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Chemical evolution of groundwater quality
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Abstract: This study was conducted in an area at the southern foot of Mt. Fuji in Shizuoka
Prefecture, Japan.

The aim of the study is to clarify the relation between the chemical constituents in
groundwater and the lithology of aquifer, as well as the relation between the groundwater flow
in an aquifer and the changes in chemical composition of groundwater by means of field
surveys and laboratory experiments. This is based on the assumption that the formation and
evolution of groundwater quality reflects the three-dimensional distribution and flow of ground-
water.

The surveyed area covers a land area of approximately 180 km? extending from the
slope area of the southern foot of Mt. Fuji to the coastal lowland facing the Suruga Bay. Ejecta
of Old-Fuji, New-Fuji and Ashitaka volcanoes are distributed in the area. In the coastal plain
these layers are covered with fluvial deposits of the Fuji River. Up to 103 samples of ground-
water from each layer were analyzed. Also, laboratory experiments on the water-rock interac-
tion were conducted for 11 samples from outcrops or drilled ‘cores of Fuji and Ashitaka
volcanoes. These experiments are conducted for clarifying the relation between the aquifer
lithology and the groundwater chemistry, as well as the relation between the duration of water-
rock contact under specific conditions and the concentrations of chemical constituents.

Groundwater in each layer contains bicarbonate of Ca?t, Mg?*, Na* and K*, and is
characterized by K/Na ratio, Na/SiO, ratio, SiO; to total cation ratio and SO,/Cl ratio, which
differ from one aquifer to another. This groundwater character is a result of the water-rock in-
teraction which reflects the physical and chemical property of aquifer rocks. The results of the
laboratory experiments on the water-rock interaction also corroborate this. These results in-
dicate that the groundwater quality can be used for the classification of aquifer system.

The anion which resulted from the water-rock interaction is mostly HCOz . The patterns
of groundwater flow were examined by a distribution chart of the HCOj; concentrations in
groundwater in aquifer on the assumption, that the HCO3 concentration in groundwater is
related to the duration of water-rock contact. The groundwater flow patterns estimated from
the HCO3 concentration were conformable to hydrological data such as the distribution of
hydraulic head and specific capacity.

In the laboratory experiment on the water-rock interaction, too, the total contents of
dissolved solids and the concentration of HCO; were expressed as a function of a logarithm of
the period of contact time. This relationship indicates that the groundwater flow in an aquifer
can be traced by its chemical composition.

Salinization of fresh groundwater in volcanic ejecta was observed in the coastal area of
the district. The salinization of groundwater is closely related to the draw-down of the ground-
water level. It appears to have been caused by sea water intrusion, which occurred in accor-
dance with Ghyben Herzberg’s law and as a result of the reversal of hydraulic gradient which
was caused by a large scale draw-down to below the sea level in the inland area.

The oxygen and hydrogen isotopic composition for 12 samples of typical salinized
groundwater suggests that salinization has been caused by sea water intrusion. But all samples
of salinized groundwater showed a Ca-Na—Cl type chemical character and contained
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remarkably more Ca?* than the calculated value assuming the simple mixing of sea water and
groundwater. Laboratory experiments showed that these chemical characteristics resulted
mainly from the cation exchange reaction between sea water and geological materials.

The velocity of the salt water flow entering the aquifer was calculated on the basis of the
changes of the Cl- concentration. The velocity of the salt water in the New Fuji lava aquifer
was calculated as 11 meters per day. On the other hand, the velocity of the groundwater flow in
the same aquifer was calculated on a hydrological basis using the hydraulic conductivity,
hydraulic gradient, and effective porosity. Calculated velocities were 5.0-10.1 meters per day.
Both of these calculated values are reasonably close, and this seems to indicate that the
mechanism of groundwater flow is conformable to hydrological interpretation based on Dar-

cy’s formula.

It can be conducted that the study of the process of the formation of and the change in
groundwater quality are a successful way to clarify the hydrological phenomena, such as flow
and mixing of water, and to identify the complex of groundwater systems.

1. Introduction

1.1 Previous Studies

In groundwater hydrology, the ground-
water quality is thought to be a key to in-
vestigate the groundwater flow system,
especially in respect to flow and stagnation
of groundwater.

The concept that the groundwater quali-
ty corresponds to the geochemical
character of water-bearing sediments was
set forth by MooRE (1949). He maintained
that the chemical process between the
rocks and minerals in aquifer affects the
groundwater  quality, and  defined
“hydrochemical facies” as water quality,
which reflects the geochemical character of
water-bearing sediments.

SEABER (1962), MORGAN and WINNER
(1962), BACK (1966) and others classified
the groundwater in New Jersey, Louisiana
and New Jersey Atlantic coastal area on
the basis of the hydrochemical facies. They
showed a possibility to distinguish ground-
water flow systems on the basis of the quali-
ty of groundwater.

As regards the groundwater chemistry
changes with depth or along flow path,
SuGISAKI and SHIBATA (1961) conducted a
study in the Nobi Plain in Japan. In their
study of the groundwater quality from the
upper to lower reaches, the change in
groundwater quality due to flow is

characterized by the increase in the concen-
tration of HCO3 to total anion ratio and the
Nat to total cation ratio. A similar result
was obtained by BACK (1966) conducted in
the Atlantic coastal area and by KURATA ef
al. (1958) conducted in the eastern Tokyo
area. These studies indicate that the
change in water quality can be expressed
by means of a key diagram and that water
quality changes from the Ca—HCO; type to
the Na—HCOj; type and in some cases, to
the Na—Cl type in the coastal area influ-
enced by salt water.

These results show that increase of bicar-
bonate and consequent cation exchange
reaction can be chemical indicators of the
groundwater flow in Quaternary
sediments. Other studies indicate that the
change in the water quality during the
groundwater flow is accompanied by the
decrease in concentrations of SO?~ and
NOs as a result of reduction and so on.
This reflects the reducing environment of
an aquifer (FOSTER, 1942). Furthermore,
the SO,/Cl ratio decreases during a flow of
groundwater through a reducing environ-
ment.

As to the groundwater quality in sedi-
ment layers, the tendencies of the change
in water quality have so far been clarified
to some extent. But their theoretical
substantiation is still insufficient. On the
other hand, the study of the origin of the
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chemical constituents in groundwater is
thought to form the base of the study of the
formation of groundwater quality. GARRELS
and CHRIST (1965) formulated a system of
chemical thermodynamic theories of
chemical equilibrium, solubility, complex
ion effects, etc. which are related to the
reactions of minerals and water under con-
ditions of low temperature low pressure
near the earth’s surface. These studies are
thought to have provided an important sug-
gestion to the formation of the quality of
natural water.

FETH ef al. (1964) analyzed the ground-
water in granite areas in California and
Nevada, and pointed out that the chemical
constituents in groundwater originate from
the weathering products, which are pro-
duced when the minerals composing
granite weather and are altered into
kaolinite and montmorillonite. GARRELS
and MACKENZIE (1967) provided a
stoichiometric  explanation for the
mechanism of formation of Ca2t, Mg?2t,
Nat, K+, Si0, in water and so on, using an
assumptive equation for chemical reaction
for weathering of the water containing CO,
and typical minerals in igneous rocks in the
groundwater in the same areas.

These chemical reactions for weathering
occur when CO, is dissolved in water. Ac-
cordingly, in a closed system it is expected
that, as the chemical reaction for weather-
ing progresses, the amount of CO, will
decrease and pH value will increase. Even-
tually, however, the water-rock interaction
will reach an equilibrium state. ICHIKUNI ef
al. (1982) studied alkaline mineral spring
water and as a result made clear that
mineral spring water has reached an
equilibrium state of the water-rock interac-
tion. And they assumed that, in this stage,
montmorillonite is formed in connection
with the water rich in SiOy and Ca?* with a
high pH, and kaolinite-montmorillonite
system reaches its equilibrium. This con-
cept appears to have provided an important

suggestion concerning the condition for the
formation of water quality in situations
where groundwater keeps contact with
rocks for a very long time.

In the manner of Garrel’s way of think-
ing the chemical character of rocks and
minerals, which are in contact with ground-
water, plays an important role in the forma-
tion of groundwater quality. The change in
water quality during the groundwater flow
is probably due to the increases in ion con-
centration of the reaction product and pH
value.

Apart from the above-mentioned change
in water quality in the natural system,
sometimes there occurs a change in water
quality as a result of intrusion of a different
water which has a different quality. A
typical example of this phenomenon is the
salinization of groundwater which accom-
panies an artificial drawdown of the ground-
water level. In Japan, this phenomenon is
often observed in coastal areas
(MURASHITA, 1982). Generally, this
phenomenon is closely related to the
decline of the hydraulic head of ground-
water and it is expected as a result of sea
water intrusion, but in fact the salinized
groundwater does not show water quality
of the mere mixture of groundwater and
sea water (IKEDA, 1967). This means that
this phenomenon involves problems which
cannot be solved on the basis of analysis of
water quality of such a mixture alone. In
fact, isotopic studies of this phenomenon
have been conducted (ANDO and IKEDA,
1980; IKEDA and ANDO, 1980).

1.2 Objectives of the Study

The study of groundwater quality
started with qualitative evaluation of
groundwater as a water resource. Then the
concept of the evolution of water quality
was introduced in this field of study and at-
tempts were made to assume reaction of
groundwater upon geological materials.
Studies by GARRELS and MACKENZIE
(1967), WaLLICK (1981) and ICHIKUNI et
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al. (1982) discussed the groundwater quali-
ty as a result of the water-rock interaction.
The results of their studies are highly sug-
gestive as to the change in groundwater
quality, when the water-rock interaction
reaches its equilibrium state. But these
arguments are not directly related to
hydrological phenomena.

Although it is considered very important
to study the formation of groundwater
quality by relating it to the hydrological cy-
cle, it appears that studies conducted along
this line are too scarce. This is because the
water-rock interaction still has many
aspects which remain to be clarified. The
chemical reactions in which the chemical
constituents in rocks are dissolved in water
are affected by the complicated mechanism
of weathering of rock-forming minerals, as
well as the cation dissolution, e.g. CaZ+,
and its partly recombination with weather-
ing products.

In this study, the formation of ground-
water quality in relationship to the water-
rock interaction was examined through
field surveys and laboratory experiments.
Its objective is to verify the hypothesis that
the direction and degree of the evolution of
groundwater quality correspond to the flow
and behavior of groundwater as it moves
from the recharge area to the discharge
area. The evolution of groundwater quality
chemically means the approach to an
equilibrium state during the flow in a con-
tinuous aquifer. It is possible, therefore, to
argue about the correlation of aquifers bas-
ed on the continuity of the changes in
groundwater quality and about classifica-
tion of aquifers, which reflect the chemical
properties of aquifer rocks, on the basis of
the findings of this study.

The phenomenon of contamination by
salt water, which is often observed in
coastal areas of Japan, causes serious pro-
blems and has to be investigated by means
of hydrogeological methods. To clarify the
origin of salt water and the mechanism of

salinization, it is necessary to consider such
problems as the water-rock/sediment in-
teraction. Unfortunately, thus far no study
has been conducted to consider such
problems.

This study was conducted for the pur-
pose of examining the relationship between
the groundwater cycle and the ground-
water quality through analysis of the forma-
tion of groundwater quality, which includes
the problem of salinization of groundwater,
and clarifying the above-mentioned
hydrological phenomena through analysis
of the groundwater quality. For this pur-
pose, the process of the formation of
groundwater quality was studied in a
volcanic area in Japan, extending from the
southern foot of Mt. Fuji to the coastal
plain, where many geological, lithological
and hydrological studies, including those
on the recharge and discharge areas, have
been conducted.

Groundwater at the southern foot of Mt.
Fuji is recharged directly by the precipita-
tion at Mt. Fuji, Mt. Ashitaka and their en-
virons. The recharged groundwater flows
through the lava or the volcanic gravel,
ejected from Mt. Fuji and Mt. Ashitaka,
both of which range under the alluvial
plane extending from the southern foot of
Mt. Fuji to the coast. The chemical constit-
uents in this groundwater include a relative-
ly small quantity of chemical species, stem-
ming from the rainwater and the chemical
constituents which were dissolved in
groundwater as a result of the water-rock
interaction in volcanic ejecta. Since many
lithological studies of volcanic ejects have
already been published, it is possible to in-
terprete the relationship between the for-
mation of groundwater quality and the
hydrological environment in its ideal form.

In this area, the phenomenon of saliniza-
tion of groundwater has been observed
since 1960’s. Since a large amount of data
on the quality of the groundwater in this
area is available as a result of the ground-

—334—



Chemical evolution of groundwater quality (K. Ikeda)

water quality research work conducted at
the initial stage of salinization, the
characteristics of the salinized ground-
water and the mechanism of the formation
of groundwater quality could be examined
sufficiently on their basis. The results of
the laboratory experiments on water-rock/
sediment were also examined in conjunc-
tion with the above mentioned investiga-

tion.
2. Description of the Study Area

The area investigated in this study is the
Fuji area in the Shizuoka Prefecture, a cen-
tral part of Japan. This area consists of a
gentle slope at the southern foot of Mt. Fuji
facing the northern coast of the Suruga
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Fig.1 Location of the study area, contours are at 100 m interval.
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Bay and a lowland along the Suruga Bay ex-
tending southward. It covers a land area of
approximately 180 km?.

2.1 Topography

Figure 1 shows the outline of the
geographical features of this area. This
area is broadly divided into a gentle slope
spreading between Mt. Fuji and Mt.
Ashitaka and a lowland. The lowland is sub-
divided into an alluvial fan, a coastal sand
dune and a swampland. The alluvial fan
was formed by the Fuji River which rises at
the western edge of the lowland and runs
southward, and the Urui River, which rises
at the southwestern foot of Mt. Fuji. It in-
clines from northwest to southeast with a
gradient of approximately 1/500. The
coastal sand dune at the mouth of the Fuji
River extends from east to west along the
coastline. It is about 10 meters high above
sea level. The swampland, located at the
eastern side of the Wada River, is a back
marsh between the foot of Mt. Ashitaka
and the coastal sand dune, with a width of
2 km and a height of 0.5 to 2.5 meters. It is
called Ukishimagahara.

The rivers in this area include the Fuji
River which runs southward along the
western edge of the area, the Urui River
which runs southeastward in the western
part of the area, and two small rivers—the
Wada River and the Taki River—which
rise in the central part of the area and run
southward. Also, between Mt. Fuji and Mt.
Ashitaka runs the Akabuchi River, which
meets the Wada River and the Taki River
and then flows into the harbour of
Tagonoura. All these rivers flow into the
Suruga Bay.

The harbour of Tagonoura is a dug-in
harbour, facing the mouths of the Urui
River and the Numa River (Fig. 1).

The gentle slope at the southern foot of
Mt. Fuji is covered mainly with lava. The
northern edge of the study area has a
height of 200 to 800 meters. It inclines at a
gradient of about 3/100 and borders on the

lowland at its southern end. Many eroded
landforms, resulting from erosion by rain-
water and snowmelt water are seen in this
area (Tsuva, 1971). The Tenmazawa (a
valley), the Dempo Zawa and other valleys
which spread from the northern edge of the
area to the southwest are valleys formed
through erosion by water. At the lower
course of these valleys are fans.

2.2 Hydrogeology

As shown in Table 1, the basement of the
study area belongs to the Misaka group
(Miocene), on which Fuji and Ashitaka
volcanoes were formed.

The Fuji Volcano consists of the Old-Fuji
Volcano, formed in the Pleistocene, and
the New-Fuji Volcano, erupted in the Re-
cent epoch, and covers the former (TSuYaA,
1971).

Deposits of the Old-Fuji Volcano are of
basaltic composition and mostly appear as’
volcanic mud flows, layers of volcanic sand
and gravel and pyroclastic rocks, such as
breccia. Some part of its mid-slope contains
lava layers.

The Old Fuji’s volcanic mud flow
deposits consist of volcanic blocks, ash and
sand. It was generally thought that the
volcanic mud flow deposits are im-
permeable (Tsuva, 1971). In fact, the spr-
ing water of the Wakitamaike Pond in Fu-

Table 1 Stratigraphic units of the southern part
of Mt. Fuji area.

Chiefly fluvial deposits of Fuji River
New Fuji volcano ejecta upper
Recemt | - sreoees
E- middle
g lower
g Old Fuji volcano ejecta
00 __________________________________________
Ashitaka volcano ejecta upper
Pleistocene|  semmeeeeoee-
middle
lower
i Pliocene (Iwabuchi volcanics)
28 Miocene |Misaka formation
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jinomiya at the southwestern foot of Mt.
Fuji and that in Sugita and Ishihara spring
out from the boundary surface between the
agglomeratic mud flow and the New Fuji
lava above it (Fig. 2). Since 1970,
however, it has been made clear that there
exists a large quantity of groundwater in
the Old Fuji’s deposits under the black soil
layer beneath the New Fuji’s lava at the
southern foot of Mt. Fuji and in the
lowland.

As shown in Fig. 2, in the study area only
a part of the Old Fuji’s volcanic mud flow is

exposed and most part of it is covered with
the New Fuji’s lava, which is divided into
older, middle and younger lava by Tsuya
(1971). The New Fuji’s lava in the study
area belongs to the older basaltic lava.

The New Fuji’s lava has many joints and
cracks, as well as caves formed during its
solidification, which serve as good paths
for  groundwater (KUrRATA,  1966;
MurasHITA and KisHi, 1967; YAMAMOTO,
1971).

Mt. Ashitaka is a volcano consisting of
layers of pyroclastic material. These ejecta

~—337—




Bulletin of the Geological Survey of Japan, Vol. 40, No. 7

Urui R.

[m,ams.l)

Depth

o

=5 Clay or loam {km}
@2 Black soil 1 Reen Yellow loam } s ted bo
| S S tima undary

Alluvium gravel .sand , clay E Ashitaka upper part of volcanic

. sand and gravel
New=Fuji javas Volcanic sand
v and gravel (Gl Ashitake fower part of volcenic
Old~Fuji mud flows e ’

sand and gravel

50f

(m.am.s.l)

Depth

200F

0 1 2 {km)
—

Fig. 3 Geological sections along A—A’, B-B’ and C-C’ lines.

are broadly classified into a basalt layer
and an andesite layer. No wells have been
bored at the foot of this mountain and accor-
dingly, no data available about the ground-
water in this area. Topographically,
however, it is certain that Mt. Ashitaka is
one of the most important groundwater
recharge areas in the study area. To in-
vestigate the groundwater in the study
area, therefore, this fact must be taken into
account.

Figure 3 shows the geological sections at
A-A’, B-B' and C-C’ (in Fig. 2), based on

the geological columnar sections. The
lowland is composed mainly of river
sediments of the Recent epoch of the Fuji
River and the Urui River. At its north-
western end, the low land has the form of a
fan, where coarse sands and gravels are
abundant. As it approaches the harbour of
Tagonoura, sand and clay become more
abundant. .

The alluvium is underbedded by the
volcanic ejecta of Mt. Fuji and Mt.
Ashitaka. The Fuji lava is distributed
beneath the lowland between the Fuji
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River and the Wada River at a gradient of
about 3/100. Near the habour of
Tagonoura its surface is about 100 meters
deep. The lava layer has either a single
layer or 2 to 3 layers with volcanic ash and
gravel between them. Its whole thickness
ranges from several meters to 40 meters.

The New Fuji lava is underbedded by the
volcanic ejecta of the Old Fuji. At the
lowland, the black soil layer is referred by
Yamamoro (1971) as deposited between
the activities of Old and New Fuji
volcanoes. The lowest volcanic sand and
gravel layer is made up of mud flow
deposits of the Old Fuji. It is so thick that
even a well with a depth of 250 meters does
not pass through this layer. It seems to
have a thickness of more than 150 meters.
Near Obuchi at the southern foot of Mt. Fu-
ji it has a thickness of about 200 meters
(SAwWAMURA, 1955).

As shown in the left half of the profile A—
A’ of Fig. 3 beneath the New Fuji lava are,
in descending order, loam layer, volcanic
sand and gravel (scoria of YAMAMOTO,
1971), black soil layer and volcanic sand

and gravel layer with large blocks.

‘At the Wada River and eastward there
exists a volcanic sand and gravel layer, but
no lava layer beneath the alluvial deposits.
Thickness of the layer seems to exceed 200
meters. This layer includes 2 or 3 loam
layers of 1 to 2 meters in thickness. One of
the loam layers, characterized by yellowish
brown color, is a hypersthene andesite. Ac-
cording to MURASHITA (1977), they are
distributed concentric to the summit of Mt.
Ashitaka and therefore these volcanic sand
and gravel layers are considered to be
ejecta of Mt. Ashitaka.

Figure 3 shows the boundary between
the ejecta of Mt. Fuji and those of Mt.
Ashitaka by a discontinuity of patterns con-
sidering the discontinuous changes in
groundwater which nearly parallels with
the course of the Wada River, as will be ex-
plained later (3.3.4).

At Mt. Fuji, valleys are formed in a
radial pattern. The valleys at the mid-slope
and foot of Mt. Fuji were formed as a result
of erosion by water (IWATUKA and
MaAcHIDA, 1962). In many of these valleys
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water flows only when it rains heavily.
They are usually gullies. This suggests
that rainwater permeates into the moun-
tain and then changes into groundwater.

The geological columnar sections (Fig.
4) of the well in the slope (see Fig. 2) show
that the Fuji lava is exposed or distributed
near the surface. This layer has a thickness
of 50 to 60 meters on the average and about
100 meters at the thickest. The volcanic
sand and gravel layer beneath the lava
layer is thought to be the Old Fuji’s mud
flow layer (Tsuva, 1971). It seems that the
groundwater flows down through fissures
and cracks of the New Fuji lava layer or
where it crops out in the underlying Old
Fuji mud flow layer.

A small portion of the groundwater
which flows down the lower slopes reaches
the surface as spring water. YAMAMOTO
(1971) made a detailed study of the spring
water and broadly classified it into two
types. The first type is a relatively small
one where the relatively shallow ground-
water springs out after flowing down on an
impermeable layer. The second type is a
large one where groundwater springs out
through cracks in lava tunnels. The spring
waters in Ishihara and Sugita surveyed in
this study are thought to belong to the first
type and the Wakitamaike Pond to the se-
cond type.

Most part of the groundwaters are
recharged in the New Fuyji lava layer and
the Old Fuji mud flow layer at the lower
slope of the mountain and reaches below
the lowland flowing down through them.

Table 2 shows the classification of the
aquifers of the lowland by MURASHITA
(1977). Hydraulic conductivity as
calculated by the pumping test of these
aquifers are also shown in the table. As can
be seen from the table, the New Fuji lava
layer is the most permeable, followed by
the upper part of the Ashitaka volcanic
sand and gravel layer, the Fuji River/the
Urui River sedimentary layer, the Old Fuji

Table 2 Aquifers and hydraulic conductivity.

Aquifers of the southern foot of Mt. Fuji area
Hydraulic conductivity (cm/sec)

Sand and gravel in fluvial Allu
deposits of Fuji River

Fuji lavas with cracks FL

Old Fuji mud flow, OF
volcanic sand and gravel

Upper part of Ashitaka AU
volcanic sand and gravel

Lower part of Ashitaka AL
volcanic sand and gravel

(0.25~11.3) x10—*
6.6x102

(1.1~1.4) x 102

(1.1~7.3) x10-2

mud flow and the lower part of the
Ashitaka volcanic sand and gravel layer.

2.3 Hydrology

Precipitation and Evapotranspiration

The hydrological environment of the
study area as described in 2.2 suggests that
the recharge of groundwater in this area is
directly related to precipitation. To obtain
the outline of precipitation and
evapotranspiration in the study area data
were collected and calculated, as shown in
Fig. 5.

The values for precipitation are based on
the 1966-1983 precipitation record (Japan
Meteorological Agency, 1967-1984) for
Yoshiwara, Fuji City, which is located in
the central part of this area. The annual
precipitations during this period range
from 1,644 to 2,699 mm, averaging 2,194
mm; the standard deviation is 299 mm. In
this area there is a seasonal fluctuation in
precipitation, much rain from June to
September, while scarce rain from January
to February.

Potential evapotranspiration was
calculated by Thornthwaite’s method
(THORNTHWAITE, 1948) on the basis of
temperature and latitude. Although this
method is an empirical one tailored to the
actual measurement requirements in the
United States of America, it can be used
for calculating approximate annual
hydrological balance in Japan (ICHIKAWA,
1973; KAYANE, 1980). The monthly
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Fig. 5 Annual precipitation and evapotranspiration at Yoshiwara in Fuji during 1966-1983.

average temperature in Yoshiwara for the
1966-1983 period was used for calculating
the annual potential evapotranspiration.
The minimum value for the period is 746.2
mm, maximum 866.2 mm, average 807.8
mm and the standard deviation is 32.9 mm.
Figure 5 shows the annual precipitation
(P), the annual potential evapotranspira-
tion (Et) and the time-serial fluctuation of
the difference of them (P-Et). The P-Et
value is thought to be directly related to the
recharge of groundwater in this area. The
mean P-Et value is 1,386 mm/year and the
standard deviation is 313 mm/year, which
means a fluctuation rate of 22.6%.

Groundwater Level

In the study area are groundwater level
observation wells prepared by the Gakunan
Groundwater User’s Counter-Measure
Association and Shizuoka Prefectural

Government, as shown in Fig. 2. A total of

7 groundwater level observation wells—G—

Table 3 Observation wells in this area.

Obser- Well head Well Screen
vation above sea depth d?pt):h
m

Aquifer
well level (m) (m)

G-1 5.30 106.0  94.0-106.0 FL
G2 6.19 180.0 153.0-177.0 OF
G3 5.04 100.0  87.4-100.0 FL
G4 3.11 180.0 156.0-177.0 AL

G-N3 5.50 103.4
GN4 4.34 200.0
G5 6.63 200.0

85.9-102.4 FL
156.0-200.0 AL
170.0-200.0 AL

1, 2, 3, 4, 5, N3 and N4 have been set up
since 1969 when the groundwater level
observation program was started. Some of
them are now discarded. Table 3 shows the
depth, the altitude of well head (T.P.) and

the screen depth for each well. The ground-

water level observation wells G-N3 and G-
N4 were prepared because the wells G-3
and G4 became incapable of observing
groundwater levels due to spontaneous
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Fig. 6 Secular changes of the groundwater level in the observation wells. Locations of the wells are
shown in Figure 2. Nos. 1, 3, a and b are groundwater levels in the New Fuji lava aquifer.
No. 2 is one in the 01d-Fuji aquifer and No. 4 is in Ashitaka-lower aquifer.

water rise. The well G5 was bored
because the well G-N4 had become a flow-
ing well. Figure 6 shows the results of
observation by the wells G-1 and G-2, con-
tinued observation by the wells G-3 to G—
N3 and G4, G-N4 to G-5.

According to these records the water
levels of the G-1 and G-3 wells, which have
screens in the New Fuji lava layer, drop
around March and April and rise around
September and October every year. Indi-
cating this annual cyclic change in water
level, the G-1 well recorded an altitude of
0.70 meters in April 1970 and the G-3 well
recorded the lowest water level —0.30
meters since the start of the observation
program in March 1972, but the water
levels of both wells rose by about 3 meters
in the autumn of 1973. Since 1974, they
have remained at 3 to 4.5 meters.

The records of the water levels of the G-
2 and G4 wells, which have screens in the
Old Fuji agglomeratic mud flow layer and
the Ashitaka volcanic sand and gravel layer
do not show a clear annual cyclic change.
The G2 and G4 wells recorded the lowest
water levels of 0.88 and —1.90 meters,
respectively, in April 1970, but since 1972
the water levels of both wells have been ris-
ing steadily. The G-2 well recorded an
average annual water level (altitude) of 5.2
meters in 1984 and the G-5 well which had
replaced the G4 well recorded a altitude of
well head of 6.63 meters and as of March
1985 it had become an flowing well.

Although none of these groundwater
level observation wells existed before
1968, there are records of the water levels
of the points a and b in Fig. 2. The points a
and b are located 1.2 km and 2.7 km away
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Table 4 Characteristic changes of groundwater level in the New Fuji lava aquifer.

Amount of pumping

Periods Water level change (m?/day) Pumping area Event
1959~1965 rapid fall rapid increase from estimated salinization
600,000 to 1,170,000 to be 20 km? occur in 1960
1966~1971 lowest level 1,000,000 salinization
increase
1972~1974 steady recovery 850,000~920,000 estimated salinization
to be larger not remarkable
than 50 km?
- 1972~1983 constant 850,000~920,000 salinization
(keep high level) decrease

Table 5 characteristic changes of groundwater levels in the Old Fuji aquifer and the Ashitaka-lower aquifer in

observation wells.

Amount of pumping

Periods Water level change (m8/day) Event

G-2 (aquifer DF)
1968~1971 steady fall unknown Cl- 10~30mg/!
1971~1977 steady recovery unknown Cl- 30~50 mg/!
1978~1985 constant 310,000* Cl- 35+mg/!

(high level) (Mar. 1985)
G—4 (aquifer AL)
1968~1971 steady fall unknown rapid salinization increase

Cl~ from 10 mg/! to 1,000 mg/!

1971~1979 steady recovery unknown Cl- from 1,000 mg/! to 15,000 mg/!
1980~1985 constant 310,000* rapid salinization decrease

(high level) (Mar. 1985) CI- from 15,000 mg/! to 5,000 mg/!

* This value is the sum of pumping volume both from the aquifers DF and AL.

from the coastline respectively (Fig. 2)
and are used for observation of ground-
water level in the New Fuji lava layer at the
depths of 106 meters and 80 meters and fur-
thermore of the screen depths of 90-106
meters and 40.0-62.0 meters, respectively.
Since 1960, the water levels of both wells
have dropped significantly, reaching nadir
in 1965. In 1960-1965 both wells recorded
average annual water level drawdown rates
of 0.6 meters and 0.8 meters per year
respectively.

As seen from Fig. 6, it is possible to
classify the whole period since 1956 into 4
characteristic periods of change in ground-
water in the New Fuji lava layer as shown
in Table 4.

On the other hand, the level of the

groundwater at a depth of more than 150
meters, which exists beneath the New Fuji
lava layer and the Ashitaka volcanic sand
and gravel layer continued drawdown until
1971 at the G2 well and until 1969 at the
G4 well, reflecting the rapid increase in
the quantity of groundwater utilized as a
result of salinization of the New Fuji lava
groundwater. The whole period of change
in the level of the deep layer groundwater
since 1968 can be divided into 3
characteristic periods (Table 5).

When the level of the deep layer ground-
water and that of the New Fuji lava layer
groundwater are compared, using the
average annual water levels at the G-2 and
the G-1 wells as yardsticks, both remained
almost the same as each other until 1974,
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but the level of the deep layer groundwater
has been apparently higher than that of the
New Fuji lava layer groundwater since
1975. The water level at the G4 well
remained lower than that of the New Fuji
lava layer groundwater from 1968 to 1975,
in 1970 the difference being 3.0 meters.
Since 1976, however, the water level at the
G—4 well has been higher than that of the
New Fuji lava layer groundwater by about
3.0 meters.

The relationship between the lava layer
groundwater and the deep layer one will af-
fect the vertical groundwater flow from
shallow zone to deeper zone. Salinization of
groundwater at the G4 well since 1970

x10°m*/ day

suggests the salinized groundwater vertical-
ly percolates from the shallow lava layer to
the deeper one.

2.4 Groundwater Use

The groundwater in the study area had
been used mainly by paper mills until 1955.
In 1964, the quantity of the groundwater
utilized increased rapidly, reflecting the
marked increase in production at paper
mills and other factories. Figure 7 shows
the chronological change in groundwater
withdrawal in Fuji City since 1955. For
1955-1970, only the quantity of the ground-
water pumped up for industrial use is
shown. From 1971 on, those for industrial,
domestic, agricultural-fisheris and other

20
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Agriculture , fisheries
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Fig. 7 Secular changes of the amount of groundwater use in Fuji City, 1955-1985.
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use are shown.

A breakdown of the total annual quantity
pumped up in 1971 indicates 5.6% for
domestic use, 3.3% for agricultural and
fisheries, 89.5% for industrial and 1.6% for
other use. In 1985, however, it indicates
11.8% for domestic, 4.5% for agricultural
and fisheries, 80.9% for industrial and
2.8% for other use, reflecting some
decrease in the industrial use.

. The quantity of groundwater utilized has
rapidly increased since 1955—from
560,000 m3/day in 1955 to 770,000 m3/day
in 1960 and 1,170,000 m3/day in 1964 (see
Fig. 7). The temporary decrease in the
quantity of groundwater utilized in 1965 is
mainly due to the fact that groundwater in
some parts of this area was salinized and

- therefore could not be supplied for in-
dustrial use in that year. The salinization of
groundwater first occurred in a part of the
coastal area in 1960 and has since spread.
By 1965, the salinized area had covered a
land area of about 10 km2. The decrease in
the quantity of groundwater utilized is at-
tributable to the above mentioned fact, as
well as to the self-regulation by ground-
water users and of surface water (181,000
m3/day) as industrial water-supply.

Since 1970, the quantity of groundwater
utilized has once again been on the in-
crease. This is because exploitation of the
groundwater at a depth of more than 150
meters (in the Old Fuji mud flow and the
Ashitaka volcanic sand and gravel layer)
and the groundwater at the foot of Mt. Fu-
ji, which had hardly been utilized until
around 1964, made a significant progress
and their use has increased rapidly since
around 1970. The rapid decrease in the
quantity of groundwater utilized seems to
be due to the effect of the Fujigawa/
Higashisuruga industrial water supply,
which started in 1975. The quantity of
groundwater utilized as of March 1985 was
1,152,602 m3/day, of which the ground-
water at a depth of more than 150 meters

accounted for 310,000 m3/day.

The recent decrease in the quantity of
groundwater utilized has resulted in the
rise in the groundwater level and the
decrease in the concentration of chloride
ion in salinized groundwater.

3. Water-Rock Interaction
in the Aquifer

The chemical composition of natural
water is formed through its contacts with
solids and gases in the hydrological cycle.
It reflects the environment around it and
the characters of the rocks and gases (main-
ly carbon dioxide) with which it came into
contact, and shows the result of the water-
rock interaction. .

In this chapter, the groundwater samples
collected from each aquifer are analyzed
and the quality of groundwater and its
distribution in each aquifer are studied.
Furthermore, the relation with the
lithological characteristics and chemical
compositions of aquifer rocks, as well as
the water-rock interaction in the aquifer
are studied. Also, classification of ground-
water systems by chemical characteristics
of the groundwater, as well as the relation-
ship between the distribution of ground-
water quality and the mechanism of forma-
tion of groundwater quality are explained
in this chapter.

3.1 Chemical Characteristics of
Groundwater

Volcanic ejecta of Old Fuji, New Fuji and
Mt. Ashitaka in the study area have dif-
ferent lithological characteristics, as stated
in 2.1. According to the comparative study
by Fumt and Yul (1985) of the chemical
compositions of the ejecta of Mt. Fuji and
those of Mt. Ashitaka, the rocks of Mt.
Ashitaka are low in FeO, Ti0, and especial-
ly K;0, compared with those of Mt. Fuji.
There is a distinct difference in chemical
composition between the rocks of Mt. Fuji
and Mt. Ashitaka.
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Each of these volcanic layers spreads
with fairly high lithological continuity.
Each layer is bounded by clay layers or
loam layers and forms a distinct aquifer.

Due to the above-mentioned hydrological
conditions, the chemical composition of
groundwater in aquifers in this area is
thought to be the result of a distinct water-
rock interaction, showing a distinct
characteristic.

Aquifers in this area are the Old Fuji ag-
glomeratic mud flow layer (OF layer), the
New Fuji lava layer (FL layer), the
Ashitaka volcanic sand and gravel upper
layer (AU layer), Ashitaka volcanic sand
and gravel lower layer (AL layer) and the
alluvial deposits of Fuji River layer (Allu
Layer) classified by MURASHITA (1977).

(1) Sampling and Analytical Method

Concerning the wells in this area, two ma-
jor groups are distinguished. One is a group
of relatively shallow wells (less than 150

meters deep) which were bored by around
1965, and the other is that of deep wells
(more than 150 meters deep) bored in and
after 1965. The shallow wells (called the
shallow layer groundwater wells) have
screens in the Fuji River alluvial deposits
layer and the New Fuji lava layer at the
west side of the Wada River. They reach
the groundwater at depths of less than 100
meters. The deep wells (called the deep
layer groundwater wells) have screens in
the Old Fuji agglomeratic mud flow layer
beneath the lava layer or the Ashitaka
volcanic sand and gravel layer. They reach
the groundwater at depths of more than
150 meters. The deep wells were bored
because the shallow layer groundwater had
been salinized since 1960 and their upper
portions were cemented to prevent the in-
flux of groundwaters from the shallow
layer.

Wells with known screen depth and

012§km

© Grovndwater samples

o Rock samples

Salinized area in 1870

Fig. 8 Locations of samples for the chemical analyses of groundwater and rock in the study area.
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geological columnar sections were selected
out of these and groundwater samples were
collected. Samples were taken from pump-
ing wells or from spring out. The sampling
locations are shown in Fig. 8.

Chemical analyses of the samples were
conducted on the basis of the method of
IkepA and Nacar (1973). Water
temperature, pH, electric conductivity,
dissolved oxygen and HCO3 were analyzed
at the sampling site. The constituents such
as Na*, K+, Ca2+, Mg2+, Cl-, SO?", NO3.
Si0,, PO3~, I-, Br—, total iron and
manganese were analyzed in the
laboratory.

Seven samples were collected from the
Fuji River alluvial deposit layer, 20
samples from the New Fuji lava layer, 16
samples from the Old Fuji agglomeratic
mud flow layer, 12 samples from the
Ashitaka volcanic sand and gravel upper
layer, 32 samples from the Ashitaka
volcanic sand and gravel lower layer and 16
samples from the slope at the foot of Mt.
Fuji (30 to 400 meters high). Judging from
the geological columnar sections (Fig. 4),
almost all of the samples collected at the
foot of the mountain are thought to be
those of groundwater in the Old Fuji ag-
glomeratic mud flow layer. Table 6 shows a
part of the results of the analyses of these
samples.

(2) Water Quality of Groundwater of

the Alluvial Formation

The Fuji River alluvial deposits are com-
posed mainly of sand, gravel and clay and
spread from the Fuji River to the vicinity of
the harbour of Tagonoura. The quantity of
dissolved matters in the groundwater in
this formation tends to increase eastward.
The pH ranges from 6.4 to 7.4. It is low at
the northwestern side where fans are
developed, and is relatively high near the
harbour of Tagonoura. The HCO; concen-
tration ranges from 80 to 150 mg/l. The
concentration of C1—, Na+t, Ca2* and Mg?+,
as well as that of HCO;, tends to increase.

The increase in concentration of these
dissolved matters coincides with the
change of the prevalent constituent of this
aquifer from gravel to sand and then to
clay. Near the harbour of Tagonoura the
groundwater contains little oxygen, and in-
stead, contains Fe2+ and Mn?* which are
chemically stable under a reducing environ-
ment. The concentration of SiO, ranges
from 14 to 42 mg/l. In most cases it is less
than 30 mg/l.

(3) Water Quality of Groundwater in

the Volcanic Ejecta

As stated in 2.2, ejecta of Mt. Fuji and
Mt. Ashitaka occur in this area in the form
of lava, volcanic sand and gravel, ag-
glomeratic mud flow and so on. The water
quality of the groundwater in these
volcanic ejecta is characterized by bicar-
bonate with less than 5 to 6 mg of C1~ in it.
It also contains Ca?*, Mg?*, Nat and K+
as cations. The equivalent concentration of
these cations is characterized by the follow-
ing relationship:

Ca2+ >Na2+>Mg?2+ >K+

for all samples of groundwater, except
those of groundwater in Old Fuji, for which
the relationship is as follows:

Nat >Ca2+ >Mg2+ >K+.

The concentration of SiO, ranges from
34 to 42 mg/1. On the whole, groundwater
contains much dissolved oxygen. Assum-
ing the quantity of dissolved oxygen in the
water which is in equilibrium with the at-
mosphere to be 100%, then the average
quantity of oxygen in groundwater in the
Fuji lava layer is 85%, that in the Ashitaka
volcanic sand and gravel layer 81%. And
that in the Old Fuji agglomeratic mud flow
layer is 629%. Since the hydraulic conduc-
tivity of the volcanic ejecta in this area is
more than 1x10~2 cm sec™!, this implies
that the volcanic ejecta contain such a
small quantity of oxygen-consuming
organic substances that the groundwater in
these aquifers is under a relatively ox-
idizable environment. The groundwater in
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Alluvial aquifer

Table 6 Chemical analyses of fresh groundwater.

Well No. A-1 A-2 A-3 A4 A5 A-6 A-7
]S)grpetg‘n"fm) 23-60 55-82 24-60 38-56 20-40

Total Depth (m) 71 85 60 60 40 30 30
Temp. (C) 16.1 17.6 18.0 17.8 16.8 16.4 16.8

EC (S. 25C) 260 414 295 219 229 266 238

pH 7.1 74 7.2 74 7.0 6.9 7.0
RpH 7.9 7.8 7.9 7.9 7.8

HCO; (mg/D) | (me/l) | 120.8 1.98 155.9 2.56 129.3 2.12 85.4 1.40 86.0 1.41 100.0 1.64 87.2 1.43
Cl- (mg/D) | (me/D) | 15.7 0.44 32.2 0.91 12.8 0.36 7.7 0.22 7.4 0.21 8.3 0.23 8.4 0.24
SO (mg/D) | (me/D) 4.0 0.08 46.6 0.97 33.7 0.70 28.1 0.59 29.7 0.62 39.5 0.82 30.5 0.63
NO;  (mg/D) | (me/l) 0.1 0.00 0.0 0.00 3.7 0.06 43 0.07 5.5 0.09 8.7 0.14

TOt. Anions (me/D) 2.50 4.44 3.24 2.28 2.33 2.83 2.30
Na (mg/l) | (me/D | 111 0.48 36.7 1.60 10.7 0.47 7.0 0.30 7.6 0.33 9.7 0.42 7.6 0.33
K (mg/l) | (me/D 2.9 0.07 34 0.09 2.1 0.05 1.9 0.05 1.9 0.05 24 0.06 1.8 0.05
Ca (mg/D) | (me/D | 25.1 1.25 41.6 2.08 40.0 2.00 28.2 1.41 29.5 1.47 35.9 1.79 30.0 1.50
Mg (mg/0) | (me/l) 9.5 0.78 9.0 0.74 8.3 0.68 6.0 0.49 5.3 0.40 6.5 0.49 5.2 0.43
TOt. Cations (me/I) 2.58 451 3.20 2.25 2.25 2.70 251
Dis. O, (mg/]) 0.05 3.11 4.98 7.06

Free CO, (mg/]) 15.7 9.82 12.9 5.38 13.8 20.0 14.0

NO;  (mg/D) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

NH;  (mg/D 0.81 0.0 0.1 0.1 0.1

Fez+  (mg/l) 2.02 0.20 0.07 0.10 0.02 0.05

TOt. Fe (mg/l) 2.26 0.20 0.07 0.16 0.03 0.11

Mn (mg/D) 0.56 0.00 0.00 0.00 0.00

PO}~  (mg/D) 0.07 0.10 0.01 0.01 0.00 0.05

Si0, (mg/D(mmol) | 42.3 0.70 29.8 0.50 26.5 0.44 16.7 0.28 19.8 0.33 20.9 0.35 37.1 0.62
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Table 6 (continued)
Fuji lava aquifer )
Well No. FL-1 FL-3 FL-6 FL-9 FL-11 FL-13 FL-15 FL-18
ls)cel};té‘n"fm) 67-85 15-33 48-63 19-60 70-100 54-115 40-50 80-125
Total Depth (m) 85 33 63 60 100 120 50 130
Temp. (C) 15.6 14.7 17.5 16.3 16.2 15.0 16.0 15.2
EC (S. 25C) 116 137 179 180 165 111 124 101
pH 7.2 6.9 6.7 7.0 7.0 75 7.2 78
RpH 7.6 7.3 7.6 7.8 7.9
HCO; (mg/l) | (me/) | 58.4 096 | 433 0.71 | 83.0 1.36 | 51.2 0.84 | 48.2 0.79 | 53.7 0.88 | 66.5 1.09 | 634 1.04
cl- (mg/D) | (me/D | 5.0 0.14 5.7 0.16 7.2 0.20 7.0 0.20 7.6 0.21 3.7 0.10 5.6 0.16 41 0.12
S0} (mg/D | (me/D | 5.0 0.10 9.5 020 | 155 032 | 176 0.37 | 18.0 0.38 5.1 0.11 9.8 020 | 14.8 0.31
NO; (mg/D) | (me/D | 75 012 | 138 0.22 16.1 026 | 12.3 0.20 9.8 0.16 5.7 0.09 1.6 0.03
TOt. Anions (me/1) 1.32 1.29 1.88 1.67 1.58 1.25 1.54 1.50
Na (mg/l) | (me/l) | 6.0 0.26 7.8 0.34 9.5 0.41 85 0.37 | 19.0 0.50 8.3 0.36 7.6 0.33 9.4 0.41
K (mg/D) | (me/D) | 24 0.06 2.0 0.05 2.6 0.07 2.7 0.07 21 0.05 14 0.04 2.9 0.07 1.5 0.04
Ca (mg/D) | (me/D | 12.0 060 | 11.4 057 | 17.6 0.88 | 17.3 0.81 | 15.0 0.75 | 10.0 050 | 12.7 0.64 | 115 0.57
Mg  (mg/) | (me/D | 4.3 0.35 46 0.38 6.3 0.52 6.0 0.49 5.8 0.48 3.5 0.29 5.1 0.42 4.7 0.39
TOt. Cations  (me/)) 1.27 1.34 1.88 1.74 1.57 1.19 1.46 1.41
Dis. 0, (mg/l) 7.64 7.96 8.55 8.59 7.71
Free CO, (mg/]) 5.8 8.66 20.9 8.19 7.71 2.69 6.65 1.59
NO7 (mg/]) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NHf  (mg/D) 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0
Fez+ (mg/]) 0.00 0.05 0.05 0.01 0.02 0.02 0.01 0.30
TOt. Fe (mg/l) 0.02 0.07 0.07 0.08 0.03 0.02 0.02 0.47
Mn (mg/D 0.00 0.00 0.00 0.02 0.00 0.00
PO}~ (mg/D 0.12 0.05 0.06 0.09 0.08 0.14 0.08 0.08
Si0;  (mg/D) (mmol) | 45.0 075 | 356 059 | 49.1 0.82 | 46.0 0.77 | 43.9 0.73 | 415 0.69 | 475 0.79 | 34.1 0.57
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Table 6 (continued)
Ashitaka upper aquifer

Well No. AU-1 AU-2 AU4 AU-5 AU-7 AU-8 AU-10 AU-11
ggg?;{m) 49-83 110-135 25-27 120-150 120-160 50-58 80-135
Total Depth (m) 30 83 150 40 150 160 90 135

Temp. (C) 16.0 15.0 153 173 16.0 16.6 16.8 15.9
EC (S. 25C) 120 70 143 144 102 105 110 85

pH 7.8 7.6 7.4 7.1 .76 75 7.7 7.9
RpH 8.0 7.9 7.6 7.7 7.9 8.0 8.0

HCO; (mg/D) | (me/l) | 60.4 0.99 39.7 0.65 89.7 1.47 37.8 0.62 55.5 0.91 47.0 0.77 50.0 0.82 53.1 0.87
Cl- (mg/1) | (me/D) 3.7 0.10 3.1 0.09 3.0 0.08 6.3 0.18 2.0 0.08 4.1 0.21 5.3 0.15 3.2 0.09
SOi~  (mg/D) | (me/D) 17 0.04 6.5 0.14 2.0 0.04 23.7 0.49 9.5 0.20 6.2 0.13 8.5 0.18 0.9 0.02

NO;  (mg/)) | (me/]) 0.0 0.00 1.1 0.02 0.0 0.00 8.2 0.13 0.95 0.02 1.0 0.02 0.03 0.00
TOt. Anions (me/1) 113 0.90 1.59 1.42 1.19 1.04 117 0.98
Na (mg/D) | (me/D) 7.0 0.30 5.4 0.23 16.5 0.72 6.4 0.28 6.3 0.27 6.5 0.28 6.2 0.27 5.7 0.25
K (mg/1) | (me/D) 0.7 0.02 0.8 0.02 5.0 0.13 13 0.03 2.1 0.05 1.7 0.04 2.2 0.06 1.2 0.03

Ca (mg/D) | (me/) 9.4 0.47 7.6 0.38 6.4 0.32 13.2 0.66 9.8 0.49 8.3 0.41 8.9 0.44 8.5 0.42
Mg (mg/D) | (me/D) 3.8 0.31 2.5 0.21 4.6 0.38 4.3 0.35 3.9 0.32 3.7 0.30 4.1 0.34 2.9 0.24
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TOt. Cations (me/]) 1.10 0.84 1.55 1.32 1.13 1.03 1.11 0.94
Dis. O, (mg/l) 7.64 8.83 7.96 8.24 8.62

Free CO, (mg/1) 1.51 1.59 5.65 4.91 2.22 2.35 1.60 1.06

NO; (mg/D 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

NH{  (mg/D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Fe2+ (mg/1) 0.01 0.02 2.72 0.04 0.02 0.00 0.18 0.10

TOt. Fe (mg/l) 0.02 0.02 2.72 0.34 0.03 0.01 0.21 0.18

Mn (mg/D) 0.00 0.00 0.00 0.00 0.00 0.00

PO}~  (mg/D) 0.07 0.08 0.05 0.20 0.12 0.05

Si0, (mg/l) (m mol) | 39.5 0.64 39.7 0.64 33.1 0.55 37.6 0.61 40.3 0.65 40.0 0.67 38.6 0.64 36.6 0.61
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Table 6 (continued)

Ashitaka lower aquifer
Well No. AL-1 AL-10 AL-16 AL-18 AL-24 AL-28 AL-29 AL-30
Sngé’n"fm) 215-237 138-160 200-250 150-200 142-250 170-200 210-254 200-240
Total Depth (m) 250 160 250 200 250 200 254 240
Temp. (C) 15.1 15.1 15.6 15.7 13.9 13.9 13.7 13.3
EC (S. 25C) 77 101 88 93 93 100 99 125
pH 8.1 7.6 8.2 8.4 8.2 8.3 8.3 7.8
RpH 9.1 8.2 8.3 8.0
HCO; (mg/l) | (me/D) | 42.1 0.69 | 45.8 0.75 54.3 0.89 | 51.2 0.84 | 47.0 0.77 | 47.0 0.77 | 48.8 0.80 | 61.0 1.00
Cl- (mg/l) | (me/D | 3.3 0.09 7.5 0.21 3.0 0.09 35 0.10 2.4 0.07 2.8 0.09 2.7 0.08 3.7 0.10
SO}~ (mg/D) | (me/D) | 2.2 0.05 6.5 0.14 3.0 0.06 2.6 0.05 7.2 0.15 8.0 0.17 7.3 0.15 9.8 0.20
NO;  (mg/D | (me/D) | 0.9 0.01 0.6 0.01 0.18 0.00 0.43 | 0.01 0.30 | 0.00 0.44 | 0.01 0.85 | 0.01 0.60 | 0.01
TOt. Anions (me/I) 0.84 1.11 1.04 1.00 0.99 1.03 1.04 1.31
Na (mg/l) | (me/D) | 6.6 0.29 7.6 0.33 5.3 0.23 5.6 0.24 7.1 0.31 7.6 0.33 7.6 0.33 10.7 0.47
K (mg/l) | (me/D | 0.7 0.02 2.0 0.05 1.1 0.03 1.3 0.03 1.3 0.03 1.5 0.04 14 0.04 1.3 0.03
Ca (mg/D) | (me/D) | 7.6 0.38 7.9 0.39 9.0 0.45 8.0 0.40 74 0.37 8.2 0.41 8.3 0.41 10.8 0.54
Mg (mg/D) | (me/D | 1.7 0.14 2.4 0.28 3.3 0.27 3.4 0.28 2.8 0.23 2.7 0.22 2.6 0.21 3.5 0.29
TOt. Cations (me/l) 0.83 1.05 0.98 0.95 0.94 0.99 0.99 1.33
Dis. 0, (mg/l) 7.89 7.66 8.29 7.90 8.00 9.60 8.73 7.29
Free CO, (mg/I) 0.54 1.83 0.54 0.31 0.47 0.35 0.39 1.53
NO;  (mg/D 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NH{  (mg/D) 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1
Fe?t  (mg/l) 0.15 0.08 0.10 0.08 0.08 0.08 0.05 0.01
TOt. Fe (mg/l) 0.20 0.10 0.25 0.10 0.09 0.1 0.09 0.03
Mn (mg/1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PO}~ (mg/D 0.07 0.21 0.00 0.00 0.07 0.00 0.00 0.10
Si0, (mg/l) (mmol) | 34.1 0.57 | 40.0 0.67 | 335 056 | 37.5 0.62 | 38.0 0.63 | 335 0.56 | 36.8 0.61 34.2 0.57
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0l1d Fuji aquifer

Table 6 (continued)

Well No. OF-1 OF-4 OF-6 OF-9 OF-12 OF-14 OF-16
SDcerP;tg‘HO(fm) 178-250 210-250 190-230 173-200 145-195 150-170 150-200
Total Depth (m) 250 250 230 200 200 180 200
Temp. (C) 13.9 132 13.0 135 136 143 14.4

EC (S. 25C) 130 157 187 217 190 152 142

pH 8.1 7.9 8.1 8.0 7.7 75 75
RpH 8.1 8.1 8.0 7.9
HCO5 (mg/]) | (me/) | 50.0 082 | 732 120 | 885 145 | 1141 187 | 1068 175 | 872 143 | 714 117
Cl-  (mg/h | (me/D | 22 0.06 41 0.12 46 0.13 8.9 0.25 2.9 0.08 3.0 0.09 34 0.10
S0~ (mg/D | (me/D | 88 0.18 165 034 | 163 0.34 135 0.28 147 0.31 15.2 0.32 116 0.24
NO;  (mg/D | (me/D) | 0.0 0.00 11 0.02 15 0.02 11 0.02 0.1 0.00 0.7 0.01 15 0.02
TOL. Anions  (me/l) 1.06 1.68 1.94 242 2.14 1.85 1.53
Na  (mg/D) | (me/) | 76 0.33 125 0.54 135 0.59 20.0 0.87 18.6 0.81 18.0 078 | 111 0.48
K (mg/D) | (me/D) | 1.7 0.04 1.0 0.03 18 0.05 2.9 0.07 34 0.09 2.2 0.06 14 0.04
Ca  (mg/D | (me/)| 93 0.46 145 0.72 15.4 0.77 19.4 0.97 17.8 089 | 120 060 | 102 0.51
Mg (mg/D | (me/D | 3.0 0.25 5.4 0.44 5.9 0.49 6.8 0.56 6.0 0.49 5.0 0.41 55 045
TOL. Cations  (me/]) 1.08 1.73 1.90 2.47 2.28 1.85 1.48
Dis. 0, (mg/]) 8.20 6.09 5.81 1.58 4.86 8.01

Free CO, (mg/]) 0.65 1.46 1.15 1.83 342 5.49 3.57

NO;  (mg/D) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

NHf  (mg/]) 0.05 0.1 0.1 0.0 0.1 0.0 0.2

Fe?*  (mg/l) 0.05 0.06 0.10 0.03 0.08 0.02 0.02

TOL. Fe (mg/]) 0.06 0.19 0.13 0.04 013 0.02 0.02

Mn  (mg/D 0.00 0.00 0.00 0.00 0.04 0.00 0.00

PO} (mg/D) 0.08 0.10 0.01 0.20 0.19 0.16 0.09

Si0,  (mg/l) (mmol) | 335 056 | 317 053 | 327 0.55 335 0.56 36.7 061 | 354 059 | 36.1 0.60
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Foot slope of Mt. Fuji (chiefly Old Fuji aquifer)

Table 6 (continued)

Well No. Fs—2 Fs-3 Fs—5 Fs-9 Fs-11 Fs-13 Fs-14
]S);?etehnofm) 47-115 80.5-130 70-114 100-120 93-114 101-200 79-130
Total Depth (m) 115 130 120 130 120 200 130
Temp. (C) 16.1 135 13.8 14.9 15.0 16.9 15.1

EC (S. 25C) 105 85 100 98 98 72 87

pH 7.3 7.8 7.5 7.7 7.3 6.6 7.2
RpH 7.7 8.0 7.7 7.8 7.7 7.8 7.6
HCO5 (mg/D) | (me/D | 305 0.50 48.2 0.79 40.9 0.67 42.7 0.70 415 0.68 39.7 0.65 37.8 0.62
Cl- (mg/D | (me/l) 5.3 0.15 1.8 0.05 2.1 0.06 3.9 0.11 3.4 0.10 35 0.10 3.1 0.09
S0i~  (mg/D) | (me/l) 7.2 0.15 4.4 0.09 4.0 0.08 4.0 0.08 5.2 0.11 3.5 0.07 5.7 0.12
NO;  (mg/)) | (me/D) | 13.0 0.21 0.04 0.00 6.5 0.10 6.3 0.10 0.11 0.00 7.4 0.12
TOt. Anions (me/]) 1.01 0.93 0.81 0.99 0.99 0.82 0.95
Na (mg/D) | (me/D 3.7 0.16 5.7 0.25 6.1 0.27 6.9 0.30 6.4 0.28 4.1 0.18 5.8 0.25
K (mg/D) | (me/D) 2.1 0.05 1.0 0.03 1.0 0.03 1.5 0.04 15 0.04 2.0 0.05 1.4 0.04
Ca (mg/D) | (me/D) | 13.0 0.65 7.6 0.38 75 0.37 75 0.37 8.5 0.42 7.3 0.36 8.2 0.41
Mg (mg/l) | (me/D) 3.0 0.25 2.8 0.23 2.6 0.21 25 0.21 2.8 0.23 25 0.21 3.0 0.25
TOt. Cations (me/l) 1.11 0.89 0.88 0.92 0.97 0.80 0.95
Dis. O, (mg/l) 9.14 9.56 9.27 8.66 8.54 8.64 8.70

Free CO, (mg/l) 2.30 1.93 2.05 1.47 3.32 15.8 3.78

NOz (mg/D) 0.00 0.00 0.00 0.00 0.00 0.00 0.00

NHf  (mg/]) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Fe?+ (mg/D) 0.31 0.02 0.02 0.02 0.03 0.04 0.03

TOt. Fe (mg/l) 0.68 0.03 0.13 0.05 0.05 0.64 0.00

Mn (mg/l) 0.00 0.00 0.02 0.00 0.00 0.00 0.00

PO~  (mg/) 0.10 0.14 0.13 0.09 0.10

SiO, (mg/D) (mmol) | 45.2 0.75 30.8 0.51 34.2 0.57 38.8 0.65 415 0.65 54.5 0.91 44.2 0.74
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Table 7 Maximum, minimum, and mean values of the chemical analyses and their standard deviations of fresh

groundwater in various volcanic layers.

Allu FL AU AL Fs(OF)
.TW 17.1x£0.7 15.9+1.0 13.7£0.7 15.7+1.1 15.2+1.0 14.9+1.0
16.1~18.1 14.6~18.0 13.0~15.9 13.7~17.3 13.3~17.6 13.5~16.9
H 7.1+0.2 7.2+04 7.8+0.3 7.5+0.3 8.1+0.2 7.44+0.3
P 6.9~7.4 6.5~7.5 7.4~8.2 7.0~7.9 7.4~8.4 6.6~7.8
DO 3.80+2.98 8.19+1.10 6.17+1.93 7.33+2.89 7.87+0.94 8.70+0.75
(mg/D) 0.05~7.06 5.80~9.50 1.58~9.21 0.46~9.08 4.67~9.60 6.84~9.70
HCOz. 109.2+27.0 63.9+18.0 87.4+19.1 47.7+16.8 51.2+6.9 45.7+9.3
(mg/D) 85.4~155.9 38.4~83.0 50.0~118.3 25.3~60.4 39.0~72.6 30.5~66.5
Cl- 13.2+8.9 5.6+1.6 59+7.7 3.8+1.2 3.2+1.0 3.1+1.1
(mg/D) 7.7~32.2 3.7~8.1 1.9~34.1 2.0~6.3 24~75 1.8~6.7
S0z~ 30.3+13.3 13.7+5.0 13.9+3.3 6.7+6.3 55+3.8 52+23
(mg/1) 4.0~46.5 5.1~20.0 7.8~20.0 1.3~23.7 2.2~16.2 2.5~15.5
NOsz 3.2+3.3 5.8+5.2 0.9+0.9 2.0+4.2 0.5x0.4 3.0+£3.8
(mg/D) 0.0~8.7 2.2~9.6 0.0~34.1 0.0~13.2 0.0~7.6 1.0~13.0
Na 12.9+10.6 9.6+3.1 15.8+4.9 7.2%3.0 7.0x2.1 6.2x15
(mg/D) 7.0~36.7 6.9~19.0 7.6~29.0 5.4~7.7 5.2~15.2 3.7~9.5
K 2.3+0.6 2.2+0.6 2.1+0.7 1.8x1.1 1.4+0.4 1.4+0.4
(mg/D) 1.8~3.4 1.4~3.0 1.0~3.4 0.8~2.2 1.0~6.7 1.0~6.9
Ca 32.94+6.3 14.2+2.9 14.1+3.3 7.9+2.9 8.6x+1.2 8.8+2.2
(mg/D) 25.1~41.6 10.0~18.4 7.6~19.7 1.6~13.2 5.6~11.7 5.8~13.0
Mg 7.1+1.8 5.1+1.1 54+1.2 3.3x1.1 3.1+0.7 3.1+0.9
(mg/1) 5.2~9.0 3.5~6.9 2.6~7.4 0.8~4.3 1.7~5.3 2.1~5.1
Si0, 27.6+9.5 41.6+5.7 344+19 35.1+11.5 34.8+7.0 39.2%+5.8
(mg/1) 16.7~42.3 39.8~49.1 30.4~38.3 33.1~45.1 28.0~40.5 30.8~54.5

Above values are average and standard deviation; below values are minimum-maximum range.

this area contains little iron and
manganese, reflecting this environment.
Table 7 shows the mean value, range and
standard deviation for each of the physical
and chemical characteristics of the ground-
water in each aquifer in this area. The
water quality of groundwater varies from
one aquifer to another. The characteristics
and distribution of the water quality of
groundwater in each aquifer are as follows.

Groundwater in the New Fuji Lava Layer

The groundwater in this layer has been
salinized since 1960, starting near the har-
bour of Tagonoura. Figure 9 shows the
water quality map obtained as a result of
the groundwater analyses in this layer
which has not been salinized. The value of
pH is about 7. The water temperature is
about 15°C. The concentration of SO%~ is
14 mg/! in average. Bicarbonate accounts
for more than 60% of the total quantity of
dissolved matter (equivalent).

Groundwater in the Ashitaka Volcanic
Sand and Gravel Upper Layer

Aquifer of the Ashitaka volcanic sand
and gravel upper layer underlies in the area
at the east side of the Wada River where
the Fuji lava layer is absent. In this layer,
groundwater also has been increasingly
salinized after the salinization of the Fuji
lava layer groundwater. Figure 9 shows the
water quality map which is based on the
analyses of the groundwater in this layer
which has not been salinized. The mean
values for the concentration of HCOz, Cl-,
and SO% ™ in the groundwater are 43.9, 3.9
and 7.1 mg/l. All of them are lower than
those of the groundwater in the New Fuji
lava layer. The value for SO,/Cl (weight
ratio) is 1.8, which is in contrast to 2.2 for
the groundwater in the Fuji lava layer.
This seems to reflect the different sulfide
contents of the volcanic ejecta of Mt. Fuji
and Mt. Ashitaka.

Groundwater in the Old Fuji Agglomeratic
Mud Flow -

This mud flow layer lies beneath the

New Fuji lava layer which is distributed at
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Fig. 9 Water quality map in the alluvium, New Fuji lava and Ashitaka upper part of volcanic

gravel.

the foot of Mt. Fuji and in the lowland.
Near the harbour of Tagonoura it still con-
tinues at a depth of 250 meters. It is clear
that it has a thickness of more than 150
meters. Usually samples of groundwater in
this layer are collected from a screen laid at
a depth of 150 to 200 meters. The water
temperature is 13.7°C on the average,
which is the lowest of all types of volcanic
ejecta layer groundwaters in the study
area. Its pH value is 7.8.

The average concentrations of HCOjz,
Cl-, SOF~ and SiO, are 86.0, 5.7, 14.4 and
34.4 mg/l, respectively. It should be noted
that, while Cl- and SO?~ have the same
concentrations as in the lava layer aquifer,
the concentration of HCOjz is a little higher
and that of SiO, is a little lower than in the
case of the New Fuji lava layer. Figure 10
shows the water quality map for the ground-

water in this layer. Characteristic feature
of this figure is that the concentrations of
dissolved constituents in groundwater are
the highest near the middle point between
the Fuji River and the harbour of Tagono-
ura.

Groundwater in the Ashitaka Volcanic Ejec-
ta Lower Layer

The groundwater in this layer occurs in
the lower part of the Ashitaka volcanic ejec-
ta layer located to the east of the Wada
River and is separated from the upper layer
by a weathered yellowish brown loam
layer. The loam layer lies at a depth of 50
meters near the boundary between the foot
of Mt. Ashitaka and the lowland. It inclines
to the southwest. The gradient is approx-
imately 3—4/100 and the depth near the
coast is more than 175 meters.

Samples of the groundwater in this layer
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Fig. 10 Water quality map of the Old-Fuji and the Ashitaka lower part of volcanic gravel aquifers.

were collected from a screen laid at 150-
200 m. That is almost the same depth as
the groundwater in the Old Fuji ag-
glomeratic mud flow layer. But the quality
of this groundwater is different from that
of the groundwater in the Old Fuji ag-
glomeratic mud flow layer. The water
temperature is 13.3 to 17.6°C, showing a
relatively wide variation. The average
water temperature is 15.2°C, which is ap-
parently higher than in the groundwater of
the Old Fuji agglomeratic mud flow layer.
Its pH value is 8.1 on the average, and is
the highest of all types of groundwater in
this area. The mean value of the concentra-
tion of HCOj3 is 51.2 mg//, which is lower
by 40% than that in the Old Fuji ag-
glomeratic mud flow layer. The mean for
SO%~ is 5.3 mg/l, which is less than half
the concentration of the Old Fuji ag-
glomeratic mud flow layer.

As is clearly seen from the water quality
map in Fig. 10, the boundary between the
groundwater in this layer and that in the
Old Fuji groundwater is clearly seen by
means of the difference in quantity of the
dissolved constituents.

Groundwater in the Area at the Foot of Mt.
Fuji

Sixteen groundwater samples from the
gently sloping area at the southern foot of
Mt. Fuji, whose altitude ranges from 30 to
500 meters were collected. From the wells
which have screens at depths of 50 to 120
meters, 14 samples were collected. The
other two are samples from the wells which
have screens at depths of 50 to 70 meters.
At the foot of Mt. Fuji, the lava layer has a
thickness of 50 to 100 meters from the
ground surface. Most of the groundwater
samples therefore are collected from both,
the New Fuji lava layer and the Old Fuji ag-
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glomeratic mud flow layer.

The water temperatures range from 13.9
to 16.9°C. There is no significant correla-
tion between the water temperature and
the altitude. The water temperature tends
to remain at the same level in the
longitudinal direction along the slope. In a
zone which runs through Kubo, Godo and
east of Ishizaka the water temperature of
the groundwater is low, always remaining
at the 13°C level. The water temperatures
range from 15 to 16°C in the area closer to
Fujinomiya.

As shown in Fig. 10, the concentrations
of the dissolved constituents in the ground-
water in the mountain foot area are the
lowest. The mean values for the concentra-
tions of HCOj3, Cl- and SO%~ are 43.9, 3.2
and 5.3 mg/I, respectively.

3.2 Relation between Rocks and

Chemical Properties of Ground-
water A

The aquifer composing rocks in this area
are roughly divided into three types: the
New Fuji lava, the Old Fuji agglomeratic
mud flow and the Ashitaka volcanic sand
and gravel.

The New Fuji lava is the older lava of
New Fuji, and it forms the main aquifer for
the groundwater in the area at the southern
foot of Mt. Fuji. It commonly is olivine
basalt consisting mainly of plagioclase,
olivine, augite, and magnetite (SAWAMURA,
1955). The chemical composition of the
New Fuji after Tsuva (1971) is shown in
Table 8.

The 0O1d Fuji agglomeratic mud flow con-
sists of volcanic mud flow, volcanic sand
and gravel, breccia layer and so on. All
these constituents are basaltic (Tsuya,
1971). Its main constituent minerals are
plagioclase, augite and olivine.

According to Fujit and Yur (1985), the
volcanic ejecta of Mt. Ashitaka are divided
into the older, middle, younger and
youngest ejecta. The older ejecta consist

Table 8 Chemical composition of New Fuji lava

rocks.
(weight %)
No. 1 2 3 4 5
Si0, 49.18 50.12 49.60 50.08 50.87
TiO, 1.03 1.91 1.97 1.97 1.70

Al,04 16.74 16.26 16.14 1583 17.44
Fe,04 4.00 3.05 3.67 4.89 3.68
FeO 8.48 10.10 9.90 9.04 7.55
MnO 0.15 0.23 0.23 0.23 0.21
MgO 5.28 4.67 4.79 4.67 4.12
Ca0 10.42 8.60 8.80 8.77 8.86
Na,0 2.42 2.78 2.90 2.87 3.16

K,0 1.16 0.96 0.93 0.99 0.97
P,05 0.54 0.29 0.31 0.38 0.31
H,0+ 0.17 0.44 0.55 0.11 0.47
H,0- 0.19 0.20 0.14 0.24 0.20
Others — — — — —

Total 99.76 99.61 99.93 100.12 99.54

No. 1 Mishima lava No. 2 Hataoka lava No. 3
and No. 4 Katsura lava No. 5 Otawa lava (after
Tsuya, 1971)

mainly of basalt and basaltic andesite and
the middle ejecta of a large quantity of
basaltic tuff breccia. The younger ejecta
consist of olivine and two-pyroxene
andesite. The youngest ejecta consist of
dacite lava which contains amphibole.

Fumn and Yur also reported that the
chemical composition of the volcanic ejecta
of Mt. Ashitaka is similar to that of Fuji
rocks in MgO, SiO, and Na,O contents, but
lower in FeO, K,0 and TiO, contents and
K,0/Na,0 ratio (mol ratio). While the
mean value for K,0/NayO ratio is 0.21
(calculation based on Table 8) for the Fuji
lava, it is approximately 0.17 for the
Ashitaka lava (calculation based on the
diagram worked out by Fujyu and Yur
(1985)).

The chemical constituents of the ground-
water in these volcanic ejecta include those
of rain and snow, which fell on Mt. Fuji and
Mt. Ashitaka, and those dissolved from the
rocks as a result of the contact of the
groundwater with the rock.
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Table 9 Average chemical composition of rain-
water in Japan, and chemical analyses
of water from the summit of Mt. Fuji.

Concentration (mg/[)

Summit of Mt. Fuji

Constituent Rainwater (IKEDA, 1964)
(SUGAWARA,
1967) Kinmeisui Kusushidake
Spring Spring

HCOz 3.1 3.2
Cl- 1.1 0.1 1.1
S03- 45 2.0 0.4
Na 1.1 0.4 1.1
K 0.26 0.1 0.3
Ca 0.94 0.81 0.32
Mg 0.36 0.48 0.29
Fe 0.23 0.02 0.02
Si0, 1.78 3.6 2.9
pH 6.2 6.3

The average concentrations of dissolved
constituents in rainwater in Japan were
calculated by SuGAWARA and HaNvA
(1964). Also, the results of analyses of
samples of the spring water (Kimmeisui
and Kusushigadake spring water) col-
lected at the summit of Mt. Fuji are
available. Table 9 shows the water quality
of rainwater and of the spring water.

The quantity of the chemical consti-
tuents in rainwater is very small compared
with that in groundwater. SO, Cl- and
Na™ are prevalent in rainwater, while there
is very little HCO3. The first rainwater
coming into contact with the rock at the
summit of Mt. Fuji contains a small quanti-
ty of HCO3 and SiO,.

The key diagram of Fig. 11 shows the
chemical composition of the volcanic ejecta
distributed in the area. The groundwater in
each aquifer consists of 60 to 90% HCO3z
and 55 to 80% of Ca2++Mg2t. The water
quality type is of Ca-HCQOs. It is possible to
divide the chemical characteristics of
groundwater into several groups by the key
diagram.

As is clearly seen from the key diagram,

HCOs; and Ca2*+Mg?* account for the
most part of the increment of chemical con-
stituents in rainwater as a result of its con-
tact with volcanic ejecta.

The relationship between total dissolved
solids and HCO3 (Fig. 12) shows that the
quantity of bicarbonate is heavily depen-
dent on the total dissolved solids. The in-
crease in quantity of SiO; is also closely
related to the increase in total dissolved
solids resulted from the water-rock contact
(Fig. 13). The only exception to this is the
groundwater in the Old Fuji aquifer, in
which the quantity of SiO, tends to level off
even if the total dissolved solids increase.

Another difference between the ground-
water in the Old Fuji aquifer and that in
other volcanic ejecta is seen in the relation-
ship between the guantity of SiO; and that
of Na+. While SiO,:Na ratio (mol ratio) is
approximately 2:1 for the groundwater in
the Fuji lava and that in the Ashitaka
volcanic ejecta layer, it is approximately
1:1 for the groundwater in the Old Fuji
aquifer (Fig. 14).

- As stated above, the difference between
the groundwater in the Old Fuji aquifer and
that in the other volcanic ejecta is con-
spicuous concering the relationship be-
tween SiO, and the other dissolved consti-

tuents.
In the case of the groundwater in the Fu-

ji lava and that in the Ashitaka volcanic
ejecta layer, the mol ratios of SiO, to each
of Na* and HCO;3 are approximately 2:1
and 1:1.4 respectively. Although these two
types of groundwater, in the Fuji lava layer
and in the Ashitaka volcanic layer, are not
distinguishable by these mol ratios, they
can be distinguished by larger total dissolv-
ed solids (Fig. 9), higher SO~ concentra-
tion (Table 7) and a higher K/Na (mol
ratio) for the groundwater in the New Fuji
lava layer than for that in the Ashitaka
volcanic layer.

As stated formerly, these characteristics
of the groundwater quality were formed
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Fig. 12 The relationship between dissolved solids and bicarbonate contents in groundwater from
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through the water-rock interaction in each
layer. Most characteristic feature of the
water quality is the relation between
dissolved SiO, and other cationic consti-
tuents in the water. In Figure 15, the
groundwaters in the volcanic ejecta of Old
Fuji, New Fuji and Ashitaka are classified
on the basis of the mol ratio of SiO, to total
cation. The characteristics of the ground-
water in each layer are expressed by the
mol ratios of Mg to Ca, and K to Na.

The mol ratios of K to Na in the ground-
water in the Fuji lava and that in the
Ashitaka ejecta are 0.17 and 0.12 on the
average. The difference in mol ratios
reflects the difference in X/Na in the rock
as referred by Fuji and Yur (1985).

3.3 Changes in Groundwater Quality
in a Groundwater I'low System

The chemical evolution of the water
which has come into contact to the rock,
eroding the rock and increasing the quanti-
ty of the dissolved constituents in it is ex-
plained by the behaviour of H* in the water
entering the grids of minerals and displac-
ing the cations -in the minerals
(FREDRECKSON, 1951). Generally, H* in
natural water is produced by the chemical
reaction between water and CO, gas,
expressed by the following equation.

CO,;+H,02H,CO;e>H*+HCO5; (3-1)

In rare cases, H* exists as a free in-
organic acid in natural waters, but no free
inorganic acid in the water of this area
could be observed. H* is produced mainly
as a result of the chemical reaction of CO,
gas. The chemical reaction between the
water and CO, gas begins between rain-
water and the atmosphere. The concentra-
tion of CO; in the atmosphere is 0.03% and
rainwater has approximately 1mg// of
dissolved CO,. The rainwater which con-
tains CO, precipitates and infiltrates into
the soil. At this stage rainwater contains
the maximum quantity of COs.

Table 10 shows the result of
measurements of the concentration of CO,

Table 10 Carbon dioxide gas concentration in
soil air on the slope of Mt. Fuji.

No. CO; (%) No. CO, (%)
1 0.060 6 0.092
2 0.24 7 0.067
3 0.130 8 0.062
4 0.105 9 0.054
5 0.172 10 0.049

N=10 Av. 0.103

in the soil gas, conducted in the Iwamoto
district of Fuji City, which is located at the
foot of Mt. Fuji. The concentration of CO,
collected at 10 points at a depth of 1 meter
and alined at 10 meters intervals ranges
from 0.06 to 0.24%. The values are 2-8
times as high as that in the atmosphere.

On the other hand, the groundwater in
the volcanic ejecta in this area shows a high
degree of saturation of dissolved oxygen,
which suggests that there are few organic
materials in these aquifers which consume
oxygen. CO, originating from decomposi-
tion of organic substances is minor. Thus,
these aquifers are considered to be closed
systems as far as CO, is concerned.

It is assumed that CO, charged water,
while percolating the soil zone, consumes
CO, by the weathering reactions of the
rocks in the water-bearing layer. While the
concentration of the bicarbonates of CaZ™,
Mg?+, Na*, and K* increases, the CO,
decreases by means of the water-rock in-
teraction. As groundwater moves along its
flow paths in the aquifer, increases of those
chemical constituents which reflect the
aquifer rock quality occur. As can be seen
from Fig. 12, the quantity of HCOj3 in the
water increases in proportion to the degree
of the weathering reaction of COj, which
means that the quantity of HCOjs is closely
correlated with the total dissolved solids.

In this area there exist successive layers
of volcanic ejecta which are considered to
be closed systems concerning CO,. Further-
more, the lithological properties of each
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aquifer are  considered  relatively
homogeneous. Therefore, the groundwater
moving in each aquifer comes into contact
with the same rock and the same water-
rock interaction occurs continuously. The
chemical reaction of the moving ground-
water is thought to undergo the same pro-
cess as that of the weathering reaction of a
static water-rock system.

The most important rock-forming
mineral in the volcanic ejecta in this area is
plagioclase, which accounts for about 409%
of the normative minerals calculated for
the chemical composition of the New Fuji
lava. If it is assumed that the water-rock in-
teraction in this area is a water-plagioclase
reaction, then the water-plagioclase reac-
tion in the New Fuji lava can be explained
by the following expression. In it Na:Ca
(0.35:0.65, mol ratio) is based on the mean
value for chemical constituents in the New
Fuji lava (Table 8).

2Nayg 35Cay.65Al; 65512.3505 +3.3COz +

7.75H,0—0.7Nat++1.3Ca%* +
1.65A1,Si,05(OH) 4 (3-2)

The chemical equation (3-2) shows the
chemical reaction in which kaolinite is form-
ed. The change in chemical composition of
the moving groundwater will be
characterized by increase in the quantity of
Nat*, Ca2t, HCO;z and dissolved SiO,(H,
Si04) with the mol ratio of 0.7:1.3:3.3:1.4.

For the groundwater both in the New Fu-
ji lavas and in the upper part of the
Ashitaka volcanic sand and gravel layer,
pH values indicate that the groundwater is
neutral and SiO,:Na (mol ratio) is 2:1 even
at their coastal ends, which suggests that
kaolinite is formed in these layers. Further-
more, in the groundwater of the Old Fuji ag-
glomeratic mud flow layer underlying the
New Fuji lava layer in the lowland, as
shown in Figs. 12 and 13, the concentration
of HCO; increases as the increase in total
dissolved solids, while the concentration of
SiO, remains constant at about 38 mg/l,

and pH is higher with relatively high quanti-
ty of Na* than that of other volcanic
aquifers in this area.

In order to explain the difference in
water quality between groundwaters in the
Old Fuji and the New Fuji, it is necessary
to take into account the water-rock interac-
tion in these aquifers.

Differences in water-rock interaction
have been noted previously in literatures.
For example, KovbA and SAMOILOVA
(1969) presented a diagram showing how
kaolinite tends to accumulate in uplands
area and montmorillonite in lowlands as a
consequence of groundwater flow.

GARRELS (1967), WALLICK (1981) and
ICHIKUNI ef al. (1982) assumed the forma-
tion of montmorillonite by a reaction of the
following type:

7A128i205 (OH) 4 +Ca?* + 8H4SIO4

=6Cag 17Al; 34513 66010 (OH) ; +8H, 0+

2H+ (3-3)

The chemical equation (3-3) shows that
in this stage Ca%* and SiO, in the ground-
water are lost or their quantity decreases.

3.4 Groundwater- Flow  Pattern
Revealed by Bicarbonate Con-
centration

It is assumed that in the groundwater
moving in a continuous and lithologically
homogeneous aquifer the quantity of bicar-
bonate continues to increase until it
reaches the saturation point. Under this
assumption, there might be a correlation
between the reaction time and the concen-
tration of HCOj3 as a reaction product.

When the groundwater moves between
two points, the higher the velocity, the
shorter the reaction time is and the smaller
the increment of the concentration of
HCOg is.

In view of the fact that in the studied
area there exist in volcanic ejecta layers, it
is hypothesized that the spatial distribution
of HCO5 concentration indicates the direc-
tion of groundwater movement.

Figure 16-1 shows the distribution of
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Fig. 16 Direction of groundwater movement estimated by the distribution of bicarbonate concen-
tration. 16-1: New Fuji lava and Ashitaka upper part of volcanic sand and gravel aquifers.
16-2: Old-Fuji and Ashitaka lower part of volcanic sand and gravel aquifers.

HCO3 concentrations and the estimated Fuji and Mt. Ashitaka runs out to the

flow direction of the shallow groundwater. lowland and near the point where the Taki
Near the point where the Akabuchi River River flowing at the foot of Mt. Fuji runs
flowing along the boundary between Mt. out to the lowland, are areas with low con-
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Fig. 17 Distribution of the potentiometric surface and specific yield of wells of groundwater in the

slope of Mt. Fuji area.

centrations of HCO3 and HCO3 concentra-
tion increases in the direction of southwest.

Figure 16-2 shows the distribution of
HCOg in the Old Fuji agglomerative mud
flow layer at depths of more than 150
meters and the Ashitaka volcanic ejecta
lower layer and the estimated direction of
groundwater movement in both aquifers.
The distribution of HCO3 concentrations
is characterized by the equi-concentration
contours in an extremely narrow range
along the Wada River and a sudden change
in concentration. Groundwater of which
the bicarbonate content has a range of 70 to
110 mg/! is distributed to the west of the

Wada River, and groundwater of which the
bicarbonate content has a range of 42 to 65
mg/[ to the east of the Wada River. Along
the Wada River, the groundwater in this
aquifers qualitatively becomes divided into
two types.

The groundwater in the agglomeratic
mud flow layer at the western side shows in-
crease in HCO3 concentration toward the
coast and forms a semicircle area of more
than 100 mg/! at the western side of the
harbour of Tagonoura. Groundwater seems
to become stagnant near this area.

At the eastern side of the harbour of
Tagonoura, equiconcentration lines show
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higher concentration from the southern
foot of Mt. Ashitaka toward the harbour of
Tagonoura. It seems that the groundwater
recharged at the foot of Mt. Ashitaka
moves southwestward along the gradient
of the Ashitaka volcanic ejecta layer.

At the foot of Mt. Fuji HCO3 concentra-
tion is the lowest in this area which range
30 to 66 mg/l. HCO35 concentration in-
creases as altitude decreases and ground-
water flow generally paralles to the lay of
the land. HCO3 concentration is relatively
low near the Okubo-Godo-Funakubo area
where the groundwater temperature is low,
which suggests that there is significant
groundwater movement near this area.

On the other hand, Fig. 17 shows the
distribution of hydraulic heads and specific
capacity values. Data on static water level,
running water level and pumpage are those
available from Fuji City Waterworks
department (unpublished data, 1986). The
direction of groundwater flow, which is sug-
gested by the distribution of HCO3 concen-
trations, makes clear that there is a high
hydraulic head point, as well as a very high
specific capacity point. This hydrological
data suggest that points of high ground-
water flow—these points are valleys—cor-
respond well to the distribution of HCO3z
concentration.

3.5 Discussion on the Chemical
Evolution of Groundwater

It is assumed that the chemical composi-
tion of the groundwater in the volcanic ejec-
ta in this area results from the interaction
between rainwater, CO, and volcanic rock
in an oxidizing environment, with HCO3 as
anion and Na*, K+, Ca2*+, Mg?* as cations
and water-soluble SiO,(H,SiO,) dissolved
in groundwater. SiO,:Na (mol ratio) in the
groundwater in the New Fuji lava layer and
the Ashitaka volcanic ejecta layer is 2:1,
the ratio is nearly equal to that obtained
from the chemical equation (3-2) in which
kaolinite is produced as a result of the
weathering reaction between the feldspar

in rocks and water containing CO,. This

- mol ratio seems to corroborate the above

assumption. It is then necessary to ex-
amine whether it is possible to explain all
dissolved constituents by a chemical reac-
tion of the kaolinite production from
minerals composing the lava.

If it is assumed that minerals which com-
pose the New Fuji lava are plagioclase,
olivine, augite and magnetite (SAWAMURA,
1955), the weathering reaction in which
these minerals produce kaolinite can be ex-
plained as follows. The expressions for the
reaction were worked out on the basis of
those formulated by GARRELS (1967).

The expression for plagioclase is the
same as the chemical equation (3-2)
shown in 3.3.

The chemical equation for pyroxene
(general name for augite, etc.) is as
follows, if it is assumed that it contains
equal quantities of Mg and Fe:

2Mg0.5F60.5SiO3 + 4C02 + 6H20
—>Mg?* +Fe?t+ +2H,Si0,+4HCO3
(3-4)
In an oxidizing environment, Fe?*+ is
precipitated immediately.

Fe?++-2HCO;+1/2H,0+1/40,

—>1/2F6203 + 2C02 + 3/2H20 (3—5)

Chemical equation (3-6) is obtained
from (3—4) and (3-5).

2Mg0.5Feo'5Si03 + 4002 + 6H20

—Mg2++2HCO;3;+2H,Si0, (3-6)

Although olivine is thought to be a solid
solution with a formulation of (Mg, Fe),
S5i0,Mg,SiO4;Fe,Si0,, it is considered to
be Mg,Si0, here for the sake of simplifica-
tion.

Mg,SiO,+4CO,+4H,0

—2Mg2+ +4HCO; +H,Si0, 3-7)

Though existence of orthoclase of other
K-bearing minerals was never mentioned
in previous studies of the New Fuji lava
(Tsuva, 1971; SAwaMURA, 1955), the
chemical composition of the lava indicates
that K is present. Although K is thought to
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be contained in late stage minerals as sodic
plagioclase or glass, it is assumed here that
it is produced as a result of the weathering
reaction of orthoclase.
2KAIlSi303+2C0,+11H,0
—2K+ +2HC03_ +4-H4SIO4+
AL,Si;,05(0H), (3-8)

Expressions for magnetite in an oxidiz-
ing environment are:

2F6304 + 2C02 + Hzo

—Fe2+ +2HCO35 +Fe,05 (3-9)

Fe2++2HCO3‘+1/402**Fe203+H20

(3-10)

Magnetite does not contribute to the for-
mation of chemical composition of water
through (3-9) and (3-10).

Generally the groundwater in the
volcanic ejecta in this area contains ex-
tremely small quantities of Fe?* and Mn2+.
This means that the rock hardly can con-
tribute to the formation of Fe?+ and Mn2+
in the groundwater.

The Ashitaka volcanic ejecta are lower
in concentration of FeO, KyO and TiO,
than rocks of the New Fuji lava layer, but
they are similar in terms of constituent
minerals. So the same expression for
weathering reaction as that for the New Fu-
ji lava can be assumed.

On the other hand, the Old Fuji ag-
glomeratic mud flow layer in generally
basaltic. The rocks in the mud flow are
generally olivine basalt, augite and olivine
basalt. The constituent minerals are
plagioclase, pyroxene and olivine (TSuva,
1971). In view of the fact that SiO,:Na
(mol ratio) in the groundwater in this area
is 1:1 and pH value is about 7.8 (alkaline),
it is assumed that a chemical reaction in
which montmorillonite is formed as explain-
ed by the equation (3-3) occurs, as
reported by GARRELS (1967), WALLICK
(1981) and IcHIKUNI (1982).

Equilibrium constant k in this reaction is
expressed by the following equation.

[Ca?*][Si0,]8
- [H*P 1D

The logarithmic equation for the above is
log k=log Ca2*+2 pH 8 log Si0O,
(3-12)

If the value of log k obtained from the
equation (3-12) on the basis of molarity for
Ca2*+, pH and SiO, remains the same,
regardless of the increase of other consti-
tuents, this suggests that the equation (3—
3) is in equilibrium.

Figure 18 shows the relation between
Na* and log k plotted for the water quality
of the groundwater in this area. The log k
for the groundwater in the Old Fuji ag-
glomeratic mud flow remains at the same
level 13.7+0.3 on the average, which sug-
gests that the equation (3-3) for the
kaolinite-montmorillonite system is almost
in equilibrium.

Judging from the groundwater quality in
the Old Fuji system, it is necessary to
assume a weathering reaction to produce
kaolinite and montmorillonite. There is a
report by Tsuva (1971) on the chemical
composition of the Old Fuji volcanic rock.
According to the report, Ca:Na (mol ratio)
is 0.66:0.33, which is nearly equal to the
mean value for the New Fuji lava. The
weathering reaction of the OIld Fuji
volcanic rock in which kaolinite is produced
seems to go through processes as explained
by weathering reaction equations (3-2),
(3-6), (3-7) and (3-8) and then a process
as explained by equation (3-3).

Table 11 shows the chemical equations
for the weathering reaction in which rock-
forming minerals produce kaolinite and
montmorillonite. Table 12 shows the
stoichiometric relation between them, ex-
pressed by means of mol ratios.

Table 13 shows the results of calcula-
tions carried out under the assumption that
the chemical composition of the ground-
water in the volcanic ejecta in this area is
formed as a result of the weathering reac-
tion. The calculation is based on the Tables
11 and 12 and existence of rainwater as
well as water-soluble NaCl and CaSO,
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aquifers.

Table 11 Chemical reactions for weathering of silicate minerals to kaolinite, smectite and soluble cations.

ZNa{) 35Ca0 55A11 65S12 3503 +3. 3002 +17. 75H20 0.7Na*+1.3Ca?*+3. 3HC03 +1. 4H4SIO4+ 1. 65A1251205 (OH) 4

Plagioclase (Na 0.35:Ca 0.65)

Kaolinite

2KA1$1303 + 2C02 + 11H20 2K++ 2HC03 + 4H4SIO4 +A1231205 (OH) 4

Orthoclase (K-feldspar)

Pyroxene (Mg 0.5: Fe 0.5)
MgSiO;+2C0,+3H,0=Mg?* +H,Si0,+2HCOz

FeSiO;+2C0O,+3H,0=Fe?* +H,510,+2HCO3 -+

Kaolinite

(Step

1)
Fe2* +2HCO; +1/2H,0+1/40,=1 /2Fe203+2C02+3/2H20 ------ (Step 2)

(Step 1+Step 2)

2Mg0_5Feo.5Si03 +4C0,+6H,0=Mg?* +2HCO3; +2H,SiO,

Olivine

7A1251205 (OH) s+ Ca2t+ 8H4SIO4 = GCao 17A12 34513 66010 (OH) 2+ SHZO +2H+

Kaolinite Smectite®

NaCl=Nat+Cl-
CaS0O,=Ca?*++S02~
Base exchange

2Na-clay +Ca2* =Ca-clay+2Na*

* Smectite is the name of the montmorillonite group.

originating from the rock. Of the chemical
constituents in the groundwater, Nat,
Ca?*, K+, HCOj3 and SiO, are produced as
a result of the weathering reaction of

plagioclase and orthoclase and Mg?2t,
HCO53, Si0O, and so on as a result of the
weathering reaction of olivine.

If it is not assumed that the chemical con-
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Table 12 Mole ratios of weathering products (from the equations of Table 11).

Weathering product (mole)

Original

. mole Dissolved constituent
minerals Kaolinite = Smectite
HCO; Cl- SO0Z~ Na+ K+ Ca?t Mg+ H,SiO,
e 065) 2 33 0.7 1.3 14 165
K-feldspar 2 2 2 4 1
Pyroxene
(Mgl: Fel) 2 1
Mg-olivine 1 4 2 1
Kaolinite 7 -1 -8 6

Table 13 Dissolved constituents in groundwater and reconstruction of water quality by combination of weather-
ing reactions from actual silicate minerals, 13-1 FL, AL, and AU groundwaters 13-2 OF ground-
water.

Ashitaka-lower volcanic: AL groundwater

vzgggtlgrilgg Concentration (103 M)
*Dissolved HCOz Cl- S0%~ Na+ K+ Ca2+ Mgt H,Si0,
constituents
in water 0.84 0.09 0.06 0.30 0.03 0.21 0.13 0.56
Plagioclase
(Na 0.35: Ca 0.65) 0.54 0.11 0.21 0.24
— Kaolinite
K-feldspar
— Kaolinite 0.03 0.03 0.06
Pyroxene 0.26 0.13 0.26
Mg-olivine 0 0 0
NaCl 0.09 0.09
CaSO0, 0.06 0.06
Base exchange +0.10 —0.05
Sum of reactions 0.84 0.09 0.06 0.30 0.03 0.22 0.13 0.56

Ashitaka-upper volcanic: AU groundwater

Wr::(t:ltlﬁ)t;llgg Concentration (10-3 M)
*Dissolved HCO5 Cl- S0%~ Na+ K+ Ca2+ Mg2+ H,Si0,
constituents
in water 0.78 0.11 0.07 0.31 0.04 0.20 0.14 0.56
Plagioclase
(Na 0.35: Ca 0.65) 0.45 0.10 0.18 0.20
— Kaolinite
K-feldspar
— Kaolinite 0.04 0.04 0.08
Pyroxene 0.28 0.14 0.28
Mg-olivine 0 0 0
NaCl 0.11 0.11
CaS0O, 0.07 0.07
Base exchange +0.10 —0.05
Sum of reactions 0.78 0.11 0.07 0.31 0.05 0.20 0.14 0.56
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Table 13  (continued)

Fuji lava: FL groundwater

Vil{gg(t:}gi%?'lxslg Concentration (103 M)
*Dissolved HCOz Cl- S0%- Nat K+ Caz+ Mgzt H,Si0,
constituents
in water 1.10 0.17 0.15 0.41 0.05 0.35 0.22 0.67
Plagioclase
(Na 0.35: Ca 0.65) 0.61 0.13 0.25 0.26
— Kaolinite
K-feldspar
~ Kaolinite 0.06 0.06 0.12
Pyroxene 0.24 0.12 0.24
Mg-olivine 0.20 0.10 0.05
NaCl 0.17 0.17
CaS0, 0.15 0.15
Base exchange +0.10 —0.05
Sum of reactions 1.10 0.17 0.15 0.40 0.06 0.35 0.22 0.67
Old-Fuji volcanic: OF groundwater
Vzggﬁlgfgggg Concentration (103 M)
*Dissolved HCO; ClI- SO0Z~ Na+t K+  Ca?* Mg?* H,Si0, Kaolinite Smectite
constituents
in water 143 017 0.15 0.69 0.05 0.32 0.22 0.57
Plagioclase
(Na 0.35: Ca 0.65) 0.94 0.20 0.37 0.40 0.47
— Kaolinite
K-feldspar
=5 Kaolinite 0.05 0.05 0.10 0.05
Pyroxene 0.26 0.13 0.26
Mg-olivin 0.18 0.09 0.05
NaCl 0.17 0.17
CaSO0, 0.15 0.15
Kaolinite
= Smectite —0.03 —-0.24 —0.20 +0.18
Base exchange +0.32 —0.16
Sum of reactions 1.43 017 0.15 0.69 0.05 0.33 0.22 0.57 0.32 +0.18

* Dissolved constituents in water data from the average values of the chemical analyses in Table 7.

stituents in the groundwater in the Fuji
lava and the Ashitaka volcanic ejecta
reflect the weathering reaction in which
rock-forming minerals produce kaolinite
and that some part of the Ca2* is produced
as a result of this reaction through cation
exchange with Na* in the aquifer, there
will be no mass balance between the
mineral system and the water quality
system. Similarly, if it is not assumed that
the chemical constituents in the ground-

water in the Old Fuji volcanic rock go
through processes of production of mont-
morillonite and cation exchange, there will
be no mass balance between the mineral
system and the water quality system.
However, there is a strong opinion by
clay mineralogists that kaolinite does not
change to montmorillonite under a condi-
tion of normal groundwater temperature in
Japan. As stated earlier, the tendency for
constancy of log k in Fig. 18 at higher Na+
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concentrations  suggests  equilibrium
between kaolinite and montmorillonite.
Therefore, if kaolinite does not changes to
montmorillonite, production of mont-
morillonite from rock-forming minerals has
to be considered. Experimental verification
of the assumption that kaolinite changes to
montmorillonite stated by GARRELS (1967)

is a future task.
It is generally thought that it takes an ex-

tremely long time before the water-rock in-
teraction reaches equilibrium. Thus the
groundwater in the Old Fuji mud flow
seems to be one with a long residence time.
OcHiar (1967) reported that the ground-
water in the Old Fuji mud flow is at least 50
years old based on their measurement on
tritium concentration in it. They also
measured tritium concentration in the
groundwater in the New Fuji lava and
reported that the groundwater in it is
relatively new. It seems therefore that the
water quality of the groundwater in the
New Fuji lava differs from that of the
groundwater in the Old Fuji mud flow in
terms of duration of the water-rock interac-
tion.

4. Mixing of the Fresh Ground-
water and Intruded Sea Water

In the studied area salinization has been
observed since 1960. Figure 8 shows the
scope of salinization and locations of saliniz-
ed groundwater samples as of 1970.
Salinization occurred after a sharp
drawdown of groundwater level which had
been observed for several years and the
salinized area expanded from near the
coastline to the inland. In view of these
hydrological phenomenon, sea water intru-
sion must be assumed. The chemical com-
position of the salinized groundwater,
however, is quite different from that of the
fresh groundwater mixed with sea water.
This raises two important questions. The
first question is: How to identify the origin

of salt water which has caused salinization?
The origin of salt water can be sea water,
fossil salt water or pore water (interstitial
water).

The second question is: If it is assumed
that salt water originated in sea water, why
has such an extreme change in water guali-
ty resulted after the mixing of fresh ground-
water and sea water? This phenomenon
cannot be explained by mere mixing of two
types of water with different water quality.
So it seemed obvious that this can be ex-
plained by a water-rock/sediment interac-
tion. In other words, it was necessary to
take the rocks and sediments in the aquifer
into account in explaining this phenom-
enon.

4.1 Salinization of Groundwater in
the Coastal Area

Salinization in this area began near the
mouth of the Numa River in 1960. Salt
water intrusion began near the boundary
between two areas of the New Fuji lava
layer and the Ashitaka volcanic sand and
gravel layer, which are the two major
layers in this area, and then expanded north-
ward along the Wada River where the boun-
dary mesh distributes. In 1961 the salt
water intruded into the lava layer aquifer
near the western coast of the harbour of
Tagonoura and then the groundwater in
the New Fuji lava layer in the inland area
was salinized rapidly. On the other hand,
the rate of salinization of the groundwater
in the Ashitaka volcanic sand and gravel
layer at the eastern side of the Wada River
was slow but expanded steadily. Figure 19
shows how salinization expanded from its
initial stage until 1966. Figure 20 shows
the vertical distribution of salinized ground-
water as of 1970 for geological sections A—
A’ and B-B’ in Fig. 2. At that point of time
none of the alluvial layer, the Old Fu;ji ag-
glomerative mud flow layer and the
Ashitaka volcanic sand and gravel lower
layer was salinized. Thus salinization in
this area appears to be limited to the major
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Fig. 19 Advance of sea water intrusion into groundwater. Dotted line shows the boundary between
the New Fuji lava distributed area (western side) and the Ashitaka volcanic sand and

gravel layer (eastern side).

aquifers in the lava layer and the Ashitaka
volcanic sand and gravel upper layer.
Salinization of the groundwater in the
New Fuji lava layer in this area is closely
related to the change in groundwater level.
Figure 6 shows that there was a sharp
drawdown of lava groundwater level from
1960 to 1963. At the well b which is 2.7 km
away from the coast the groundwater level

dropped by as much as 4 meters during
that period. Figure 21 shows the relation
between Cl— concentration and ground-
water level at point FY-2 since 1965. As
can be seen from this diagram, Cl~ concen-
tration increases or decreases as ground-
water level drops or rises. As this diagram
shows, it is clear that the groundwater in
the lava layer in this area was salinized as a
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Fig. 21 Secular changes of groundwater level and chloride concentration in New Fuji lava aquifer,

1961-1970, and 1970-1983.

result of drawdown of groundwater level.
The change in Cl~ concentration since
1970 is that observed at the observation
well G-3. There has been a sharp decrease
in Cl- concentration since 1972. This
decrease in Cl~ concentration is related to
the rise of groundwater level by about 3
meters since 1972 at the well G-3, as
shown in Fig. 6. These data are very impor-
tant, because they suggest that the saliniz-
ed aquifer can be recovered into fresh
groundwater aquifer by raising ground-
water level.

4.2 Origin of Salt Water
Salinization of the groundwater in the

New Fuji lava layer and the Ashitaka
volcanic sand and gravel layer is monitored
by the observation of Cl— concentration
which was conducted once a month (based
on data available from Shizuoka Prefect-
ure) and chemical analysis of all species of
50 samples was conducted twice a year. Of
these samples, 7 samples (FY 1-7) col-
lected from the groundwater in the New Fu-
ji lava layer and 5 samples (FG 1-5) col-
lected from the groundwater in the
Ashitaka volcanic sand and gravel layer
were selected as the representative
samples from low to high levels of saliniza-
tion of groundwater (see Fig. 2). Then,
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measurement of the isotopic composition
of oxygen and hydrogen of water was con- @zM 232 =
ducted using these representative samples PE|F ¥ O A
(ANDO and IKEDA, 1980). - ~ ©
Table 14 shows the results of these Rdmb m p m m =
measurements. Since the interaction be-
tween the isotopic composition of oxygen |22z oan
and hydrogen of water and the aquifer BIE8l 53338
material is negligible, it is assumed that, ,W -
when sea water mixes with fresh water, the 5l 2223522y
result of mixing can be expressed by the &|Cg| " RILIT S
values of isotopic composition of oxygen g
and hydrogen of water. Figures 22 and 23 m KM Isezes
show the relation of §'80 and 6D values to 417§ “eRC8
Cl~ concentration of a sample of fresh 8
L coocooco
groundwater, and the 11 samples of saliniz- B | 43 |92S 82 ¢
ed groundwater, 6180 and oD values for the 5|78 P2
fresh groundwater are plotted on a line m,
parallel to the global meteoric water line o 55w o
oD=8 6180+10 (CRAIG, 1961) and those & |Z& | ™ = -
for the salinized water in both the New Fuji ) cowooo
lava and the Ashitaka volcanic sand and AR RN
gravel layer along a line connecting the 21 8 N
point of SMOW (Standard Mean Ocean = o oooo
Water) and the fresh groundwater. Those m 3P EEsIs
with higher Cl~ concentration are plotted 5 |C 8| “©BE&SF
closer to the SMOW point. The correlation -
coefficients of the CI to the D, tothe 0% 5|2~ | v o m o
O, and the 6D to the §'80 were above 0.9, 2 < Elesaday
respectively. These data suggest that ,w
salinization of groundwater was caused by m o | neweo oo
sea water intrusion. e R
4.3 Water-Rock/Sediment Interac- 8|z |enarae
. . o s o |G |8 O <8
tion in Salinized Groundwater § o
The water quality of the groundwater in m .
the lava layer and Ashitaka volcanic sand g mxm BS+828
. . 3 X |~ NS SN
and gravel upper layer in this area before ° m I T B
salinization = was  characterized by k)
singledigit Cl~ concentration (HIRUKAWA 8l lbom e
et al., 1957; IKEDA, 1967), which was close g DW% SFE~FE
to the mean value for the water quality of S| |' I I 1 [
the groundwater in both layers and it was m 5
of Ca-HCO; type. wc gE|B8RSSS
If it is assumed that the groundwater a
was salinized as a result of sea water intru- m
. 2 g — N M O ©
sion, most of the C1—, Na*, Ca2*+, Mg?+ and S S| B bk b s b g
SO%~ content-excluding HCO5 and SiO,, = kel e
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Fig. 24 The relationship between chloride concentration and selected constituents in salinized

groundwater.

the two major components of the fresh
groundwater-originated in sea water and
the ratio of each of these components to
Cl~ should be close to that observed in sea
water. Figure 24 shows the relation be-
tween the Cl~ content and the Na*, K+,
Ca2t, Mg?t, Br— and I~ content of the
salinized groundwater.

In the salinized groundwater Ca/Cl is by

far higher and Na/Cl and K/Cl are lower
than in sea water, from which it is obvious
that the relation between these cation com-
ponents and Cl- cannot be explained by
mere mixing of fresh groundwater and sea
water.

As regards anions in the salinized ground-
water, SO,/Cl is a little higher, and I/Cl is
a little lower in the salinized groundwater
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Fig. 25 Key diagram showing chemical character changes by salinized groundwater.

than in sea water. Br/Cl in the salinized
groundwater is the same as in sea water.

The change in chemical composition
when fresh groundwater is salinized is
shown in the key diagram in Fig. 25. The
salinized groundwater is very Ca2* rich in
comparison with the mixing line in the case
of mere mixing of fresh groundwater and
sea water. It belongs to the water quality
type of Ca—Cl in the key diagram classifica-
tion. As shown in the same diagram,
however, the anion composition is similar
to that of “‘fresh water +sea water’’ as the
triangular coordinate system of Cl—, SO%~
and HCO3 +CO0% ™ indicates.

The above-mentioned isotopic composi-
tion of oxygen and hydrogen of water and
anion composition suggests that the
groundwater in this area was salinized as a
result of sea water intrusion. On the other
hand, the cation composition shows a very
different chemical characteristics. Based
on these facts, it can be assumed that the
groundwater in this area was salinized as a
result of a water-rock/sediment interact-

ion-mainly a cation exchange reaction-be-
tween the intruding sea water and the
geological materials, which are the clay/
silt layers distributed on and beneath the
aquifer. In this area in particular, it appears
that the interaction between the intruded
sea water and the clay/silt layers
distributed on and beneath the lava and the
Ashitaka volcanic sand and gravel upper
layer was involved in the salinization of the
groundwater.

According to the result of identification
of non-clay and clay minerals by X-ray dif-
fraction (Fig. 26), these samples of the
clay/silt layers contain non-clay minerals
such as quartz and plagioclase and clay
minerals such as chlorite and illite.

It can thefore be assumed that the sea
water which had intruded into the aquifer
came into contact with these clay/silt
layers acting as confining layers for the
groundwater and was then changed in quali-
ty mainly as a result of its cation exchange
with clay minerals.
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Fig. 26 X-ray diffraction analyses of core samples.

5. Laboratory Experiments Regarding in this area is characterized by an increase
Water-Rock Interaction in chemical constituents in the moving
groundwater and a change in water quality, .

As stated in Chapter 3, formation of the which suggest that it is possible to estimate
chemical composition of the groundwater the direction of the groundwater flow and
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classify aquifer on the basis of the
characteristic chemical composition. In
this chapter, the mechanism of water quali-
ty formation through the water-rock in-
teraction between aquifer materials and
rainwater, which is the base of the above, is
studied.

For this purpose, samples of the New Fu-
ji lava and the Ashitaka volcanic rocks,
both of which are the major aquifer
materials in this area, were collected and
then the interaction between them and
pure water was observed in the laboratory.
This laboratory experiment is advan-
tageous in that it makes it possible to
observe a natural phenomenon in its
simplified form in the laboratory and trace
the change in water quality over time.

Also laboratory experiment on saliniza-
tion of groundwater was conducted for the
purpose of identifying the geological
materials which interact with the intruded
sea water and clarifying such underground
reactions as solution, deposition and cation
exchange reaction in the laboratory.

5.1 Types and Methods of Ex-

periments

(1) Experiment on Solution of

Powdered Rock Samples in
Water

Leaching experiments on samples of the
New Fuji and Ashitaka volcanic ejecta, col-
lected from 11 points in this area were car-
ried out. Figure 8 shows the locations of
rock sampling and Table 15 the types of
rock samples.

The rock samples were crushed into
powder of less than 100 mesh (0.147 mm)
and 25¢g of it was put into a 250 m/
polyethylene bottle together with 250 m/ of
distilled water. Then each bottle was seal-
ed completely and stored in a dark place at
room temperature. After a given period of
time, the water in each bottle was analyzed
to determine the dissolved constituents in
it. The periods of storage of bottle were 7,
14, 23, 247, 380, 660 and 870 days, respec-

Table 15 Lithology of the sampled rocks.

Rocst:mple Sample rock name Sample site
R-1 New Fuji volcano  Outcrop
Fuji lower lavas
R- 2 Fuji basal lavas QOutcrop
R-3 Fuji lower lavas Outcrop
R- 4 Fuji lower lavas Outcrop
R-5 Fuji middle lavas Outcrop
R-6 Fuji lower lavas Boring core
(=5~—17m)
R-7 Ashitaka middle Outcrop
(tuff breccia)
R- 8 Ashitaka lower Outcrop
(basalts)
R-9 Ashitaka middle Outcrop
(tuff breccia)
R-10 Ashitaka lower Outcrop
(basalts)
R-11 Ashitaka lower Outcrop
(basalts)

tively. Each bottle remained sealed for
each period of storage, sometimes being
shaken to accelerate mixing of consti-
tuents. The chemical constituents analyzed
were pH, HCOj3, Cl—, S0, Ca?t, Mg2+,
Nat, K+, and SiO,.

(2) Experiment on Interaction be-
tween Geological Test Samples
and Sea Water

Three samples of clay layers (1-1, 1-2,

2-2) were collected at wells G-1, G2 (Fig.
2) and the lava sample (2-3) was collected
at depths as shown in Fig. 27. Silt and clay
were prepared from clay layer samples by
the elutriation method and were then air-
dried. And samples of these air-dried silt
and clay were used in the experiment. Two
kinds of experiments were carried out:

1) Leaching Experiment on Geological

Test Samples with Sea Water

In this experiment a separating funnel
and the leaching tube were. used as
leaching device (see Fig. 28). The leaching
tube was filled with a mixture of quartz
sand and sample (2:1 or 4:1); quartz sand
was prepared to be mashed with warm
dilute hydrochloric acid and then with pure
water, onto which sea water was dropped
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Fig. 27 Geological column at G-1 and G2 and
sampling depth of the test material.

from the separating funnel. Then the
eluate was divided into several fractional
solutions and the chemical composition of
each fractional solution was analyzed.

2) Cation Exchangeable Capacity
(CEC) and Exchangeable Cation
Analysis

The improved method (WATANABE,
1961) of the analytical method of CEC
developed by Schollenberger and SIMON
(1945) was used for this analysis. 1N solu-
tion of CH;COONH,, used as leaching solu-
tion, was dropped onto the sample and then
NH{ absorbed into the sample was ex-
tracted with NaCl solution for estimation.
The absorption of NH; was defined as ca-
tion exchangeable capacity (CEC).

Na+*, K+, Ca%*, Mg?* and other cations

Silt and
clay
sample

Glassfilter

mm

Fig. 28 Apparatus of experiment.

which were dissolved in the leaching solu-
tion as a result of displacement by NH;
were analyzed. These cations were defined
as exchangeable cations.

In the experiment, the leaching solution
was washed in ethyl alcohol solution
because the divalent ion/monovalent ion
ratio increases, if it is washed in pure water
(SAYLES and MANGELSDORF, 1977).

Clay minerals in the silt/clay samples
were identified with an X-ray diffraction in-
strument (manufactured by Rigaku Denki
K.K.). The powdered samples were
suspended in a small quantity of water and
then put on a glass slide and dried. The
clay films thus prepared were used as
samples and their measurement was con-
ducted under the testing conditions shown
in Fig. 26.

5.2 Result of Analysis
(1) Leaching Experiment on Forma-
tion of Water Quality
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Fig. 29 Dissolution of chemical constituents in the water-rock reaction experiment.

Figure 29 shows the change over time of
the chemical constituents which were
dissolved from the powdered rock samples
in the leaching experiment mentioned in
5.1 (1). The result of this experiment can
be summarized as follows:

1) The concentration of dissolved
chemical constituents increases in propor-
tion to the logarithm of the time of contact.

2) The composition of dissolved
chemical constituents changes over time.
The composition of the major chemical con-
stituents after a lapse of 660 days was 50—
75 equivalent % of Ca?*+Mg2* in cation
and 85-90 equivalent % of HCO3 in anion.

3) A very small quantity of Cl-
dissolves from the rock. Dissolution of Cl-
stops before the end of the first month. The
quantity of Cl— dissolution hardly increases

thereafter.

4) SO% dissolves little by little from
the rock and it seems that sulfur com-
pounds in it are oxidized little by little in
the course of weathering.

5) After a lapse of 380 days Whlte
precipitate was found on the surface of the
powdered rock sample. As a result of X-ray
diffraction it was found that this precipitate
is amorphous. Its major chemical consti-
tuents are Si0O,;, Al,O3 and Fey0;. The
other chemical constituents include TiO,
and CaO.

6) After alapse of 660 days a decrease
of Ca?* and a rapid increase of Na*t was
observed in the dissolved chemical consti-
tuents.

7) The pH value changed from “slight-
ly acidic” to “‘slightly alkaline.”
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Fig. 30 Key diagram showing chemical character for water-rock interaction experiment.

8) S0,/Cl ratio in the composition of
dissolved chemical constituents in the case
of samples of the New Fuji lava was higher
than in the case of samples of the Ashitaka
volcanic rock.

As shown in Fig. 29, in the chemical reac-
tion observed in the above-mentioned ex-
periment the dissolution rate gradually
became lower and the pH value increased
over time. This phenomenon seems to oc-
cur because CO, in water is involved in the
water-rock interaction, gradually decreas-
ing and thus decelerating the interaction.

As shown in the key diagram of Fig. 30,
the composition of dissolved chemical con-
stituents after a lapse of 660 days is, excep-
ting the relatively low Cl- and SO%~ con-

tent and the low concentration of dissolved

chemical consitituents, quite similar to that
seen in the groundwater in the New Fuji
laval and the Ashitaka volcanic sand and
gravel layer. It is quite natural that the Cl—
and SO~ content is relatively low because

the sample contains no Cl- and SO%~
originating in rainwater. The low concen-
tration of dissolved chemical constituents
can be explained by the experimenting con-
dition under which the ratio of water to the
rock sample is 100:1.

Figure 31 shows the change over time of
the composition of dissolved chemical con-
stituents. Na/Ca, K/Na, Mg/Ca and SiO,/
total cations (mol ratio each) were used as
chemical indices. For the purpose of com-
parison of these chemical indices for the
original rock, the experimental eluate
water and the groundwater, the mean
value for chemical constituents in the
original rock and that for each of the
groundwater in the New Fuji lava layer and
the groundwater in the Ashitaka volcanic
sand and gravel layer are shown in Tables
4 and 3, respectively.

Na/Ca (mol ratio) is higher in the case of
the experimental eluate water and the
groundwater than in the case of the original
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Fig. 31 Changes of sodium to calcium ratio, potassium to sodium ratio and magnesium to calcium

ratio, during the experiments.
31-1 New Fuji lava rock samples
31-2 Ashitaka volcanic rock samples

rock, which means that Na+* is more solu-
ble than Ca2*. The fact that the first ex-
perimental eluate water after a lapse of 7
days showed the highest Na/Ca means that
Na+ is most soluble. After a lapse of more
than 7 days Na/Ca decreases as a result of
an increase in the quantity of dissolved
Ca2*, coming close to that for the original
rock. After a lapse of 660 days, however,
the Ca2* content decreases and the Na*
content increases despite the increase in
the total quantity of dissolved chemical con-
stituents, which suggests that some cation
exchange reaction occurred in the experi-
ment system.

As stated earlier, K/Na (mol ratio) is
higher in the case of the original rock and
the groundwater in the Fuji lava than in the
case of the original rock and the ground-
water in the Ashitake volcanic sand and
gravel layer. The same phenomenon was
observed with the experimental eluate
water. Excepting the eluate water with one
sample of the New Fuji lava (0.10-0.13)

and that with one sample of the Ashitaka
volcanic sand and gravel layer (0.13), all
the other 5 samples showed mol ratios of
0.06-0.09.

There was no significant difference in
Mg/Ca among the original rock, the ex-
perimental eluate water and the ground-
water. There was little change over time in
Mg/Ca for the experimental effluent.

In the comparison of the experimental
eluate water and the groundwater in the
New Fuji lava and the Ashitaka volcanic
rock in terms of SiOy/total cations (total ca-
tions are represented as total milli-
equivalents per liter for Ca2*+ +Mg2++Na+
+K+* and SiO, as millimol per liter), the
range for the eluate water contact with the
New Fuji lava rock were 0.5-0.7, that for
the groundwater in New Fuji lava layer and
in the Ashitaka volcanic layer were 0.5-
0.6. Thus the experimental and the groud-
water are harmonious with each other.

Si0y:Na for the experimental eluate
water (after a lapse of 660 days) was 1.8:1
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Table 16 Water quality by water-rock experiment (660 days) and calculated composition by weathering reac-

tions (Table 11, 12).

Water-rock experiment
The water contact with Fuji lava rock samples (average)

vzggggi%rrilgg Concentration (10-4 M)
Dissolved HCO5 Cl- S0%~ Na+ K+ Caz+ Mg2+ H,Si0,
constituents
in water 3.29 0.16 0.23 1.37 0.16 0.68 0.49 2.20
Plagioclase
(Na 0.35: Ca 0.65) 2.15 0.45 0.84 0.90
— Kaolinite
K-feldspar
- Kaolinite 0.16 0.16 0.32
Pyroxene 0.98 0.49 0.98
Mg-olivine 0 0 0
NaCl 0.16 0.16
CaS0, 0.23 0.23
Base exchange +0.78 —0.39
Sum of reactions 3.29 0.16 0.23 1.39 0.16 0.68 0.49 2.20
Water-rock experiment
The water contact with Ashitaka volcanic rock samples (average)
VZggE}tlieol’rillslg Concentration (10— M)
Dissolved HCOz Cl- S0%~ Na+* K+ Caz+ Mg2+ H,Si0,
constituents
in water 3.34 0.13 0.12 1.27 0.12 0.68 0.47 2.14
Plagioclase .
(Na 0.35: Ca 0.65) 2.28 0.48 0.89 0.96
— Kaolinite
K-feldspar
~ Kaolinite 0.12 0.12 0.24
Pyroxene 0.94 0.47 0.94
Mg-olivine 0 0 0
NaCl 0.13 0.13
CaSO, 0.12 0.12
Base exchange +0.66 —0.33
Sum of reactions 3.34 0.13 0.12 1.27 0.12 0.68 0.47 2.14

for the effluent of the Fuji lava and 2:1 for
the effluent of the Ashitaka volcanic rock,
which suggests occurrence of a weathering
reaction in which plagioclase changes into
kaolinite.

Calculation was done on the assumption
that the dissolved chemical constituents in
the experimental eluate water were produc-
ed as a result of a weathering reaction, bas-
ed on the equations of Tables 11 and 12.
Table 16 shows the mass balances of

chemical constituents, under each of which
each mineral produces each ion. In this
table of mass balances, which was
prepared on the assumption that silicate
minerals in the rock samples have gone
through a weathering reaction, the balance
is not kept unless it is also assumed that
there were some cation exchange reac-
tions. This assumption is necessary
because the Ca and Mg content of cation in
water is smaller than that in the original
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Fig. 32 Composition in mol-percentage of Ca, Mg,
and Na-+K in host volcanic rocks, water
from water-rock experiments and ground-
waters.

rock and the converse is true of the Na con-
tent. According to Fig. 29 which shows the
result of a laboratory experiment, with the
experimental eluate water of all of the
samples RW 1-11, the experimental value
for Ca?* decreases and that for Na* in-
creases rapidly after a lapse of 660 days,
despite the fact that experimental values
for all the other ions continue to increase
over time. This means that there was a ca-
tion exchange reaction even in the sealed
system of pure water and the rock sample
alone. Thus the table of mass balances, in-
cluding cation exchange reactions, shown
in Table 16 seems to reflect accurately the
result of the laboratory experiments on the
water-rock interaction.

Figure 32 shows a comparison of the
chemical constituents in the original rock,

the experimental eluate water and the
groundwater in this area on triangular coor-
dinates of the three constituent system of
Ca, Mg and Na-+K. The experimental
eluate water from the original rock is
Na-+K rich in comparison with the original
rock. The values for the groundwater and
those for the experimental eluate water are
harmonious with each other.

These results indicate that the chemical
constituents in the original rock are not
necessarily identical with those in dissolv-
ed ions. They also seem to indicate that
there are many aspects of the process of
water quality formation which cannot be in-
terpreted correctly without taking into ac-
count the cation exchange reaction
between Nat and Ca2™*.

As stated earlier, the table of mass
balances, as shown in Table 13, which
relates the formation of the groundwater in
this area is invalid unless it presupposes a
cation exchange reaction. These experi-
ment results seem to suggest that this
thinking is right. These experiment results
also suggest that an argument about the
chemical constituents in the plagioclase in
the original rock which is merely based on
the result of analysis of water quality may
lead to a wrong interpretation about it.

Figure 33 shows the process of water
quality formation in the dissolution experi-
ment plotted in the diagram which BRICKER
and GARRELS (1967) prepared using the
equilibrium constant for mineral phase and
chemical constituents in water. As can be
seen from this diagram, mineral phase in
equilibrium with water varies with the
time. In the initial stage of the water-rock
interaction the experimental eluate water
is seen to evolve as it moves toward the
gibbsite area, then to the kaolinite area and
finally to the boundary between the
kaolinite area and Ca-montmorillonite area.
In actuality, the groundwater is located far
beyond in the direction of the evolution of
the experimental eluate water. The ground-

— 386 —




Chemical evolution of groundwater quality (K. Ikeda)

16
14 Cal-Montmopillonite o
5 i
[ON ©_ |
e [ 5
5 e ARhE
~ 2 SF T °
@ ] 7 Zﬁl‘ - i =
S i Veﬁj o
— 10 g%fp é’_
/n/ H aolinit * \ gA
’ "
g L] /! I : AN
-4.5 -4 -3.5 -3 —2.5
LOG H4SIO04
+: FL D:Au  %: OF oO: AL W-R experiment
O R-W-1
2
e 3
* 4
" 5
A 1

Fig. 33 Evolution of water quality of water from water-rock experiments on the activity diagram.
Arrow shows the change of the quality with the lapse of time.

water in the Fuji lava and the Ashitaka
volcanic sand and gravel upper layer is plot-
ted in the kaolinite area, the groundwater
in Ashitaka volcanic sand and gravel lower
layer near the boundary between the
kaolinite area and the Ca-montmorillonite
area and the groundwater in the Old Fuji
mud flow in the Ca-montmorillonite area.

These experimental results also suggest
that types of minerals which are produced
as by-products (weathering products) of
formation of the water quality of the
groundwater in the volcanic rocks vary
with the time.

Another process of water quality evolu-
tion clarified as a result of the dissolution
experiment can be studied in terms of the
relation between Na* and log (Ca2*/H2)
+8 log Si0,—i.e. log k. As shown in Fig.
18, in this relation the composition of
dissolved constituents in the experimental

eluate water on the lava sample R-3 is
characterized by increase of Na® and
decrease of log k. In other words, the com-
position of dissolved constituents changes
as they move toward the area indicated by
the groundwater in the lava. Accordingly,
in this diagram the process of change in
water quality, from the very beginning of
the water-rock interaction to a state nearly
equal to that of equilibrium, is drawn in the
direction of the arrow. It seems that Figs.
33 and 18 will serve as important indicators
of the evolution of the water quality of the
groundwater in volcanic rock areas.

(2) Experiment on Sea Water-Sedi-

ments Interaction

Figure 34 shows the result of a
laboratory  experiment of leaching
geological core samples with sea water. G
2-3 sample is the New Fuji lava salinized
by sea water and G 2-2 sample is the confin-
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Fig. 34 Chemical change of percolated sea water on the experiment of sea water-sediments interac-

tion.

ing layer of the salinized aquifer.

The experiment result shows that the
New Fuji lava (G 2-3) itself, which has
become an aquifer, hardly changes the
chemical composition of sea water.

In an experiment with the clay/silt sam-
ple G 2-2, the chemical composition of the
leaching solution (sea water) changed
remarkably, which means that sea water ap-
parently underwent a change in quality.
The leaching solution showed more in-
crease of Ca2* and SO~ in comparison
with sea water. Mg2+ concentration is
almost same between the two. As can be
seen from Table 17 which shows increase
or decrease of each of the chemical consti-
tuents in sea water, decrease of Nat and
K+ is not consistent with increase of Ca?*
and Mg2*. Part of the increment of Ca2*
dissolves from the clay/silt sample in the

form of sulfate.

Dissolution of sulfate from the clay/silt
sample was also observed in the case of
pure water leaching. When the dissolution
of the sulfate in the clay/silt sample is cor-
rected, decrease of Na*™+K* becomes
almost consistent with increase of Ca?* +
Mg?2+, which means that there was a cation
exchange reaction between the alkaline
earth metal ion in the sample and the alkali
metal ion in sea water.

In this experiment, change in the quality
of the first fraction solution was most
remarkable. The other fraction solutions
are almost in equilibrium with sea water,
excepting the fact that they contain larger
quantities of SO3~ and Ca?t than sea
water. This experiment was conducted
under normal atmospheric pressure and at
normal room temperature. The whole ex-
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Table 17 Chemical changes of sea water composition after leaching of the silt-clay samples.

HCO; c- S02~ Anion Na+ K+ Cat+ Mg?+ Cation

mg/! me/l mg/l me/l mg/l me/l me/l mg/l me/l mg/l me/l mg/l me/l mg/l me/l mell

Original
seawater sample 1226 2.01 15618 44043 2175 4524 478.68 8670 37628 312  7.98 340 17.00 1060 87.24 488.50

1st leachin,
sea water 56 ml)

2nd leaching
sea water (7 ml) 1135  1.86 15618 440.43 2267 47.15 489.25 8660 375.84 288 7.37 384 19.20 1066 87.74 490.15

113.5 1.86 15618 440.43 2403 49.98 492.24 8580 372.37 275 7.04 557  27.85 1063 87.40 494.66

—68¢ —

Table 18 Mineralogy of the silt-clay samples.

Constituent of minerals

Sample No. (fefgﬁ’lg; Clay part (—2 um)
Kaolinite Illite Chlorite M{f;‘g’ggﬁ Quartz Feldspar Calcite Gypsum
G1-1 51 i i i - T # + +
G2-2 97 i i i - # # + +

—: Not detected; I: 0-9%; IT: 10-199%; I1I: 20-29% (wt.%)
+: Detected; H: minor; #: major

(Dpay] ) Kp3onb 4o1pmpunols fo uoynjona [pI1waYy7)
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perimenting process, from the first drip of
sea water until the last stage, took about 6
hours. The result of this experiment im-
plies that the interaction between sea
water and the chemical constituents in a
layer is rather quick.

In this experiment, as the SO?~ content
of the leaching solution increased, pH
value decreased, HCOs concentration
decreased and free CO, concentration in-
creased. This phenomenon shows that
sulfides in the clay/silt sample were oxidiz-
ed and dissolved in the leaching sea water.
It seems that chemical reactions
represented by the following equations oc-
curred.

20,+HS-—S05~ +H+ (5-1)

HCO3 +H+*—H,0+CO, (5-2)

Table 18 shows the result of X-ray dif-
fraction of the chemical constituents in the
clay/silt samples (1-1 and 2-2) used in the
leaching experiment with sea water. These
samples consist of clay minerals containing
mainly chlorite, illite and kaolinite and non-
clay minerals containing mainly quartz and
plagioclase. The sample G 2-2 has a CEC
of 8.3 milliequivalents per 100 g (Table
19). It seems that there was a cation ex-
change reaction between sea water and

clay minerals in the clay/silt layer which
becomes the confining layer for the ground-
water.

The composition of the exchangeable ca-
tions in the sample G 2-2 was measured
before and after leaching in the leaching ex-
periment. Table 19 shows the result of this
leaching experiment. The composition of
the exchangeable cations before the sample
comes into contact with sea water is
characterized by abundance of Ca2+*, while
after leaching it is characterized by abun-

dance of Na*. This change indicates that

there were cation exchange reactions in
which exchangeable Ca2* was discharged
into sea water and Na+ and K+ in sea water
were absorbed in the caly sample as ex-
changeable cations. Figure 35 illustrates
these cation exchange reactions.

Table 20 shows the result of calculation
of the quantity discharged or absorbed of

Table 20 Changes in exchangeable cations of
the silt-clay sample through reaction
with sea water.

Na+ K+ Ca2+ Mg2+

Sample (me/100 g of silt-clay sample)

G2-2 —2.58 —0.49 +3.00 +0.07

Table 19 Exchangeable coations of the silt-clay samples under original conditions and after equilibration to the

sea water.
Exchangeable cation Exchangeable cation
Sample D(e;ggh C(()&‘Ii)(g)isligﬁn ZCations (N(I:-Egc) (Equilibrciflﬁpv?r?tllt;os%a water)
xNa xK xCa xMg me/l00g me/l00g xNa xK xCa xMg
G2-2 97 0.06 0.02 0.64 0.28 7.20 8.31 0.37 0.08 028 0.27

XNa XK xCa and xMg: equivalent fraction

Nt K*

K
[[caZF Mgt :cray + seawp[Na*[fa?ingd:Clay + Salinized

+

groundwater

Fig. 35 Cation exchange reaction between silt-clay sample G 2-2 and sea water.
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Fig. 36 Change of exchangeable cations after the reaction between the core sample (G 2-2) and
sea water, compared with the difference of cation composition of a salinized water sample
(FY-2) from that estimated on the basis of simple mixing.

each of the exchangeable cations Na+, K+,
Ca?*, and Mg?*. It is obvious that the sam-
ple G 22, which was collected from right
above a salinized lava layer, absorbed 2.5
milliequivalents/100 g of Nat+ and 0.49
milliequivalents/100 g of K* from sea
water and discharged 3.00 milli-
equivalents/100 g of Ca%* and 0.07 millli-
equivalents/100 g of Mg2+,

The above-mentioned experimental
results can illustrate the phenomenon of
salinization of the groundwater in this area.
The water quality of the salinized ground-
water is characterized by abundance of
Ca2t*, which seems to be attributable main-
ly to a cation exchange reaction between it
and clay minerals in the clay/silt layer
which acts as a confining layer. This may
be explained by the fact that, as shown in
Fig. 36, the ratio of the difference between
the concentration of each of Ca2+, Mg2+,
Na* and K+ in the actual salinized ground-
water and ‘‘fresh water+sea water” is
relatively consistent with the result of
calculation of the quantity discharged or ab-
sorbed of each of Ca2+, Mg?+, Na™ and K+.

On the other hand, there is no significant
difference between the concentration of
SO3~ in the salinized groundwater and the
calculated value for the simple mixing of
sea water and fresh groundwater. But in
the case of the salinized groundwater SO,/
Cl is a little higher and HCQO;/Cl is a little
lower than in the case of ‘“‘fresh water+sea
water’’. This phenomenon may be explain-
ed by the fact, as was observed in the ex-
periment leaching the geological test
samples with sea water, sulfide compounds
were oxidized and dissolved in sea water as
a result of the intruded sea water’s contact
with the clay/silt layer in an oxidizing en-
vironment. It seems that H* produced as a
result of this oxidization reaction decompos-
ed HCOj, thereby lowering pH value.

6. Interpretation of the Hydrological
Phenomenon of Salinization of
Groundwater Based on the Study of
Cl~ Concentration

As stated in chapters 4 and 5, it is ob-
vious that salinization of the groundwater
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Fig. 37 Flowing interval at the well B and the calculated water level by Ghyben-Herzberg princi-
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Fig. 38 The relationship of fresh water-salt water interface in coastal aquifer by Ghyben-Herzberg

principle (after Harder et al., 1966).

in this area was caused by sea water intru-
sion. Thus the concentration of Cl= in
groundwater can be used as an element in-
dicative of sea water intrusion. In this
chapter the mechanism of sea water intru-
sion in the initial stage of salinization of
groundwater is studied through the rela-
tion between the concentration of Cl~ in
groundwater and groundwater level.

6.1 Relation between Cl- Concentra-
tion and Ghyben-Herzberg’s
Wedge of Salt Water

In the following a description of the

changes in the concentration of Cl~ in the
groundwater in the intermittently flowing
well in the Tago district on the western
side of the harbour of Tagonoura based on
the result of a survey of the concentration
of Cl~ contained in the artesian ground-
water in the Fuji lava aquifer is given.

The well B is located 570 meters away
from the coastline. Figure 37 shows Cl—-
concentration values, flowing intervals and
the result of conversion of values for tide
level at the harbour of Shimizu (Japan
Meteorological Agency, 1961) into Tokyo
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Bay Medium Tide Level values (T.P.).
The Cl~ concentration changes from
90, 106 mg/! at low tide to 144,155 mg/] at
high tide, which evidences the effect of
tidal change on Cl- concentration. At the
high tide, the groundwater flows for 4
hours and stops flowing at the low tide.
Thus groundwater level varies with the
phase of tidal change.

The head of the well B, 114.5 meters
deep, is 2.493 meters above sea level. The
New Fuji lava layer distributes 103.7-
114.5 meters in depth. Its screen is as deep
as the depth of the lava layer. Until 1959
the well used to flow continuously and CI~
concentration used to be about 3 mg/l.
This means that the groundwater could be
salinized even when groundwater level was
above sea level. This phenomenon sug-
gests that it is related to Ghyben-Herz-
berg’s principle.

As shown in Fig. 38 (HARDER et al.,
1953), the wedge of salt water intrudes in-
to the inland as a result of the difference in
density between sea water and fresh water
near the coast. In actuality there appears a
mixing area between salt water and fresh
water. But here it is assumed that there ap-
pears a clear salt water/fresh water inter-
face between them. The well B with in-
creasing Cl— concentration is thought to be
located at the tip of the intruding wedge of
salt water. It can be said that the well B
came into contact with the salt water/fresh
water interface at a depth of 114.5 meters.

Figure 37 shows, in broken lines, the
result of calculation using Ghyben-Herz-
berg’s principle.

h=(ps-1)H (6-1)
where h: fresh water level above sea level

ps: density of sea water (1.025, g/cm3)

H: depth of salt water/fresh water inter-

face (from sea level)
Given the sea level which varies with tidal
change as base

at low tide: hpy= (ps—1) Hppin

at high tide: hp,= (ps—1) Hppax

(6-2)
(6-3)

The intermittent flowing of groundwater
from the well B is well consistent with the
result of the above calculation, which
means that salinization of the intermittent-
ly flowing well B can be explained by the in-
trusion into the inland of Ghyben-Herz-
berg’s wedge of salt water. The fact that
this phenomenon can be explained by
Ghyben-Herzberg’s principle seems to
mean that the New Fuji lava aquifer has a
structure which opens toward the sea.

Based on Ghyben-Herzberg’s principle,
HARDER et al. (1953) represented the rela-
tion between the length of the wedge of salt
water in the artesian groundwater layer in
a coastal area (L) and the flux of the fresh
water which passes through the unit cross
section of the artesian groundwater layer
(q) as follows:

=5 (ps-1) X (6-4)

Were K: hydraulic conductivity of aquifer,
cm/sec
M: thickness of aquifer

The equation (6—4) indicates that, if the
aquifer is homogeneous and fresh water
flows steadily, there is a correlation be-
tween the wedge of salt water and the flux
of fresh water.

As a result of calculation done on the
assumption that L is 570 meters, thickness
of aquifer is 10 meters and hydraulic con-
ductivity of lava aquifer (K) is 1.7x10-1
cm/sec (Table 2). The flux of fresh water
(@) is given with 2.24 X 10~4 m/min. Thus,
it can be assumed theoretically that if the
value for the flux of fresh water is smaller
than this value, even though groundwater
level higher than sea level, L will be longer
than that of the well B and the scope of
salinization will be expanded. The reverse
may be true if the value for the flux of fresh
water is larger than this value.

6.2 Sea Water Intrusion as a Result
of Reversal of Hydraulic Gra-
dient

Here the result of survey of water level
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Fig. 39 Comparison of groundwater levels and fresh water-salt water interface in January 1961 and

March 1966.

of and Cl- concentration in the New Fuji
lava aquifer and the Ashitaka volcanic sand
and gravel aquifer conducted in March
1966 will be analyzed.

The groundwater level, which was above
sea level in January 1961, fell below sea
level and Cl— concentration increased
remarkably in March 1966. Figure 39
shows the water levels of and Cl~ concen-
trations in the New Fuji lava aquifer
measured at the geological section C-C’ ex-
tending from the coast to inland on the
western side of the harbour of Tagonoura
in January 1961 and March 1966. The tip
of the wedge of salt water, which had reach-
ed the well B located 570 meters away from
the coast in January 1961, reached the well

C’, located 2,500 meters away from the
coast in 1966, while at the well C, located
1,000 meters away from the coast, C1- con-
centration in the groundwater was 19,000
mg/! which almost the same as that in sea
water.

This seems to express that most of the
groundwater in the New Fuji lava aquifer
extending toward the coast from the well C
was replaced with sea water. At this point
of time the groundwater level fell as low as
5.0 meters below sea level. This means
that despite the New Fuji lava aquifer dip
toward the sea as shown in Fig. 39, the
hydraulic head inclined toward the inland.

Since  Ghyben-Herzberg’s principle
presupposes the static goundwater level
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Fig. 40 Groundwater levels in New Fuji lava along the C-C’ line and Ashitaka upper aquifer along

the D-D’ line in March 1966.

which is always above sea level, the above-
mentioned situation where the hydraulic
gradient is below sea level causes sea water
to flow into the inland.

The sea water intrusion toward inland
can be calculated using Darcy’s formula.

q=Kxdh/dl . (6-5)
Where q: flux, K: hydraulic conductivity of
aquifer and dh/dl: hydraulic gradient

The equation (6-5) indicates that the
flux of sea water intruding into the aquifer
in the direction of the sea to inland is in pro-
portion to the drawdown of the ground-
water level in the inland.

Figure 40 shows the hydraulic head of
the New Fuji lava aquifer extending along
the line C-C’ in Fig. 2 and that of the

Ashitaka volcanic sand and gravel upper
aquifer extending along the line D-D’ in
Fig. 2 as measured in March 1966. The
hydraulic head of each of the New Fuji lava
aquifer and the Ashitaka volcanic sand and
gravel upper aquifer is shaped like the let-
ter ‘“V”. The gradient between the
hydraulic head of the coastal side and the
lowest hydraulic head on the inland side is
reversed. The gradient of that of the
groundwater in the New Fuji lava is 3.2 %
10—3 and that in the Ashitaka volcanic sand
and gravel upper aquifer is 3.8 x 10—3. The
hydraulic conductivity of the New Fuji lava
layer ranges from 2.5x10-2 to 1.13 cm/
sec and that of the Ashitaka volcanic sand
and gravel upper layer from 1.1x10-2 to
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Table 21 Comparison of actual velocity values for the New Fuji lava aquifer and the Ashitaka-upper aquifer on
the basis of hydrological calculation and the velocity of sea water intrusion.

Hydraulic Hydraulic Flux Effective Actual Actual velocity
conductivity  gradient q porosity velocity by Cl- tracer
ne v,
102 cm sec™! 10-4cm sec™! % 10~¢cm sec—! 10~ cm sec!
New Fuji lava
in the study area 25113 32:10-3  0.8-36.2 9 & 302 127
at the H well 36.5 3.2:1073 11.7 10-20 58-117 127
Ashitzka volcanic sand 1114 3810 0405 — — 39

and gravel upper part

1.4x10-2 cm/sec. If these values are ap-
plied to Darcy’s formula, the fluxes of in-
truding sea water (q) for both aquifers are:

New Fuji lava layer:

q=(0.8—35.2) X104 cm/sec

Ashitaka volcanic sand and gravel upper

layer:
q=(4.8—5.3) X105 cm/sec.

The flux (q) thus obtained represents
the rate of flow per unit cross section. The
value for the actual velocity of sea water in-
truding into the aquifer can be obtained as
average interstitial velocity (v,). And the
average interstitial velocity (v,) is the
amount of q divided by effective porosity
(ne, the ratio of pores to the quantity of

water involved in groundwater flow,
Kayane, 1980).
v,=q/ne (6-6)

OcHial (1965), who measured porosity
of the New Fuji lava layer by the use of the
gamma-gamma ray logging method at
Takaoka in Fuji City, reports that porosity
of the compact lava is less than 10% and
that of the vesicular lava is 20%.

Table 21 shows the actual velocity of in-
trusion of sea water into the Fuji lava layer
for the effective velocity of 10% and 209%.

The result of calculation based on the
values for the hydraulic head of the New
Fuji lava layer groundwater measured in
March 1966 shows that the actual velocity
of intrusion of sea water into this aquifer
may be 0.35-15.65 meters/day when the ef-
fective porosity is 20% and 0.7-31.3

meters/day when it is 10%. As shown in
Table 21, the actual velocity calculated on
the basis of the hydraulic conductivity of
the lava aquifer at the well H located on the
line C-C' is 5.0-10.1 meters/day for the ef-
fective porosity range of 10 to 20%.

6.3 Velocity of Sea Water Intrusion
Calculated by the Cl- Concentra-
tion

Here a method of calculating the velocity
of intrusion of sea water as it moves inland
from a point near the coast in the initial
stage of salinization of groundwater and
the result of the calculation are examined.
In this method, the velocity of intrusion of
sea water is calculated on the basis of the
relation between the distance from the
coast and the point of time when Cl~ con-
centration begins to increase, under the
assumption that the point of time when Cl—
concentration in the groundwater in the
same aquifer measured at points located at
different distance from the coast begins to
increase is the point of time when the tip of
the wedge of salt water reaches the point
where Cl- concentration begins to in-
crease.

Figure 41 shows the distribution of wells
of groundwater in the New Fuji lava
aquifer located on the western side of the
harbour of Tagonoura. The wells B, C, D,
H, K and L are located 570 to 1,100 meters
away from the coastline. This means that
Cl- concentration in the groundwater of
each of these wells began to increase from
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Tagonoura Harbor
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Fig. 41 Rate of sea water intrusion into New Fuji lava aquifer from sea shore to inland near
Tagonoura harbour, in January 1961.

January 1961 to February 1961. The
longer the distance between a well and the
coastline, the later is the point of time
when Cl— concentration begins to increase.
This means that sea water moved to the in-
land from the coast. Velocity of intrusion of
sea water, which was calculated on the
basis of the time that has elapsed since
when Cl~ concentration in groundwater of
each well reached 250 mg/l, and the
distance between each well and the
coastline, was 11 meters/day.

Figure 42 shows the result of calculation
of the velocity of intrusion of sea water into
the Ashitaka volcanic sand and gravel up-
per aquifer using Cl— concentration as an in-

dicator. The velocity of intrusion of sea
-water thus calculated was 3.3 meters/day.

Since salt water originated in sea water
at stated earlier, C1— concentration can be
regarded as a tracer of sea water intrusion.
The above-mentioned data, which were ob-
tained as a result of field survey in this
area, are thought to represent the velocity
of sea water intrusion as proved by in-
crease in Cl~ concentration.

Comparisons of the values for actual
velocity of sea water intrusion into the New
Fuji lava layer calculated with this method
and those obtained as a result of
hydrological calculation conducted on the
basis of hydraulic conductivity, hydraulic
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Fig. 42 Rate of sea water intrusion into Ashitaka-upper aquifer along the D-D’ line.

gradient and effective porosity, indicate
that both are almost conformable to each
other as far as the New Fuji lava aquifer is
concerned (see Table 21). Comparison of
two sets of values for the Ashitaka volcanic
sand and gravel aquifer was impossible
because there are no data on the effective
porosity for this aquifer available. But the
fact that actual velocity of sea water intru-
sion into this aquifer of 39.4 X 10~ cm/sec
was obtained as a result of calculation done
on the basis of the flux of this aquifer of
(0.42-0.53) x10~4 cm/sec and by the use
of C1~ concentration as an indicator implies
that the effective porosity of this aquifer
must be 1.1-1.3%. But this value is too
small for a sand and gravel layer. If the ac-
tual velocity. calculated by the use of C1~ as
an indicator is correct, it is necessary to
reexamine the hydraulic gradient or the
hydraulic conductivity applied to Darcy’s
formula.

The following can be taken into account
in considering the hydraulic gradient. In an
area where groundwater is salinized it
often happens that groundwater users stop
pumping up the groundwater which was

salinized and therefore deteriorated and
bore wells one after another increasingly in-
land-ward from the coast in search of a
source of non-salinized water. It is possible
therefore that there appeared a locally
larger hydraulic gradient near the boun-
dary between salinized groundwater and
fresh groundwater. If it is assumed that the
effective porosity of the Ashitaka volcanic
sand and gravel layer is 10%, the layer may
have had a hydraulic gradient of 3.6/100.
Thus the hydraulic gradient of the line D-
D’ in Fig. 40 must be modified as indicated
with the dotted line.

Considering the local condition relative
to the hydraulic gradient, the facts about
velocity of sea water intrusion which were
clarified as a result of survey of the
phenomenon of salinization in this area
seem to indicate that the mechanism of
groundwater flow in an aquifer is almost
conformahle to the hydrological interpreta-
tion based on Darcy’s formula.

7. Conclusion

This study was conducted for the pur-
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pose of analyzing the groundwater quality
in the area at the southern foot of Mt. Fuji
on the assumption that the formation and
evolution of the groundwater quality in a
groundwater flow system is closely related
to the chemical reactions between the
groundwater and geological materials
which result from groundwater flow.

In the studied area, a three-dimensional
water quality distribution applicable to
each of the Old Fuji layer, the New Fuji
layer and the alluvial layer is observed on
the western side of the geological boundary
between the Fuji lava and the Ashitaka
volcanic sand and gravel located at depths
of 50 to 100 meters. A three-dimensional
water quality distribution applicable to
each of the Ashitaka volcanic sand and
gravel upper/lower layers and the alluvial
layer is also observed on the eastern side.
The groundwater quality in each of these
layers can be classified rather distinctly by
the use of HCOj3 concentration and the SO,
/Cl, K/Na and SiO,:Na ratios. This seems
to indicate the result of a water-rock in-
teraction which reflects the chemical and

physical properties of the aquifer
materials.
The water-rock interaction in the

volcanic ejecta layers in this area seems to
be a weathering reaction between the
groundwater containing CO, gas and the
minerals composing the volcanic ejecta. In
this study, a model of the water quality for-
mation through this weathering reaction
was constructed and the process of forma-
tion of the groundwater quality in the
volcanic ejecta was studied. Conclusions of
this study are as follows.

Si0x:Na in the groundwater in the
volcanic ejecta layers except for in the Old
Fuji layer was 2:1, which suggests a
weathering reaction in which the
plagioclase composing the New Fuyji lava
changes into kaolinite. Na/Ca is larger than
the chemical composition of the New Fuji
lava, which suggests that the lava’s Nat is

given priority over its Ca2* in dissolving in
groundwater. As one of the causes, it was
confirmed in the leaching experiment using
powdered rock samples with pure water
that dissolved Ca?* was absorbed in solid
facies through a cation exchange reaction.
Values for SiO,:Na ratio and Na/Ca in the
leaching water were almost the same as
those for the groundwater, which means
that the chemical constituents in the
volcanic ejecta layer were produced as a
result of a weathering reaction between
rainwater and rocks.

Si05:Na in the groundwater in the Old
Fuji agglomerative mud flow layer is ap-
proximately 1:1, which differs from SiO,:Na
values for the groundwater in other layers.

The tendency for constancy of log k at
13.7%0.3 in log k-Na* diagram at higher
Na* concentrations suggests equilibrium
between kaolinite and montmorillonite in
the Old Fuji agglomeratic mud flow layer.
Long residence time of groundwater in the
0O1d Fuji aquifer supports the above conclu-
sion.

The above-mentioned water-rock interac-
tion in a groundwater flow system results
in an increase of bicarbonate with ground-
water flow. Accordingly, the distribution of
HCOj3 concentration in the groundwater in
the same continuous aquifer can indicate
the direction of groundwater flow.

The direction of groundwater flow sug-
gested by the distribution of HCOz concen-
tration is described as follows. The ground-
water recharged on the slope of Mt. Fuji
flows to the foot of the mountain as ground-
waters in the New Fuji lava and the Old Fu-
ji agglomeratic mud flow layer. Then it
moves through these layers which are
distributed continuously in the area extend-
ing from the foot of the mountain to the
lowland. At the coastal area, the ground-
water in the New Fuji lava layer flows
toward the coast line. The groundwater in
the Old Fuji layer forms a stagnation area
near the middle point between the mouth
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of the Fuji River and the harbour of
Tagonoura.

The groundwater in the Ashitaka
volcanic sand and gravel layer flows along
the direction of the inclination of the
volcanic ejecta layer which extends
beneath the alluvial layer south and
southwest of the foot of Mt. Ashitaka.
Then it flows to southwest, and comes into
contact with the groundwater in the Old Fu-
ji at a south-to-north line along the Wada
River.

The above-mentioned facts indicate the
possibility of interpreting such hydrologi-
cal phenomena as distribution, continuity
and flow of groundwater by using water
quality.

The following has been clarified
concearning the phenomenon of saliniza-
tion of groundwater.

The groundwater in the New Fuji lava
and the volcanic sand and gravel, both of
which are the major aquifers in this area,
was salinized caused by a rapid drawdown
of groundwater level. The distribution of
Cl— concentration in these aquifers sug-
gests sea water intrusion into the inland
from the coast.

The water quality of the salinized ground-
water is of Ca—Na—Cl type which is quite dif-
ferent from that of “fresh water+sea
water”’.

The isotopic compositions of oxygen and
hydrogen of the salinized groundwater are
distributed on a line connecting the fresh
groundwater and the SMOW (Standard
Mean Ocean Water) datum point on the
8180-5D diagram.

The result of a leaching experiment by
drilled core samples collected in the saliniz-
ed area has proved that the sea water
which has come into contact with the clay/
silt layer overlying the New Fuji lava layer
undergoes a change in quality into the
same water quality as the salinized ground-
water. This change in water quality can be
explained by the change in the composition

of exchangeable cations of the clay/silt.
The water quality of the salinized ground-
water suggests that there occurred a cation
exchange reaction and to a little extent a
dissolution of sulfide in the clay/silt as
sulfate both of which are caused by a con-
tact between the intruding sea water and
the clay/silt layer which acts as confining
layer of the New Fuji lava groundwater. In
this case, the exchangeable cation composi-
tion of the clay/silt layer has a dominant ef-
fect on the formation of the water quality of
the salinized groundwater.
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LIST OF SYMBOLS

Symbol  Definition

Et : Evapotranspiration [LT1]
H : Depth from sea level (T.P.) to fresh groundwater-salt water interface
level [L]

H,.. : H athigh tide [L]
H., : Hatlow tide [L]

K : Hydraulic conductivity [LT 1]

L : Wedge of salt water [L]

M :  Thickness of the aquifer [L]

P : Precipitation [LT~1]
ps :  Density of sea water [ML~3]

h : Head of fresh groundwater above sea level (T.P.) [L]

hm.x @ h at high tide [L]
hmin :  hat low tide [L]

k : Equilibrium constant [Dimensionless]
ne : Effective porosity [Dimensionless]
q : Specific flux [LT-1]

1 : Distance [L]
t :  Time [T]
va :  Actual velocity [LT~1]
dimension: [ ]

ELILREEHIESC S (T 2 T AKEDE(L

MEERSE

E B

ALK B 53T AKFOIER S L HKBOER & OBk, B IUHKBEFOMT KD
PiBh & T KRB O(LER S ER - BEHELE OBROMHLYERAE LTW5. B SMiRizE+il
BB ORER M SBRABRGCOBRERTHS. AR ELIUROEEL, FFELO KLUEHY,
FIEXUERH 5L, BEEHTIIADOMWBO L2 ELIROFEIIMEEYIE - T3, Zh
HOWBFOM T KE103REHFR L CRKESHET, 7, HABEEBET2ELE XOEEKL
1R 2 BRI L TR AR KRR RO BHEBER 2 < WV ER - FETOXKEAMEEIER R
THERNERET .

KEFEOKEE, FHBROMTKIL Cazt, Mg?*, Na*, K+ DRIKRER L0 SiOxERT & L
72 Ca-HCO; Bl KBETH 5 = &, HCO; EE, K/Nalk, Na/SiO, t, SO./Cli7n Ep#KBZ &
CRIEDHEEND 0, 2h b OLEIREIL X > THKBOZR TR S VA THH Z LA L.
ZhbDOKEDOHBEE Y BB T 5 DT> K- BEEROERL, FELRER IOEEKLE
b b ARCIEHT B ILERS D, ThPROBEREHKE & T T ROEAR & AHEOMRE b
%, K/Nalt, Na/SiO, b 3iZm CfEx & A xR LTz
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AR D KL DT KD KBV T D 5 —2DF#IE Si0, : Na DB B\ TAhAbh
5. HELEERSKLBHOFOMTRILZ : 1 2R, KIUBTFOETESEETY THBRRANALL
LTHAYFA ricied & ERKFredgEd5 S0, : Na bR UEERL, chbOMTROKEL, W
KL BHABEADOHIF YV 74 b ~DRILRGEOBBETELTWBZ LERBE L.

—%, BEEMOEELRBHREOHTARD S0, : Na dHit#1 : 1T, pHIR7.8L LY RL, o
KILEHDEOMTREGR > TS, KBTREAA Y FA b vEe) verg  BDEEREBTDH
5L EFRNRTVEEROENR—E LB ERALD D, ST TRKOBERELSIETICR o L FR
Ihis.

B ILEOFECE > CTHEEEM TCERT 2HELHE, HELRBEFOM T, BTROWM
Bt - T HCOy oEmnibhs. Ao FARKOKESHR, LBHESMRE HCOr DEE
SRR OERIFNN T, HCOy AT ROME T A ERTZ LWL

AHUIR T3 & Tl R ER T O KIURB R O BRKH T KDEKEESR AL SN 5. EARLTt T KEE
FWAE S BB T REDETIC X » T Uk, REMIEREH TR OWT, BE - kKR
SRR OB TT - 1R, AT REBRKOBAKE LTORMARBER L. Ui LERER
LKA T REAIA 7S WEDOBEAK I 0 $FELL Ca2ritEA R Ca-Na—Cl Bl AR Lic. KMk
HIR ORGSR HOCIK-BEEROKER, BFEEB LA OKELRE & Ei L cEKER L TKE
B UKBECETS 2 ERALMC s, DEORERNS, AMROEKIL T RKOKEELITRA
BARKEMEBYER T AHELE L OB X 5T, £& LTBA + vTBRRIG, —SiistEtthost
CHOBERE L5 D LGRS I,
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