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The rare earth elements (REE) concentrations of the hot spring waters in the northern

Beppu geothermal area were determined to clarify their behavior in the hot spring mixing

J. Hot Spring Sci.

system. It was clarified that REE was removed from the H-SO type hot spring waters by

the mixing of them with Na-Cl type hot spring waters. It was confirmed by the experi-

ments using the two type hot spring waters that Fe and Al concentrations decreased with

decrease of REE concentration, and the light REE (LREE : La, Ce, Pr and Nd) was re-

moved selectively from the H-SO type hot spring waters. The LREE may be substituted

with the elements in alunite and/or co-precipitated with hematite during the mixing

process. The REE is very useful tool for interpretation of the mixing process of the hot

spring waters.
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Fig. Sampling sites (arabic figures) of hot spring waters in the northern Beppu geothermal

area, central Kyushu, Japan. Sample names are shown in Table .
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Fig. Pre-concentration procedure of hot spring waters using chelating resin disk.
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Table The concentrations of major elements in Tsurumidake unaltered rock sample.

Table The concentrations of REE in Tsurumidake unaltered rock sample.

Fig. REE pattern of Tsurumidake unaltered rock sample.
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Table REE concentrations of hot spring waters in the northern Beppu geothermal area.
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Sampling location La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

g L

Tsukahara spa

Yamadaya hotel

Ebisuya hotel

ng L

Myoban jizou ND

Konya jigoku

Heiwaen ND

Shibaseki spa ND

Lower reaches of
ND

Shibaseki spa

Chinoike jigoku

Kamegawa spa ND

Kannawaen ND

Private well A ND

Kyukouen ND

Private well B ND ND ND

Sakaeya hotel

Source of Shiraike
ND

jigoku

Spout of Umi jigoku

Floricultural center ND

Kuroki memorial
ND

hospital

Private well C

Marine Palace
ND

(Aquarium)

ND : not detected

pH Na, Cl SO

Na-Cl H-SO

H-SO

pH . . Fe, Al, SO

ppm H-SO REE ppb

pH . . Na Cl Fe Al

Na-Cl REE ng L

Na-Cl REE

REE Fig. REE

LREE HREE

REE

.

+

+

.

.

.

.

.

+

/+4- +,- +/40 034* +04. /41 +043 ,41 +14/ -41 ++4- +41 +*41 +41

+-4. ..4- 042 -.4+ 24, ,4. 24+ +4- 141 +4/ .4/ *40 .4+ *40

+,4, -,4+ .41 ,.42 14+ -4. 341 +42 +,40 ,42 243 +4. 342 +4/

--, 0,1 014- ,-- -/4, ++41 -+4+ -43 ,-41 .40 +.4+ ,4. ++4/

,-4, 204+ +043 3*4. --40 +-4+ .14. 24* /+41 ++42 -/4* /42 -24. 042

-42 *4- +4. *4- *4, *4. *4+ *4. *4+ *4, *4*. *4, *4*.

,4+ *4- +4- *4. *4. /4- +42 +34* /4+ +-4- +4- /4. *42

,43 *4/ -4. ++4. +-4, +*+ ,24. ,-0 /,4/ +/+ ,*4. +,+ +040

2,4+ ,,. -14, ,,0 +/3 2-4+ .,- +-* ++*- ,-3 1+* 3341 /10 1+41

,4* *4- +4, *4- *4+ *4/ *4+ *41 *4, *4/ *4+ *4. *4+

14- *41 ,40 *4. +4- *4/ *4+ *40 *4, *40 *4+ *42 *4,

+4/ *4- ,4. 143 ++4/ +++ -,4. ,*. -,42 034, 14* --4, -42

+40 *4- +40 -43 /40 /,43 +14. +,* ,*4. ..41 .40 ,+43 ,4/

*4- *4*/ *4, *4*. *4+ *4, *4*. *4+ *4*, *4+ *4*-

.*4- 004/ 24/ -341 +/4. ++4- 034* ,,40 +2, -.4+ 2+41 340 /+4+ 04.

+4* *4+ *40 *4, *4+ *4. *4+ *40 *4+ *4/ *4+ *40 *4+

+,4/ -14+ 14* .-4, ,-40 +,40 .043 34- 0-4- +,40 --41 .4- ,.4, -4,

+-4- +43 340 04, /4, .*42 +-4+ ++* ,/4, 134/ +,40 2043 +,4/

*41 *4+ *40 *4, *4+ *4- *4*/ *4- *4+ *4- *4*. *4, *4*.

+1- .*, ..4/ +3+ 014+ .,4- ,0+ 2*4/ 0/- +,1 -+, -14- ,*+ ,14-

+4* *40 -4+ *41 *4, +4, *4, +42 *4/ +42 *4- +41 *4-

, *. 0, -

1 2/ 32 2

.

.

.

- -

m
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Fig. REE patterns of hot spring waters in the northern Beppu geothermal area.
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Fig. REE patterns of hot spring waters in the northern Beppu geothermal area (continued).
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Fig. REE patterns of hot spring waters in the northern Beppu geothermal area (continued).
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pH

REE La Lu
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Fig. REE patterns of the solutions prepared by mixing Yamadaya hotel

hot spring water ( mL) with Heiwaen hot spring water ( mL).

Table The concentrations of major dissolved components in the solutions prepared by mixing Yamadaya

hotel hot spring water with Heiwaen hot spring water (before and after heating).
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pH Na K Ca Mg Fe Al Cl SO

mg L

Yamadaya hotel ( mL) Heiwaen ( mL)

Before heating

Heated at for hr

Heated at for hr

Heated at for hr

Yamadaya hotel ( mL)

Before heating

Heated at for hr

Heated at for hr

Heated at for hr

: not measured

LREE

B

Na-Cl

REE Ce

REE :

: mL mL

/
,* ,*

/

.

+

,* ,*

/0- .-41 +*, +040 -,40 2141 23* +/1-

+/* . +43 /,. --4- +*. ,*4* +-4, -*42 3*1 +.,*

+/* 2 +43 /,1 -+42 +*1 +343 *4/3 +143 3+1 +.**

,** . +41 /,2 -/40 +*- ,*4* *4/0 14* 3,/ +-3*

.*

-043 +-41 +-2 --4, 0/4, +1/ ,4. -*.*

+/* . +41 -241 24, +., .*4- 14- +/* ,4, -*+0

+/* 2 +41 -040 -43 +.+ .*40 -43 +,3 ,4. ,300

,** . +40 ,/41 *4/- +-/ .*4+ /4, -04- ,4/ ,1**

/ +/* ,**
,* ,*

/
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Fig. X-ray di raction pattern of deposit produced from heating of the solutions prepared by

mixing Yamadaya hotel hot spring water with Heiwaen hot spring water.
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y

Na-Cl

Eu

H-SO Na-Cl

REE Fig.

Table

REE LREE

LREE

LREE K, Fe, Al

SO Fe Al

X Al,

Fe, S Si Al, Fe S

Al Fe

X Fig. KAl SO OH

Fe O

AB XO OH A Na, U, K,

Ag, NH , Pb, Ca, Ba, Sr REE B Al Fe Cu Zn

XO SO PO AsO CrO

Dill,

X

0 #

.

.

- . , 0

, -

- . , 0

.

, - - ,
. . . . .

/2 ,**2

+33-

+/* ,** /

/

0* +

+* +

+/*

,**

0

,***

0

- .
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Table The concentrations of minor elements in the solutions prepared by mixing Yamadaya hotel hot

spring water with Heiwaen hot spring water (before and after heating).
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y

V Mn Co As Rb Sr Cs Ba

g L

Yamadaya hotel ( mL) Heiwaen ( mL)

Before heating

Heated at for hr

Heated at for hr

Heated at for hr

Yamadaya hotel ( mL)

Before heating ND

Heated at for hr ND ND

Heated at for hr ND ND

Heated at for hr ND ND

ND : not detected

A K Na K :

pm, Na : pm ; Shannon and Prewitt, , LREE

B Fe Al XO SO

Table

Na, K, Fe Al

LREE Sr

: pm Ba : pm Table

LREE Rb

: pm Cs : pm

K

REE Fe Al Table

Al Fe LREE

Al La LREE Al

Al LREE

LREE

Na-Cl Fe

KFe SO OH Fe O

;

LREE REE A

LREE Fe Al

0

+

,
. .

- . , 0 , -

,* ,*

2*4/ +02* .40 3+* ,03 1/3 +,0 2042

+/* . ,+4+ +1,* .43 ./42 ,2. +0+ +,- +42

+/* 2 +-4, +/3* .42 +143 ,21 +*1 +,- +43

,** . ,14. +10* /4, /,4- ,33 +/* +,. +43

.*

+0+ --/* 34, 3,4. +02 .4. -*4/

+/* . ,43 -/0* +*4- 3040 ++2 .40

+/* 2 +*4* --** 343 304- 2.4- .40

,** . -+40 -1-* +*42 234+ 24- .4/

+-2

+*, +303 +31*

/

++- +-0

0

+/, +1*

1 2

,**.

+332 +332

0

- /

m



�

�
�
�

�
�
�

�

�
�
�
�

�
�
�

����	
����
����
��������� �

�
�

� � �
�

� �
� �

�
�

� �

�� 	!"#$%	&'(#)*+�, -./0�123�4,567
�89
:;<=-� >?@*+&
A�(BCD7



�EF�G,$H*I123�JK LMN#O&I��PQ!R(ST LUV�G
W
3XYP ZD�12$H[\����]�^_ `aH!�bP�G, 9:;<=-$H*

���#cd=ef:*IghQ-i&'(-)Z7I
j'k 
�EF��&+9:;<=-12*I'(# lm[\�9:;<=�nopq#m
rs0�tu*+vw*I tuxy8z{�|,k}


~�]���sX��q�D<�d�q#u��

'�<�d�q(�X<�d�� Z#B�*vw�
I� �

� ������	
��
��������������

� ������	
��
������������� ��� ���� !

" #$%&'�()*��+,

�
�

�

�

Table The concentrations of REE in the solutions prepared by mixing Yamadaya hotel hot spring water

with Heiwaen hot spring water (before and after heating).

Table The decrease rate of concentrations of LREE, Al and Fe in the solutions

prepared by mixing Yamadaya hotel hot spring water with Heiwaen hot spring

water (before and after heating).

95

Before heating

Heated at for hr

Heated at for hr

Heated at for hr

Before heating

Heated at for hr

Heated at for hr

Heated at for hr

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

g L

Yamadaya hotel ( mL) Heiwaen ( mL)

Yamadaya hotel ( mL)

La Ce Pr Nd Al Fe

Yamadaya hotel ( mL) Heiwaen ( mL)

Heated at for hr

Heated at for hr

Heated at for hr

Yamadaya hotel ( mL)

Heated at for hr

Heated at for hr

Heated at for hr

REE LREE

X X

REE

Extended Debye-Huckel

Al Fe

1

2

+

+/* .

+/* 2

,** .

+/* .

+/* 2

,** .

,* ,*

14* ,-4, -41 +14/ .4+ +4, .4, *402 -40 *41. ,4, *4,3 +43 *4,2

,4/ +,4+ ,4/ +.41 .4+ +4, .4+ *40. -43 *413 ,4- *4-, ,4+ *4-+

,4* ++4. ,4/ +/4- .4, +4, .4- *401 .4+ *42- ,4. *4-. ,4, *4--

*40. .42 +4. +*4/ -40 +4+ -41 *4/3 -40 *41- ,4+ *4-* +43 *4,3

.*

+.4* .04- 14. -.43 24- ,4. 24. +4. 14- +4/ .4- *4/2 -42 *4/0

+*43 -343 040 --4. 24- ,4. 24+ +4- 140 +4/ .4/ *40- .4* *40*

242 -/40 04- -,43 24- ,4. 24, +4- 142 +40 .40 *40/ .4, *40,

*4-0 .42 ,4+ +34, 14+ ,4+ 140 +4, 14- +4/ .4- *40+ -43 *40*

,* ,*

+/* . 0.4/ .142 -+4/ +/41 0.43 /34/

+/* 2 1+4- /*43 -*42 +,4. 1340 324,

,** . 3*43 134. 0+4/ -340 3,4* 324-

.*

+/* . ,,40 +-42 343 .4- +.4- 2242

+/* 2 -141 ,-4- +.43 /42 ,04- 3.4*

,** . 314. 2340 1+4+ ./4* 134- 3,4*

/2 ,**2

¤

1

2

- 0
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Table Saturation index for alunite of the solutions prepared by

mixing Yamadaya hotel hot spring water with Heiwaen hot

spring water (before and after heating).
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sp

Temperature Heating period Saturation index

Before heating

Heated for hr

Heated for hr

Before heating

Heating for hr

Mixture ratio : Yamadaya hotel ( mL) Heiwaen ( mL)

KAl SO OH H K Al SO H O

Q

Reed and Spycher,

SI

SI SI SI

Table

REE REE

REE pH

H-SO REE REE

pH H-Na-Cl-SO

LREE REE pH pH H-Na-Cl-SO

LREE REE pH Na-Cl REE

REE

Na-Cl H-SO H-Na-Cl-

SO LREE KAl SO OH

LREE

K LREE H-Na-Cl-SO

REE

KFe SO OH LREE REE

LREE

SEM-EDS X

K

3

- ,
- . , 0 . ,

.

.

.

.

. - . , 0

.

- . , 0

04+/

+/* . -43*

2 ,422

34/-
,**

. .4+.

,* ,*

0 - , 0

+33,

+ + +

3 +/* ,**

,

-

.

0

3

.
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