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                                 ABSTRACT

        In Atami spa, temperatures and heads of many hot springs were measured from
    1953 to 1955, and their chemical constituents were also analysed. Geographical distri-
    bution of these element$ suggests the underground structure of the sprlngs, especially

    the underground flow of hot water and the intrusion of sea water. From the geo-
    chemical consideration for the chemical contents we presume that their origin is
    partly in the sea water.
        Water-level observation in a hot-spring well was continued from 1954 to 1955.
     l]idal and barometric effects on this well were remarkable and interference effect
    produced by pumping other wells was also observed. These effects are discu$sed
    separately, and the transmissibility, the coeMcient of storage and other physical
     characters are calculated.

       PART I. GENERAL SURVEY OF ATAMI HOT SPRINGS

1. IBtroduction

    The Atami spa, one of the most famous spas in Japan, is in the area formed

by volcanic action of the Yugawara and Taga volcanoes and has been studied by

many scientists geologically, geophysica}ly and geochemically. Otuka and Kuno

(1) mention that the source of the Atami hot springs is in "Yugashima group"

which is thick strata of lavas and pyroclastics of pyroxene-andesites and basalts

given by submarine eruptions during the older Miocene period because there are

close relations between the spring- and group-distributions. Detalled geological

investigation of Atami dlstrict was carried out by Otuka (2), who rnade clear that

faults lead the hot water from deep underground to shallow formation. Fukutomi

(3) classified the Atami hot springs into two series as the resu}t of geochemical

study. One of thera is a serieS characterised by high temperature, large amounts

of chloride and water rising through fissures from deep to shallow, while the

other series differs from the former in tlteir relatively low temperature and some

content of sulphate, and the springs belonging to this series are spread ex-

tensively. He called the former "the hot springs in the central region" and the

latter "the hot springs in the marginal region". It is interesting to know the

present condition of the Atami hot springs, because a lapse of about 20 years

                                            '
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from Fukutomi's investigation may bring about some changes. It may also be of

value to recognize such changes in order to know the nature of the hot springs.

    About 100 years ago there were some natural hot springs and a geyser (Oyu

geyser) in Atami, but nowadays we find 250 hot-sprig- wells. The fiow of the

natural springs decreased gradually with the progress of exploitation of other hot

springs (4, 5), and the Oyu geyser stopped gushing in 1926. Most of the springs,

qt present, are wells, which are pumped except a few flowing spring. This

may show that the hot springs c'ommunicate with each other in the underground,

and the heads of them declined gradually.

    On the other hand, it is well known that some hot springs near the sea are

contaminated by sea-water intrusion. This intrusion increases the Cl-contents,

lowers the temperature and depreciates the economicai value of the hot springs.

It is therefore important to know the degree of the intrusion in view of the

protection of hot springs as underground resources.

    The present writer observed, from 1953 to 1955, the head and the orifice tem-

perature of about 80 hot springs ln Atami, and analysed a}so the chemical con-

tents. The results show not only the present situation of the springs, but also

some information about the preceding problems, compared with past data.

2. Distributions ef orifice temperature and ckemiÅëal e}ements
    The orlfice tempera'ture and some chemical elements of hot springs were

measured twice, in August, 1953 as well as in August, 1954. The results are given

in Table 1.

    The distribution of orifice temperature in Augqst, 1953 is shown in Fig. I,

being similar to that observed in August, 1954. C.omparing them with the distribu-

tion in 1936 (3), we see the same trend that the highest temperature section of

Atami is in "the central region", but near and at the south of the mouth of
Wada River and on the northem sea-shore the temperature decreased. The distri-

bution of Cl-content in 1953, described in Fig. 2, shows that there is rnuch
chlorine area near and at the south of the mouth of Wada River, though this area

had less Cl-content in 1936.

    Fukutorni (3) used a temperature-Cl diagram as an evidence that there are

two distinct groups of hot springs in Atami. PIotting in this diagram the data

obtained in the present observation, we get Fig. 3, in which the marks "$"

represent the hot springs of the central region, and they deviate from the iine

indicated by Fukutemi, the dfference between the central and the marginal regions

being, however, not so obvious as found in 1936. 0n the other hand, it !s clear

that some springs lie approximateiy on the line A-B. AII of them are near and
at the south of the month of Wada River, and they are shown in Fig.3by the
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Table 1 (continued)
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3. Relation between the temperature and the Cl-content; "pt" shews hot
   springs in the central region, "G)" hot springs near aRd at the south of
   the mouth of Wada River and they Iie approximately on line A-B, and
   "O" hot springs in other region. Lines C-G-D and E-F were given by
   Fukutomi, who asserted that the hot springs in the central region lie along
   the former and those in the marginal regien lie along the latter.
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marks "(D". It may, therefore, be rationa! that we distinguish the hot springs

near and at the south of the mouth of Wada River from other springs. If the
line A-B is extended beyond A, it wili pass near a point (Cl..19 g/1, temp.==200C)

which is regarded as sea water. If, moreover, we assume that the sea water
intrudes into !and without temperature change, the hot spriRgs on the Iine A-B

are considered to be caused by the mixture of pure hot water as symbolized by

point Bwithsea water. A probabie cause of this intrusion of sea water is over-

pumping hot water from the ground.
    The present distrlbution of SO,t-content is similar to that in 1936, and the

springs in the rnarginal region have more S04 than those in the central region.

However, the area of iess S04-content is narrowed in the northern part of the

central region. If the hot springs of the centrai region are characterized by more

chioride and Iess suiphate, as noted by Fukutomi, this feature of geographical

distribution may suggest the slight decline of activities of hot springs in the

central region.

    The distribution of alkalinity is quite compiicated. The high alkalinity is an

index of HC03- and C03-contents, but they are affected by the escape of C02 from

the hot water. It is therefore naturai that the distribution of aikaiinity is com-

plicated.

3. Hydrostatic px'essure of the het springs in the central regien

    In order to estimate the underground fiow of hot water, we must know the

distribution of hydrostatic pressure. Otuka (2) showed the di.stribution of water

tables of Atami hot spr2ngs along a line nearly paraliel to the coastline from the

data as obtained on the occasions of i'epairing the wells. From this distribution

we may estimate that one source of Ataml hot springs is in the central region,

since the maximum water table is in this region. It is, however, inaccurate to

estimate the fiow from the data along a line, and it is desirable to get in areal

range. However, it is very dithcult to measure the hydrostatic pressure of all

hot springs in Atami, because, in recent years, the water table of Atami hot springs

are Iowering gradua!iy and air-Iift-pumps are installed directly in most weils and

also the structure of most private wells in the marginal region is beyond our

scope. We therefore attempt to measure the hydrostatic pressure of the hot
springs only in the central region.

    The greater part of the wells in the central region is controiled by the Atami

Municipal OMce, so that their structures and pumping mechanisms are 1<nown.

As soon as a pump starts, the pressure of the ai"tank increases rapidly to the maxi-

paum, and then decreases asymptotically to a copstant value, Since the maximum
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denotes the hydrostatic pressure at the lower end of the air-tube, if the density of

the hot water and the depth of the air-tube are known, we can calculate the height

of the hydrostatic head by the air-tank pressure. When the hot water begins to

issue from the upper end of the rising main, the head of hot water begins to

decrease and then will settie in a steady state which corresponds to the constant

value of air-tank pressure. Thus we can calculate the water head during pumping,

too. The value of the specific weight of the hot water is different from spring

to spring, but we here use She value of O.99 g/cm3, because the wells No. 17 and

No. 45 have about 10 g/I of total chemical contents, and if the temperature of hot

water is 700C the specific weight may be given approximately by the formula:

1•{-O.Ol-O.02:==O.99. The tota} amount of the chemical contents used in this calcula-

tion is the highest and the temperature is nearly the lowest ln this region. Dis-

crepancy yie}ded by use of this presumed constant will be examined subsequently.

As it is also possible to calculate the hydrostatic pressure of the hot water at

the bottom of the well, we can then compare the pressure with that of the sea

water at the same depth. In this calculation we also use the density of O.99 g/cm3

for the hot water and 1.03g/cm3 for the sea water. Fig. 4 shows the distribution

of the pressure differences between the hot water and the sea water during both

pumping and stopping. In this figllre we find a zone of high head with the
shape ofatongue extending to the coast. This feature is also maintained during

the course of pumping, but on this occasion, the zone where the pressure
difference between the hot water and the sea water is positive is narrowed and

consequently many of the hot springs may be in a negative domain. .

    The total amount of the chemical contents used in the present calculation is

the maximurn one in the region and also the minimum temperature in the
region is used for the temperature, so that the pressure of each hot spring is

less than that calculated. After all, the actual zone having positive pressure

difference may be smaller than that shown in Fig. 4. Slnce the pressure measure-

ment of the air-tanl< during pumping is not of long duration, the water table might

not reach a steady state, and longer pumping may bring about more reduction
of positive zone.

    Since we could not get a core sample in Atami, the detailed underground

geological conditions are unknown. From the results of the geological investi-

gation of the ground surface, Otuka (2) considered that the hot springs in Atami

forrn a water tabie as ground water because there are many large aRd small
fissgres in tke Yugasima group. This consideration gives us an idea that the

hot spriRgs in this region may have an aquifer. The aquifer, furthermore, may

be artesian, since there are a few flowing springs. If the aquifer is coRnected
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with the sea, the hot spring having smalJer pressure than sea will give rise to

the decrease in temperature and the increase in Cl-content. As a matter of fact,

Wells No. 19, No. 25, No. 27 and No. 29 have a tendency of decreasing temperature

and increasing Cl-content. Therefore, it may be natural to regard this aquifer

to be connected with the sea.

4•. Some considerations on the origin ef the chemical conteRts

   The hot springs near, and at the south of, Wada River are diluted by the sea

water as shown in bg 2, and there also may be a suspicion about sea water intrusion

to some part of the central region where the springs have lower pressure than

that in the sea water. These hot springs are shown in Fig. 5 with the marks
"es", and had, in l936, Cl-content less than O.5g/1 and further Iess other compo-

nents. When such hot water is mixed with the sea water, it may approach, more

or less, to the sea water in chemical composition.

x 2oo

Nloe    e .:
     o

o

e

ldyge

e

50
3

o

oo1

e

be
l6s8

  73tj
e

 3 4eo
o

 4S eo

o

 3r:
6

{
 i'5

e

g
4      ,i

st,''31?
      g3

4g

  "g   nit   9

N3g8g

/L,   oo e

T•e.tt

s/:i5

   e

SQf)

      pt
o52

   e      e e

o

   e

 e
45

 e

 e.x2
40rs .%e e
l ovt:e
41ge'e"
"e" K47
." 12L
"ee

.e v(el1
 •l4

e

D 200
      - `' -Elji":Il)le 2s

 "
       o   e      .". o
 A210 e:s3iQ2 S7"

zcr,g:/{26

          "      1oo

. giiop
>ooo

/>`((i.

200

                e4gA , si.ioog

  e "-e        ee" e            bdi

O 5oom
    Fig. 5. Distribution of the "deviation". The rnarks, @, (!.), zts and Å~, correspond to
          types, (a), (b), (c) and (d), in Fig. 6; side figures are the analysis number.

   Seno (7) used a method of comparing Na, S04, Mg, Ca and K with Cl in
weight and then illustrated the results in a diagram. He also introduced the total

deviation "6" of the hot water, which is defined as follows:

                6.=-{,X-,-(,g/gl\:`.tts)--,X-.[g?g':-wa',:-e,\i}Å~ioo,

'

'
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and
                 O" rmth l6NaI rvlm [O"so,l{- lO"MgI nvl'lO"cal -l- lO"K]•

Then the tota} deviation o" is an index to show whether the salts of water are
originated from the sea water or not. He also suggested that when 6S30, the
source of salts must be in the sea water and when 30<6S50, it may be in the
sea water.
    Analysis tables of Atami hot springs in recent years are collected in "Nippon

K6senshi" (8), from which we skall infer the origin of chemical elements of Atami

hot springs. When the chemical elements of the hot springs near the mouth of
Wada River are illustrated in Seno's diagram, they show a feature unlike that of

the sea water, as seen in Fig. 6 (a). The values of o" in this area are about

t
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 Examples of Seno's diagram of the hot springs, (a) near
 and at the south of Wada River, (b) in the south-western
 part, (c) in the northern high ground, and (d) in the
 central region of Atami ; dotted lines show the sea water.

Fig. 6.
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100 si200. Though it may not be correct to regard, from this diagyam, the chemicai

elements of these springs as coming from sea water, yet it may be true, judging

from the fact described in bg2, that most of Cl ions of the hot water come from

the sea water. Thus, the chemica} contents of these hot springs consist of some

matter, of the magmatic- and the marine-origin, and are infiuenced by the sur-

rounding formation by such chemical actions as solution, sedimentation and ion

exchange. If a chemical composition with the same ratio as the sea water is

subtracted from the composition of these hot water, the rest expressed in equivalent

per million is negative for Na, K, and Mg ions, and the sum of their absolute

values and S04 value is equal to the Ca value (see Fig. 7). From these results

,g

oe1

Ca

50

                  e 50 100 Millival
                            EMgE+IKj"1Nal+S04
               Fig. 7. Relation among Mg, K Na, S04 and Ca residuals,
                     which are introduced by substracting a chemical
                     composition having the same ratio as sea water
                     from the composition of hot water.

we may deduce the conclusion that CaS04 is dissolved in pure hot water of
less chemical contents, and Na, K and Mg ions added to it by the intrusion of

sea water are exchanged with Ca ions in the surrounding formations, thus finally

the hot water has the present chemical constituents. According to this interpreta-

tion, there is little dissolved matter originating in the magma, and CaS04 is

required in the ground. It is confirmed by Kuno (9) that gypsum exists as the

secondary mineral in this district. The cation exchange in the hot water may
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also be possib}e as in ground-water reported by Love (IO). After his interpreta-

tion, the following discussion may be introduced. "In earlier geologic history the

whole area of Atami was submerged beneath the sea and therefore was saturated

with sea water. After emergence from the sea, the sa!ty water was gradually

fiushed out of the formation by the hot water which contains much Ca ions.
During this }eaching and flushing, the colloids saturated with Na, K and Mg ions

were thus brought into contact with water containing Ca a$ its chief basic
constituent. Cation exchange took place leaving the colloids saturated with Ca

ion while Na, K and Mg ions were removed from the aquifer by the fiushing
action. When exchange process is reversed by new intrusion of the sea water,

the active colloids give up Ca ion in exchange for Na, K and Mg ions in the

sea water. The resulting concentration of cation in the contaminated hot water

tends to be higher in Ca and lower in Na, K and Mg than would be expe'cted

from simple mixtures of hot water containing CaS04 and sea water."

   The hot springs on the northem beach of Atami have the sarne character as

those near the mouth of Wada River. They are also shown in Fig.5by the
rnarks "@", and might be contaminated by the sea water. The hot springs shown

in Fig. 5 by the marks "@" are distributed in the south-western payt of Atami,

and have about 2g/I of the total amount of chemica} contents which ls Iess than

those of other sprlngs. They also have a type of chemical elements shown
in Fig. 6 (b), the "deviation" of which is more than 400. A characteristic of the

chemical property of their springs is to have S04 ions four times as Cl content.

In connection with this characteristic, it is interesting to remember the studies

of volcanic ash by Miyake (11), Noguchi (12), and Iwasaki (13), who reported
that there are much S04 and Iittle Cl in the solubie component of volcanic ashes

from Aso, Asama, Kusatsu-Shirane and Izu-Mihara vplcanoes.

   The hot springs in the high ground of northem Atami, marked with "A" in
Fig. 5, have also a Iittle chemical constituent and a large value of the deviation,

and the yatio of some chemical components is shown in Fig. 6 (c), which differs

sornewhat from Fig. 6 (b). Chemical constituents of both kot springs in the

south-westem part aRd the northern high ground may be secondary, dissolved
from the formation, since these springs have low temperature and less coRstituents.

   Finally, the hot springs in the central region have the type of chemical com-

position as shown in Fig. 6 (d), and are marked with "Å~" in Fig. 5. They have

the deviation less than 100, and their constitution resembles to that of the sea

water, compared wlth other springs in Atami. Yazima (14), Honda and Terada
(15) suggested that the origin of chlorine of these springs may come frorn the

sea water, but, at the present time, it is diMcult to prove it.
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5. Summary
    (1) Hot springs in tke central region of Atami have the temperature of about

leOOC, and much Cl and few S04 ions. These results are similar to those observed

in 1936, but the activity of these hot springs becomes slightly weak, since the

less sulphate area characterizing the central region becomes narrower.

    (2) Hydrostatic pressure of the greater part of hot spring$ in the central

region is larger than that of the $ea water, and at present the sea water fiItering

into these sprlngs should not occur. However,a few springs on the beach of the

central region have a tendency of decreasing temperature and increasing Cl content,

and their pressure is Iess than that ofthe sea water, so they rnay be contaminated

by the water, and it was also proved from their chemical constituent.

    (3) It becomes clear that the hot springs near and at the south of the mouth

of Wada River are contaminated by the sea water, because their temperature
decreases and their Cl content iargely increases in comparison with the past state.

Chemical constituent of these springs differs from that of the sea water, but the

difference is explainable when the dissolving CaS04 and the cation exchange in

underground are considered together with the sea water intrusion. This intrusion

rnay be caused by ehe over-pumping.

    (4) Hot spring in the south-westem part and northem high ground of Atami

have a little chemical constituent. It seems that the!r dissolved matter probably

comes from the volcanic formation of this area. Some hot springs on the northern

beach of Atami may also be contaminated by the sea water, since their Cl ions

have been increasing in recent years.

    (5) According to the pressure distribution of hot springs in the central region,

it seems that the hot water comes through fissures from deep ground and spreads

in an aquifer, which may be artesian, because there aye some flowing springs

in this region.

   PART II. WATER LEVEL FLUCTUATION IN A HOT-SPRING WELL

6. InformatieR about an observed well and metkod of observation

   In Atami, most wells are pumped by air-lift-pumps of 2--20 horse-powers,

but only one well named "Nagisa" is suitab}e for water-level observation, which

is on the reclaimed grouRd 4.5m above sea-level and 60rn from the sea-shore.

On account of comparativeiy low temperature of 430C, it has not been used.

IJnderground geolog2cal conditioR around this well are unknown, but it appears

from the general geology of the suryoundings that the well penetrates into the

"Yugashima group" and the hot water comes from the strata.



296 K. YUKARA
   To measure the water level fluctuation in the well, Richard's automatic tide

gauge was used, its reduction rate being 1/30. 0bservation continued from Sep-

tember 1954 to December 1955. Some examples of the record are shown in Figs. 9,

11, 12, 14 and 15. The water level in the well can be expressed by the following

relation :

                       Villt := V7Pr,-yaTt-.-FbPtf-1?+A, (1)
where

    Wt ==water level in the well at timet(cm),

    Wo =mean water leve} in the well (341 cm above a datum level and 319 cm

         below the ground surface),
    Tt-di=ttdeviation of sea ievel from the mean at time (t-a) (cm),

    a =:tidal ethciency of the water level in the weil,

    cr ==time lag between changes of the water and the sea levels,

   Pt =:change of atmospheric pressure from the mean at time t (cm of
         water column),
    b ==barometric eMciency of the water level in the well,

    R ==term of precipitational effects,

    A :=teym of interference-effects produced by starting and stopping purnps

         of neighbouring welis.

The time lag of effect of barometric change is not found on the records, as the

apparatus used is not so sensitive as to record a sharp barometric change.

    In the following discussion the tida} data at It6 and the barometric and

precipitational data at Aziro are used. Though It6 is at a distance of 15kn and

Aziro is at a distance of 7km from Atami, there may be not so large errors in

using these records, when the general tidal and barometric effects are considered.

As the data of A, driving conditions of air-lift-pumps in city-owned wells are

used. On the other hand, there are many private wells and their discharges are

generally smaller than those of the city-owned wells. Thus, it is enough to use

the data of the city-owned wells in the first stage of discussion of the effect

of pumping.

7. Tidal effeet on the water leyel in the well

    When there are Iittle changes in the atmospheric pressure as well as in
the driving condition of pump and there is no precipitation, then Pt, R and A are

zero. Thus we have

                             Wt-Wo :=' aTt...ca. . (2)
Periods in which the above conditions were satisfied are June 28 --July 2, July 4xJ6
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and July 12--17, 1955. In these periods, comparing Wt-W, with T,
estimate the tidal eMciency "a" and the tirne lag "a". Fig. 8 shows the

between the tide Ievel and the corresponding water level in the well,

maximum and the minimum. The tidal ethciencies are calculated by the

of }east squares and the mean value is O.495 E=iO.5.
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         Fig. 8. Relation between the tide level and the water level in the well.

   When we consider the time lag, the eight-day clock of the apparattts was

replaced by a one-day clock and the time check was marked electrically every

hour from August 5 to August 9, 1955. Thus tke time errors can be kept to a

few minutes. The times of appearance of the maximum and minimum water level

are compared with those of the tidal records, as in Table 2. Phase lag ranges

frorn 20 to 95 minutes and the means is about 60 minutes. The variation of phase

lag of apparent tidai effect is caused by the tidal wave constitution. When the

effects of tide move iR an aquifer, each cornponent reduces its own ampiitude and

delays its own phase, Shen the resu}tant wave of these components is observed
in a well as a water ievel record. 'Tlte harmoRic analysis of the tide and the

water Ievel was done by Darwin's method in a period frorn January 1 to January

29, 1955, and the yesult is shown in Table 3.
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  Table 2.

Date
I

Aug. 5

Aug. 6

Aug. 7

Aug, 8

Aug. 9

   Min,
Max.
   Min.
Max.
   iMin.

Max.
   Min.
Max.
   Min.
Max.
   Min,
Max.

   Min,
Max.
   Min.
Max.
   Min.

Time of

Water
  tbe

level
well

in

9PpearanÅëe

s ii'i,

Tide

:

E

m
iiil

Mean

Time
of the

difference

 appearance

mlnutes
  75
  65
  60
  80
  75
  45
  65
  60
  60
  95
  65
  75
  4G
  45
  20
  65
  50

61

Table 3.

Xs   Å~        .lt.• xttww

, M2
Hnt c

Tide
Water level in the wel"

cm
35.4

13.7

O.39

l
i

(Water level)/(Tide level),

(Water level)-(Tide level),
          degree
(Water Ievel)-(Tide level),
          rninute

  o145.1

168.1

 e23.0

48

S2 Kl

Hs ICs

I
rr

cm
27.i

 7.9

O.46

f   o179.4

204.3

  o 24.9

 50

C2M
2.1

i2. -e

--
O.54

'
IC

  o176.5

195.2

  o 18.7

75

1o

He ICO

cm
18.3

10.1
  rml    Ie.55

  o155.3

lse.o

  e 24.7

106

8. Effect of barometrie pressune change on the water level

   As cyclones and fronts accompany the rain, it is diMcult to pick up the case

of pressure change without rainfall from the actual record. Thus, we were obliged

to take the data of February 20, 28 and October 11, 1955, wheR it was raining.

An example of the record of the water level is shown in Fig. 9, together with

tidal and barornetric cgrves. The records should include the effect of precipita-

tions, but it may be negligible as shown in a subsequeRt section. WheR in
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    Date OCtOber, 1955
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                 Fig. 9. An example of the effect of the atmospheric
                        pressure change on water level in the well.

Eq. (1) both A and ,l? are Rearly zero, we have

                            Wt-Wo-aTtwwat == bPt. (3)
The left-hand side of this equation shows the water level chaRge from which the

tidal effect is elimiRated, and it may be calculaSed with t12e values of a and ev of

the former section. For the discussion of the effect of barometric pressure change

on the water level in a well, we must divide it into three elements which are

on the sea-surface, the ground-surface and the water-surface in the well, but the

last two elements are usually discussed as one. The increase of atmospheric

pressure on the sea-surface causes desceRt of the sea-level, but this compensation
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Table 4.

i955,
  Feb.
  Feb.

  Oct

18--20

26t--28

10t-12

Mean

tb

cm of water column

mmHg

-1.148

-1.574

-1.365

cm of water column
cm of water column

l

-O.845

-- 1.158

•-  1.003

'

-1.002
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is usually imperfect and the iRcrease of atmospheric pressure may bring about

the increment of sea-bottom pressure, and then the water Ievel in the well may

ascend at the flood tide. Thus, the effect of atmospheric pressure change may be

written as :

                            bPt == aPtrm.-I-b'Pt. (4)
The first term on the right-hand side of Eq. (4) shows the effect on the sea-

surface, so that the damping rate a and the phase lag cr are nearly equal to those

in the tidal effect. The second term shows the effect on the ground-surface and

the water-surface. Thus, Eq. (3) is expressible as follows:

                       Wt-Wo-a(Tt-N.A-Ptnv.) ==: b'Pt. (5)
The values of the left-hand side of Eq. (5) may be ca}culated with a and cr which

are given in the former section, and their variations are also plot'ted in Fig. 9.

The value of b' is determined from Fig. 10 by the method of least squares, and

is listed in Table 4 together with other examples, the mean value being -1.00.

The "barometric eficiency" in other papers corresponds to b used here, and it

follows from Eq. (4) bteia+b' ky-O.5. The relation b'#-1 shows that the
pressure change on the ground-surface does not affect the water ievei in the

well, and that the aquifer is nearly rigid.
                                                      '
9. Annual variation and effect of precipitation en the water ievel

    If the discharge rate of the hot water from the aquifer is equai to the
recharge rate, the pressure of the hot spring should be kept at a constant value.

When the discharge exceeds the recharge, the head of the hot ground water falls

gradually, and then the head will be settled at a level when the discharge ct"nd

the recharge are balanced. On the other hand, when the discharge is less than

the recharge, the head will rise.

   In Atami, with the increase of the discharge from the aquifer, the head of

the hot ground water has decreased. Total discharge rate is at present about
9Å~10" m3/day (19), and it is important to know whether this discharge is over or

under the recharge, the secular variation of the mean head of the hot ground

water being helpful to know. We average the values in 24 hours to compare
with the daily data of the atmospheric pressure and the precipitation, and the

effect of tide may also be nearly eliminated.

   Fig. 11 shows daily meaRs of the water level of the Nagisa well, the sea
level and the atmospheric pressure-i`. The water level from which both tidai and

 * It is based on Monthly Report, C. M, O., japan, and somewhat differs from the data shewn
  in other figures as it is reduced tQ the mean sea level,
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barometric effects with the same coeMcients as given before are eliminated is

aiso shown in Fig. 11. They denote the annuai variation vvhich is low in winter

and high in summer, but neither monotonously decrease nor increase. This sug-

gests that the recharge and discharge of the aquifer are nearly balanced through

a year. A main cause of the annual variation is generally the precipitation, but,

as shown in Fig. 11, the daily mean of the water level has no reliable correlation,

and the effect of precipitation upon this well seems to be not so remarkable.

Furthermore, in order to pay attention to the effects of short periods, the hourly

water level, frorn which both tidal and barometric effects are eliminated, is

calculated during several days before and after December 19, 1954, as well as

during several days before and after February 27, 1955, when there was respec-

tively a solitary rain. The result is shown in Fig. 12, in which we cannot find the

December, 1954

cm
Da•tel7

18 ]9 20l 21l 22i 23 24,I LS 26

400 Waterlevel inthe well E

3rJo s

300
#

Stopping pumpsof Stopping pumpsof

cm
nel hbouring wells

TideIevel
neighbouririg wells

2Jro

200 '

1r)o

m}'Ig
770 Atmospheric pressure
760
7Jro

740 Interference-effect Interference-effect

cm produced bythe produced bythe
10

o
stopping pumpsl

'"stopplng pumps

-10
-20

mm
10-

Precipitation and
Wnterlevel

barometric
eliminated

effects
tldal

or-

lll

k- o
d

,cse,

350

300

cm
250

200

l50

mmHg
770
760
750
740

cm
10
o
-10
- 20

       Fig. 12. Water level in the well and other factors during several days before
              and after Dec. 19, 1954.

ascent of head for the precipitation. Finally, the effect of precipitation upon this

well seems to be very small, and it coincides with the result of study in Beppu (20)

where the hot springs near the sea-shore were scarcely affected by the precipita-

tion. Annual density variation of sea water contributes to annual pressure
change at the sea bottom, but, by this effect, sea-bottom pressure is greater in

winter and smaller in summer than that calculated frorn the sea level (21).

Therefore the annual variation of the well-water level i$ also inexplicable by

this density variation,
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   Daily sums of driving time of pumps of city-owRed springs are registered
by Atarni Municipa} OMce and also skown in Fig. 11. Tkey have reciprocal
correlation with the annua! water-level variation, being approximately an index
of annua! variation of total discharge from the aquifer. Thus, the annual variation

of head shown in Fig. 11 seems to be related to the ckange in the discharge.

10. Interfereliee-effect predueed by starting and stopping pump$ of neigkbour-
    ing wells upon the water leve} in the obseryed weil

   During this observation period, remarkable changes of the water level in
the Nagisa well were found and they were inexplicable by the effects of tide,
atmospherlc pressure and precipitation, but reiated with starting and stopping
purnps of other wells.
   There are several hot springs near t,he Naglsa we}1 as shown in Fig. 13. It
is important to know which springs interfere with the Nagisa well. In Beppu
(22), some springs are affected by adjacent weils and others by rather distant
wells, and the extent and the direction of the interference are indeterminate.

To seaych for the well of whiclt discharge affects the head of the observed
well, we examined the abnormal changes on the water level record, comparing
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with drivlng condition of pumps instalied in neighbouring city-owned we!Is. Some

examples are shown in Fig. 14, from vvhich it appears that No. 19 and No. 20

wells affect greatly the head of the Nagisa well, and No. 10, No. 12 and No. 14 do

not affect at all and No. 72 does sometimes. The driving conditions are registered

only for the city-owned weiis and not for the private wells, but the head of the

Nagisa well must be affected by the change in pumping condition of both city-

owned and private wells in a iimited area where No. 19, No. 20 and No. 72 wells

exist.
   An example of the observed abnormal change is shown in Fig. 15. The 16west

row of this figure gives true interference-effect reduced by eliminating tidal

and barometric effects from the record of the water level. -Rise and fall of
the water level occurred simultaneously with stopping and restarting the pumps
of neighbouring wells. The quantitative relation between the rate of discharge

and the water-!evel chaBge rnay be connected with the property of the aquifer,

a,nd will be ctiscussed in the next section,
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11. ?hysical preperties ef the aquifer in the eentral regioR oÅí Atami

   The region extending from the Nagisa well to the west is called "the
central region of Atami" as described above. Hot-spring wells in this region

seem to be in the same aquifer, because they ciose!y resemble in chemical and

hydrological properties. The aquifer is in "Yugasirna-group" described in sec-

tion 1. This group has no sand stratum but a great many large and small fissures,

so its permeability can be assmed to be uniform enough to regard it as a nearly
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homogeneous aquifer (2). It may also be artesian, because there are a few
flowiRg hot springs in this region.

    It is of interest to know whether the aquifer is connected with the sea or

not, and we can find some informatioRs about tkis problem:(1) for the hot
springs of which pressure is less than that of sea water, the temperature decreased

and the Cl content increased; (2) if the aquifer i's not connected with the sea,

the tidal effect upon the well is produced by the tidal load chan.cre on tlte sea bottom

through the impermeable formation to the aquifer, but it is contradictory to the
former result that the aquifer is riearly rigid; (3) it is also said that there are

springs in the bottom of the Atarni Bay (14, 19). Thgs, the aquifer is regarded

to be directly connected with the sea. If some additional coneitions are assumed

for the aquifer, we can lead its transmissibility and coeMcient of storage. These

conditions are as follows.

(a) The aquifer is homogeneous, isotrop2c and horizontal, and its thickness is

uniform.

(b) When the interference-effect is considered, the aquifer is regarded as a

horizontally infinite !ayer, while the real range is about 1 km2.

(c) When pumping of a well is continueus, the head distr!bution of the neigk-

bourhood is able to reach the nearly steady state, that ls, the discharge from the

aquifer is compensated by the recharge from the outside. This assumption is
necessary only for the discussion of interÅíerence-effect, and unsuitable for a long

period, because the head of Atami hot springs has fal}en gradually in recent years.

    Most hot water in Atami is forced out by air-lift-pumps. When pumping is
continuous at a constant discharge, the water level in the observed well would be

kept in steady state from the assumption (c), and then if the pumping stops, the

water level wi}1 rise. In this case, the stopping of pumps is equivalent in mathe-

matical treatment to the starting pump of negative discharge, -Q, over the con-

tinued positive discharge, Q. Thus, applying Theis' tkeory (23), we can express

the water level in the observed well with the assumptions (a) and (b), that is,

                           e- cr, =4.QleD S: ei,Xd2,, (6)

where crim=water level, from which tidal and barometric effects are eliminated,

            in observed well before stopping pump,

          x==water level, from which tidal and barometric effects are eliminated,

            in observed well after stopping pump,

         Q=rate of discharge,
         le =permeability,

         D== thickness of the aquifer,
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             r2S          z -=
             4feDt '

          r==;distance from pumped well to observed well,

          S==coeMcient of stoyage,

          t=time elapsed from the stopping of pump.

When ?, <<1, it follows approximately

                    - e-ai 'f4.QleD(In4.fe,Dst-O.s77), (7)

and this approximation holds roughly when t>2-hours as seen in Fig. 16•
Eq. (6) or Eq. (7) shows the behaviogr of water level in the observed well at

a distance r from a pumped well. In practice, there are some purnping wells

which affect the water level of the Nagisa well, but k is permissible to imagine

a representative well for the actual wells, because the.y are in a limited area. The

relation betweentand e-ei is given from the data as shown in Fig. 15, and
illustrated semi-Iogarithmically in Fig. 16.

           g !o
           st 9
           rt 8
             7
             6
             5
             4

             3

              2

              1               e lo 2o 3o 4o so
                                                      g-zl cm.                          December ,15, i955

              Fig. i6. An example of the relation between t and z-2i.

   After the restafting pump with the same rate of discharge Q, putting the

period of the stopping as ti, we get

                                   Q ln t                                                                     (8)                           g-?1.i                                  4nkD t-ti'

                     tThe relation between t-t, and e-ai is shown in Fig. 17. .

   According to the investigation of the Atami Municipal OMce, the sum of
actual discharge rates of some wells in the lirnited area, Q, was 6001/min in

December, 1954 and r is about 2eOmeters. The values of T and S are calculated
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               Table 5.

 t    and 2-2i .
tww ti

ST=ieD
crn2/min (1) (2) (3)

Dec. 15,
 1954

Mar. 10,
 1955

Dec. 7,
 1955

Case

Case

of stopping pump

of restarting pump

1750

1232

L7Å~10-5 L5Å~10"-5 2.6Å~10--5

Case

Case

of stopping pump

of restarting pump

2545

4100

2.2Å~10-5 2.9Å~10-5 2.3Å~10-5

Case

Case
;g stopping pump

restartlng pump

3220

2025

i.4Å~10-'5 LlxlO--5 LixlO-5

Meanof all valu .es 2600 2.0Å~10-5

(i) Calculated

(2) Calculated

(3) CalÅëulated

with

with

with

"T"
the

the

 for stopping pump.

mean of bothC`T" for stopping and restarting pttmp.

mean of all "T".

by the method of Ieast squares, and these re$ults are shown in Table 5. The

cause oÅí disagreement of these results may be ascribed to the uncertainty of e

and Q, and that the assumptions used may not be completely accurate. Finally,

T==feDua 2600cm2/min and S==2.0Å~10-5 are given in round numbers.

    In Rb8, we regarded the aquifer as rigid from the result that the pressure

change on the ground sttrface does not affect the water level in the well. On

the other hand, the aquifer seems to have elastic characteristics, because the

water level variation obeys Theis' equation. This means that the water in the

aquifer is compressible and the permeable medium of the aquifer is near!y
incompresslble. Jacob (24) introduced, in his elastic theory, the coeMcient of

storage as
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                          S==pgD(S.+S.ÅÄt9S.1), (g)

where p is the density of water, g the acceleration of gravity, e the porosity of

the medium of which the aquifer is composed,' p the negative ratio of a given

change in compressive stress to the change in hydrostatic pressure producing

it, a a dimension}ess quantity of clay intercalated in the aquifer, and Etv, Es and

Ec are moduli of elasticity of the water, the solid skeleton and the ciay, respec-

tively. When the aquifer is rigid, Eq. (9) may be reduced to

                               S=- pgDS.• ao)

                                                               2Substituting in Eq. (10) S== 2.0Å~10-5, p=Zg/cm3, g==980cm/sec2 and E- . ==48•9Å~

10wwi2 crn•sec2/g, we get DOxe4.2Å~ 102 crn. Since 0 is unknown, the value of D is not

determined, but the order of D presumed with tke probabie e may be from 103
to 104cm.

   We can also estimate the physical properties of the aquifer from the tidal

effect. When the above conditions (a) and (b) are assumed, the problem can be

treated as one-dimensional wave propagation. If tke arnplitude and the phase

of tidal wave are given by HT and rcT, and those of water-level fiuctuation by

Hw and tgw, we can introduce the next relation like Ferris' equation (25) :

             Hw cos (nt-rcw) =- HTe""T/t'Tt cos((nt-rcT-xVtq9), (11)

where n is the velocity of each tidal component, x the distance from a point

where the aquifer is in contact with the sea, and S, T and t are the coeflicient

of storage, transmissibility and time respectively. Thus,

                              S-W.-e-Yt'T', (12)

and

                              rcw-rcT==x,Vt}tLeSTH. (13)

We can, therefore, calculate the values of xVtb and x, and the results are shown

in Table 6. The distinct discrepancy between the value calculated from Eqs. (12)

and (13) may be caused by a simplification of the natural complex situation to a

simple model for mathematical treatment. Thus, according to a rough estimation,

the aquifer may be in contact with sea at a place on sea bottom from O.7 to

1.71rm off-shore.
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(a) Calcu}ated with the ratio

 Table 6.

of amplitude.

Tida! component

2Xi

#"IV.:e
HT

-x f ;g

O.39

O.46

O.54

O.55

/x
2il/iiT (radian)

O.904

O.776

O.615

O.597

x (cm)

1.65 Å~ 105

1.34

1.50

1.51

(b) Calculated with the phase lag.

Tidal component

2
/8,

tCTvx'-tclr

i

23.0

249
18.7

24.7

fx HZItES-

2T
(radian)

O.401

O.435

O.326

O.431

x (cm)

O.71 Å~ 105

O.75

O.80

1.09

12. Summary
   (1) Tidal effect on the observed weil of hot ground water is obvious, and

the tidal ethciency is about O.5 and the phase lag about one hour.

   (2) Water level in the well rises with ehe barometric pressure decrease and

falls with its increase. Tke barometric eMciency is about O.5 and the phase lag is

very small. The barometric pressure change affects the water level through the

sea and the well directly, but not the ground surface, and this means that the

permeable medium of the aquifer may be rigid.
   (3) The water }evel is high in winter and low in surr}mer, but the effect of

precipitation upon the well is inappreciable. The cause of this annual variation

seems to be the seasonal variation of the total pumping rate of Atami hot springs.

Therefore, the head of hot ground water in Atami will fall more and more with

future exploitation.

   (4) The ineerference-effects produced by starting and stopping purr}ps of

neighbouring wells upon the observed well are veyy noticeab}e. The hot springs

in the central region of Atarni are closely connected with each other, and may

be in tke same aquifer.

   (5) The aquifer may be regarded as a confined one, and its tran.smissibility

is about 2600 cm2/min, its coethcient of storage about 2.0Å~' 10-5, and the order of

the thickness of the aquifer may be from 103 to 10'i cm.
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    (6) The aquifer seems to be in contact with the sea at a certain place on

sea bottom from O.7km to 1.7km off-shore.
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