The change of the chemical composition in the stock solution is small during the
stock time. Even after several months of sampling, the same analytical results
can be obtained. Therefore, reanalysis is also possible to confirm the data
reliability.

(4) The breakthrough of instrumental analytical techniques, such as ion
chromatography or atomic absorption spectrophotometry, enables us to

determine the large number of samples on multicomponent in the short time.

The bicarbonate ion of Norikura samples was excluded from the statistical

analysis, since bicarbonate concentration was minute to give the reliable data.

1.3.6. Structure of this paper
Chapter 1. Introduction (This chapter)

Define the purpose and scope of this research

Chapter 2. Multivariate analysis on the hydrochemistry of Norikura volcano
Describe the analytical results of major elements in surface waters, i.e., lake
water, river water and spring water, and other type of waters, i.e., rainwater and
geothermal water.
Perform the multivariate statistical calculation based on the chemical data to
understand the geographical distribution and to extract geochemical potential factors

affecting the chemical concentration of waters.

Chapter 3. Thermodynamics and stoichiometry

11



Interpret the major factor, which controls the water chemistry, by
thermodynamic and stoichiometric calculations mainly based on chemical

weathering and water-rock interaction.

Chapter 4. Water chemistry in Shirasu ignimbrite area
Describe the other volcanic area, Shirasu ignimbrite area in southern Kyushu,

and perform the same statistical and thermodynamic calculation as Norikura case.

Chapter 5. Conclusions
Summarize the chemical mechanism, which controls the major chemicals in the
surface waters in Japan; describe what factor controls which chemical behaviors, and

how much it is.

12
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Table 1-2. Comparison of rivers between continents and Japan.

Continents Japan
Geographical property
Geology Sedimentary rocks Igneous rocks
(Limestone and evaporate)
Length Long Short
Flow rate Slow Rapid
Scale Large Small
Chemical property
Electrical conductivity High Low
Hardness Hard Soft
Silicon concentration Low High

17



2. Multivariate analysis on the hydrochemistry of Norikura volcano
2.1. Geographical and geological characteristics of observation area

The observation area, Norikura volcano, is situated in Chubu Sangaku National
Park, the access of people and the artificial constructions are strictly restricted there (Fig.
2-1). There are neither big cities nor heavy industrial area located around the mountain.
Two local cities, Takayama and Matsumoto, are at the direct distance of 20-30 km from
Norikura summit. A bus terminal of a mountain highway is located 1.5 km north from
the summit. The area of interest is, therefore, an ideal environment to understand the
non-anthropogenic water process.

Mount Norikura is a Quaternary volcano belonging to the Norikura volcanic
zone, which overloads on the Hida mountain range. This area is on the west of the
Itoigawa-Shizuoka tectonic line, the western part of central Japan. Geological data
indicate that Norikura volcano was in active during the Quaternary period, but has been
dormant for over last 10,000 years in spite of activity of the surrounding volcanic
mountains (Moriya, 1983). Major volcanic ejecta of Mt. Norikura were formed between
the Middle Pleistocene and the early Holocene periods (Nakano et al., 1987). Different
kinds of geological evidences have been reported to infer that 700-1000 years cycle of
volcanic activity had occurred during the Holocene period. Many evidences include the
distribution of two-pyroxene dacitic andesite and two-pyroxene dacite around the
summit of Norikura were recognized. The existence of thick lava flows and domes with
andesitic and dacitic compositions (SiO, = 53 - 70%), while pyroclastic materials are
restricted. The thickness of volcanic piles is less than 700 m, even under the volcanic
center. The eruptive volume is estimated to be approximately 26 km® in total, though the
present volume shows only about 15 km® due to extensive erosion (Nakano et al., 1995).
Kengamine peak, which is the highest peak of Norikura volcano, is the highest point of
watershed which divides into the Pacific Ocean side and the Sea of Japan side. The
normative mineral composition of the major volcanic ejecta is that plagioclase and
orthoclase govern 70%, pyroxene is 10%. In the modal mineral composition,
plagioclase is 20~ 30%, pyroxene is 3~ 6% (after Nakano et al., 1987).

2.2. Sampling and analytical method

The field investigation was performed six times between May 1999 and
September 2000, and 260 samples were collected from 100 points altogether. Sampling

18



points were located in and around Mt. Norikura (Fig. 2-1). They were at altitudes
between 250 m and 2800 m above sea level.

The water samples were filtered and placed in polyethylene bottles and
transported to the laboratory, then subjected to chemical analysis. The temperature, pH,
and electrical conductivity (EC) were determined in the field by a digital pH meter
(DKK HPH-130) and digital EC meter (Hach Senslon 5). The estimated uncertainty of
pH measurements is 0.01 pH units with the repeatability of 2 %, and that of EC is 0.01
mS/m with 1% repeatability. The standard solutions were prepared from analytical
reagent-grade chemicals using deionized water obtained from a Millipore Milli-Q SP
water-purification system.

Chemical analyses for major anions were performed by Ion Chromatography
(Hitachi L-7470 with Dionex DX-120) at the laboratory. The determination of sodium
was performed by flame spectrophotometry (Shimazu AA-646), potassium was
determined by atomic absorption spectrophotometry, and magnesium and calcium were
determined by atomic absorption spectrophotometry (Shimazu AA-646) coexistence
with lanthanum (10 g/dm®). The silicon determination was performed by the
molybdenum ammonium colorimetric method at a wavelength of 410 nm on a
spectrophotometer (Hitachi U-1000). The detection limits were 0.05 mg/dm’ for
potassium and magnesium, 0.1 mg/dm3 for sodium, calcium, silicon and chlorine, 0.5
mg/dm® for nitrate and sulfate. The validity of analytical data was maintained by
repeated determinations to fall within 5 % of repeatability.

2.3. Statistical strategy

Regarding multivariate analysis, particularly, Factor Analysis (FA) is a widely
known statistical technique, which enables us to extract the underlying common factors
that control behavioral patterns. In the present work, this technique was applied to
extract and understand both the source information and variation of each chemical
solute in the natural water samples. The co-variances among chemical components were
statistically analyzed, and categorized by Principal Component Analysis (PCA). Under
these procedures, the potential factors of chemical variation were extracted by FA.

2.3.1. Principal component analysis (PCA) -

PCA is a statistical technique applied to variables when a researcher is
interested in discovering which variables in the set from coherent subsets that are
relatively independent of one another. The specific goal of PCA is to reduce a large
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number of observed variables down to a small number of principal components that
reflects underlying processes, i.e., the correlations among variables.
The principal component is expressed by the following linear equation.

zi=aj * Xjtap * Xy tag * Xx+ o FaAim ° Xnj

where,
a -+ component loading
z *+* component score
x *°* measured value
j °** sample number
i *** component number

m --- total number of variables

2.3.2. Factor analysis (FA)
Factor analysis attempts to extract a lower - dimensional linear structure from
the data set. In factor analysis, the basic concept is expressed in the following formula:

zi=ap * hi+tap * B+t ~cco +am * fmite;

z * - measured value

f --- factor score i *++ sample number

a * -+ factor loading j *** variable number

e * -+ residual term accounting for errors or other sources of variation
m --- total number of factors

The above two methods are expressed in principle as similar equations. The
difference between the two methods is found that in the case of PCA, principal
component is expressed as a linear combination of measured variables, while in the
other case of FA, measured variable is expressed as a combination of factors and the
equation contains residual term. The former method is applicable for any type of
multivariate data set, while the latter has some regulations, such as an application on the
data set with abnormal distribution.

The following multivariate application was performed as described in the
literature (e.g. Davis, 1986).
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2.3.3. Multiple regression analysis (MR)
Multiple regression analysis is a method of analyzing the variability of a
criterion variable by using information available on a set of explanatory variables. The

multiple regression is represented in a model equation of the general form as,
Y=bp+b; - Xi+by* Xo+....+by - Xus
where,

Y = criterion variable,

bo = constant term,

b .. bm = (partial) regression coefficient
X = explanatory variable

Multivariate regression analysis was used to identify the valid predictors of surface

water chemical process.

2.3.4. Cluster Analysis (CA)

Cluster analysis is a technique used to place objects into groups or clusters
based on statistical similarities of their properties. This technique makes no assumptions
about the number of groups or the structure of those groups. Instead, groups are formed
based on similarities in variable patterns. Therefore, objects in a given cluster tend to be
statistically similar to each other in some sense, and objects in different clusters tend to
be dissimilar (Johnson and Wichern, 1988). In this research, Ward method, which is a
part of hierarchy cluster analysis, was applied for grouping, and the dissimilarity is
defined by Euclidean distance (eg. Vega et al., 1998; Santos et al., 2004; Singh et al,,
2004).

2.4. Outline of water chemistry

2.4.1. Classification of water samples

The analytical data shows clear correlation between the chemical compositions
of the solute and the geographical characteristics of sampling points. The water samples
obtained from the summit area of Norikura volcano show low values of electrical
conductivity (EC: 0.2-1 mS/m), whereas the samples from the half way down the
mountainside show ¢.10 mS/m, and even over 30 mS/m for the samples contaminated
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by geothermal water. Since EC indicates the total concentrations of chemicals in the
water, this feature of EC suggests that the dissolved chemicals would be correlated with
geographical positions.

In order to classify the water samples, the principal component analysis (PCA)
was applied based on the sampling regions and/or the source of waters (i.e. rain water,
geothermal water). The chemical variation of each elemental concentration shows
distorted distribution from normal distribution; rather similar to Poisson distribution.
Since the data set should be normalized before PCA calculation, log-transformation and
standardization were applied on each chemical element to revise distribution (Ahrens,
1954). On the other hand, the significant number of samples from summit area shows
under determination limit on K*, Mg®" and Ca®*. In this case, half value of the
determination limit (0.05 mg dm™) was applied to the statistical calculations.

The correlation matrix for the PCA calculation is shown in Table 2-1. The
correlation coefficients of logarithmic concentration data are high (0.6-0.9) for
significance level of 1% between Si and cations (Na*, K*, Mg®* and Ca®"). Since the
sole source of silicon is regarded as silicate minerals in volcanic rocks, the above high
correlation would show that the volcanic rock dissolution is a major source of those
cations.

The result of PCA is shown as eigenvalue and eigenvector of the correlation
matrix (Table 2-2). The first principal component is highly loaded by almost all
chemicals; this component indicates large proportionate contribution to the most
chemicals and is characterized as a “size factor”, which implies the integrated variances
of the dissolved chemicals. The eigenvalue of this component shows the proportionate
contribution of 70%, i.c., this component summarizes 70% of the variability or the
information in the data set.

Based on the P1 scores, the water samples were easily classified on the basis of
relations between chemical compositions and geographical features (Fig. 2-2). The
schematic diagram shows that meteoric and geothermal waters are clearly separated
from surface waters. The meteoric water of Norikura summit area (Alt. ¢.2800 m) lies at
the upper left part of the scatter diagram. The P1 scores of surface waters are increasing
with decrease in altitude. As a result, the water samples were classified into 8 groups, O
to K, under consideration of the geographical features and P1 scores (Table 2-3). The
classification of water samples was roughly made by geographically, then meticulous
classification was performed under consideration of PCA score.

2.4.2. General characterization of Norikura water
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The averages of the chemical concentrations in each group were illustrated in
Fig. 2-3 and Fig. 2-4 to compare the geographical characteristics on major chemicals.
The meteoric water (group O) shows extremely low concentration for all major
elements, which are less than 0.5 mg/dm® (EC: < 0.3 mS/m). Even the surface water in
the summit area (group A) is also extremely diluted solution; EC is < 0.5 mS/m. The
total solute of the surface waters of group B to E increase the values with a decrease in
altitude. On the other hand, geothermal waters obtained in the vicinity of Hirayu hot
spring village (group K) show high pH (=8.5) and high EC (>30 mS/m). The waters of
group H, which were obtained from Hirayu hot spring area, should be pushed up in pH
and EC due to geothermal water contaminations.

The extraordinarily low concentration of the solutes shows that the summit
area (Alt. ¢.2800m) takes only little effect from anthropogenic pollution or atmospheric
fallout, as well as the neutralization by the eluviation of the basement rocks and soils.
With a decrease in altitude, pH and total solutes of the surface water increase,
approaching to the average concentration of the river water in Japan (Fig. 2-4). Thus,
the chemistry of surface water in the study area would be considered to show one of the
typical processes of hydrochemical formation in Japanese rivers.

2.4.3. Chemical ratio of sodium and calcium (Gibbs plot)

As mentioned in chapter 1, a plot of total dissolved salts (TDS) and the
chemical ratio of Na* / (Na* + Ca®") (Gibbs plot; Gibbs, 1970) is widely applied to
predict the contributions of atmospheric precipitation, sedimentary rock weathering, and
evaporation to global inland water chemistry (eg. Kehew, 2000; Baca and Threlkeld,
2000). The concentration ratio of alkali earth elements and alkali elements of each
sample group is presented as a Gibbs plot in Fig. 2-5. The Na* / (Ca®* +Na") is> 0.6
for the summit samples, and the value decreases with a decrease in altitude. The ratio of
Na'*/ (Ca** + Na") in the mountainside samples group E is down to 0.2, which is
smaller than the average ratio of the rocks around the observed area, 0.45. This value of
0.2 is almost equal to the experimental value obtained by the powdered andesite elution
(Tamari et al., 1988). The general trend of the Na-Ca ratio is firstly Na-type in the
summit area, and according to the progress of hydrochemical reactions, the water type is
changing into Ca-type in the mountainside region, whereas the geothermal water in the
mountainside region shows Na-type again. Although this chemical trend seems similar
to the continental water process, the plots of the present samples are out of the
continental water range. In addition, since the present research area is covered by
volcanic rocks and is separated from the ocean by 80 — 120 km, the contribution of the
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atmospheric precipitation, sedimentary rock weathering, or evaporation to the water
chemistry is unlikely high. The chemical behavior of the Norikura water should be
interpreted in the different way from the continental waters.

2.4.4. Chemical behavior of major ions (Piper plot)

The piper plot or trilinear diagram (Piper, 1944), which is widely used for the
classification of the water type (eg. Gieske et al., 2000), shows the other chemical
feature (or chemical facies). The ion compositions of surface water, meteoric water of
the summit area, geothermal water are presented in Piper plot (Fig. 2-6). This diagram
clearly shows the geochemical differences between meteoric water, surface water, and
geothermal water in the fluvial sector and the deltaic sector. The meteoric water takes
relatively high Na’, K" and CI" concentration than surface waters. Those waters are
plotted in a typical Na-Cl type, which is found in seawater or seawater mixture. The
surface waters in the summit area (A, B) shows relatively high Na*, K*, and HCO5’, but
those values are lower than meteoric water or geothermal water; the water type belongs
to the alkaline carbonate type. The relative composition of Ca®* and HCOs' is increasing
downstream, and the mountainside waters (D, E) are categorized as the alkaline earth
carbonate type, which is seen in the typical Japanese shallow groundwater or river water.
The geothermal water found in the mountainside (Hirayu area) shows high Na*, K*, CI
and HCOs'. This type of water is classified into the intermediate type, which is found in
the circularity groundwater or subsoil water and is categorized in (Na-Ca-HCOs-Cl)
type.

Overall, the chemical evolution of the Norikura surface water is firstly high
Na* and CI' (O: meteoric water) and according to the chemical process, Ca>* and HCO5"
increase relatively to Na’ or CI, to form Na-Ca-CI-HCOs type (A, B, C), and Ca-HCO;
type (D, E). The geothermal water in Hirayu area shows high concentration of Na" and
CI again (H, K: geothermal water). The details of the water type are found in Table 2-3.

2.5. Water chemistry of summit area

2.5.1. Description of observation area

Beforehand the general observation of the whole Norikura volcano, intensive
studies were performed in the two areas; the summit area and the mountainside areas of
Norikura volcano. The summit survey was mainly performed within the circle area of
Kengamine and Marishiten cone with about 2 km radius (Fig. 2-7). The altitude range is
between 2,550-2,845 m. This area is covered with several sheets of lavas, mainly
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two-pyroxene andesitic compositions. The water samples were mainly taken from the
following ponds; Pond Gongen-lke, a crater lake of Kengamine Peak with an altitude of
2,845m; Pond Kiezuga-lke (2,733m), a crater lake of Marishiten Cone; Pond
Tsuruga-lke (2,694m), a trio lake between Ebisu lava cone and Maou-Dake cone; and
Ponds Gono-lke (2,717m), a dammed lake formed by Marishiten-Lava. In addition to
the pond and spring water samples, chemical compositions of the remaining snow and

rainwater in this area were also determined.

2.5.2. Analytical results

The waters in the Norikura summit area showed extremely low concentrations
of chemical solutes. Many samples were found to have below 1 ppm for each chemical
solute. This caused the lack of pH buffer action that was proven by the unstable pH
measurement during the sampling and it hindered the reliability of the pH data.

The electric conductivity (EC) of water samples were extensively low (<c. 1
mS/m; Table 2-3). The mean values of electron conductivity for each sampling points
were 0.34, 0.44, 0.77 and 1.1 (mS/m) for pond Gongen, ponds Gono-Ike, springs at
Takamaga-hara side and Kenga-mine peak side, respectively. These values show a
negative (inverse) correlation between EC and altitude (Fig. 2-8).

The analytical data of these types of samples are expected to bear appreciable
error; hence, an appropriate treatment will be possible only by statistical analysis on the
basis of the chemical co-variances rather than by direct interpretation of chemical raw
data. Statistical calculations were performed after the standardization of each chemical
data to eliminate the variable weights. Most samples have Mg®" concentration less than
analytical detection limit (< 0.05 ppm), and so statistical methods were applied without
Mg** data.

2.5.3. Factor analysis

The correlation matrix is shown in Table 2-4. High correlations for significance
level of 1% were found among various ions, (eg. between Na* and CI"). These high
correlations are suggesting the possibility that even for these extreme weak solutions,
subliminal common factors of geochemical effect can be extracted by statistical
calculations.

Three factors were extracted by principal factor method, followed by quartimax
rotation method. The number of factors was determined by PCA calculation and
analysis of co-variances. The result of FA is shown in Table 2-5. These factor solutions
were orthogonal and the interpretation of each factor must be independent from each
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other.

2.5.4. Interpretation of factors
Factor 1

The first factor (sF1) showed high loading on all chemical solutes except for
CI". The values of factor loading on K*, Ca**, SO4*, and Si are high as > 0.7, and the
loading value on NO;” and Na®, are also significant, 0.3-0.5. The proportionate
contribution of sF1 was calculated to be 45%. The cations and silicon of these solutes
can be derived from rock dissolution by chemical weathering, however, SO,;* and NOy
are not constituents of rock-forming minerals, and hence the other source should be
considered for these anions.

According to a research of fog water at the summit of Norikura volcano, fogs
around this area contain significant amount of SO4> and NO5s™ (1-1.5peq/L), making the
fog water acidic, to an extent of less than pH 4.0 sometimes (Minami and Ishizuka,
1995). Since Norikura volcano has shown no volcanic activity in the historical era, nor
upflow of geothermal water in the summit area, the major source of those anions are
assumed to be originated from rainwater.

On the other hand, the source of cations and silicon of the waters is assumed to
be resulted from the interaction between rainwater contained the above anions and rocks.
The CIPW norm mineral of typical rock composition in this area was calculated on the
basis of a previous study (Ishikawa et al., 1992). The result showed that plagioclase
occupies >50% of the all minerals, while orthoclase amounted to 13%. This
composition suggests that the leaching rate of Ca>*, Na" and K" should be significant in
the initial stage of water and andesitic rock interaction process, according to the Goldich
series (Goldich, 1938). Experimental works also demonstrated that plagioclase and
orthoclase dissolution affect the initial water formation by water-rock interaction under
weak acidic condition (eg. Tamari et al., 1988). The water-rock interaction rate is
greatly accelerated by the acidity, approximately pH4 (Kobayashi, 1993), and the
neutralization of acidic water by water-rock interaction is completed within several days.
A hydrochemical observation of river water at Hida Mountains, which is the vicinity of
Norikura volcano, suggested that the major possible source of SO4> and NO5™ ion has
been derived from acid rain, and the equivalent cations are dissolved from basement
rocks (Sakurai et al., 1998).

The above discussions lead to the consideration that sF1 is a factor related to
chemical interaction between acidic rainwater and the basement rocks. Based on the
existing influence due to this interaction to the surface waters, chemical composition
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may be supported by the fact that statistical treatment of the data showed a negative
correlation between sF1 oriented cation (K" and Ca”) and the altitude of each sampling
points for the significance level of 1% (Fig. 2-8). This implies that water samples from
higher altitude and lower altitude bear noticeable difference of ions concentrations. This
implication contradicts the assumption that if surface waters around the summit area
mainly come from rainwater, keeping constantly all the other effect, chemical
composition is expected to have negligible difference as regardless of altitude. As the
water is seeped to the ground, which basically composed of plagioclase and orthoclase,
water-rock interaction enhances the leaching of major cations such as Ca®*, K" and Na".
The arriving solution, enriched with leached ions, will in turn increase the ion
concentration of surface water at low altitude.

Factor 2

The second factor (sF2) shows high loading on Na* and CI” with the
proportionate contribution of 20%. The sF2 score distribution shows the minimum score
on rainwater, and increases from new fallen snow to old remaining snow (Fig.2-9).
Remaining snow readily accumulates dustfall and rainwater solutes or any other
contaminations, and the sF2 score variation is likely to be connected to this process. The
concentrations of Na* and CI are predominantly high in seawater (eg. Brewer, 1975),
and the presence of these elements in dustfall or rainwater is generally interpreted as
seawater origin (eg. Hara, 1999). Similarly, sF2 is interpreted as seawater effect in
airborne particles and/or rainwater.

Factor 3

The third factor (sF3) shows high loading on NO;™ with the proportionate
contribution of 10%. The distribution of sF3 scores on pond Gono-lke shows that the
samples of minimum scores are samples on June 1999 (Fig. 2-10). The mean scores of
samples at the beginning September take the maximum scores, while those of samples
at the end September take intermediate. The differences of means in each sample group
are highly significant at 1% (two-tailed T-test). The same pattern is also found in the
waters from pond Gongen-lke.

A hydrochemical study of forest soil reported that positive high correlation is
found between inorganic nitrogen in soil water and the temperature of soils (Wu, et al.,
1998), and the major NO;™ source of soil water in forests is from biological nitrogen
fixation (eg. Nambu, 1994).

The surroundings of pond Gono-lke and pond Gongen-lke are covered with
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snow for most of the year and the vegetation is limited. Only during July to September,
the nitrogen fixation is active and the NO3™ concentration is increased in these ponds.
The distribution trend of sF3 scores fitted this pattern expected for nitrogen fixation.
Thus, sF3 is interpreted as biological activity effect, specifically nitrogen fixation.

2.6. Water chemistry of mountainside area (Hirayu area)

2.6.1. Description of observation area

An intensive survey of the mountainside area was performed around Hirayu
geothermal area. The observation area is 6 km north of the summit, with an altitude
from 1,260 m to 1,415 m (Fig. 2-11). Hirayu Hot Spring was originally discovered in
16th century when someone saw a monkey washing its wound with water from the hot
springs. Since then it has developed and has been known as the healing springs with c.
20 hotels and hostels.

Most of the water samples were taken from the upper area of geothermal basin
to avoid the contamination from artificial wastewater as well as the direct inflow of
geothermal water. Those samples, which were classified as group E by PCA, are
assumed to be non-geothermal waters. On the other hand, some samples were collected
around Hirayu area to evaluate the influence of the river water chemistry. Those water
samples were classified as group H. At the same time, the hot spring waters from Hirayu
area were analyzed to examine the degree of influence of geothermal water for the
above samples (group K).

2.6.2. Principal component analysis

For the sake of the water sample classification between non-geothermal water
and geothermal contaminated water, PCA was applied on the chemical compositions on
both cold waters and geothermal waters. The calculation result of PCA is shown in
Table 2-6 as eigenvalues and eigenvectors. The proportionate contribution for the first
principal component (mP1) was 74%, and for the second component (mP2) was 12%.
The cumulative contribution for these two components was over 80% of the total
co-variances. On the scatter plot of mP1 (Fig. 2-12), non-geothermal waters and
geothermal contaminated waters were clearly separated.

On the basis of this result, factor analysis was conducted on the
non-geothermal water samples. The correlation matrix is far different from that of
summit water samples, in which Ca®>" and Mg”* showed negatively high correlations
with other solutes.
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2.6.3. Factor analysis

The correlation matrix of non-geothermal waters and the result of FA are
presented in Table 2-7 and 2-8 respectively. The first factor (mF1) showed positive high
loading on most of the solutes, i.e. Na*, K*, SO4>, CI', NOs™ and Si, except for Mg** and
Ca”". The proportionate contribution of this factor was 45% of the total co-variances.
The previous studies show that the cations of mF1 are the major solutes leached from
rocks or discharged from rocks by ion exchange with Ca®* and Mg** (eg. Iwatsuki, T.
and Yoshida, H., 1999). Therefore, mF1 is interpreted as Na® and K* dissolution from
rocks by acid water.

The second factor (mF2) showed positively loading on Ca** and Mg”* and the
proportionate contribution was 20%. The cations of mF2 are easily adsorbed into rocks
by ion exchange with Na* and K™ or precipitated by carbonation. Hence, the mF2 may
be correlated with cation exchange on the rocks or sediments or precipitation of Ca®*
and Mg?".

2.7. Factor analysis for major cations and silicon on the non-geothermal waters

The intensive observation in the summit area or the mountainside area shows
that the major factor to control the surface water chemistry is water and volcanic rock
interaction. In the next stage, the major cations and silicon, which are the major
elements of the surface waters and volcanic rocks, are intensively studied. The statistical
strategy is the same as the above researches.

Firstly, the correlation coefficients were calculated among the major cations
(Na+, K, Mg2+ and Ca2+) and silicon on the non-geothermal waters (O, A, B, C, D, E).
The correlation matrix (Table 2-9) shows that there is high degree of correlation within
(Na®, K* and Si: r = 0.66 - 0.82) and (Mg®>" and Ca*": r = 0.89). The correlation
coefTicients between those two group chemicals take moderate value (r = 0.39 - 0.66).

The factor loading matrix shows that those correlations make clear (Table 2-10).
The first two factors (nF1 and nF2) represent over 80% of all the covariance and the
loading (eigenvalue) of the second factor is approaching to 1.0; the first two factors
(nF1 and nF2) should be examined.

The obtained factor structure is similar to that of the mountainside water. The
first factor (nF1) takes high loadings for all cations and silica, of which each factor
loading is over 0.5; the proportionate contribution of this factor is 65% among the all
cation and silica variances. This major factor shows the same tendency with the rock
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dissolution factor obtained in the mountainside area. The second factor (nF2) has
positive loadings for Na*, K* and Si, and negative loadings for Ca’" and Mg®*. The
proportionate contribution of this minor component is approximately 16%. The cation
behaviors expressed by this factor would be interpreted as the ion-exchange between
(Na®, K*) and (Ca®*, Mg®") in concerned with the rock dissolution that is represented by
[Si]. The chemical behavior presented on the Gibbs plot (Fig. 2-5) is expressed by this
factor, i.e., Na*/ (Na* + Ca®*) decrease with the increase of total dissolved salts.

In the next chapter, those two types of chemical behaviors will be discussed in
detail from the viewpoint of “water — rock interaction” using thermodynamics and

stoichiometric calculations.
2.8. Summary

In order to understand the chemistry of the natural water in andesitic volcanic
area, the surface waters were analyzed and classified on the basis of geographical
feature and confirmed by PCA. The analytical result showed that the chemical process
of the surface water in this area is a typical chemical process of Japanese river water.

2.8.1. The hydrochemical overview

(1) The chemical concentrations increase downstream with the decrease of chemical
ratio of Na* / (Na* + Ca®").

(2) The water samples at the summit area take extraordinary low concentrations of the
chemicals (EC: 0.2-1 mS/m) and the water type belongs to the alkaline carbonate
type.

(3) The waters of the mountainside are categorized as the alkaline earth carbonate type,
which is seen in the typical Japanese shallow groundwater or river water.

(4) The geothermal waters found in the mountainside (Hirayu area) are classified into
the intermediate type, which is found in the circularity groundwater or subsoil water
and water type is (Na-Ca-HCO;-Cl) type.

2.8.2. Multivariate analysis

The PCA calculation of the whole chemical data set clearly divided the water
groups as meteoric waters, non-geothermal waters and geothermal waters. The first
principal component (P1) scores of the non-geothermal waters varied linearly with the
altitudes of the sampling points. The correlation coefficients among major components
in the non-geothermal waters were positively high in the data set of the mountainside
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area or in the whole data. These high correlations between silicon and cations suggested
that the volcanic rock dissolution plays an important role to the water chemistry in this
area.

(1) Summit area (Group A)

The factor analysis showed that in the summit area, leaching of cations in the
rocks by acid rainwater was the major contributor of preliminary water formation
(proportional contribution was 45% of all co-variances). Airborne sea salt
contributed 20%, while the biological activity contributed 10%. These results
introduced that the major anions of acid rain rapidly leached out major cations of
rock in the summit area of Norikura, and this chemical influence was detectable only
under application of multivariate statistical method.

(2) Mountainside area (Group C)

The water formation in the mountainside area of Norikura was exclusively
contributed by water-rock interaction; Na" and K" dissolution from rocks by acid
water (proportional contribution was c. 45% of all co-variances), and cation
exchange in the rocks or precipitation of Ca®* and Mg”* (c. 20%). The influence of
geothermal water was found to be small even though the sampling points were close
to geothermal area.

(3) Non-geothermal waters from the whole area
The factors obtained from the whole data shows similar structure to those from the
mountainside area. The first major factor shows high correlation for all cations and
silica. The second largest factor has positive loadings for Na‘, K™ and Si, and
negative loadings for Mg>* and Ca®*. The first factor shows the simple rock
dissolution trend and the second factor shows the ion-exchange between (Na*, K
and (Ca®*, Mg™).
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Fig. 2-6. Piper plot (trilinear diagram) of the surface water,
meteoric water and geothermal water in Norikura
volcano. Cation percentages in milliequivalents per
dm3 (meq dm?3), plotted on three axes on the left
triangle, and anions plotted in same way on the right
triangle. The arrows show the hydrochemical process
downstream.

37



Fig. 2-7

Fig. 2-7. Sampling points of the summit area of Norikura volcano.
Symbols are; +, Pond Gongen-lke; X, Springs of
Takamaga-Hara; *, Springs and streams of Kenga-Mine;
o, Ponds Gono-Ike; [, Pond Kiezuga-Tke; [, Pond
Tsuruga-Tke; O, Springs of Fujimi-Dake; A, Springs and
streams of Marishiten-Dake..
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Fig. 2-8. Scatter plots of the sF1 oriented cation (Ca2*) vs the

altitude of sampling points in the Kengamine
catchment basin. Symbols are the same as in Fig. 2-7.
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Factor 2 (sF2)

_2 1 1 1 ]

Apr-99 Jun-99 Jul-99 Aug-99 Oct-99
Date

Fig. 2-9. Scatter plots of factor scores (sF2) vs sampling date
for lake waters and lingering snow. Each point shows
the mean value of the sampling date. Symbols are; +,
Pond Gongen-Ike; @, lingering snow.
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Factor 3 (sF3)

Fig. 2-10
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Fig. 2-10. Scatter plots of factor scores (sF3) vs sampling date
for lake waters. Each point shows the mean value of
the sampling date. Symbols are; + , Pond
Gongen-lke; [1, Ponds Gono-Ike.
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Fig. 2-11

Fig. 2-11. Sampling points of the mountainside area (Hirayu
area). Symbols are €, non-geothermal waters; H,
geothermal contaminated waters; A, hot springs.
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Fig. 2-12
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Fig. 2-12. Scatter plots of PCA scores, mP1 vs mP3 for the

summit and the mountainside samples, and the
geothermal waters.
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Table 2-1. Correlation matrix of the chemical concentration in meteoric water, surface water and
geothermal water (n=260).

log(Na) log(K) log(Mg) log(Ca) log(Si) log(Cl) log(NO;) log(SOs)

log(Na) 1.00

log(K) 0.64 1.00

log(Mg) 0.85 0.69 1.00

log(Ca) 0.79 0.73 0.91 1.00

log(Si) 0.80 0.64 0.80 0.79 1.00

log(Cl) 0.82 0.62 0.71 0.66 0.61 1.00

logNOs) 019 015 020 023 015 025 1.00
1og(SO4) 074 066 084 08 072 064 020  1.00

Table 2-2. Eigenvectors and eigenvalues on the correlation matrix of the chemical concentration in
meteoric water, surface water and geothermal water (n=260).

Element Pl P2
log(Na) 0.39 -0.05
log(K) 034 -0.08
log(Mg) 0.40 -0.06
log(Ca) 0.40 -0.03
log(Si) 0.37 -0.12
log(Cl) 0.35 0.08
log(NO3) 0.11 0.98
log(SO4) 0.38 -0.04
Eigenvalue 5.50 0.95
Proportion (%) 0.69 0.12
Cum.Proportion (%) 0.69 0.81
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Table 2-4. Correlation matrix of the Norikura summit waters.

Na- K' Ca®* CI' NO; SO, Si
Na®  1.00
K" 0.09 1.00
Ca?* 0.55 0.57 1.00
Cl 0.54 0.01 042 1.00
NO; 027 0.42 0.40 0.02 1.00
SO~ 044 0.67 0.73 0.14 0.43 1.00
Si 055 064 080 039 033 083 1.00

Bold values are 1% significant correlations.

Table 2-5. Factor loadings of the Norikura
summit waters (Principal factor
analysis with Quartimax rotation).

sF1 sF2 sF3
Na' 0.34 0.80 0.24
K* 0.82 -0.20 0.01
Ca* 0.78 0.39 0.01
Cr 0.15 0.66 -0.13
NO;  0.48 0.00 0.45
SO 0.87 0.12 0.08
Si 0.88 0.36 -0.20
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Table 2-6. Eigenvalue and eigenvector of the
mountainside waters (including hot

Springs).

mP1 mP2

Na’ 0.39 -0.15
K" 0.38 -0.30
Ca™ 0.38 0.16
Mg 0.31 0.36
Cr 0.39 -0.07
NO;” 0.19 0.81
SO 0.35 -0.07
Si 0.39 -0.25
Eigenvalue 5.96 0.93
Proportion 0.74 0.12
Cum.Proportion 0.74 0.86

Table 2-7. Correlation matrix of the non-geothermal mountainside waters.
Na* K' Ca& Mg"* CI NO;y SO, Si

Na" 1.00

K" 086 1.00

Ca®® 0.10 -0.01 1.00

Mg®* -042 -049 0.77 1.00

CI' 040 047 0.15 -0.16 1.00

NO; 0.08 029 0.03 -0.13 043 1.00

SO/~ 053 080 -041 -0.62 031 028 1.00

Si 073 091 -020 -0.63 046 031 0.85 1.00

Bold values are 1% significant correlations.

Table 2-8. Factor loadings of non-geothermal
mountainside waters (Principal factor
analysis with quartimax rotation).

mF1 mF2

Na* 0.89 0.12
K* 0.98 -0.00

Ca® -0.02 0.96
Mg** -0.52 0.77
CrI 0.46 0.14

NO; 0.24 0.00
SO4” 0.76 -0.42
Si 0.91 -0.22
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Table 2-9. Correlation matrix of the chemical

concentration in non-geothermal surface waters
for group A-E. (n=222).
+

Na* K Mg”*  Ca™ Si
Na' 1.00
K* 0.82 1.00
Mg 059 050  1.00
Ca* 0.60 0.52 0.89 1.00
Si 066 074 039 039 1.00

Table 2-10. Factor loadings of the chemical
concentration in non-geothermal
surface waters for group A-E.
(principal factor method) (n=222).

Element F1 F2
Na' 0.85 0.21
K" 0.86 0.41
Mg™* 0.81 -0.48
Ca® 0.82 -0.47
Si 0.68 0.36
Eigenvalue 3.27 0.79
Proportion(%) 65 16
Cum.Proportion(%) 65 81
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3. Thermodynamics and stoichiometry
3.1. Introduction

The previous geostatistical research showed that in the summit area of
Norikura volcano, there are three major contributors of preliminary water formation;
the leaching of major cations from the host rocks, whose proportionate contribution is
45% of all co-variances; airborne sea salt, which contributes 20%; the possible
vegetation influence with 10% contribution. The above results, however, gave only
general idea concerning the covariance of the analytical data. The factor interpretation
is conceptual basis and rather vague. In this chapter, the thermodynamic and
stoichiometric calculation was performed in order to interpret those factor
contributions to the surface water chemistry quantitatively. Since it takes long time
range to reach the full equilibrium in water — rock interaction, the thermodynamic
methodologies based on the chemical equilibrium are exclusively applied in
geothermal exploration or researches on oceanic chemical distribution. In this research
work, by use of silicon as an indicator to evaluate the dissolution rate of volcanic rocks
or the degree of the water-rock interaction, stoichiometric calculations were performed.
The results were certified by the chemical equilibrium information. And also the
silicon concentrations of the water samples were evaluated by the induced theoretical
equation.

3.2. Methods

On the basis of the statistical results given in Chapter 2, the thermodynamics
and stoichiometric calculation were performed. The analytical data set is the same as in
Chapter 2.

3.2.1. Stability diagram

The stability diagram, which draws the dynamic equilibrium between the
solutions and coexistent solid phases, is frequently applied to interpret the chemical
behavior of natural spring waters in terms of water-rock interaction (Garrels and Christ,
1965). Using the stability diagrams of major cations and silica relations, the present
study attempted to survey how water-rock interaction is involved each stage of the
hydrochemical process. The ion activities were calculated as an ionic-strength term in
the Debye Hiickel expression, on the basis of the thermodynamic constant (AG) for
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stable minerals and ions given by the published data set (Berner, 1971; Helgeson, et al.,
1978).

3.2.2. Theoretical solution by CIPW norm minerals

During the water-rock interaction processes, the primary mineral dissolution is
generally followed by the formation of the secondary minerals, which is termed
incongruent dissolution. Therefore, even if the rock dissolution plays the major role in
explaining the obtained water chemistry, the chemical composition of the solution may
be far different from the primary rock compositions. In addition, for examining
water-rock interaction, the resistance of minerals to weathering must be taken into
consideration. Consequently, in order to evaluate the water-rock interaction
quantitatively, on the basis of the mineral weathering series, composition of the
theoretical solution was calculated, and was compared with the real sample
compositions.

Firstly, the CIPW normative mineral composition was calculated (after Kelsey,
1965; Best, 1982) based on the mean chemical composition of the basement rocks of
Mt. Norikura (Ishikawa et al., 1992). A norm is a means of converting the chemical
composition of an igneous rock to an ideal mineral composition (Cross, et al., 1902).
Among the various norm calculations, most popular one is the CIPW norm, which is
named for the four petrologists, Cross, Iddings, Pirsson and Washington. The CIPW
norm calculates mineral composition as if the magma were anhydrous (water is simply
treated as a separate phase). The details of the CIPW norm calculation is found in the
literatures (eg. Kelsey, 1965).

During the water-rock interaction process, primary minerals with high
susceptibility to weathering, such as Ca-plagioclase or pyroxene, form secondary
stable minerals, such as gibbsite or kaolinite. In the case of the formation of gibbsite as
a secondary mineral, the cations and silica ratio are preserved in the generated solution:

Albite — Gibbsite
2NaAlSi;Og + 13H,0 + 2C0, — 2Na’ + 2HCO5™ + 6HsSiOs + AL,O3)

In the above example, 2 moles of albite give 2 moles of sodium ion and 6 moles of
silica solution. On the other hand, in the dissolution process of volcanic minerals to
form kaolinite or its adjacent mineral of halloysite as secondary minerals, part of
silicon is consumed to form kaolinite, whereas all cations dissolve into the solution as

follows:
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Na'—Si : Albite — Kaolinite
2NaAlSizOg + 11H,O0 + 2CO; — 2Na* + 2HCO5 + 4H;8i04 + ALLSi;Os(OH)4|

Ca®"—Si : Anorthite — Kaolinite
€CaAl,Si,05 + 3H,0 +2CO, — Ca’* + 2HCO;™ + ALSi;Os(OH)4|

As the equations describe above, in the (Na* - Si) reaction system, 2 moles of sodium
ion and 4 moles of silicic ion dissolve from 2 moles of albite, and then, 2 moles of
silicic ion gets adsorbed into solid phase as kaolinite. In the (Ca®" - Si) reaction system,
1 mole of calcium ion dissolves from 1 mole of anorthite, and then, all silicic ions from
anorthite get absorbed into kaolinite. As a result, the (Zcation/Si) ratio rises in
comparison with the original minerals.

In the arithmetic procedure, the elution of pyroxene was considered in
addition to the above mentioned dissolution reaction of the feldspar. The chemical
concentration ratio of the solution was calculated from average CIPW normative
mineral composition of the rocks around the observation area. The calculation was
performed by the following procedure.

1. Calculate the CIPW normative minerals from the chemical composition of the
host rocks.

2. K-feldspar, plagioclase, diopside and hypersthene are allotted for the primary
solution.

3. An amount of aluminum in the primary solution is allotted for precipitation of
gibbsite, kaolinite and pyrophyllite.

4. The residual cations are allotted to form the theoretical solution.

5. The composition of the theoretical solution is given by the ratio form of cations /
silicon.

6. Comparison of real solution with theoretical solution.
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3.3. Cation and silicon behavior
3.3.1. Ratio of major cations and silicon

The first major factor (nF1) on the non-geothermal water is highly correlated
with all cations and silicon (Table 2-10). The major source of silicon in natural water is,
in general, silicate rocks or soils, and the observation area is covered by andesitic
rocks; this factor is assumed to be concerned with host rock dissolution. In order to
understand the cation-silica processes in detail, the cation behavior was considered in
terms of Xcation/silicon ratio. The samples show a wide range in the ratio of
Tcations/silicon (Fig. 3-1). The meteoric waters, which are least influenced by host
rock components, show high value of Zcations/silicon, with high fluctuations
(Range:1-50, geometric mean: 2.46). The high ratio and wide range of the summit
waters are mainly due to their quite low silicon concentrations, which may be caused
by little supply of silicon from silicate rocks.

On the contrary, despite the similar EC value with the meteoric water, the
water samples of the summit area (Group A and B), which show the similar electrical
conductivity (EC) with the meteoric water, take the least values with narrow range of
variation (Range:0.3-2, geometric mean: 0.62), which is close to the ratio of host rocks
around the observation area (0.4). The low ratio is mainly due to the relatively higher
concentration of silicon than other cations. Since the ratio of Xcations/silica of this
water group is similar to the host rocks around the area, this phenomenon may
represent the rapid progress of the simple rock dissolution.

However, the surface waters gradually increase the ratio with an increase in
the Zcations, up to nearly five times higher than that of the host rocks (~2). The 5 times
higher ratio of the mountainside waters than the host rocks is not interpreted by a
simple congruent dissolution of the silicate rocks; the description of the silicon
removal mechanism from the solution is required to understand this high ratio. On the
basis of the chemical proportion resulting from the weathering of silicate minerals, the
chemical processes are examined in the following sections.

3.3.2. Theoretical solution

Average composition of the major elements and CIPW normative minerals of
the rocks from the Norikura area is shown in Table 3-1, and the chemical ratio of the
theoretical solution obtained by CIPW normative mineral composition is shown in
Table 3-2. The relation on each sample group between cation/silicon ratios and X
cation is shown in Figs. 3-2 (a)-(d).

The meteoric water shows higher X cation/Si value than that of the theoretical

52



solution, which forms gibbsite or kaolinite. The samples from the summit area, i.e.
group A and B, take values almost as low as that of the theoretical solution of gibbsite
field. The cation ratio of the waters in the mountainside area (group C-E), increases
with a decrease in altitude, and the Na/Si and K/Si value are close to the theoretical
solution of kaolinite or its adjacent minerals.

The Mg/Si and Ca/Si show the similar trend with Na/Si and K/Si, though
exceptions were found in some cases. The mountainside waters show relatively low
value of Mg/Si, lower than that of theoretical solution of the kaolinite coexistent field.
Unlike other major cations, magnesium is not preserved in feldspar, but is mainly
found in pyroxene, which is comparatively strong against weathering (Nesbitt and
Wilson, 1992). Due to the relatively higher weathering resistance of the source mineral
of Mg, the increase rate of the Mg/Si ratio may be lower than others.

The Ca/Si ratios of the sample groups D and C exceed that of the kaolinite
coexistent solution, and even group H, which are contaminated with geothermal water,
exceeds the pyrophyllite value (Fig. 3-2(d)). This high ratio of Ca/Si is mainly
interpreted as the dissolution of calcite. The dissolution rate of calcite is approximately
7 orders of magnitude faster than that of plagioclase at near neutral pH (White et al.
1999), and calcium would be added into the solution from calcite, which is a minor
mineral in the mountainside area.

Thus the surface water in the summit area is formed under the condition of
gibbsite generation as a secondary mineral, whereas the waters of mountainside region
are formed under the coexisting condition of kaolinite or its adjacent minerals (eg.
halloicite). In this manner, the stoichiometric calculation indicated that the major
cations and silicon behavior in this area is mainly controlled by the incongruent
dissolution of silicate rocks. Thus the nF1, which has high loadings for major cations
and silicon, is interpreted as the “incongruent” dissolution of the host rocks.

3.3.3. M (cation) - Si stability diagram

In order to confirm the thermodynamic stability of such secondary minerals
coexistent with specific waters, stability diagrams of cation-Si plot were drawn (Figs. 6
(a)-(d)). The diagrams show that the chemical behavior of water samples in this area is
similar to the shallow spring waters (Garrels and Mackenzie, 1967), as which the water
dissolves plagioclase to form kaolinite (Garrels, 1967).

Since the meteoric waters contain only little silica and cations, the sample
groups are situated far lefi-down in the diagram, where gibbsite [r-Al(OH)3] is the
stable mineral. The lake and spring waters in the summit area (group A and B) are
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plotted also in the same area. On the other hand, the sample groups C, D and E, which
are the samples of the mountainside region, are plotted within the kaolinite field.
Geothermal waters are coexistent with pyrophyllite or smectites. Thus, the summit
waters, which are similar in composition to the host rocks, are stably coexistent with
gibbsite; the mountainside waters, which takes higher cation/Si ratio than that of the
host rocks are coexistent with kaolinite. The diagram shows that the mineral phases,
which were suggested by the stoichiometric calculations above, are stably coexistent
with waters in the thermodynamic point of view. In this way, the incongruent
dissolution system, which controls the cation/Si ratio, was interpreted by
thermodynamic stability as well as by stoichiometry.

3.3.4. Chemical composition of the final equilibrium solution

When a rock - water interaction reaches the final chemical equilibrium state
under certain temperature and pressure, the secondary mineral composition and the
chemical composition of the solution should be uniquely determined. If the rock-water
interaction is the major factor to determine the water chemistry, the chemical
composition of the final equilibrium solution (final product) gives significant
information to survey the direction of the water formation process.

The final mineral product of weathered andesite under the normal temperature
and pressure is characterized as albite, K-feldspar, 14-A clinochlore, Laumontite and
pyrophyllite. The major chemical solute Na' is included into albite, K' is into
K-feldspar, Ca®" is into laumontite and 14-A clinochlore for Mg*". For aluminum,
K-feldspar play a role as buffer to absorb the residual AP’* (Coombs, 1959, Giggenbach,
1988). Thermodynamically, the most stable silica mineral is quartz, but many ground
waters with long retention time show that the silica concentration is often
supersaturated by quartz, and the silica concentration of the final solution should be
discussed on the amorphous silica as the silica solid phase.

Thus under the assumption that the final minerals should take the following
idealized chemical formula, the composition of the equilibrium solution was calculated
using the set of thermodynamic data under 25 C and 1 atm (Helgeson, 1978, Berner,
1971, see Appendix A).

albite NaAlSi;Og

K-feldspar NaAlSizOg
pyrophyllite ALSi4010(OH);
clinochlore-14A MgsAl(AISi3019)(OH)s
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laumontite CaALSi 042 4H,0
amorphous silica SiO,

The following chemical relations are given by the equilibrium calculations

and jon balance.

log(ana+/apg+)= 5.26
log(ax+/an+)=2.22
log(amgr+/a’u+) = 12.82
log(aca+/a’ys) = 13.23
log(aussios) = -2.54

Here, the character “a” is the ion activity of the subscript chemical species.

The stability diagrams (Figs. 3-3(a)-(d)) shows that the meteoric water is
plotted at the lower left and the surface waters forms zone to the upper right area
toward the theoretical final product. Geothermal waters are plotted around the
theoretical final productive solution. The water process seems to seek for the final
solution. This calculation also suggests that the chemistry of those waters be mainly
controlled by the water- rock interaction.

3.3.5. Estimation of Si by Cation concentrations

In this section, the other stoichiometric calculation was performed. As
mentioned above, rock components do not dissolve uniformly during chemical
weathering, but mineral, which is less resistant to weathering, dissolves more rapid
than more resistant minerals (Goldich, 1938). Moreover, part of element such as
aluminum forms secondary minerals (clay minerals), and is removed from the aqueous
phase. Therefore, the chemical composition of bedrock in the catchment area does not
exactly reflect the aqueous chemical composition. The stability diagram shows that the
river water in the summit area is thermodynamically coexistent with gibbsite, and the
secondary minerals produced by rock weathering are most likely gibbsite or its
adjacent minerals.

Among the major minerals found in volcanic rocks in Norikura volcano, the
possible source mineral for sodium is albite, for potassium is K-feldspar, for
magnesium is enstatite and for calcium is anorthite. Therefore, the weathering
equations of these minerals in the summit area are shown as follows.
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Na‘—Si : Albite — Gibbsite
NaAlSi;Og + 11/2 H,0 + H' — Na® + 3 HiSiO4 + 1/2 ALOs) G-1)

K*—Si : K-feldspar — Gibbsite
KAISi;0g + 11/2 HyO + H" — K + 3 Hy8iO,4 + 1/2 A1,05] (3-2)

Mg?*—Si : Enstatite — Solution (No aluminum)
MgSiO; + H,O + 2H" — Mg?* + HySiO, (3-3)

Ca?*—Si : Anorthite — Gibbsite
CaAl,Si;Og + 3 HyO + 2H" — Ca®* + 2 H,8i0, + ALO3) (3-4)

If the above chemical weathering controls the river water chemistry, 3 moles
of silicon dissolve with 1 mol of sodium dissolution; 3 moles of silicon dissolve with 1
mol of potassium; 1 mol of silicon dissolve with 1 mol of magnesium; 2 moles of
silicon dissolve with 1 mol of calcium. Thus, if the above chemical reactions (1) - (4)
play a major role to control the river water chemistry, the following simple equation
will be applicable.

[Si] =3 [Na']+ 3 [K"] + [Mg?"] + 2 [Ca™] (3-5)

Scatter plot of predicted [Si] (= 3 [Na'] + 3 [K'] + [Mg*'] + 2 [Ca®']) and
measured [Si] is shown in Fig. 3-4(a). In this figure, surface waters of the summit area
(i.e., A and B) are plotted on the predicted line. Meteoric water (O), which is least
influenced by rock dissolution, is deficient in silicon and takes higher estimated [Si]
value than the real [Si] value (above the predicted line). For the mountainside waters
(i.e., C, D and E), or geothermal waters (H and 1), the predicted [Si] is significantly
higher than the real value. In the case of mountainside waters, silicon is saturated in
gibbsite and coexistent with kaolinite (Figs. 3-3 (a)-(d)); the secondary mineral is most
likely kaolinite and the weathering reaction would be expressed as the following

equation.

Na“—Si : Albite — Kaolinite

NaAlSi;Og + 9/2 Ho0 + H' — Na* + 2 HySiO4 + 1/2 ALSi,05(OH)4 ) (3-6)
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K"'—S8i : K-feldspar — Kaolinite
KAISi;Og + 9/2 H20 + H' — K* +2 HuSiO4 + 1/2 ALSLOs(OH)s|,  (3-7)

Mg?*—Si : Enstatite —Solution (same as gibbsite case)
MgSiO; + H,O + 2H" — Mg** + H,8iO0, (3-8)

Ca®"—Si : Anorthite — Kaolinite
CaAl,Si,O5 + H,O + 2H — Ca’ + Al Si,Os(OH)s) (3-9)

In this case, 2 moles of silicon dissolve with 1 mol of sodium dissolution; 2
moles of silicon dissolve with 1 mol of potassium; 1 mol of silicon dissolve with 1 mol
of magnesium. On the other hand, in the dissolution of potassium and calcium, no
silicon dissolves, since all silicon is consumed to form kaolinite. Thus, if the above
chemical reactions (6) - (9) play a major role to control the river water chemistry, the
following simple equation will be applicable.

[Si] =2 [Na']+2 [K']+ [Mg*] (3-10)

In this case, the predicted silicon concentrations of the mountainside waters
(D and E) are good coincidence with the real value (Fig. 3-4(b)). Only group C is
deficient in cations and slightly lower than the predicted line. As shown in the stability
diagrams (Figs. 3-3 (a)-(d)), the waters of group C are scattered near the boundary line
between gibbsite and kaolinite. In this water group, gibbsite may be contained as a
minor secondary mineral as well as kaolinite. The predicted silicon value of the water
sample C fits well with the real value under the assumption that 85 % form kaolinite as
secondary mineral and 15 % form gibbsite. In the same manner, the other samples

were calculated using the following equation.

Gibbsite : Kaolinite = X: (1 - X) (3-11)
Real [Si] = X (3 [Na'] + 3 [K'] + [Mg®'] + 2 [Ca”"])
+(1-X) (2 [Na']+2 [K']+ [Mg™]) (3-12)
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Real[Si]- (2[Na*]+2[K*]+[Mg>'])

X= + + 2+ 2+ + + 2+ (3-13)
(3[Na"]+3[K"]+[Mg™ ]+2[Ca™])-(2[Na']+2[K"]+[Mg™])

(3-14)

x - I8i]-2[Na"]-2[K*]-[Mg™'])
[Na']+ [K*] +2[Ca®]

The result is shown in Fig. 3-5, which is well fitted to the chemical feature
given by the stability diagram (Figs. 3-3 (a)-(d)); for group A, secondary mineral is
gibbsite or its adjacent minerals (80-151 %); for C, kaolinite is the major secondary
mineral (85%) and gibbsite is minor (15%); for D and E secondary mineral is kaolinite
(98 - 100%). Here, kaolinite contribution to Group B gave negative value;
consequently, the gibbsite ratio was over 100% (151%). As mentioned in Chapter 2,
the chemical concentrations of the group A and B are significantly low, and the
accuracy of the analytical value is somewhat ambiguous. At least it is clear that
gibbsite is more likely coexistent with those samples (group A and B) than kaolinite.

In this manner, the water chemistry of major component was quantitatively
explained by chemical weathering of basement rocks using thermodynamics and
stoichiometry.

3.4. Relation between (Na*, K*) and (Ca®*, Mg*")

The second factor (nF2) has positive loadings for Na*, K" and Si, and negative
loadings for Ca®" and Mg”* (Table 2-10). This factor structure shows that there are
subliminal factor to induce the negative correlation between M* and M*>* type of
cations. In order to interpret this factor, the cation ratios of monovalent and bivalent
ions (M*/M**) have been observed to overview the major solutes behavior.

The concentration ratio of alkali earth elements and alkali elements of each
sample group is shown by Na*/(Ca®*+Na") in Fig. 2- 5. The general trend of the Na-Ca
ratio is firstly Na-type in the summit area, and according to the progress of
hydrochemical reactions, the water type is changing into Ca-type in the mountainside
region, whereas the geothermal water in the mountainside region shows Na-type again.

The Na'/(Ca**+Na") is >0.6 for the summit samples, and the value decreases
with a decrease in altitude. The ratio of Na*/(Ca**+Na") in the mountainside samples
group E is down to 0.2, which is smaller than the average ratio of the rocks around the
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observed area, 0.45. This value of 0.2 is almost equal to the experimental value
obtained by the powdered andesite elution (Tamari et al., 1988).

When water-rock interaction progresses, Ca’* is absorbed into the ion
exchangeable clay minerals, such as smectites, and Na' is emitted into solution (eg.
Garrels and Christ, 1965), as the following equation:

Ca®" + 2 [Na-smectite] = [Ca-smectite] + 2Na" (3-15)

The above reaction reaches chemical equilibrium rapidly, compared with most of the
other silicate hydrolysis reactions (Chou and Wollast, 1989). The decrease in dissolved
Ca®" is associated with equivalent increase in Na' concentrations with progress of
water-rock interaction (eg. Iwatsuki et al., 1995).

However, in the present result, progressing of water-rock interaction causes
rapid increase in [Ca**] under the control of [Na‘] behavior. Consequently, the
Na'/(Ca**+Na") decrease with the progress of water-rock interaction. As shown in the
M"ssilica section, the non-geothermal waters in this area show little interaction with
rocks and do not reach chemical equilibrium with smectite (Figs. 3-3 (a)-(d)). Thus, the
variation of cation ratio is not interpreted by the ion exchange on smectite.

The scatter plot of (aca+/a’y+) - (ana+/an+) shows that the most samples except
meteoric water and geothermal water are on the straight line (Fig. 3-6(a)), which is
expressed by the following equation (5).

log (aca+/a’is) = 2  log (ana+/ams) + 4.5 (3-16)

Here, if the increase of Ca®" and Na" could be explained by the simple dissolution of
plagioclase, the inclination should be 1 regardless of the dissolution rate. However, the
actual inclination shows approximately 2, which suggests ion-exchange equilibrium.
The cation variation of non-geothermal waters (group A-E) fits in well with the above
equation, with a high correlation coefficient of r = 0.98.

This correlation would be interpreted that Ca®* and Na* in the surface waters
are in the transitional equilibrium on an unknown ion-exchangeable phase (mineral).

2Na' +Ca-X — Ca® +2Na-X (3-17)

Here, X is the ion-exchangeable mineral produced during the chemical processes. This
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transitional chemical equilibrium equation introduces the following formula to give the
2
aCa2+/ a Na+.

2
Qg = (aca“ la’w)

K= 3-18
a’na (a,, /aw)2 ( )
The log transformation gives the following equations.
log (Acaz+/a%+)= 2¥10g (ana+/ans) + log K (3-19)
log (acaz+/@°Nas)= log K (3-20)

The common-logarithmic value of K (log K) is set to 4.5 by least-squares method
(Fig.8(a)). On the other hand, the logarithmic value of the equilibrium constant on the
Na-Ca smectite phases is -1.25 (log K = -1.25), which is far smaller than the above
constant value. Therefore, the high correlation between (acw/azm) and (ana+/ap+)
seems to be controlled by an ion-exchangeable solid phase, but other than smectites.
The same relations were found between (Na*, Mg®"), (K*, Ca®") and (K", Mg") in Figs.
3-6(b)(c)(d).

The F2 is, thus interpreted as the ion-exchange reaction between (Na', K*)
and (Mg**, Ca?"), though what mineral controls this relation is remained for further
study.

3.5. Summary
The factor analysis (FA) and thermodynamic calculations revealed that the
water chemistry is mainly controlled by water-rock interaction. The chemical process

of the non-geothermal surface waters in the observed area may be summarized in the
following formula.

(1) Rock + H' — M" + H-Clay (gibbsite/kaolinite or adjacent minerals) + H;SiO,
(2) 2(Na*, K") + (Ca**, Mg*")-Clay, = (Ca®*, Mg’") + 2(Na", K*)-Clay

The chemical process expressed in the (1) reaction contributes 65% for forming water
chemical composition, whereas the reaction of (2) contributes 16%. In this manner, the
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behavior of the major cations and silica in the non-geothermal water was interpreted by
the comparatively simple water-rock interaction.

Those theoretical models introduced the following equations, and the well
fitted chemical compositions of real waters were certified the validity of the model.

Summit area; gibbsite dominant as a secondary mineral
[Si] =3 [Na"] +3 [K'] + [Mg™] + 2 [Ca™]

Mountainside area; kaolinite dominant as a secondary mineral

[Si] =2 [Na"] +2 [K'] + [Mg™]
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Fig. 3-1 Scatter plot of (total cations / silicon) ratio against total cations (meq/dm3). The solid
line is the average ratio of the volcanic rocks obtained from Norikura volcano. Symbols
are the same as in Table 2-3.
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Fig. 3-2(a)
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Fig. 3-2 Scatter plot of cation/silicon ratio against total cations. The dashed line is the theoretical
value obtained by gibbsite coexistent solution, and solid line is obtained by kaolinite, and
dotted line is obtained by pyrophyllite. (a) Na*—Si system, (b) K*—Si system, (c) Mg”"
— Si system and (d) Ca”*—Si system. Symbols are the same as in Table 2-3.
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the same as in Table 2-3. > is the theoretical final solution (product).
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Fig. 3-4(b) Measured and estimated Si concentration (kaolinite as the
secondary mineral). Estimated [Si] is given by (2 [Na'] + 2 [K'] + [Mg>']).
Symbols are the same as in Table 2-3.
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Fig. 3-5. Estimated ratio of coexistent secondary mineral on water groups.
The estimation was performed using chemical weathering equation. The
kaolinite contribution of Group B gave negative value; consequently, the
gibbsite ratio was over 100% (151%).
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Fig. 3-6 Stability diagrams at 25°C. (a) Na'—Ca®" system, (b) Na*—Mg”" system. The line is
the boundary between smectites. The arrow shows the direction of the water-rock
interaction rate. The regression equation for the surface waters is
(a) log (aca+/a’ys) = 2.0 x log (ana/aps) + 4.5 (r=0.98 n=222).

(b) log (amga+/a’ss) = 2.0 X log (ana+/ans) + 3.8 (r=0.92 n=222).
Symbols are the same as in Table 2-3.
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Fig. 3-6 Stability diagrams at 25 °C. (¢) K'—Ca®* system and (d) K*—Mg?* system. The line
is the boundary between smectites. The arrow shows the direction of the water-rock
interaction rate. The regression equation for the surface waters is
(c) log (acaz+/a%ys+) = 2.0 X log (ax+/as) + 6.0 (r=0.92 n=222).

(d) log (amg2+/a%s) = 2.0 X log (ax+/as) + 5.5 (r=0.89 n=222).
Symbols are the same as in Table 2-3.
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Table 3-1. Average composition of major elements and
normative minerals of the rocks in Norikura area (n=30). The

analytical data set is after Nakano et al., 1987.
chemical

compositions(wt.%) norms (wt.%)

SiO, 56.99 Iimenite 2.02
TiO, 1.06 Apatite 0.66
AlLO3 17.37 Orthoclase 11.35
Fe O3 3.22 Albite 28.31
FeO 4.30 Anorthite 26.08
MnO 0.14 Magnetite 441
MgO 3.56 Diopside 3.76
CaO 6.56 Quartz 10.82
Na,O 3.35 Hypersthene 10.95
KO 1.92 Others 1.63
H,O+ 0.89

H,0- 0.36

P,0Os 0.28

n



Table 3-2 Mole ratio (major cation / silica) of the theoretical solutions: 1)
mole ratio of rock compositions. 2) theoretical solution formed by
deducting the normative quartz from the rock composition(precipitation of
gibbsite). 3) theoretical solution formed by deducting the normative quartz
and kaolinite from the rock composition. 4) theoretical solution formed by
deducting the normative quartz and pyrophyllite from the rock composition.

1) 2) 3) 4)
rock rock-Q rock-Q-KLN  rock-Q-PrL
Na/Si 0.11 0.14 0.25 1.24
K/Si 0.04 0.05 0.10 0.47
Mg/Si 0.09 0.12 0.21 1.01
Ca/Si 0.12 0.15 0.26 1.30
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Table 3-3. Real and predicted silicon concentration in water samples; concentrations
in umol dm™.

Predicted silicon concentration

Sample Si (real) Gibbsite Kaolinite » Kaolinite ¥ Pyrophyllite ¥
(0] 6.27 21.58 12.79 10.71 -0.16
A 54.12 63.39 31.71 28.20 -6.98
B 150.09 119.54 59.77 50.70 -18.14
C 202.22 448.77 158.22 127.92 -192.92
D 195.51 729.77 196.98 167.40 -394.98
E 240.21 889.05 224.31 190.97 -507.11
H 306.59 2894.78 1200.85 1118.39 -658.00
K 1502.27 24821.75 14816.22 13811.48 2801.22

1) “Albite-K -feldspar—Enstatite—Anorthite” forms Gibbsite: 3Na+3K+1Mg+2Ca

2) “Albite-K-feldspar—Enstatite—Anorthite” forms Kaolinite: 2Na+2K+Mg

3) “Albite—Muscovite—Enstatite Anorthite” forms Kaolinite: 2Nat+Mg

4) “Albite-K-feldspar—Enstatite—Anorthite” forms Pyrophyllite: Na-3K+Mg-2Ca
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4. Water chemistry in Shirasu ignimbrite area
4.1. Introduction

The previous chapters showed that the chemical behavior of natural surface
water in Norikura volcanic area is mainly controlled by the water-rock interaction. The
above results were, however, only given from a limited andesitic area, and the derived
mechanism is needed to be certified in the other types of volcanic area to generalize the
theory. In this chapter, the water research was performed in a granitic ignimbrite area.
This observation area is covered by almost a single granitic ignimbrite layer, and there
are cultivated farms or residential district and even inflows of geothermal waters are
found in the area. The aim of this study is to extract and evaluate possible factors, which
contribute the hydrochemistry, and to compare the water chemistry between Norikura
volcanic area and the ignimbrite area. The research strategy is based on the same
statistical and thermodynamic calculations as in the previous chapters.

4.2. Sampling points and methods

4.2.1. Geographical and geological characteristics of the sampling points

The observation area is in Kagoshima Prefecture, southern Kyushu Island,
which is the most south-western island among the four major islands in Japan.
Geographically, this area is just the point where the southwest Japanese arc meets the
Ryukyu arc (Fig. 4-1). The average annual temperature is about 19 °C, the maximum
temperature in summer is 36 °C, the minimum temperature in winter is -0.8 °C, and the
area belongs to the warm climatic zone in Japan. The average annual precipitation is
2,300 mm, of which the greatest concentration falls in the rainy season from May to
July. The geological feature is that volcanic ash and debris (Ito pyroclastic flow deposits,
termed “Shirasu’) cover the whole area. The pyroclastic flow deposit “Shirasu” is a
typical non-welded and unconsolidated ignimbrite with uniform chemical composition
(age 24,500 years before present; Yokoyama, 1999), which is composed of volcanic
glass and rather small amounts of feldspar, accompanied with quartz, augite, amphibole
and magnetite etc.

Kotsuki River, which is the main subject of this research, flows across the
Shirasu plateau. Kotsuki River begins in Mount Yae (Elevation: 677 m,
Latitude:N31°44", Longitude: E130°26") , flows through Kagoshima City which is the
largest city in Kagoshima Prefecture, and into Kinko Bay at N31°34", E130°34" (Fig.
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4-1). The total length is 27 km with the catchment area 110 km®. Most of the area is
covered by “Shirasu” and only a limited part of the upstream area (in Mt. Yae) is
covered by basaltic rocks. In the downstream area of Kotsuki River, dozens of hot
springs (c.30 springs) and inflows of geothermal water from public baths are observed.
The inflows of municipal wastewater are also observed in the urban district that spreads

around the downstream region.

4.2.2. Sampling and analytical procedure

The field investigation was performed every 2 months between March 2001
and February 2003. Sampling points were selected from the water basin of the Kotsuki
River (Kotsuki Pond in Mt. Yae) down to the estuary for every 4 km, as well as
tributaries of Kotsuki River (Fig. 4-1). Altogether 106 samples were collected from 8
stationary measurement points and other additional points. The altitudes of sampling
points were between 4 m and 408 m above sea level (Table 4-1). Besides those primary
samples, highly polluted municipal wastewaters from the urban district were collected
to evaluate anthropogenic influence to the surface water chemistry. In addition,
rainwater samples were collected in Kagoshima City during the investigation period.

The water samples were filtered and placed in polyethylene bottles and
transported to the laboratory, then subjected to chemical analysis. The temperature, pH
and electrical conductivity (EC) were determined in the field by a digital pH meter
(DKK HPH-130) and digital EC meter (Hach Senslon 5). Details of the analytical
procedure and the statistical method are found in Chapter 2 (2.2. and 2.3).

4.3. Results

4.3.1. Chemical concentrations of river waters

The average chemical concentration at the stationary sampling points in the
main stream of Kotsuki River and their geographic information are shown in Table 4-1.
The chemical concentration at the water basin is higher than rainwater in the study area,
which is about 5 times higher in EC. In comparison with Norikura samples, the water
basin samples take about the same or even slightly higher chemical concentration than
the mountainside samples of Norikura. The water-rock interaction seems to have fairly
proceeded in those samples. This interpretation is presumably supported by the fact that
the water temperature of the water basin, Kotsuki Pond in Mt. Yae, is higher in winter
and lower in summer; the water has been stored in an underground reservoir for months
before outflow from the pond. The outflow water should have enough time to interact
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with the basement rocks under the ground. The average chemical concentrations of
Kotsuki River and reference values are shown in Fig. 4-2. This figure shows that the
dissolved chemical composition linearly increases downstream. In comparison with
other river waters, Kotsuki River shows higher chemical concentrations than the
average concentration of river waters in Japan or Kyushu Island, in spite of the
shortness of the river length. A preeminent characteristic is seen in the high silicon
concentration, which is a major component of Shirasu ignimbrite.

The rainwater in Kagoshima City shows extremely low chemical
concentrations, which is even less than the upstream water. The chemical ratio of
rainwater is far different from river waters; rainwater takes lower Si concentration and
higher Na'. The hot spring waters obtained from the vicinity of Kotsuki River show

considerably higher chemical concentrations compared with the river waters.

4.3.2. Relation between the chemical concentrations and the distance from estuary

The relation between the chemical concentrations and the distance from the
estuary mouth is shown in Fig. 4-3 for the major sampling points. The concentrations of
most major chemical components increase downstream. Specifically, the high
correlation is found between EC and the distance from the estuary mouth in the
mainstream (r* = 0.95). Although the silicon concentration also increases downstream
between the riverhead and the middle river area, in the downstream area, the

concentration maintains a nearly constant value (Si: c. 1000 pumol dm™).
4.4. Discussion

4.4.1. Principal component analysis (PCA)

Principal component analysis was applied on the chemical concentrations in
river water, municipal polluted water, hot spring water, and rainwater of Kagoshima
City. The calculation results of the PCA are shown as the first three eigenvalues and
eigenvectors of the correlation matrix (Table 4-2). The eigenvalue of the first principal
component (P1) is 4.51, and of the second component (P2) is 2.11; both are over the
critical value of 1 as often employed. The cumulative proportion of variance for the first
and second principal components is 83% of cumulative proportion, i.e., P1 and P2
summarize 83% of the variability or the information in the data set. On the other hand,
P3 or other components takes small variances, i.e., P3 is only 0.71 and P4 is 0.31.
Therefore, the P1 and P2 were extracted as the significant components.

The PCA score of each sample is shown in Fig. 4-4. The rainwater, the
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mainstream and tributary water of Kotsuki River were plotted on the straight line, which
shows the direction of the hydrochemical process from rainwater to the matured river
water. The hot spring water and the seawater clearly formed other groups with different
direction from the river waters. This result indicates that the influences of the hot spring
water or the seawater (airborne sea salt) on the river water chemistry are limited. The
chemical evolution of the straight forward direction may indicate the degree of
water-rock interaction or that of anthropogenic pollution.

In the next stage, to assess the major possible contributors to water chemistry,
i.e., water-rock interaction and anthropogenic pollution, PCA was performed again on
the representative data set. In this stage, the samples of rainwater, the mainstream of
Kotsuki River and the highly polluted tributary were chosen to clarify the major
contributor to the chemical evolution downstream. The first three eigenvalues and
eigenvectors of the correlation matrix are shown in Table 4-3. This time, the eigenvalue
of the first principal component (Pn1) is 7.34, and of the second component (P2) is
0.34. Only Pyl is the significant component, which is correlated with all chemical
components as a size factor. The scatter plot of PCA scores is shown in Fig. 4-5. The
rain waters and the mainstream waters of Kotsuki River are plotted on a straight line,
but the polluted waters in the municipal area (T6 samples) clearly separated from this
line to form another group. Since the T6 samples are not only polluted waters but also
the downstream samples, Ppnl would be correlated with the general chemical
characteristics downstream the river, which would be mainly caused by water-rock
(ignimbrite) interaction; Pp2, a minor component, would be correlated with
anthropogenic pollution. Thus, the above PCA structure shows that water-rock
interaction is the major contributor to the water chemistry rather than the anthropogenic
pollution.

4.4.2. Factor analysis (FA)

The factor analysis (FA) was performed on the river waters to extract the
underlying factors, which control the hydrochemical processes more details. As shown
in PCA results, sweater or hot spring waters would be minor or tiny contributor to the
water chemistry of Kotsuki River. Since entirely different data from the parent
population, i.e. hot spring waters or highly influenced waters by those waters, may
distort the factor solutions, the factor calculation was conducted exclusively on the
mainstream of Kotsuki River samples.

Prior to factor analysis, the correlation coefficients were calculated (Table 4-4).
All the components are highly correlated with each other (r = 0.6 — 0.85). Principal
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factor extraction followed by various rotation methods gave identical factor structure.
Table 4-5 shows the solution of the quartimax rotation. The first factor (F1) is highly
loading on almost all chemical components with high proportionate contribution (76%);
this factor is characterized as a ‘size factor’, which implies the integrated variances of
the dissolved chemicals. The second factor (F2) is positively loading on K* and Si, and
negatively loading on Ca®* and SO,*; the third factor (F3) is loading on Na* and CI".
The second factor (F2) may imply the negative correlation effect between the
dissolution of CaCQ; in the sediments (White et al., 1999), and the dissolution of Si and
K in muscovite or adjacent minerals; the third factor (F3) may imply the sea salt
influence. However, the contribution proportions of those factors (F2 and F3) are small
as only 8.9% and 3.3 % respectively. Therefore, the influence of those factors is
interpreted as of lesser importance.

4.4.3. Multiple regression analysis (MR)

Multiple regression analysis was performed to assess the dependence of river
chemistry on the various sources. The chemical compositions of Kotsuki River samples
(M1 — M7) were set as criterion variable and the potential sources were set as
explanatory variables (predictors). Following is an expected linear equation using those

predictors.
River Water (M1 - M7) = a; (Ex;) + a; (Exz) + a3 (Ex3) + a4 (Ex4)

Ex : explanatory variables affecting on the river water

a; : coefficient

Here, Ex is the chemical load on the river water by sewage from the
residential crowded area, Ex; is airborne sea salt, Ex; is hot spring water, and Ex4 is
rainwater in Kagoshima City. The significance of each predictor was estimated using
analysis of variance (ANOVA). The significance of each explanatory variable is
presented as a p-value and an F-value (Table 4-6). The coefficients of determination
take only small value (R* = 0.21 to 0.29) and even the coefficients of determination
adjusted for degrees of freedom are all zero (R? = 0). The F-values of 0.01 —0.73
(significance level is >2) and P-values of 0.46 — 0.95 (significance level is <0.05),
indicate that the any of the presented explanatory variances have no significance to
predict the chemical composition of Kotsuki River. This result shows that those

potential sources have only a minor or no role in controlling the water chemistry of
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Kotsuki River.

4.4.4. Cluster analysis (CA): Experimental water and real water

The statistical results implied that the chemistry of the river water receives only
little or limited influence from the possible factors mentioned above (i.e., airborne sea
salt, hot spring, sewage, rainwater contaminants). The major factor is presumably
geological materials such as Shirasu ignimbrite, which represents the geology of
Kotsuki River catchment. Consequently, a simulated solution was experimentally
produced to compare with the real river water.

The simulated solution was made under the water-rock interaction using
Shirasu ignimbrite and water with adjusted pH equivalent to the representative
rainwater in Kagoshima City. The experiment was carried out using Shirasu ignimbrite
marketed for the industrial use. Coarse Shirasu ignimbrite was dry ground in an agate
mortar, and sieved to 100-200 mesh (corresponding to the 150-75um size fraction). The
pH of the added water was adjusted by sulfuric acid to the average pH of rainwater in
Kagoshima City (pH = 4.1). Twenty gram of dried Shirasu powder was put into
polyethylene bottle with 5 dm’ of pH adjusted water and keep under 20-25 °C for 180
days. The solution obtained was analyzed by atomic absorption spectrometry and
photometric method in the same way as the river water analysis.

The chemical ratio of the mainstream waters of Kotsuki River, the
experimental solution and other waters in comparison is shown in Fig. 4-6. The relative
chemical compositions of the river water sample (M1 - M7) are similar to each other,
and close to the composition of the experimental water, which is confirmed by cluster
analysis (Fig. 4-7). An overall inspection of the dendrogram shows that the river waters
(M1 —M7) and the experimental solution are classified into the same group, but other
waters or possible factors (i.e., rainwater, seawater, hot spring water and municipal
polluted water) are excluded from this group. This result shows that among those
possible waters, only the experimental solution, which is obtained by water-rock
interaction, has chemical ratio similar to the river waters. Thus the major factor to
control the chemical composition in the river waters is reasonably assumed to be

geological material, i.e., Shirasu ignimbrite in this case.

4.4.5. Coexistence relation between stable minerals and water solution
To assess the thermodynamic stability of waters and coexistent minerals,
cation-Si stability diagrams plot were examined (Figs. 4-8 (a)-(d)). The chemical

process shows a similar trend to that in shallow ground waters saturated with carbon
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dioxide under atmospheric pressure (Garrels and Mackenzie, 1967); carbon dioxide
dissolves plagioclase to form kaolinite (Garrels, 1967). The headwater of Kotsuki River,
which is discharged from basaltic rock, contains only low concentration of silicon and
cations and plots on the far left below on the diagrams. The concentration of silicon and
cations increase downstream the river, and the trends on the diagram rise towards the
upper right. The samples of the downstream region (MS5-M7) are almost saturated with
kaolinite and the sample plots change the direction up on the boundary between
kaolinite and pyrophyllite. Fig. 4-3 already showed that in spite of the cation
concentration still rising in the downstream region, the silicon concentration becomes
nearly constant. The reason is understood as the thermodynamic barrier that keeps the
silicon concentration still under the water-rock interaction when the coexisting

secondary mineral changes from kaolinite to pyrophyllite.

4.4.6. Estimation of silicon concentration by cation concentrations

A stoichiometric calculation was performed under consideration of rock
weathering reaction. In chemical weathering, masses of rock do not dissolve uniformly,
but the mineral that is less resistant to weathering dissolves more rapidly than more
resistant minerals (Goldich, 1938). Moreover, some elements such as aluminum form
secondary minerals (clay minerals), and are removed from the aqueous phase. Therefore,
the chemical composition of bedrock in the catchment area is not exactly reflected in the
aqueous chemical composition. The stability diagram shows that the river water in this
area is thermodynamically coexistent with kaolinite, and the secondary minerals
produced by rock weathering are most likely kaolinite or its adjacent minerals. Among
the major minerals found in Shirasu ignimbrite, the possible source mineral for sodium
is albite, for potassium is muscovite, for magnesium is enstatite, and for calcium is
anorthite. The weathering equations of these minerals are shown as follows.

Na®—Si : Albite — Kaolinite
NaAlSi;Og + 9/2H,0 + H — N_a+ + 2H4Si04 + 1/2 A1,Si;05(OH)4| (4-1)

K"—Si : Muscovite — Kaolinite
KAL(AISi3)O19(OH); + 3/2 H,O + H'— K + 3/2 ALSi,05(0OH)s]  (4-2)

Mg* —Si : Enstatite — Kaolinite
MgSiO; + HoO + 2H" — Mg?* + HySiO, 4-3)
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Ca®"—Si : Anorthite — Kaolinite
CaAlLSi,O3 + H,O + 2H+ — Ca2+ + Aleles(OH);;l ) (4-4)

If the rock weathering as expressed by the above chemical equations controls
the river water chemistry, 2 moles of silicon dissolve with 1 mol of sodium dissolution;
1 mol of silicon dissolve with 1 mol of magnesium. On the other hand, in the
dissolution of potassium and calcium, no silicon dissolves, since all silicon is consumed
to form kaolinite. Thus, if just the above chemical reactions (4-1) - (4-4) control the
river water chemistry, the following simple equation would be applicable.

[Si] =2 [Na'] + [Mg™] (4-5)

The scatter plot of predicted [Si] (=2 [Na'] + [Mg®*]) and measured [Si] is
shown in Fig. 4-9(a). In this figure, most of the river water of the upstream area is
plotted on the predicted line. However, predicted [Si] in the downstream area is
significantly higher than the measured value. In this case, silicon is highly concentrated
and is almost saturated in kaolinite; the water is even coexistent with pyrophyllite (Figs.
4-8 (a)-(d)). The formation of pyrophyllite, other than kaolinite, is a possible reason for
the deviation from the predictive value.

The weathering reactions of the major minerals to form pyrophyllite are given

by the following chemical equations.

Na"—Si : Albite — Pyrophyllite
NaAlSi;Og +2 H,O + H — N_a+ + HySi04 + 1/2 ALSi4010(OH),}  (4-6)

K'—Si : Muscovite —Pyrophyllite
KAIy(AlSi3)O10(OH); + H + 3 Hy8i04 — K' + 6 Hy0 + 3/2 ALSis010(OH)2)
-7

Mg2+—Si . Enstatite —Pyrophyllite (same as kaolinite case)
MgSiO; + H,O + 2H" — Mg?" + Hy8i0, (4-8)

Ca**—Si : Anorthite — Pyrophyllite
CaAlSi,0s + 2H" + 2H,Si04 — Ca’* + 4H,0 + Al,Si40,0(OH),}  (4-9)

As shown in the above equations (4-6)-(4-9), the chemical weathering to form
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pyrophyllite yields that 1 mol of sodium and magnesium dissolution is followed by 1
mol of silicon dissolution; 3 mol of potassium dissolution causes 1 mol of silicon
absorption to pyrophyllite. Likewise, 1 mol of calcium dissolution causes 2 mol of
silicon absorption to pyrophyllite. Thus, the [Si] and cation relations controlled by rock
dissolution to form pyrophyllite are summarized in the following equation (4-10).

[Si] = [Na'] - 3 [K'] + [Mg*"] - 2 [Ca™] (4-10)

The [Si] predicted value was recalculated, under supposing that 90 % of the
downstream samples (M6) plotted on the boundary between kaolinite and pyrophyllite
in the stability diagram forms kaolinite and 10 % forms pyrophyllite, and 80 % of M7
forms kaolinite and 20 % forms pyrophyllite. Fig. 4-9(b) is the scatter plot of the
recalculated results. The regression analysis showed that [Si] is predicted with high
accuracy, 0.93 for the adjusted correlation coefficient. In this way, the major chemical
behavior is quantitatively explained by the dissolution of Shirasu ignimbrite and the
formation of clay minerals.

4.5. Summary

Multivariate analysis and stoichiometric calculation were performed on the
major chemical composition in the river water of Shirasu ignimbrite area. The statistical
calculation showed that the major hydrochemical factor is the dissolution of Shirasu
ignimbrite, despite the existence of many hot spring discharges and a municipal region
in the catchment area. The combination of stability diagrams and stoichiometric
calculation led to a predictive equation of silicon concentration under consideration of
chemical weathering followed by the formation of clay minerals. The equation is
expressed as [Si] = 2 [Na'] + [Mg?'] (kaolinite precipitation region) in most of the
Kotsuki River samples. In the limited downstream area, above predictive equation is
complemented by [Si] = [Na'] - 3 [K*] + [Mg®*] — 2 [Ca®"] (pyrophyllite precipitation
region).
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Fig. 4-1
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Fig. 4-1. Location map of the observation area, Kotsuki River, in
southern Kyushu Island, southwest Japan. The major stationary
points of M1 — M7 are on the mainstream of Kotsuki River, and
T6 is on a highly polluted tributary in a populated area.
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Fig. 4-2
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Fig. 4-2. Average concentrations of major cations and silicon in the river waters.
Sampling points are shown in Fig. 1 and the sample description is in Table
1. Average chemical concentration of Kyushu or Japanese river water is

after Kobayashi (1961).
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Fig. 4-3
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Fig. 4-3. Relation between the chemical concentrations and the
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Fig. 4-4
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Fig. 4-4. Scatter plot of PCA scores (P1 and P2) of water samples. The arrow
indicates the direction of the hydrochemical process downstream.
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Fig. 4-5
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Fig. 4-5. Scatter plot of PCA scores (P,1 and P,2) of rainwater and the
representative river water samples. The arrow indicates the direction

of the hydrochemical process downstream.
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Fig. 4-6. Chemical ratio of various waters. M1 — M7: the mainstream
samples of Kotsuki River found in Fig. 4-1, SE: chemical load by
sewage from urban district, SW: seawater, HS: hot spring water, RW:

rainwater, EX: experimental solution.
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Fig. 4-7
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Fig. 4-7. Dendrogram for cluster analysis based on the chemical ratio of
water samples. Dissimilarity is defined by Euclidean distance and
combination of clusters is based on Ward method. The symbols are
the same as in Fig. 4-6.
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Fig. 4-9(a). Measured and simulated Si concentration. [Si] gstimated 1S
given by (2 [Na'] + [Mg®]). Regression Equation :
[Silestimated = 0.794 [Silveasurea — 0.000107 (mol/dm’).
Coefficient of determination R* = 0.82, Multiple correlation
coefficient R = 0.90, Adjusted coefficient of determination
R> = (.81, Adjusted multiple correlation coefficient R' =
0.90, Durbin-Watson statistic (ratio) DW = 0.98.
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(x102) Fig. 4-9 (b)
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Fig. 4-9(b). Measured and simulated Si concentration. [Si]gsimateq iS
given by 0.9x(2 [Na'] + [Mg*]) + 0.1x( [Na'] - 3[K*] +
[Mg’*] - 2[Ca*']) on H6 samples; 0.8x(2 [Na'] + [Mg']) +
0.2x( [Na'] - 3[K'] + [Mg”™"] - 2[Ca®*]) on H7 samples.
[Si]Estimated of other samples are given by the same as
Fig. 8(a). Regression Equation : [Silgsimaea = 1.030
[Sileasea —  0.000036 (mol/dm’). Coefficient of
determination R”> = 0.87, Multiple correlation coefficient R
= 0.94, Adjusted coefficient of determination R* = 0.87,
Adjusted multiple correlation coefficient R' = 0.93,
Durbin-Watson statistic (ratio) DW = 1.56.
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Table 4-2 Principal components (as eigenvectors) and eigenvalues on the
correlation matrix of the chemical concentration in river water,

rainwater, and hot spring water (n = 135).

P1 P2 P3

Na' 0.43 -0.20 -0.33

K* 0.46 0.08 0.05

Mg 0.37 0.13 0.68

Ca*' 0.36 0.34 0.15

Cr 0.42 -0.11 0.03

NO; -0.06 0.64 - 0.06

SO~ 0.38 -0.20 - 0.46

Si 0.07 0.60 -0.43

Eigenvalue 4.53 2.05 0.68
Proportion (%) 57 26 8
Cumulative Proportion (%) 57 82 91

Table 4-3 First three Principal Components (as eigenvectors) and
eigenvalues on the correlation matrix of the chemical
concentration in mainstream of Kotsuki River (MI-M7),
rainwater(RW), and polluted tributary samples on point T6 (n =

71).
Pyl P2 Pn3

Na' 0.36 030  0.06
K* 0.36 0.24 -0.32
Mg** 0.34 -0.36 0.63
Ca™ 0.36 -0.23 0.04
cr 0.36 0.17 0.37
NO; 0.35 -0.33 -0.58
SO, 0.35 -0.40 -0.15
Si 0.34 0.61 -0.04

Eigenvalue 7.34 0.34 0.15

Proportion (%) 92 4 2

Cumulative Proportion (%) 92 . 96 98
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Table 4-4 Correlation matrix of major elements in the river water. All values show 1%
significant correlations (n = 106).

Na* K* Mg®  Ca®t  Cr NO; SO  Si
Na' 1.00 0.84 062 088 09 079 085 0.82
K 0.84 1.00 046 079 070 0.83  0.70 0.96

Mg®  0.62 0.46 1.00 0.70  0.63 0.48 0.72 0.45
ca®*  0.88 0.79 0.70 1.00  0.80 0.70 0.93 0.71
Cr 0.90 0.70 0.63 0.80 1.00 0.69 0.79 0.65
NOs”  0.79 0.83 0.48 0.70  0.69 1.00 0.67 0.85
SO 0.85 0.70 0.72 093 0.79 0.67 1.00 0.66
Si 0.82 0.96 0.45 0.71 0.65 0.85 0.66 1.00

Table 4-5 Factor loadings of the chemical concentration in the
main stream waters of Kotsuki River (principal factor
method with quartimax rotation). n = 106

Fl F2 F3
Na' 0.96 0.03 0.14
K 0.88 0.41 -0.08
Mg™ 0.68 -0.30 -0.02
Ca** 0.94 -0.19 0.13
cr 0.88 -0.13 0.44
NO;’ 0.82 0.28 0.01

SO 0.92 -0.29 0.14
Si 0.86 0.49 -0.09
Proportion (%) 75.84 8.86 3.27

Cumulative proportion (%) 75.84 84.69 87.96

96



Table 4-6 F and p values of ANOVA on the river water and possible sources. R’ is the
coefficient of determination adjusted for degrees of freedom.

Possible sources

River Hot Spring

waters  Test Sewage Sea Water  Water Rain Water R’

M1 F 0.39 0.01 0.02 0.15 0.21
p 0.58 0.93 0.91 0.72

M2 F 0.53 0.00 0.08 0.13 0.26
p 0.52 0.95 0.79 0.74

M3 F 0.73 0.02 0.11 0.11 0.28
P 0.46 0.90 0.77 0.76

M4 F 0.70 0.03 0.14 0.12 0.29
p 0.46 0.87 0.73 0.75

M5 F 0.56 0.05 0.19 0.12 0.28
p 0.51 0.84 0.69 0.75

M6 F 0.47 0.08 0.27 0.12 0.29
p 0.54 0.80 0.64 0.76

M7 F 0.42 0.06 0.25 0.10 0.28
p 0.56 0.82 0.65 0.77

significance level of F: F > 2 p:p <0.05
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5. Conclusions

Hydrochemical research was conducted in typical volcanic areas, Norikura
volcanic zone in central Honshu Island and Shirasu ignimbrite area in southern Kyushu
Island. In order to clarify the chemical mechanism of natural surface waters, this
research adopted mainly two methodologies, i.e., multivariate statistical analysis, and
calculation of thermodynamics and stoichiometry. Multivariate analysis was applied on
the major chemical components to classify the water samples and to extract potential
factors, which control the water chemistry. Thermodynamic and stoichiometric
calculation was performed to interpret the statistical results and to establish a
theoretical model, which explains chemical behavior in the surface waters.

5.1. General water chemistry of Norikura volcano

The water samples at the summit area took extraordinary low concentrations
of the chemicals (EC: 0.2-1 mS/m) and the water type belonged to the alkaline
carbonate type. The waters of the mountainside were categorized as the alkaline earth
carbonate type, which is typical Japanese shallow groundwater or river water. The
chemical concentration was gradually increasing downstream, and the water chemistry
of mountainside area was approaching to that of the typical Japanese river water.

5.2. Multivariate analysis on the hydrochemistry of Norikura volcano

The principal component analysis (PCA) on the whole chemical data clearly
divided the water samples as meteoric waters, non-geothermal waters and geothermal
waters. The PCA scores also showed the chemical process direction of the
non-geothermal waters; the first principal component scores took high negative
correlation with the altitudes of sampling points. The correlation coefficients between
silicon and the major cations in the non-geothermal waters were positively high, which
suggested that the volcanic rock dissolution play an important role to the water

chemistry in this area.

5.2.1. Factor analysis of the summit area
The factor analysis on the summit area showed that leaching of cations in the
rocks by acid rainwater was the major contributor to water chemistry (proportional
contribution was 45% of all co-variances). Airborne sea salt contributed 20%, while
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the biological activity contributed 10%.

5.2.2. Factor analysis of the mountainside area
The water chemistry in the mountainside area of Norikura was exclusively
contributed by water-rock interaction; Na* and K* dissolution from rocks by acid
water (proportional contribution was c. 45% of all co-variances), and cation
exchange in the rocks or precipitation of Ca®* and Mg** (c. 20%). The influence of
geothermal water was small even though the sampling points were close to
geothermal area.

5.2.3. Factor analysis of non-geothermal waters from the whole area

The whole chemical data of non-geothermal waters gave two major factors.
The first factor showed high correlation for all cations and silica. This factor
represented the characteristics of the simple rock dissolution trend with 65% of the
proportionate contribution. The second largest factor took positive loadings for Na®,
K" and Si, and negative loadings for Mg®" and Ca®". The second factor indicated the
jon-exchange between (Na', K') and (Ca®**, Mg?") trend with 16% of the
proportionate contribution.

5.3. Interpretation of the factor structure

5.3.1. Cation and silicon behavior

The stability diagrams of (acation+ / an+) - (2 si) and the comparison between the
theoretical and the real solution showed that the above first factor was interpreted as
rock dissolution (chemical weathering) followed by precipitation of secondary

minerals:
Silicate minerals + H' — M" + H,Si0, + Clay (gibbsite/kaolinite etc)

In Norikura area, two major types of chemical weathering were supposed; one
was gibbsite (or its adjacent minerals) yielding reaction as secondary mineral, and the
other was kaolinite (or its adjacent minerals) yielding reaction. Thermodynamic
calculation showed that the waters in the summit area were plotted in the gibbsite
coexistent area in the stability diagram, whereas the waters in the mountainside area
were plotted in the kaolinite area. Stoichiometric calculation based on the
cations/silicon ratio gave the same results as the thermodynamic calculation. This
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theoretical model derived the following predictive equation for silicon concentration.

Summit area; gibbsite dominant as a secondary mineral
[Si] =3 [Na"] +3 [K'] + [Mg®"] + 2 [Ca®™"]

Mountainside area; kaolinite dominant as a secondary mineral
[Si]=2 [Na'] +2 [K'] + [Mg™"]

The chemical concentrations in the real solutions were well fitted to the above
predictive equation. Those facts successfully certified the validity of this theoretical
model.

5.3.2. Relation between (Ca’", Mg2 “)-(Na', K')

The stability diagram of (aca+/a’ns) - (ana+/ans) showed that the
non-geothermal surface waters were plotted on a straight line, which was expressed by
the following equation.

log (aca+/a’ue) =2 * log (ana+/ap) + 4.5
This equation is converted into the following equation.
log (aCa2+/a2Na+)= log K (log K =4.5)

This correlation was interpreted that Ca®" and Na® in the surface waters were possibly

in the transitional equilibrium on an unknown ion-exchangeable phase (clay mineral).

2(Na’, K") + (Ca®*, Mg?*)-Clay, = (Ca®*, Mg®") + 2(Na*, K"-Clay

On the other hand, the logarithmic value of the equilibrium constant on the Na-Ca
smectite phases, which is the most typical ion-exchangeable clay mineral, is -1.25 (log
K = -1.25). The equilibrium constant of smectites is far smaller than the above constant
value. Therefore, the high correlation between (acy+/a’s+) and (ana+/a+) seems to be
controlled by an ion-exchangeable solid phase, other than smectites. Further study is
needed to interpret this chemical relation.
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5.4. Water chemistry in Shirasu ignimbrite area

The same methods as above (i.e., multivariate analysis, thermodynamic and
stoichiometric calculation) were performed on the river waters in the other volcanic
area, Shirasu ignimbrite area. The multivariate analysis showed that the major
hydrochemical factor is the dissolution of Shirasu ignimbrite, despite the existence of
many hot spring discharges and a municipal region in the catchment area. The
combination of stability diagrams and stoichiometric calculation led to a predictive
equation for silicon concentration under consideration of chemical weathering
followed by the formation of clay minerals. The silicon predictive equation is
expressed as [Si] = 2 [Na'] + [Mg”*] (kaolinite precipitation region) in most of the
Kotsuki River samples. Only in the limited downstream area, above predictive
equation is complemented by [Si] = [Na'] — 3 [K'] + [Mg”*] — 2 [Ca®*] (pyrophyllite
precipitation region).

5.5. Epilogue

Above bunch of calculation showed that water chemistry in volcanic area,
which characterizes Japanese hydrochemistry, is mainly controlled by the chemical
interaction between silicate rocks and water. Consequently, the chemical behavior of
silicon, a good indicator of silicate dissolution, would be an essential key to understand
the chemical property of surface water in Japan. Caution may be needed when we
apply the continental techniques, such as Piper plot or Stiff diagram, to investigate
chemistry of Japanese waters. Those continental techniques have been developed to
discuss the influence of airborne sea salt, dissolution of limestone and evaporite, but do
not concern the chemical weathering of silicate rocks.
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Appendix B. Source data

Table B-1. Chemical composition of Norikura water samples.

No. Site Date pH EC Na K Mg Ca Si Cl NO; SO, Altitude

mS/m mg/dm’mg/dm’ mg/dm’ mg/dm’ mg/dm’ mg/dm’ mg/dm’ mg/dm® m
1 O 990529 48 - 005 011 000 020 001 008 008 001 2730
2 O 99/0529 48 - 042 000 002 005 001 006 019 0.13 2730
3 O 99/0530 486 - 034 009 000 004 003 017 002 006 2700
4 O 990716 48 - 024 013 000 001 056 012 002 001 2710
5 O 990717 48 - 000 009 000 001 024 011 007 001 2840
6 O 990717 486 02 012 000 000 005 007 020 018 006 2840
7 O 990718 48 - 003 011 001 001 001 006 0.18 0.12 2770
8 O 99/09/29 48 06 059 000 004 001 065 023 017 011 2750
9 O 000612 48 0.1 008 004 003 003 001 010 005 0.15 2780
10 O 00/06112 48 - 000 000 000 007 004 002 002 002 2733
11 O 000612 55 03 008 003 008 011 107 013 002 010 2733
12 O 00/06/13 48 02 007 000 001 001 004 024 019 028 2694
13 O 00/06/13 48 0.5 000 000 000 011 001 003 057 047 2770
14 O 00/06/13 486 03 006 003 004 001 001 020 020 029 2770
15 O 00/06/14 48 02 001 000 000 011 001 003 012 027 2770
16 O 00/06/14 48 03 005 003 000 001 001 010 039 073 2770
17 O 0000910 496 - 010 007 003 001 017 016 002 002 2733
18 O 0000910 496 - 010 002 002 011 043 027 105 006 2725
19 O 000911 48 01 000 001 000 0061 001 025 003 014 2770
20 A 990716 51 03 000 011 000 010 076 008 032 035 2845
21 A 990717 51 04 007 011 001 007 062 010 028 042 2845
22 A 99/0717 51 04 000 012 000 007 062 010 027 039 2845
23 A 990717 51 04 023 012 002 012 064 010 027 036 2845
24 A 990717 51 03 026 0.10 000 014 064 014 018 040 2845
25 A 99/09/03 51 03 046 000 004 002 058 024 002 051 2845
26 A 990903 51 03 052 000 004 013 052 022 017 050 2845
27 A 99/09/30 51 04 058 000 004 001 129 031 017 054 2845
28 A 0006/12 51 05 024 008 006 058 073 026 098 187 2845
29 A 00/06/12 586 05 015 006 005 066 065 014 002 072 2733
30 A 00/06/13 546 04 010 009 004 058 018 018 002 095 2694
31 A 00/06/13 58 05 022 010 007 078 145 020 059 108 2730
32 A 000613 515 02 007 004 001 009 028 012 002 017 2760
33 A 00/0613 52 02 006 004 002 018 021 011 008 035 2740
34 A 0006113 51 05 013 005 003 028 034 016 046 0.80 2717
35 A 00/0614 51 05 008 004 002 019 050 011 002 042 2770
36 A 000614 51 03 007 004 002 062 053 006 002 049 2770
37 A 000617 511 - 018 007 004 030 075 022 070 130 2845
38 A 00/09/09 587 05 014 011 003 033 038 019 022 145 2694
39 A 000910 586 03 009 003 002 022 08 014 002 036 2733
40 A 000910 543 03 012 002 001 018 040 015 0.02 0.60 2717
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Table B-1. Chemical composition of Norikura water samples. (cont-)

No. Site Date pH EC Na K Mg Ca Si Cl NO; SO, Altitude
mS/m mg/dm’mg/dm’® mg/dm’® mg/dm’ mg/dm’ mg/dm’ mg/dm’ mg/dm’ m

41 A 000910 525 04 013 002 001l 0.10 027 021 012 095 2717
492 A 00/0910 605 06 032 009 004 049 170 020 002 0.72 2717
43 A 000910 516 04 006 002 0.01 0.03 0.11 0.18 0.17 040 2717
44 A 000910 532 03 007 002 0.01 005 0.17 0.13 005 044 2717
45 A 000910 52 03 0.03 0.01 0.00 0.01 004 015 002 022 2725
46 A 000910 515 04 009 002 0.01 0.05 L.13  0.13 002 072 2760
47 A 000910 515 0.5 0.11 004 0.01 010 036 025 002 048 2760
48 A 00/0910 511 05 007 002 0.01] 0.11 0.11 0.16 0.02 059 2845
49 A 99/05129 53 - 032 025 002 051 020 031 016 042 2770
50 A 99/07716 543 03 0.11 013 004 019 093 015 007 058 2717
51 A 990716 525 03 0.08 0.08 002 012 026 007 002 041 2717
52 A 99/07/16 605 05 029 007 005 039 143 012 0.18 057 2717
53 A 990716 516 03 016 015 000 010 003 014 024 030 2717
54 A 99/0716 532 03 016 006 000 015 046 0.12 0.13 043 2717
55 A 99/07/16 516 03 0.00 0.00 000 001 0.01 0.11 0.16 022 2717
56 A 990716 S.15 03 0.05 009 0.00 0.07 .17 004 002 059 2760
57 A 99/09/04 543 17 068 0.00 004 022 074 032 021 0.66 2717
58 A 99/09%04 525 14 066 0.00 004 023 048 022 016 056 2717
59 A 99/09/04 605 14 062 005 005 064 054 024 022 040 2717
60 A 990904 516 15 047 000 004 014 204 023 002 054 2717
61 A 99/0%/04 532 15 072 000 004 013 08 027 002 0.64 2717
62 A 9%/0%05 515 10 069 003 004 014 070 016 019 042 2760
63 A 99/09/05 515 09 061 000 0.04 020 147 016 023 042 2760
64 A 99/0928 543 14 067 0.01 0.04 051 190 019 002 0.63 2717
65 A 99/09/28 525 03 064 015 004 002 063 017 017 041 2717
66 A 99/09/28 6.05 06 061 002 004 053 214 019 039 066 2717
67 A 99/0928 516 03 043 000 004 008 051 024 016 032 2717
68 A 99/0928 532 05 064 000 005 044 193 028 0.16 064 2717
69 A 990928 515 03 059 000 004 005 123 022 019 050 2760
70 A 99/07/17 586 03 012 000 000 012 010 017 032 023 2740
71 A 990717 586 04 013 0.16 005 023 184 012 015 022 2733
72 A 99/09/03 586 05 035 0.11 005 027 322 016 017 041 2733
73 A 99/09/03 586 1.0 053 011 009 071 8.51 0.50 021 0.53 2760
74 A 99/09/28 586 08 088 0.1 004 057 265 020 021 048 2760
75 A 99/09/28 586 0.7 065 O.11 0.05 052 339 021 0.16 037 2733
76 A 99/09/04 58 12 0.77 0.00 004 053 594 023 0.02 148 2650
77 A 99/09/04 58 12 083 000 009 070 7.01 024 026 1.60 2650
78 A 99/05/30 5.6 - 026 016 000 055 007 0.13 030 0.60 2694
79 A 99/0929 56 0.6 0.61 006 004 043 1.50 025 0.21 0.01 2570
80 A

99/09/29 546 0.3 050 009 004 041 0.55 0.15 0.02 001 2694
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Table B-1. Chemical composition of Norikura water samples. (cont-)

No. Site Date pH EC Na K Mg Ca Si Cl NO; SO, Altitude
mS/m mg/dm’ mg/dm® mg/dm® mg/dm’ mg/dm’ mg/dm’ mg/dm’ mg/dm’ m

81 A 99/0928 S8 08 077 022 014 074 754 037 0.6 037 2740
82 A 990928 S8 09 084 0.17 0.11 069 680 0.18 0.58 1.76 2730
83 A 000613 55 05 024 008 0.06 086 0.51 0.30 1.48 .12 2620
84 A 00/06/13 55 05 008 005 0.02 078 009 0.13 0.02 029 2620
85 A 00/06/13 5 04 006 004 002 014 046 0.12 0.02 0.50 2740
86 A 00/09/10 558 05 023 007 0.03 0.30 1.33 0.17 0.28 0.62 2620
87 A 00/09/10 586 06 023 007 002 029 092 027 1.01 0.58 2620
88 A 00/09/10 59 03 0.11 0.04 0.01 022 055 0.16 044 044 2600
89 A 000910 59 05 033 009 004 053 240 0.09 0.06 041 2600
90 A 00/09/10 6.02 1.1 060 035 0.09 095 954 020 002 277 2600
91 A 00/0910 6.2 1.1 0.55 0.33 0.08 087 824 039 040 234 2600
92 A 00/09/10 614 05 017 004 002 031 140  0.13 0.31 0.75 2400
93 B 990717 57 04 026 017 0.02 0.15 0.22 0.22 0.25 0.58 2610
94 B 990717 57 05 035 0.18 0.04 035 1.76 0.16 0.33 0.55 2620
95 B 99/0717 57 05 031 017 0.00 027 L.15 024 055 0.66 2620
9% B 99/09/03 57 08 026 002 0.07 L1l 1.88 027 021 1.07 2600
97 B 99/09/03 57 0.7 1.00 000 004 034 216 019 018 053 2610
98 B 99/09/03 57 06 037 000 006 049 273 0.21 002 036 2610
99 B 99/09%03 57 06 042 0.01 006 039 1.80  0.23 0.18 0.86 2600
100 B 990903 57 08 056 (.13 0.05 038 3.8l 020 035 0.77 2600
101 B 99/09/28 57 06 0.61 002 004 051 238 0.16 0.21 0.54 2640
102 B 990928 57 09 065 0.07 004 032 172 0.18 1.11 0.56 2610
103 B 99/0929 57 05 056 010 007 056 284 029 0.02 0.33 2600
104 B 99/09%29 57 06 058 0.02 004 051 3.25 0.21 030 047 2600
105 B 99/0%29 57 09 082 028 0.05 079 696 0.38 0.22 1.10 2640
106 B 99/09/29 57 03 049 000 0.05 009 026 017 018 033 2750
107 B 990717 62 12 055 045 0.14 092 967 016 045 2.67 2600
108 B 990717 62 12 058 043 0.12 1.00 624 023 0.83 201 2550
109 B 9909/03 62 12 056 039 0.11 094 991 0.15 0.22 3.37 2600
110 B 99/09/03 6.2 1.1 064 034 004 077 825 0.23 031 2.02 2600
111 B 99/09/03 62 1.1 077 033 0.12 1.00 707 0.21 0.65 2.01 2600
112 B 99/0929 62 12 094 042 0.12 099 1012 019 035 242 2600
113 B 9950929 62 09 09 020 009 072 434 0.16 0.94 1.52 2700
114 C 00/06/14 6 04 017 0.11 0.04 1.01 070  0.12 0.19 0.88 2640
115 C 00/06/14 6 1.1 0.23 0.11 0.09 0.74 150 0.18 0.45 099 2550
116 C 00/06/14 61 10 020 027 0.08 048 050 035 090 098 2300
117 C 00/06/14 625 09 026 0.17 0.08 1.17 084  0.26 0.28 1.13 2200
118 C 00/06/14 6.1 0.6 1.98 148 046 321 12.70 029 002 622 1900
119 C 00/06/15 72 4.0 164 055 0.78 4.88 568 036 0.02 2.58 1450
120 C 00/06/15 749 5.6 1.21 0.60 1.01 6.83 5.85 0.31 0.04 1131 1460
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Table B-1. Chemical composition of Norikura water samples. (cont-)

No. Site Date pH EC Na K Mg Ca Si Cl NO; SO4 Altitude
mS$/m mg/dm’ mg/dm® mg/dm® mg/dm’® mg/dm’ mg/dm’® mg/dm® mg/dm® m

121 C 00/06/15 74 6.4 1.58 045 0.85 9.28 3.41 0.33 0.02 5.83 1460
122 C 00/06/15 74 5.7 1.31 0.61 1.00 732 570 034 0.12 1095 1460
123 C 00/06/15 74 3.5 140 033 0.55 4.83 312 031 0.08 278 1500
124 C 00/06/15 742 4.1 1.87 085 067 486 892 038 0.02 2.13 1550
125 C 00/06/15 729 39 1.74 099 058 445 999 033 0.02 5.88 1500
126 C 00/06/18 645 17 099 037 026 139  6.16 157 033 091 1800
127 C 00/06/18 4.7 3.1 125 0353 042 207 687 0.19 020 10.68 1800
128 C 00/06/18 65 06 0.18 006 006 040 1.01 0.19 0.02 099 1750
129 C 00/09/10 567 3.0 1.66 077 030 207 1248 022 024 953 2250
130 C 00/09/11 6 30 088 055 0.16 4.17 1.29  0.28 1.74 217 2550
131 C 00/09/11 625 10 032 0.18 0.08 1.26 1.49 025 0.05 1.03 2470
132 C 00/0911 62 1.0 033 0.13 0.09 1.43 1.49 033 0.02 1.07 2200
133 C 000911 6.15 16 040 035 0.14 226 199 043 0.45 130 2150
134 C 00/09/11 7 50 265 129 0.87 456 13.15 0.67 0.51 8.07 1950
135 C 00/09/11 7 24 085 0.68 0.33 3.22 151 0.35 0.02 0.79 1600
136 C 00/09/11 739 45 1.73 0.88 0.83 537 684 048 0.02 227 1550
137 C 00/09/11 7.4 6.7 1.58 048 084 1007 322 045 0.90 574 1500
138 C 000911 749 40 091 052 0.71 467 447 042 0.19 8.61 1500
139 C 00/09/11 74 4.1 147 045 0.68 528 3.22 0.46 1.07 298 1450
140 C 00/09/11 742 53 130 059 097 668 497 042 0.20 7.80 1440
141 C 00/09/13 7 76 348 1.28 1.69 752 1420 1.70 0.05 11.11 1400
1492 C 0009713 51 12 084 027 0.14 134 524 022 0.02 1.70 2080
143 C 000913 53 54 314 1.19 139 442 1752 0.59 0.03 428 2060
144 C 00/09/13 6 05 1.02 041 0.30 1.45 738 0.28 0.02 1.74 2060
145 C 00/09/13 64 57 206 099 068 3.14 1525 0.29 0.13 1997 1970
146 C 00/09/13 6 09 023 006 008 038 219 0.25 0.05 L.11 1960
147 C 000913 64 06 022 0.07 006 046 192 023 0.05 0.69 1860
148 C 000913 518 0.7 024 006 007 043 212 027 0.04 074 1860
1499 C 00/09/13 518 08 028 008 006 0.87 1.86 042 0.17 1.47 1620
150 C 00/06/18 7 57 273 0.99 1.15 541 1236 0.39 044 9.66 1450
151 C 00/06/18 775 6.8 221 0.80 164 783 7.14 1.14 056 11.13 1000
152 C 00/09/09 8.5 10.3 5.83 1.62 197 1088 532 5.51 1.69 11.66 560
153 C 00/09/09 85 107 5.17 1.15 203 1213 462 437 0.75 1346 700
154 C 00/09/09 7.75 11.8 2.76 1.00 3.17 1354 6.69 1.11 072 19.17 1000
155 D 00/06/16 749 26 1.17 017  0.75 290 355 054 018 0.83 1428
156 D 00/06/16 749 53 155 0.19 1.19 738 470 0.61 002 094 1400
157 D 00/06/16 76 4.4 1.51 031 144 552 494 095 1.07 1.16 1050
158 D 00/06/16 873 9.2 1.21 0.29 144 1558  3.63 064 0.10 546 1000
159 D 00/06/16 6.86 6.1 079 027 1.17 831 3.46 137  0.02 5.22 900
160 D 00/06/16 72 30 213 069 057 299 766 059 022 090 1300
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Table B-1. Chemical composition of Norikura water samples. (cont-)

No. Site Date pH EC Na K Mg Ca Si Cl NO; SO, Altitude
mS/m mg/dm’ mg/dm’ mg/dm’ mg/dm’ mg/dm’ mg/dm’® mg/dm’ mg/dm® m

161 D o00/06/16 72 33 211 024 050 386 482 063 0.02 185 1350
162 D 00/06/16 74 33 211 066 081 338 961 041 002 065 1350
163 D 00/06/16 74 25 106 032 080 276 338 032 0.02 262 1300
164 D 00/06/16 74 3.7 218 099 0.71 3.79 1083 032 0.02 141 1320
165 D 00/06/16 74 58 241 084 159 567 936 031 002 884 1325
166 D 0o0/06/16 74 36 162 030 073 421 397 031 0.02 290 1350
167 D o0o/06/16 74 7.7 192 092 361 644 890 041 0.02 590 1400
168 D 00/06/16 74 46 159 059 164 451 572 035 0.02 3.72 1400
169 D 00/06/16 74 21 145 032 040 207 384 038 0.02 148 1640
170 D 00/06/16 74 26 162 045 045 265 524 039 055 192 1417
171 D 00/0914 75 26 114 020 076 279 3.67 098 0.73 113 1428
172 D 00/09/14 74 54 159 020 129 758 476 0.72 124 106 1420
173 D 00/0914 76 4.0 137 032 123 417 482 149 344 105 1050
174 D 00/0914 74 55 125 065 093 796 564 066 030 1.41 1200
175 D 00/09/14 716 3.1 168 071 063 271 881 039 0.02 458 1300
176 D 00/09/14 74 45 220 075 120 417 743 058 0.07 489 1325
177 D 00/09/14 746 42 1.34 052 159 401 491 0.78 022 349 1400
178 D o0o0/06/16 802 11.9 1.28 027 204 1940 411 090 0.02 276 1000
179 D 00/06/16 8 114 147 031 218 17.70 4.07 192 0.13 4.01 900
180 D 00/06/16 8 123 156 034 231 1861 422 187 022 430 800
181 D 00/06/16 8 11.7 210 092 216 1694 6.44 200 091 428 750
182 D 00/06/16 784 9.5 334 121 260 11.02 729 188 164 414 700
183 D 00/06/16 741 109 266 1.17 223 1429 714 202 171 409 650
184 D 00/06/16 761 8.2 248 094 186 1049 578 169 123 4.07 600
185 D 00/09/14 873 95 114 030 156 1579 3.72 067 094 566 1000
186 D 00/09/14 802 13.1 1.32 032 234 2397 431 100 068 348 1000
187 D 00/09/14 8 109 149 035 233 2096 416 165 103 4.70 900
188 D 00/09/14 686 6.3 080 028 131 915 351 158 079 525 900
189 D 00/0914 78 94 269 120 216 1227 519 224 316 472 760
190 D 00/0914 78 86 212 125 211 11,57 512 125 070 514 760
191 D 00/0914 78 76 160 042 253 963 454 096 219 325 730
192 D 00/09/14 78 82 229 041 279 99 625 105 620 234 730
193 D 00/09/14 784 58 190 043 193 631 497 154 320 204 900
194 D 00/0%/14 76 3.3 212 079 081 279 627 144 150 100 750
195 D 99/06/04 86 8.6 414 092 166 968 495 380 050 10.36 700
196 D 99/06/04 87 86 437 099 160 881 516 393 041 983 650
197 D 99/06/04 868 9.2 485 118 170 954 526 443 078 11.15 560
198 E 99/09/28 7 29 183 019 092 253 550 036 006 196 1250
199 E 99/09/27 7 32 056 021 149 287 265 031 043 1068 1350
200 E 990928 64 100 152 020 322 1351 296 023 009 497 1250
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Table B-1. Chemical composition of Norikura water samples. (cont-)

No. Site Date pH EC Na K Mg Ca Si Cl NO; SO, Altitude
mS/m mg/dm’mg/dm® mg/dm’ mg/dm’ mg/dm® mg/dm® mg/dm® mg/dm® m

201 E 99/09/27 64 74 156 025 283 11.83 395 027 0.07 7.80 1400
202 E 99/09/05 7 - 115 028 391 1426 344 017 070 3.62 1250
203 E 99/07/16 7 133 135 046 130 997 968 096 0.70 1526 1300
204 E 99/09/02 7 94 224 064 165 1113 709 032 025 2056 1400
205 E 99/09/28 7 152 090 023 623 2210 251 009 038 339 1250
206 E 99/09/27 64 9.1 379 081 156 940 818 124 0.62 21.51 1400
207 E 99/09/05 49 - 084 014 688 2396 222 085 026 3.11 1300
208 E 99/09/02 49 76 271 0.77 127 552 11.83 055 0.31 2647 1400
209 E 99/09/02 6.4 - 2.18 087 155 725 1063 069 041 26.18 1350
210 E 99/09/30 7 123 3.40 077 222 1710 993 046 040 1533 1300
211 E 99%/09/02 79 13.2 3.12 0.82 240 1814 993 055 030 14.72 1400
212 E 99/09/03 79 13.0 321 0.81 241 1795 989 049 033 14.82 1250
213 E 99/07/156 49 8.0 219 080 121 5.18 1129 031 0.61 28.22 1400
214 E 99/09/27 79 125 3.19 080 228 1712 991 0.83 050 1542 1400
215 E 99/0927 75 87 245 073 132 562 11.19 0.17 032 31.42 1400
216 E 99/07/18 75 - 1.89 072 155 10.72 11.37 142 060 2462 1250
217 E 99/07/15 75 127 282 0.79 231 1876 966 1.00 0.73 15.27 1400
218 E 99/09/02 7.5 128 361 1.11 241 1595 1166 1.09 0.26 21.84 1250
219 E 00/06/14 79 107 3.06 0.73 198 1534 822 102 0.74 12.34 1400
220 E 00/06/14 493 74 148 059 138 501 7.80 028 0.02 2405 1400
221 E 00/06/14 6.4 85 365 086 138 927 739 115 0.73 20.74 1400
222 E 00/06/14 65 170 166 036 133 1046 331 030 0.02 12.79 1400
223 E 00/06/14 5 202 213 066 427 2769 434 038 002 3956 1350
224 E 00/06/14 65 6.4 142 056 117 574 666 029 047 21.74 1350
225 E 00/06/14 65 7.2 180 062 161 799 629 066 031 2080 1280
226 E 00/06/14 7 108 3.06 073 195 1543 814 1.00 0.76 1257 1250
227 E 00/06/15 8 134 7.74 127 309 1235 738 574 029 2348 1250
228 E 00/06/15 8.06 12.2 0.86 025 342 1590 246 0.39 0.02 560 1300
229 E 00/06/15 7 59 139 056 138 735 544 032 005 931 1440
230 E 00/06/15 789 85 155 0.64 194 1227 6.73 063 0.02 3.89 1300
231 E 00/06/15 8 81 190 o087 172 11.77 778 0.77 013 3.75 900
232 E 00/09/11 493 59 100 052 071 322 492 030 0.02 19.13 1400
233 E 00/09/11 6 49 098 051 077 377 457 028 010 18.74 1350
234 E 00/09/11 79 11.7 321 0.78 2.19 1535 8.79 1.17 027 1497 1400
235 E 00/09/11 7 39 083 054 078 403 319 032 009 1266 1650
236 E 00/09/11 7 54 069 059 082 551 379 020 0.02 19.09 1650
237 E 00/09/11 7 20 070 124 009 266 039 016 009 171 1430
238 E 00/09/11 7 24 053 113 023 330 119 022 363 100 1350
239 E 00/09/13 7 75 467 102 164 770 1287 294 058 290 1150
240 E 00/09/13 8 11.0 490 098 283 1135 7.10 3.09 0.04 21.05 1300
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Table B-1. Chemical composition of Norikura water samples. (cont-)
No. Site Date pH EC Na K Mg Ca Si Cl NO; SO, Altitude
mS/m mg/dm’ mg/dm’® mg/dm® mg/dm® mg/dm’ mg/dm® mg/dm® mg/dm’® m

241 E 00/09/13 8 8.81 087 027 295 1295 259 059 011 4.69 1300
242 H 99/09/27 8 187 176 067 6.51 2556 473 0.13 0.18 32.03 1350
243 H 99/09/27 8 28 2095 2.03 441 31.14 888 1498 186 1932 1350
244 H 99/09/02 8 28 481 0.00 1031 36.05 568 461 209 5159 1350
245 H 00/09/12 8 23.8 32.74 256 095 920 13.44 43.73 099 519 1000
246 H 00/06/15 8 1283 205 095 3.73 1760 7.39 057 043 6.55 950
247 H 00/06/15 8 17.81 1249 207 3.58 16.27 1041 949 066 23.08 910
248 H 00/06/14 8 17.6 11.26 167 3.88 1705 666 9.27 007 23.68 1250
249 H 00/06/15 8 29.45 3842 4.70 3.77 1871 20.79 1587 0.83 2261 910
250 H 00/09/11 4 229 157 109 460 2838 336 039 0.10 4690 1350
251 H 00/09/12 8.5 116 249 037 196 1918 476 274 0.02 9.10 980
252 K 99/07/16 8.5 103.6 1869 14.78 4.13 2297 4084 1459 0.02 33.75 1250
253 K 99/09/27 85 98.2 1214 13.74 925 54.88 29.50 1250 4.65 57.06 1250
254 K 99/09/02 85 131.2 1772 19.06 13.46 54.88 51.15 1873 5.73 2825 1250
255 K 99/07/15 8.5 140 167.6 1893 29.07 95.84 53.21 1346 0.65 79.47 1250
256 K 95/08/02 8.5 153 2470 45.10 7.80 7590 83.70 2240 0.02 78.00 1250
257 K 00/06/14 8.5 139.1 1592 29.82 7465 24.18 1084 0.02 1388 1250
258 K 00/06/14 8.5 13.37 1452 18.40 3192 64.40 48.31 1100 0.02 1028 1250
259 K 00/06/15 8.5 231.4 28.78 1866 9.68 3869 1329 0.02 35.07 1250
260 K 00/06/15 8 17.54 1293 2.07 3.36 1530 1014 1030 042 26.05 1000
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Table B-2. Chemical composition of Kotsuki river water samples.

No. Site Dae pH EC Na K Mg Ca Si__Cl NO, SO, HCO,
mS/m mg/dm’mg/dm’ mg/dm’ mg/dm’mg/dm’® mg/dm’mg/dm* mg/dm® mg/dm’

1 M1 01/6/18 639 633 377 057 243 439 918 564 035 3.06
2 Ml o01/6/29 6.17 531 338 051 1.8 340 774 502 0.05 334
3 M1 ow8/b 625 708 411 0.60 272 488 1003 562 1.07 296
4 M1 02/2/15 689 657 397 103 208 425 1326 503 086 298
5 M1 02/4/26 6.17 535 341 043 181 332 875 483 042 3.50
6 Ml 02/5/1 627 624 361 046 206 358 869 531 113 319 117
7 M1 02/6/28 649 6.14 359 046 205 374 912 515 042 3.08 229
8§ M1 02/9/20 591 6.6 380 054 226 444 1035 547 075 321 268
9 Ml 02/11V/19 649 664 406 059 236 451 1092 558 150 3.08 250
10 M2 oOl/46 733 0 600 143 229 568 1513 7.65 1.77 432
11 M2 01/6/18 735 7.78 557 149 189 541 1307 782 159 431
12 M2 01/8/4 733 907 649 165 232 635 1598 783 238 4.67
13 M2 02/2/15 7.55 836 572 141 204 547 1583 6.55 227 446
14 M2 02/4/26 739 772 562 178 178 4.80 1392 693 237 468
15 M2 02/6/28 7.15 756 543 132 173 462 1341 688 2.09 438 251
16 M2 02/9/20 695 898 6.02 1.68 209 565 1552 7.10 245 454 293
17 M2 02/11/19 746 901 631 1.60 237 601 1648 7.05 3.10 485 34.1
I8 M3 O0V46 722 0 799 251 212 628 2205 928 200 543
19 M3 01/6/18 696 874 642 249 181 6.06 1661 866 3.00 5.61
20 M3 01/8/5 688 1094 811 299 228 749 2303 922 320 596
21 M3 o02/2/15 7.13 1005 755 268 1.89 6.12 2499 723 303 565
22 M3 02/4/26 692 878 655 197 177 555 18.13 693 260 529
23 M3 02/6/28 693 9.14 667 212 180 578 1829 828 3.02 520 312
24 M3 02/9/20 6.67 1068 7.76 3.02 200 6.74 2436 8.13 264 581 390
25 M3 02/11/19 7.11 1048 860 3.13 2.17 6.65 2750 822 328 577 40.0
26 M4 01/6/18 7.06 11.08 906 334 183 839 2192 1134 390 640
27 M4 01/8/5 0 997 320 219 926 2553 1024 255 641
28 M4 02/2/15 753 11.16 899 325 189 690 2940 772 358 595
29 M4 02/4/26 699 1074 832 286 190 731 2391 855 359 591
30 M4 02/6/28 7.02 10.82 8.11 277 184 685 2202 852 3.07 6.11 393
31 M4 02/9/20 6.3 1208 916 346 196 792 2712 931 212 583 422
32 M4 02/11/19 741 1128 954 3.65 203 745 31.13 887 3.04 599 427
33 M5 0l46 851 0 1071 353 210 848 2545 11.15 383 728
34 M5 0l/6/18 8.07 1299 1038 394 223 1057 2277 12.18 3.10 8.59
35 M5 01/8/4 694 123 1091 350 238 11.05 2451 1152 357 17.79
36 M5 02/2/15 843 12.78 10.19 341 206 8.62 2874 859 440 8.61
37 M5 02/4/26 7.83 11.56 852 289 199 850 2371 861 349 788
38 M5 02/6/28 7.52 1221 832 291 201 856 2228 894 321 821 439
39 M5 02/9/20 7.27 1382 998 373 202 971 2692 991 237 768 524

40 M5 02/11/19 805 1285 1043 368 216 911 30.89 952 438 B8.00 46.1
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Table B-2. Chemical composition of Kotsuki river water samples. (cont-)

No. Site Date pH EC Na K Mg Ca Si Cl NO; SO; HCO;
mS/m mg/dm’mg/dm® mg/dm’ mg/dm’mg/dm’® mg/dm’*mg/dm’® mg/dm® mg/dm’

41 M6 02/2/15 871 171 1439 358 273 1064 3062 1243 5.04 11.18

42 M6 02/4/26 721 14 1067 325 241 1031 2628 10.19 4.04 1022

43 M6 02/6/28 738 14.11 995 342 223 967 2549 1026 359 956 612
44 M6 02/9/20 7.06 1056 13.16 3.85 247 11.65 28.59 13.69 259 10.66 834
45 M6 02/11/19 721 178 1471 4.05 3.31 13.04 31.63 1340 4.08 13.04 395
46 M6 02/6/28 7.16 21 1043 331 262 1143 2421 1050 3.21 13.08 48.0
47 M7 02/2/15 7.12 19.04 1486 3.82 341 1292 3190 1356 524 14.89

48 M7 02/4/26 6.87 1549 1139 347 271 1161 2725 1124 456 1221

49 M7 02/6/28 732 156 1067 328 259 1125 25.11 11.16 3.78 12,57 50.7
50 M7 02/9/20 7 1206 1565 429 324 13.07 2953 20.11 291 1402 68.8
51 M7 02/11/19 7.05 1845 1491 436 343 1361 3148 1461 511 13.87 59.0
52 El1 02/4/26 6.79 6.1 366 055 141 314 848 504 061 344

53 El1 02/4/26 6.63 5.6 362 050 178 368 907 493 080 343

54 El1 02/6/28 6.72 634 380 051 211 449 1049 527 053 3.06 11.7
55 El1 02/9/20 625 642 440 0.73 244 535 1227 549 090 287 352
56 El 02/11/19 701 672 432 068 230 4.72 1218 534 102 278 273
57 T1 01/6/18 646 574 591 134 056 358 1354 703 247 1.86

58 T1 01/8/5 644 588 593 133 060 363 1358 6.63 252 1.89

59 T1 022/156 724 567 569 125 056 3.06 1349 605 208 1.66

60 T1 02/4/26 623 568 586 128 054 3.00 1388 6.07 221 1.87

61 T1 02/6/28 638 592 592 137 058 297 1392 643 216 145 185
62 T1 02/9/20 6.12 627 573 126 053 3.10 1398 6.10 227 174 189
63 T1 02/11/19 688 574 632 140 054 301 1459 637 248 151 166

120



RWXNBEOES

#m X HE Chemistry of Natural Surface Water in Volcanic Area
KM 35 1T B RIRBEK DK BT Al AE

K & KX # & R

AKOHRREFHREND 2 1 e, KBREOBEIZIARIAZ 5 KX o HREBERED
— D Th D, KRERBEORAWZMI DT D11, KRBEA DR 2 PR L7
LT ABWBRREBARERD, MRENCHILERD D, Tihbh, KRMKEARE
FNZRTES T DAL FER S OEB AR T2 Z L BRAIRTH 5, TRICE b LT,
FIKRLEEHE T/K D EBEREFRMCET 2 MAITVEEIZZ L BICRROE S
T2 KIWHIRIZ I 1T DK D EERST DEICONWTIL, ZEAEHREIN TV,

—F., HENGRE L DILERDICBE L2 KE™ (BT 2RI, Lo ELR Y
DEET—FIZESINW DO TH->TH, ZOBRIIBENITL>TVDHLONRZN,
2E ZiIEF MU T AL FUREIA F L DOERMEEAVT., BARKEBADKNEHRL.
HBWVIHIN Y T AL T RRBAKBEAFT LY BIREDBEHDOES N EEZ B
. BOKRNPEMREZRLDICE EE->TEY ., FRABMADICE DM E & HRTHE
ROIRPoT-Dh, EBRHLZEREE TERLIZHIZD RV, UL, KEEZREST
2 EFBERSOALFMABIZIE, [ERAP—EORETH> TENUATIEH Y /e,
EWVIBARERRMEL TV BRIITTH D, ZOMRMICEZZ7-DD—>DH A7 7
HBELTHRAEATE OB ALFFERICRR SN BANFHRHETCH D, ZDF
ik, IEHBKREAKD X 91T, BEE LK E DILFERIES 22T L, FHkREIC
BELTWAREAKIZOVWTIHESAVWLNRTELEDN, RIEHKRERATHD LBEIND
BRI T ARLRBAKICONTIE, BEAYBERAShTI 2D o7,

THOLEBEROL L AFETIH, DBERICBITIKREZEBTHI-OOREME 2
LRADEKRDEREET 272D IR DKBEIEPENAFET D KLHKIC BT 5
Bk OBTFALER D OFBC OV CTREREZITO L ELE, FAEME LT b
BEORBR) 2L EBKILTH Y | BAKREA~D AR EESCREIEE OB/
S, KEFEERPHRILEHHEOREE 2 - 5AEME LTRELE, £, AL
ARG T R L T EEBTRR I IR S 5 AL RBEBCREEEDOR
BRFRINIBANMO LT AERMTREFEORHEZITV., REETOFAELER L HERD
k. K0 EREA 2R AKE I R DR B R AT,

121



ERMRERREOREA LV O BEICK LTt 2EBMITE L AV TERIAKDILF
HOEBEXET 2 ERERFNCKRD, Thdms (VA BETWE TERS ET5
KEE) LREDOREER (BFBRULEIS. A ARG E) THHZ LE2HLN
12 L7, WIALSE RSy & ARENTIRE S 2 E BN RIGET MWBERO T FHBK
EREMRNTIAFEL O 2 ZREW CRLGis) 2BNFEMITRD, RILKDILFMARE X
AT 5 7 A BRE R OLF R b TNCA A R Z RO T, T HIZZh b0k
FOSED DALF BRRHIRFHE 21TV, RFAKFOILZERZFOBEGBAEZEH L7z, L
T, ZOEBRICERB O ZRA L SHLFERISTET NV O L ZRAE LT,

AR S ELLEBRIN TS, F1ETE, BERFRO L E a2 — &z, BIRD
HRAYEHL, MEOBMEERL R,

B2ETIX, BEERER CORK, Bk GEK. FIK, Bk ) Bk (R
R E) OSREREEEIL . 2EEMINELAVT, #ilk T LIk EFEE BT D
B & R FICREL . TOEBREEM L, TORR. YA kICT
HKEEBREEIL. DREOKBEREEZRELY D2 L (LERSORENLHEDL
N ERS /RS L AR A DEER T — #1280 KK - Bk - BRIz 53
MENBZEREERALNIC LT, -, (WEEOKEIX., 71 BEEY & EEREK
W& T HKIWEOERKIGZ LY XESh (F5F 45% . ETORXBEOEE (F
B 20%) . e b NCAEDFEHOLE(FEE 10%) bROOLNBEZEFHALNILE,
EREEDEICBT AWM T, B0 KHAEERABRESEHLTEY BV A b
DR BEKRBRIIDEBD O S 45% %, ANV T AT TR T AORERE
K 20% & EDTVWDZEEALMT LT, BREEESAEYFEB I KELEIIRIET
BT, BN ES D BERKEESHBER L IIRV 220 o, REMBERSE
NHE LN IEMBUKORF SRR BT, PER L FAROER %277 2 2ORFH
a7, BIHRTFIR. 2BA A A F~DEOARETRL (FH5FE 65%. &
2EFIX. (Na', K)~DEDARE Mg, Ca®)~DIEOARMEZRLE (5% 16%),
B1RFITEARDOBEM. B 2RI o RBRIGTH D LRI, Y%K
B3 EERSOFE®T. FUEBLAKEOHEERICE > THXREIND Z EWNRBRE
ni,

BEIETI, B2EBEOZERMITOBRICESE BA—/KHBEERAOBANGKE
TERREHE 2 BN AL EBRIICER L=, B1RTHEOARERT I AE - BA
A DEEFTONTIE, EPORILRFNZBE L TH OV BRRIE IR OMER, ZEHM
FREROCHER LIz, TOKBRIZESE, TERNTHIBA A &% L DOB%
. BEREYIRE LESARSOBEME TNIES X THA FRW A Y FA b2 ¥
DRI OERFIIZ L Y EBMIICHEB L, -, EiMbERIEREGICE 3L
ERA0S, UTOX O BBA AV RECL 274 FREOHEXNLEH LT,

122



REE WA RO A 4 L 74 B L OBMER (HRX)

[Si] = 3[Na'] + 3[K'] + [Mg®] + 2[Ca™]
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