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Abstract

Groundwater, which discharge as hot springs, mineral springs, cold springs and well

at the southeastern foothills of Kuju Volcano, Central Kyushu, Japan, were collected for

dD, d+2O, d+-C and concentration of dissolved inorganic carbon (DIC) analyses. dD and d+2O

values of the samples definitely show that all of the waters are derived from the local

meteoric water. Recharge elevation of the waters is estimated to be about 21*�+,-*m by

dD values. The groundwater recharged at such elevations of the southeastern flank of

the volcanic edifice discharges as mineral springs at relatively high elevations of the

southeastern foothills of Kuju Volcano and partly discharges as hot springs at relatively

low elevations there (Nagayu area). The characteristics of d+-C values and pCO, show that

magmatic CO, is mixed into groundwater discharged from hot springs, the mineral

springs and some cold springs. Topographical distribution of concentrations of DIC and

the result of groundwater flow analysis by dD values suggest that highly carbonated

groundwater is produced by the mixing of magmatic CO, into the recharged ground-

water at the southeastern flank of the volcanic edifice and the mixed groundwater flow

fromwest to east and form the carbonate water zone at the southeastern foothills of Kuju

volcano. These highly carbonated groundwater discharges as the mineral and hot

springs, which are mixed with shallow groundwaters dissolved soil CO, nearby the

discharge areas.

Key words : Hydrogen and oxygen stable isotopic ratio, Stable carbon isotopic ratio,

Dissolved inorganic carbon, Carbonate spring, Nagayu Hot Spring
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Fig. + Map showing locations of hot springs (open triangles), cold springs (solid circles), mineral

springs (solid squares) and well (solid rhombus) at the southeastern foothills of Kuju Volcano.
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Table + Chemical and isotopic data of the water samples at the southeastern foothills of Kuju Volcano

Point
Name

Sampling
Date

Water
Temperature

(�)
pH

d+2O
(�)

dD
(�)

DIC
(mg/L)

d+-CDIC

(�)

Well
Depth

(m)

S*+

S*,

S*-

S*.

S*/
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S*2
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S+*

S++
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S+-

S+.

S+/

S+0

S+1

S+2

M*+

M*,

M*-

M*.

G*+

H*+

H*,
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H*.

,**,. ++. +0

,**,. ++. +0

,**,. ++. +0

,**,. ++. +0

,**,. ++. +0

,**,. ++. ,/
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,**,. ++. ,/
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,**,. ++. +,

,**,. ++. +,

,**,. ++. +,

,**,. ++. +,

,**,. ++. +,

,**,. ++. ,.
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,**,. ++. +,

,**,. ++. +,

,**,. ++. ,/

,**,. ++. ,/

,**,. ++. +,

,**.. *1. ,*

,**.. *1. ,*

,**.. *1. ,*

,**.. *1. ,*

+-42
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+34+
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.,4+
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24/
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14,

14,

14+

143

04-

/4/

/4.
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�24.
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�24.
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�24.
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�24.
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�24.
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�24/
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�//42
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�/040
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�/-43
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�..4.
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�/14+
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�//43
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,*3
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Fig. , dD-d+2O plots of water samples discharged as hot springs (open triangles), cold springs (solid

circles), mineral springs (solid squares) and well (solid rhombus) from the studied area. The

diagonally shaded box shows the ranges of dD and d+2O values of andesitic magmatic steam

(Giggenbach, +33,). Solid line labeled with MWL expresses meteoric water line : dD�2d+2O�+*.

��	
166



��������	
��
�������������� ���� Fig. ,����������
� !"� dD�� d+2O�#���������$% �&'(���� �)�(&�*��'�
+���$,� -./$' +01�2�345��6����78�9:�;$< � =&� >
?@��A�����B�C��DE����&FGH�IJ���KL�&%

dD�� $MN��0O���P����QR�����SF$ 21*T+,,-* m �(&% >
?@0U���' 21*T+,,-* m��VWX�YZ[�\]^	�;&�� 
�_� `_� ab� c
_ ,�YZ[\]^	� 21*T+,,-* m0d�e��U ���$ If�/$% 6��� <�0
U���g/&��� hi�
�_=&�`_ ��!jA�����WX��+�� hi�ki
lmn�� �op�0c�qr�st� ���u�vw0U�c_� ���+���$ 78g
/$%

-�, �������	
�
Table +���&xy�� 
�_� `_� ab� c_��z{�&�� DIC|}�6/~/� +2

T-.3 mg�L, 00+T+,*., mg�L, 20 mg�L, ,,,20T,,/1. mg�L�;�� �D������8���
!�6/~/� �+2.3T�/.*�� �..2T�-.1�� �+/..�� �-.,T�,.-��;(&% Ohsawa et al.

�,**,�'���[��F&� �
��|}���,������!'�� �y��'�F�/�
6������ CO, �d+-C��,/� ; ���[>� +33-� ����&���0O� �d+-CDIC��,-T
�+3� ; ���[>� +33-� ������ CO, �d+-C��+,T�,./� ; Fischer et al, +331� '��
���$< ������$%
����� CO,���' �/$0O��W¡� ¢�£��¤54¥��D��¦§�¨¦©ª
«¬'If�/$%
�A� ���� CO,����&0O��­¬®������ CO,'¯°��V$W¡
�B� ����� CO,�2����&0O� ���� CO,����&0O� '�¡V$W

¡
�A� �W¡� 0O�� DIC|} d+-CDIC����¢±�²V< '�³$%

Fig. - Relation between discharge elevation and dD values of waters from hot springs

(open triangles), cold springs (solid circles), mineral springs (solid squares) and

well (solid rhombus). Solid line expressed in equation : dD��*.*+-1H�.+.02 is a
recharge-water line in Kuju volcanic area estimated by Yamada et al. (,**-).

����´µA¶·�x$¸C�[\]���+V$��_�¨¦¹º���» /.¼ �,**/� 167



d+-Cgw�
+

Cgw
�C*�d+-C*�+***��Cmag�d+-Cmag�+***���+*** �

��	 C
 DIC��� �
� gw, *, mag
��������� CO,�������� ���� �
���� CO,� !" #$� �B� �%&
'()*+"

d+-Cgw�
+

Cgw
�d+-CmagCmagX�d+-CsoilCsoil�+�X�� �

Cgw�CmagX�Csoil�+�X� �

��	 X,-.�
� soil
�����&/&� �0�� CO,� 1� ��23�45
�()
�6	7+"
84��&9:��!(�;<=>?@A�*��B�!+�)C	D�E� �F1G+�&9
: ��&H� �IJK@LM+�)CN�	7O� ����� CO,��PJ	)1Q
RS
TU
��VWXYZ�Z�$��..1[ �
�\Y� +330� �� �0�� CO,��]1$�����PJ
	)1Q
�,*[ ��+3^�,-[ : �_�U�� +33-� ��`+�)C	D+" #$� DIC��@

�0�� CO,��]1$�����abcd�e �pCO,� � *.*+ atm,-. *.*- atm)1� �(
��`Qfg1$���`+�)C	D+"

C� l
RT
hpCO, �

��	 C
 DIC��� l
 Ostwald:i� R
VJji� T
klm�� pCO,
�abcd�e�
 !" *,� �B� ��&@n`Q
� ����� CO,�o��]1$�����abcd�e
�
�	7+$M� pVe�	�abcd�o)q1Q`+� �pCO, : + atm� �rj1$" sZ@� t
m��uG1C�&1Qtm��)1Q�v!+%& �;?>w +� )�tm��)xm��C�&
1Qxm��)1Q�v!+%& �;?>w ,� Cy
Z�+�	� ;?>w +� Ostwald:i@

 +/z	����`� ;?>w ,	
� �v!+m�� .*z)1$)D@ +/z��@��!+�
�m������{(YZfg1� ��m�	� Ostwald:i��`$"
84��&@9!+9:(YZLM$�&9: ��&H� )|}��~�>?� pCO,�d+-CDIC

�@����1$�C Fig. .	7+" ��Z �,***� 
��WX� CO,, He��PJ��YZ� �
�m���{ca
�����	7+�)� 1Q`+C� Fig. .	
��m���
`����
&H8@�����s�*`" ��
pV���abcd�eCm�����@	�Q��@�s
`� �-h+*�. atm� 	7+$M�v�@�WXC��O��PJ	�x` CO,C��@��1$�
�	7+)y
Z�+" �|� ��	
m����v
 CO,WX��G�	�v1Q,O� S`�
PJ �+-C� ���
����OG+��@7+" #$� ���@n`Q����� C��¡Q,
O� ����� �&H-O�¢£x`�PJ	� 1Q`+)!+�
A�	7¤G"
28�]~
� m��)���,-.¥������{caC����� CO,)�0�� CO,

��&	¦6$�)� 1Q`+C� §�&H� O�@
pD*¨C*`$M� �A� �B� `��
��&©ª�«Q`+�Y@n`Q
��¬­	
�®@	D*`" ��	� �{ca���x`
���!K�"@¯#1Qo$"
�{ca����"� �Fig. /� 	
� ��m��°±)�p²U$%³&�'x 0**^+,*** m�
�´@ +,*** mg�Lª��x����C{µ1� ���´�¥�
����()´ �21*^+,,-* m�
)\¶S*+" ��
����� CO,C����()´·*	��1Q`+�)� 1Q,O� x
��ca�
()´�·	¦�1Q`+�)�¸± ¹1Q`+" #$� ��m��ºM+)� p

m�»¼168



������� 2**�+,*** m	
���
���������������� ��� -. + !"#
$%&�'(
�)*+,-. /��� 0123�456��73&�456�)89:; <-
�)�� =Fig. ->� 01�23&?@#45A BCBDE CO,�FGHI��JK/�#?� 
<-)LM-��NO <-. �#�P�� ���������&�,Q�R��������6
�S 2**�+,,** m	
 JK/�� T���RUV�W���X'(��Y-?�),-��Z
[ <-. 
\� S+*	
 =Fig. +> �]Y�^_`a =S /** m> �bc�� ������3�d

Fig. . Plots of d+-C of dissolved inorganic carbon (DIC) versus pCO, of waters calculated from pH, water

temperature and concentration of DIC. Solid (black and gray) and broken lines show expected mixing

relations between magmatic CO, and soil CO, in groundwaters. For detail, see text.

Fig. / Topographical distribution of concentrations of dissolved inorganic carbon of waters

discharged as hot springs, cold springs, mineral springs and well. The diagonally shaded

area shows main recharge area of groundwater.
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