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� �

�� ������ �	
 �� 
� �� �� ��� NaCl 3 wt% ���, MgCl2 3 wt% ���
� ��� �� �

� !". �# ����� $�� %
�& ����' ()�*". ��& +,- ./ 012 NaCl 3 wt% ���3 4

5
 274.16-287.96 K, 2,920-18,090 kPa 678, MgCl2 3 wt% 45
 272.86-286.41 K, 2,910-11,840 kPa�9". 8:�

& �� ������, ��& % ; <�& ��=> �� ? 
� �� ��@'A van der Waals-Platteeuw BC� <

D=> � EF@'- ()�*". �� ������2 8.' G+& �� ��� HIJ2 K�& LM NOP
� Q

R�S TUV � W=X, Y� ZM [\
 �� [�%7]O ^_ @'>M` �� ������ QR a\� +,, .

/ 678 geothermal gradient
 &� TUV � Wb� cd!". ^_[\& �K 1,100 m [\
�& �� �����

� QRa\& ef2 �Gg=>M` h 400 m
� 550 mi[> j�k& 	l
 mn �op q�2 r=> cd!".

Abstract − Three-phase equilibrium conditions for forming methane hydrate were experimentally obtained in aqueous single

electrolyte solutions containing 3 wt% NaCl and 3 wt% MgCl2. The experimental temperature and pressure ranges were 274.41-

291.11 K and 2,500-19,050 kPa for pure water, 274.16-287.96 K and 2,920-18,090 kPa for NaCl 3 wt% solution, 272.86-
286.41 K and 2,910-11,840 kPa for MgCl2 3 wt% solution, respectively. The experimental three phase equilibria consisting of

solid methane hydrate, liquid water and gaseous methane were compared with the predicted values calculated from the van der

Waals-Platteeuw based model. Methane hydrate could be stable under specific temperature and pressure condition that occurs

in the ocean floor sediments. Geophysical survey was implemented in the southern area of the East Sea, and the methane

hydrate stability field was determined by simultaneously considering temperature, pressure and geothermal gradient obtained

from the survey and well data. In the study area, methane hydrates might possibly exist in the sediments below the water depths

of about 100 m, and the length of stability field appeared to be located at about 440 m beneath the seafloor and varied with the

type of electrolytes.
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1. � �

�� ������(gas hydrate)� 	
 ��
(inclusion compounds)�

�����, ��� ��� �� ��� 
 ��� �� � !"(cavity)

#� $%, �&�%', (' )� � ��* ����� 
+,�� -

��. /��� 012 -134 �5�6. ��� ��� ����

7' -�8 �� 93 ��(host molecule): 
 ��� �3; <�

(lattice) #� ������ ��� =� >3 ��(guest molecule): ��

��� ?@ � A�� BC 100D �;� ����� ������

4 ���� A�� EFG H6[1]. $% ������� �� ���

���� I �J� ?K2 ��� LM�� %�7' ��
 N �O

PQI 
(: $%�� R� S H�T, in-situ �� �������

LM�8 UVI6.

�� ������� WX;��� YZ� [\I �3 ?

�V

], -1R�� ^_` 6a bc8 d:6. Q7I $% �����

�� 
 �� 46D� 8D� $% ��� ?K S R�-I8 ����

-�3�, e� ��fg CH4h5.75 H2O� ij26. R�-Ig 6D�

14-hedra(51262=12 pentagonal face & 2 hexagonal face; large cavity)k 2D�
380
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12-hedra(512=12 pentagonal face; small cavity)� R� S H�T, lm

5.2 Å n]: $%, �%, (', �&�%' )� � R�-I8 �o 7 H

6[1].

$% ������� ��� �� ��� 01�T, 3, 1 m3� $

% ������� ;�, ;��� 172 m3� $%��k 0.8 m3� 


� p+26[2]. �qr '*� �������Ms L*� t_��4

uSv 7 H�T, $%� _' j w/ � �&�%'� x� yw


� [p 0.7z� {��6� |}g ~1 ��V����� ���8

d.9� H6[3]. $% ������ #� � 1�104 Gt� $%� ?

K S H�T, �� 
�, t_��� � ������� ?	2 $%

� 25z� �� �LI x�6[4]. BC �#� t_�� '[*g V

�,: �� ��4 d. 1996���� 920] 4t �� '[ ��,

1997��� 1t 165] �� �g A�� �1 @� �6. �` �m

�� �V4 �I ��t_��(LNG) |��� ^Lk ��_�� L

I 7 �L� 1987� �¡ _¢£ 58%� ��¤8 d�� H6. �

#�� |� � t_��� ¥� �*� pW�� 7¦ � H� }

1�6. §¨�, ©
��� [p ª �<� ,g �&�%' z«*�

� :p ~1 ��V��� ¬­ ®� H� t_��� �#^d ¯ 

�g °± N �6. 1998� !p�� I���_R'� �p 7²2

%�³ ´|(seismic survey) �� ;�� $% ������� Mµ8

Vj�� BSR(Bottom Simulating Refelctor)� ^: �6. �� $%

������� ?�2 ¶,·� ��� µC�� 
 =� ��� ?

�2 ¶,· |��� ¸�k %�³ ��� U��� /¹� º|»

��, 01 ¼½� �I�� ¾¿¾À 26. �ÁI U��� $% �

������ ¢���� 01¼½8 ÂÃp !p p� ¶,·���

������ Mµ ���8 Ä`� Ag °± N I ��¨ Å 7

H6.

$% ������� �� S p+ V Æ� 01�À µC�� ¼

½8 01 ¼½�¨� I6. �qr 01 À ¶,·� Mµ�¹ ��

.�� ��k �Ç ��� ÈÉ SÊ I6. �Ë ��, �Çg $%

� ?	2 6a ��� �Jk x e+� V·7� �� )� ¼Ì8

®�6. §¨�, $% ������� 01 ¼½8 ÂÃ�¹ ��. $

% ������� ¢� ��, 7� Rz(hydrothermal gradient) � VÍ

Rz(geothermal gradient) ���  R26. Î _R��� }Ï8 Ð

p $% ������� NaCl 3 wt% 7��� MgCl2 3 wt% 7���

� 01�À ¢�8 �o 7 H� ��8 Ñ� Rp9��, � ¢��

�� ?Ò Ó!Ô � 50 km p;�� ÕÖ2 7×(=�Ç)� §a 7

� � :ØV½� V� Rz ��4 ���. uSÙ -�4 ��p,

7× � 280 m ��� �?2 tM ¶,·�� $% �������

01 À MµÚ 7 H� 
+, �� Û, ��k �Ç� ÈÉ � H

Z8 E 7 H�6.

2. �� ��	
��� 
���� �� ���� ��

Ü ND� �ÝSV� �� NcD� ������ ���� ?	 S

H� m±, ¹;� �;, ������ ; |�� Í½Þ, ¢� ��

g 6Z� ß� àDjá4 ��p iBÅ 7 H6.

,  i =1, ΛΛ, N (1)

e+�,

,   j =1, ΛΛ, NC (2)

àDjá �74 ���. ¹;� LI àDjá4 iB�» 6Z� ß6.

= yiϕiP (3)

.¹�, yik ϕi� �� �Ç� P� â iD� ��� LI ã�¤� à

Djá �74 �nI6. àDjá �74 R�¹ �p�, Î _R���

modified Huron-Vidal second-order(MHV2) mixing rule� 	ä Redlich-

Kwong-Soave ;å�1f(RKS-EOS)8 |��æ6[6, 7]. �ç è� �

�V4 R�¹ �p�� R�,: °Dé7� R� Q4 ê� UNIQUAC

bë8 |��æ6[8]. .Á ìí8 �|I -�, � eî �z ;å�

1f8 ¹ï� �� bë� �� � ���� ð] ñò  ̈6����

�� ¹-� ¢� �&8 óô` 7²�� A�� �Áõ6.

]� ¬¬� ;8 ,ö` ÷Ã��ø ¿ùI Í½Þ, bë� H6»,

¢� ��8 �&�� A� ��pÊ I6. �º,�� NaCl8 [úI

�p(g ������ <�#� ?K V Æ� �;�] µC�û�,

������ ;8 ÷Ã�¹ �p�� van der Waals-Platteeuw bë�

,ù�6[5]. � bëg ¹-� ¢��� _X S H�û�, ;¹I Nc

D� fËg �l 
 ��� LI fË ]�� L3Ú 7 H6.

(4)

������ ;�� 
 ��� àDjá� 6Z� f�� 9SÙ6.

(5)

� f��

(6)

� ������ <�4 �Ý� 
 ��� àDjá�T, Cmj�

Lang-       muir ;7, vm� ������ <�4 �Ý� 93 ��

ù �J m� !" D74 �+ü6. NC� >3 ��� D7�T, fj�

;å�1f��Ms �& SÙ ¹; # >3 ��� àDjá�6.

Langmuir ;74 �&�¹ �p��, �� P� ?ýþ w(r)8 �&��

Kihara ?ýþ8 |��æ6. Kihara ?ýþ�� |��� � D� °D

é7 a,σ,εN a� ìí ÿ8 ���æ�T, ¾�V � D� °Dé7 σ
k ε� }Ï8 Ðp uSÙ P-T data�Ms �,��æ6. �,�I °

Dé74 Table 1� ¾¿#�6. � �Þ ?ýþ U�4 ¾¿#

T, ������ <� #� >3 ��� ��VV Æg [SH� <�

4 �Ý� 
��� �Þ ?ýþ, , k >3 ��� ��G H� <

�4 �Ý� 
��� �Þ ?ýþ, , |�� U�4 �nI6. � �

����� <�# 
��� àDjá� 6Z� f�� 9SÙ6.

(7)

.¹� � �; 
��� àDjá�T RKS-EOS4 ���. �

& SVT, � ������ <�� �Þ ?ýþ� Q7 �; 
�

�Þ ?ýþ�� U�� Holder� �p d�2 -�4 ���æ6[9].

(8)

f i
V f i

L=

f j
H f j

L=

f i
V

fw
H fw

L=

fw
H fw

MT − 
µw

MT H–∆
RT

-------------------exp=

µw
MT H–∆
RT

-------------------= vm 1 Cmjf j
j 1=

NC

∑+
 
 
 
 

ln
m 1=

2

∑

fw
MT

µ∆ w
MT H–

µw
MT

µw
H

fw
MT fw

L
o µw

MT L
o–∆

RT
--------------------exp=

fw
L

o

µw
MT L

o–∆
RT

-------------------- =
µw

o∆

RTo
---------- −

hw
MT L

o–∆

RT2
--------------------dT

vw
MT L

o–∆
RT

--------------------+  − awln
T

o

T

∫ 
 
 

Table 1. Optimized Kihara potential parameters for watermethane and
water-carbon dioxide interaction

Parameter CH4 CO2

a(Å)
σ(Å)
ε/k(K)

0.300
3.300
153.7

0.720
2.5935
173.5
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� }Ï8 Ðp -1 � ÿ���, ¹� �� Tok öL �Ç�

0: ;å�� � ������ <�k Q7I 93 ��|�� �Þ

?ýþ U�4 �n�T, k g ¬¬ � �����

� <�k Q7 �; 
 ��|�� ã	
�, ã�
� U�4 �nI

6. aw� ;å�1f��Ms �& � 
� �!�4 �n�T, �!

� �7, γw, k �p(8 ?	�V Æg ;å: 
� ã�¤, xw, |�

� ��� iB26. 	
�ÿ� U�� LI d1g Holder� �p ²

pÙ -�4 ����T, ������� LI 
+, � Í½Þ, ¹

�ÿËg Parrishk Prausnitz� �p uSÙ -�4 ���æ6[10].

NaCl� ��� :p w/�� ��4 �F�¹ �p�� RKS-EOS

k Debye-Hückel electrostatic contribution8 	ä |��. �; 


� àDjá4 �&�æ6. àDjá �7� Aasberg-Petersen� �p

�j2 bë8 |��. �&�æ6[11].

i=1, K, N (9)

� bë��, i��� àDjá �7� � D� �zÒ�� ¾�SÙ6.

� RKS-EOS�� uSV� �zÒ��, � electrostatic

in-   teracton8 �FI �zÒ�6. 
 ��� Lp electrostatic

interac-    tion8 iB�¹ �I g �; 
� �!��Ms �

& SVT, �p( 7���� 
� �!�� Ð�Þ, ��� Ø¥

I Pitzer bë�Ms �& SÙ6.

(10)

(11)

(12)

.¹� fφ� Debye-Hückel Ò�T, MWw� 
��� ��*, mg

�p(� ã� ���6. Φ� �� �7�T, I� ionic strength�6.

�� C, A � CA� ¬¬ x��, Z�� e+�, �p( ��8 ¾

¿�6. �p(g �� zC� x��, vC, Dk �� zA� Z��, vA,

D� ¾�� /¬I6. ¬¬ ��� � ���� ion interaction par-

ameter4 ¾¿#� Bφk Cφ� }Ï,�� ug ø�s4 regression�.

u�6[12]. Debye-Hückel Ò� ?	2 ;7 Aφ� °± �g ionic

strength��� �� �7� LI �I ÿ8 ¾¿�6.

(13)

.¹� ;7 e, ρw, εw, NAk k� ¬¬ 
��� LI elementary charge,

density, static dielectric constant, ñd��� ;7, e+� ��] ;7

)8 ¾¿�6. 
� dielectric constant� Englezos� _R-��Ms

uSÙ ÿ8 |��æ6[13].

Pitzer� �p(8 ?	�� ���� �� �74 �&�� ��

� LI ��8 �j��V], e� °Dé7Ëg LM� 298.15 K Ø

q�  ���] 1^I !"��8 d:6. Bakker� ßg bë8 |

��. NaCl, KCl e+� CaCl2 )� 6xI �p( ��� �&�

%' ������� ;¢�� LI óôI !" -�4 dæ�T[14],

�� �4 273.15 K d6� #g  �$V ^O�æ� �4 �p 7

12 °Dé7Ë8 |��æ6. NaCl� MgCl2� Lp�� }Ï  �

��� 6a ^O2 °Dé7Ë� EFG HV Æ¹ âì� Î _R�

�� 298.15 K�� 1�2 °Dé7Ë8 |��æ6.

3. �� ��	
��� 
���

3-1. ����

$% ������� ��� ¢� �� }Ï8 ��. |�2 ¹¹�

Fig. 1�� d� %k ß� &À ������4 ��j'� p+j'�

��� º(¹k 9é ¹¹� R� S H6. ��� º(¹� 316 �

):�� �*(stainless steel)� �� �� M�� 56.52 cc�T, ��

� �ö � 7� #� +:6. ������� �� � p+ � B

;8 X,Å 7 H�- º(¹� .� /� |³�S(sapphire)� 2

X"08 ÷1�æ6. ��� ?	2 7��¾ �
( )� {Q
8

�¥�¹ ��. ¯s4 ÷1�æ� ½J �V� 23� ÷1�æ6.

$% ������� ��8 4Ùj'¹ �p�� 
� ��� 54»

8 ��j6 9SÊ �T, '� magnetic bar4 |��. 
� ��4

7��æ6. º(¹4 ��� ��� 
Vj'¹ �p�� ��, Ò�

Q�7�4 ���æ6. º(¹ 0� ��� thermocouple8 ���.

"1�æ�T, �U� ±0.01 K: 7g ���4 ���. d1�æ6.

�â "1 � ��� �U� ±0.05 K�6. �Ç� "18 ��. 40

MPa$V "1 ��I Heise pressure gauge4 ���æ�T, �U�

±50 kPa�6.

3-2. ����

�� ������ }Ï8 ;¢� X8�� � â 9SÙ ����

�� �Ç� p+ �Ç� �� ßñÊ I6. eÁ¾ ��k 
� -�

�. �3: �� ������� �� � B;g }Ï,��¾ ��

,�� 9:I x;8 ¾¿#¹ âì� �� ������� �� �

�g 1^�À R�¹� ;Ë� CB�� H� p+ ��� 6' U�

4 ¾¿�6. ¢� ��8 ÂÃ�� ����� )� }Ï, )� }Ï

� ), }Ï8 Ë 7 H6. Î }Ï��� )� }Ï�� ��2 $

% ������� <�` p+2 ;å4 ¢� ;å¨� Â1�æ�T,

}Ï��g 6Z� ß6.

º(¹4 
� => ��, Ò� Q�7�� �1j'� º(¹� 7

��8 9¦I ¡ ��4 9¦�æ6. Ò� 7�4 ���. }Ï��

� �� ��4 
V�»� ������� ��Ú 7 H6� !" 

� �Çd6 ?g �Ç�� ��4 9¦�æ6. �â, ��k 
� 5

µi
o∆

hw
MT L

o–∆ vw
MT L

o–∆

φi
L ϕi

EOSln γi
ELln+=ln

ϕi
EOS γi

EL

γ i
EL

aw = −Φ mC+mA( )*
MWw

1000
--------------exp

Φ 1 zCzA fφ mCA

2vCvA

vC vA+
---------------- 

 Bφ mCA
2 2 vCvA( )15

vC vA+
-----------------------

 
 
 

+ Cφ+ +=

fφ T( )=−Aφ T( ) I

1 1.2 I+
---------------------

Aφ T( ) = 
1
3
---

2πNAρw T( )
1000

---------------------------- e2

εw T( )kT
--------------------- 

 
3 2⁄

Fig. 1. Schematic diagram of experimental apparatus for the determi-
nation of phase equilibrium condition of gas hydrate.
1. Equilibrium cell 8. Gas cylinder
2. Magnet 9. Line filter
3. Heise pressure gauge 10. Bath
4. Thermometer 11. Cooler & Heater
5. Rupture disc 12. Magnetic spin bar
6. Check valve 13. Regulator
7. High-pressure pump
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4»8 ��j'¹ �p stirring8 ²p 9», 0D� �S¾� Aqr

������� �� »� ������ ·� /@A6. ������

� �� » ��� ?KB� §¨ �Ç� C'�À 26. ��2 $

% ������ ·� È�` �OÅ â$V ¹6D ¡ �Ç8 C'j

6�6. �â �<I �Ç� é�� ��4 �Ej'û� 9��.Ê

I6. �Ç8 C'jü ¡ º(¹ �3� ¢� ;å� �FÅ 7 H�

- È�I j�8 �� X,�.Ê I6. ¢� ;å� �F�V ÆG

�ø� {R�� �Ç8 C'j'» p+ �Ç� }� �Çd6 #À

"1 � �J4  �À 26. �k ßg ���� $% ������

� <�` p+Ú â$V º9�., �1I ���� $% �����

�� p+ �Ç8 "1�æ6.

3-3. ���� 	 
�

!p�� $% ������� ¢� ��g p7k V·7� ?	2

�p(� ��� §¨ Hg ¼Ì8 ®�û�, �p( N Li,: ��

: NaCl� MgCl2� �� �8 m±� LI $% ������� ¢

� ��8 "1Å ¯ � H6. §¨� Î }Ï��� NaCl � MgCl2�

¬¬ 3.0 wt% ?	2 ��� Scientific Gas Production Co.�� /

&2 Q� 99.97%� $% ��4 |��� !p� V(Þ, ��8

C0p º(¹� ��4 272.85 K�� 289.96 K$V é�j'»� $

% ������� ��2 ¡ p+ � ��k �Ç ��8 R�æ6.

Î }Ï� ��2 ¹¹k ��� LI ¿ù�g Fig. 2�� d� %k

ß� Î }Ï�� |�I $% ��k Q7I 
8 ���. 274.4 K

�� 291.1 K$V � 2 K�<�� é�j'»� �L 19,050 kPa$

V� �Ç  ��� RI ¢� ��� ¹µ W��� wi2 }Ï-�

k� [I4 Ð�. �n ¦� �6[15-19].

NaCl 3.0 wt%� ���� º(¹� ��4 274.16 K�� 289.96 K

$V � 2.0 K �<�� é�j'»� $% ������� ¢���8

R�æ�, MgCl2 3.0 wt%� ����� 272.86 K�� 286.41 K$V

� ��  �� LI $% ������� ¢���8 R�æ6. Table

2k Fig. 3, 4� }Ï-�4 �j�æ�T, Fig. 3� 4��� �p(�

�� V ÆG8 âk ¢���8 [Ip �j�æ6. e -� �J7

(interstitial water)� 3.0 wt%� NaCl� 	
2 ¶,·�� $% ��

����� �� S 01�À µC�¹ �p�� 274.16 K�� 29¹

�, 283.16 K�� 76¹� �;� �Ç� ¯ �T, 3.0 wt%� MgCl2

� 	
2 m±�� 274.16 K�� 31 ¹�, 283.16 K�� 80 ¹� �;

� �Ç� ¯ �æ6. �� ºp, Q7I 
��� m± $% ����

��� ¢���g 274.41 K�� 24.1¹�, 284.21 K�� 83.5 ¹��

6. �Ë }Ï-�Ë�Ms !�I �� ��� �p(� �� » ¢�

�Ç� ?ñK8 E 7 H6. �� �� �� Lñ H� �p(Ë� 


��Ë� 7' -�8 �p�� �p ��(inhibition effect)4 #û�,
Fig. 2. Experimental equilibrium condition of methane hydrate in pure

water[16].

Table 2. Three-phase H-Lw-V equilibria and for the binary water+methane
system and for the two ternary water+NaCl+methane and water+
MgCl2+methane systems

System T(K) 00P(kPa)

Water+CH4 274.4 2410.0
276.5 3640.0
278.3 4425.0
280.2 5470.0
282.2 6760.0
284.2 8350.0
286.2 10550.0
288.1 13150.0
290.2 167450.0
291.1 19050.0

Water+CH4+NaCl 3 wt% 274.15 2920.0
276.35 3580.0
278.4 4550.0
280.65 5640.0
282.95 7648.0
285.65 9750.0
288.00 13765.0
289.96 18090.0

Water+CH4+MgCl2 3 wt% 272.85 2910.0
277.35 4510.0
280.65 6340.0
283.05 8030.0
285.45 10455.0
286.40 11840.0

Fig. 3. Experimental equilibrium conditions of methane hydrate in NaCl
3 wt% solution.
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������� �� SV¹ �p M ?g �Ç� ¯ �À  �¹ â

ì�6. =I MgCl2� �p��� NaCld6 NO &¹ âì�, MgCl2
� ��� ?g V½��� $% ������� 01�¹ �p M ?

g �Ç� ¯ Å A�6.

Fig. 3, 4�� Í½Þ, bë8 Ðp !"I -�� 	ä �j�æ�T,

}Ï8 Ðp ug ÿ� °± P �1�� A8 � 7 H6. �ÁI,

Í½Þ, bëg }Ï8 Ðp l5 uV Q�� ��k �Ç  ��$

V ^O�. ¢� ��8 !"Å 7 H¹ âì�, ��k �Ç e+�

�p(� ��� �ö�¾ V½� §¨ é�� ;å��� �����

�� 01¼½8 ÂÃ�¹ �I �R� 
��À S.( 7 H6. V

T$V .Á ìí��� Í½Þ,: ;å�1f8 ���¹ d6� U

+ ;74 ���. 
� �!�4 ���æ6[20, 21]. Î _R�� |

�2 bëg ¹;� àDják 
� �!�4 �&��ø ;å�1f8

��p V��W XM Ì;2 -�4 u8 7 H�6[22]. Englezos�

�p �j2 _R -�� ��» ���� ¹;� �;� ¢�8 �X

� HÀ ÷Ãp 9¹ �p�� ;å �1f8 ���� A� %Yl�

T[23], Hg _R�Ë� �p �j2 �!�4 1� �1�À +� !

"�� ��g ���� �;� ¥!8 ÷Ã��ø ,��6� �æ6.

§¨�, ×p��� $% ������� ;¥!� ¢� ��8 Z%[

À !"�¹ �p�� Î _R�� |�2 ;å �1f8 ���� �

�� M ��,� A�� d:6.

4. �� ��	
��� �� ��

$% ������� p+ V Æ� 01�À MµÚ 7 H� ¼½8

$% ������ 01¼½(methane hydrate stability field)�¨ {D

6. �º,�� 01¼½ �I� ×�k $% ������ ·� �ä�

�Ç, 7�, V� � �p(� ��� ¼Ì8 ®�T, 7×� � 300 m

: V½� m± 01¼½� �Ig p�» =� p�»�� e+ \V

Æg ]� �1I6. 01¼½� �M��� ^;� ������� w

F T, ;M��� $%� "�� �I8 ®� X�� n�_2 ��

����� ¾¿A6[24].

�ÁI $% �� ������� 01¼½8 ÂÃ�� ø�� �`

d6� ��k �Ç ��� KÖ� ¯7,�6. $% ������ M

µ� ¹L � !p� a& p½��� 7×(=�Ç)� §a 7�8 "

1�¹ ��. ��f XBT(expandable bathythermograph) probe� |�

 S b6. Fig. 5�� d� %k ß� 7× 150 m$V� 7�� �<`

C'�¾ e ����� ñ9 n��À C'�� mÌ8 d�T, =I

V½� �ö� §a é�� 7× � 150 m����� d�V Æ�6

[25]. §¨� 7× � 150 m d6 \g V½� �?2 ¶,·���

$% ������� 01¼½� �Ç� é�� c� I �1Å A�

� p©26.

V�Rz� ́ |V½�� d+ eSG HV Æg V½� j�" ��

4 ���æ�T, ×�� 100 m \S( âf6 3 Kg ��� �� 

� mÌ8 dæ6. =I $% ������� phase boundary4 R�

¹ ��. ´|V½� V( ��� 
|I �Î� Oki Ridgek Kita-

Yamato Trough�� 7²2 ODP(Ocean Drilling Program) _R� �p

Vi» MØ� ×� � 500 m� wF2 ¶,·� �J7(interstitial water)

� ��(salinity)� � 3.5%k 3.0%� "1 �6[26]. � -� Fig. 6

�� d� %k ß� NaCl 3 wt%� �1�� m±, NaCl 3 wt% 7�

�� phase boundaryd6 #g ��k ?g �Ç��8 ÈÉj69�

¼½�� $% ������� 01�À µCÅ 7 H�û�, 7���

phase boundry hi� ¶,·� ��4 ¾¿#� geothermal gradient

� ]¾� 8 $V� $% ������� 01 ¼½� 26. §¨�,

NaCl 3 wt% 7��� m± 7×� � 1,100 m: V½� wF2 ¶,

·�� 01¼½� �ä� p7k ¶,·� m�»��Ms ×� �

470 m: A�� p©Å 7 H6. eÁ¾, Fig. 6��� �p(� ��

� §¨ $% ������ 01¼½� �ä� é�� A8 =I �

7 H6. Q7I 
��� � 550 m1�: 01 ¼½� �ä� NaCl

3 wt%� 7����� 470 m�, 6j MgCl2 3 wt%� 7�����

400 m 1�� C'�� A8 � 7 H6. �� �p(� �J� §¨

�p ��� 6[¹ âì�T, �p ��� M ?g �p(�7- M

?g $% ������� ¢� �Ç� ¯ �À 26. §¨�, MgCl2
� �p��� NaCl d6 &¹ âì� $% ������� 01�¹

�I phase boundary� NaCl� ;m�� [p jÔ�� �!�æ�T,

§¨� geothermal gradientk ]¾� �ÝSV� $% ������

01 ¼½� �ä� C'	8 E 7 H6. �4 Ðp � â, $% ��

Fig. 5. Sea water temperature vs. depth[25].Fig. 4. Experimental equilibrium conditions of methane hydrate in
MgCl2 3 wt% solution.
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����� 01 ¼½8 ÂÃ�¹ �p�� ��, �Ç� ��� M{

S �p(� ��� LI °± 1¸I �� =I  R S Ù6.

5. � �

±+ ¾¨ !p� ��k V(Þ, ��8 �F�. NaCl 3.0 wt%

� 7��� MgCl2 3.0 wt% 7���� $% ������� ¢�

��8 "1�æ6. NaCl 3 wt% ��� m± 274.16-289.96 K ��
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�� S p+ � �Ç8 R�æ6. =I MgCl2 3.0 wt% �����

272.86-286.41 K� �� ��� 6�V ��� §a ¢� ��8 "1
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 � ¹;� $%��
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�� Q7I 
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�Ç� ?ñK8 E 7 H�6.

$% ������� 01 ¼½� ÂÃ8 �p�� ¢� ��� M{

S ��k �Ç ��� ¯7,�6. !p V½��� 7× 150 m$V�

°± �<I 7�� é�� ¾¿õ�¾, �d6 \g V½��� ñ9

n��À C'�� mÌ8 dæ6. �ÁI ��Ë8 %k�� !pV½

��� 7×� � 1,100 m: V½� wF2 ¶,·� 01¼½� �Ig

p�»��Ms ×� � 400-550 m� �1�� A�� p© ��T,

�p(� �J� §¨ �Tg é�� A�� Älb6. Î _R� $%

������ Mµ ���8 PV Í½Þ,�� mP�� J` ïd,
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S º�j 71 d< SGÊ] I6. º»� !p08 L;�� I o

pq ×�H� _R¨� 8�� ;ùI ��� H6 �r6.

� �

Î _R� I��ÞCP� �1¹ï_R(�� ps: 98-0502-04-01-3)

V�� ��. 7²2 A�T, _R� �M� �Þ¹tM� V�8 Ðp

7²2 ¹X �
 |R: 21�¹ ���V �� �� ������ _R

�� uSÙ -��û� �� C|�uò6.
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Aφ : parameter of Pitzer’s model

a : activity

Bφ : binary ion interaction parameter

C : Langmuir constant [bar−1]

Cφ : ternary ion interaction parameter

e : elementary charge

f : fugacity [bar]

f φ : Debye-Hückel term

h : enthalpy [J/mol]

I : ionic strength

k : Boltzman’s constant [J/K]

m : salt concentration in molarity

MW : molecular weight

N : number of components

NA : Avogadro’s number

NC : number of clathrate hydrate-forming substances

P : pressure [bar]

Q : surface area parameter in UNIFAC model

R : universal gas constant [J/mol]

v : molar volume [m3/mol]

x : liquid phase mole fraction

y : vapor phase mole fraction

z : charge of ion

�
�� ��

Φ : osmotic coefficient

ε : static dielectric constant, maximum attraction potential

γ : activity coefficient

ϕ : fugacity coefficient

µ : chemical potential

ν : number of cavities, number of ions

ρ : density

σ : Kihara potential parameter

ω(r) : spherically symmetrical cell potential

���

H : clathrate hydrate phase

L : liquid phase

L
o

: pure liquid water

MT : empty
O : standard state

V : vapor phase

���

A : anion

C : cation

i, j : component i and j

m : cavity type

Fig. 6. Methane hydrate stability field in the East Sea.
(- : methane hydrate phase boundary in pure water, -.-.-: meth-
ane hydrate phase boundary in 3 wt% NaCl solution, -------: meth-
ane hydrate phase boundary in 3 wt% MgCl2 solution)
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