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Foreword

It iswéel-known that the stable equilibrium phase diagrams
of a multicomponent heterogeneous systems are important tools
in many fields such as petrology, mineral deposit, geochemistry,
chemistry, chemical engineering, material sciences, and
metallurgy. Since the multicomponent heterogeneous system
involving more than two invariant assemblages is named as‘ a
multisystem” by KopkuHckui ( 1957), a great number of
achievements in the qualitative study on topological configuration
and properties of a multisystem phase diagram have been made
and have successfully gone day by day. Few reports about the
study, however, on the computer-plotting of a complete,
guantitative, and stable equilibrium phase diagram of a
multisystem has been made in the literature.

In 1986 and 1989, T. H. Brown and co-workers
systematically presented a set of general theory and procedures
for computer-plotting of complete stable equilibrium phase
diagrams of mineral-rock multisystems which are based on
Chemical Potential Plane Principle ( CPP, from Brown and
Skinner, 1974). In this research area, their work lay in the top
position in the world at that time and has produced a great
impact. Nevertheless, it is not so easy to understand and foll ow
the theoretical modd.

Also in 1988, based on the work of Vidzeuf and Boivin
(1984), Cheng et al. reported their new algorithm with sign
function matrix approach to determine the stability of a
univariant curve about an invariant point and to determine the
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displacement of the corresponding phase regions. This
algorithm, called Sign Function Matrix Method (SFM) by the
senior author of this book, is simple, reliable, and easy to
follow. It was designed, however, for the plotting of a
gualitative phase diagram of an n-component system composed of
n+ 2 phase and there was no report in their paper on whether it
had been performed with a computer.

The presentations of the two methods mentioned above
made the senior author of this book exciting and creating a new
idea:“ with SFM method to perform the same work as the one
was perfectly done by using CPP method”. The pre-research
work wasimmediately launched. In about half ayear, by the end
of 1989, the framework of a set of new algorithm and procedures
had basically been developed for the computer-plotting of the
stable equilibrium p-T-X phase diagram of a multisystem. T he
project was approved and supported in 1990 by the National
Natural Science Foundation of China (NSFC, No.49070178). By
the end of 1994, the project 49070178# was finished and a new
theoretical model for the computer-plotting of the stable
equilibrium p-T-X phase diagram of a multisystem had been
established.

Our new mode mentioned above, however, was not perfect
for that it was only suitable for the plotting of a phase diagram
involving variables of pressure and temperature, and it was
necessary for it to be optimized. In view of the above-mentioned
facts and with the financial aid from the project 49773200°
supported by NSFC, the study on the new model went on. By
taking great efforts, not only the theoretical modd of SFM
method had been optimized, improved and generalized, and
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extended its application area from mineral-rock multisystems to
water-salt ones, but also studies on the derivation of the
multisystem closed-nets and the relationship among the nets——
T he Combination Principle——had made some progress.

T his book actually is the crystallization of the results of the
project mentioned above with great efforts offered by our group.
T he book contains 7 chapters, which mainly reflect the results
made by the group during the late half period of our study. In
Chapter 1, “ Thermodynamic basis for phase diagrams”, we
introduce a few concepts, in particular, about the nomenclature
for multisystems. The authors proposed the concept” m-grade
multisystems” for the first timein the literature. Besides this, it
Is made a thorough analysis of the relationships among Gibbs
free energy surfaces, the invariant points, and the univariant
curves as well as their characteristics. In Chapter 2, we
gualitatively and quantitatively make a summary and reviews of
the gatus quo and advances in the literature about multisystem
phase diagrams. In order to perform computer-plotting of the
phase diagram, it is necessary to completdy understand the
specific-thermodynamic equations and algorithms about chemical
and phase equilibria for the univariant assemblage system. The
complexity and difficulty of such a calculation lies in dealing with
equilibrium problems involving phases of fluid, solid solution,
melt, and aqueous electrolyte solution. So, systematically and
concentratedly introducing these calculation equations and
related algorithms is the task of Chapter 3, which is not easy to
find in the literature. In Chapter 4, we introduce the complete
and new theoretical model of SFM method based on the previous
works in the literature and deve oped by the authors of this book
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for the computer-plotting of the stable equilibrium phase diagram
of a multisystem. The most outstanding characteristics of the
new method are simple, universal, and easy to perform. The
new method can bein principle served in the plotting of any kind
of multisystem phase diagram in any“ space” without any
dimension limitation. It is well known that another developed
direction of the multisystem phase diagram study is qualitative
discussion on its topological configuration and properties. And
also it seems that in the past 2 or 3 decades, more manpower and
material resources have been put into the discussion than that
into the quantitative studies. For the former study, a key but
annoying work is the derivation of the multisystem closed-nets.
In the Fifth Chapter we present a new approach called“ Being
A bsence of the Phasein turn” (BAP) to perform the derivation.
Doing so with this approach is not a very heavy and complicated
work any more. Also in this chapter, an effective extension has
been made for the Combination Principle, or say the
Combination Algorithm, on the relationships among multisystem
closed-nets in the literature. Two worked examples showing
applications of SFM approach have been contained in Chapter 6.
One of them shows an application of SFM to water-salt
multisystem. The other does the same to checking whether all
the invariant points in an existed stable equilibrium phase
diagram of a multisystem are really stable ones. In the final
chapter, Chapter 7, we introduce detailed computer-plotting
procedures with SFM and made compete comparison of our
software PHD and PTA-Diag with Brown et al.’'s GeO-Calc.
With regard to the comparing items, the comparison shows that
PTA-Diag is better than GeO-Calc except that GeO-Calc has
10



better computer surfaces than PTA-Diag.

The earlier stage study (by the end of 1994) of this project
was finished by Hui-An Yin and Wen-Xi Han. Miss Shu He
participated in the earlier work for a short time before she went
abroad for her advanced study. The later period study (1997 and
later) of the project was performed by Hui-Ai Yin, JiaWen Hu,
and Ming-Lin Tang. The whole project work had been
undergoing under the direction of the senior author of this book.

When the project was essentially finished in 1994, the senior
author of this book had drawn up the outlines of the book. T hen
it had been revised twice in 1995 and 1997, respectively. For
some reasons, however, the book had not come out until now.
The actual writing for the main content of the text of the book
was done by Hui-An Yin and. JiazsWen Hu. The senior author
also undertook the following work: planning and guiding the
whole work of the writing, reading over, revising and finalizing
the text of the whole book; and English translation of related
contents.

This project was done with the No. 49070178 grant of
National Natural Science Foundation of China. This book is
published under the support (No. 40024024) from Publishing
Foundation of Research Achievements, Nationa Natural Science
Foundation of China. Leaders and Staffs from T he Department
of Applied Chemistry, The Section of Science and T echnology
Administration, The Graduate School, and T he Department of
Nuclear Material Engineering, Chengdu University of
Technology, offered alot of help and made things convenient for
the authors during the project being gone. The authors would
sincerely show their appreciation for all the generous supports
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and helps.

The authors feel greatly honored by that Dr. Ziyuan
Ouyang, an academician of the Academy of Sciences of China,
wrote the preface for this book during his very-busy days. We
greatly appreciate for the support and encouragement from him.

Since with the authors’ limited knowledge it is so difficult to
avoid any mistakes in the book that the authors would sincerey
be grateful to all those who may care to send ther precious
criticism and suggestions for the further improvement of the
book.

The Authors

Chengdu University of Technology,
Chengdu, Sichuan, P.R. China
November 1999
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Vm(Pi,p,T):
AC,m (A, p,
T):

ACpm (B, p,
T):
AVn(AIB,p,
T):

Ko, ki, ko, ks,
ka4, Ks:

AKo, AK1, Akz,
Aks, Aka, Aks:

Pi

Pi

0. 1 MPa;

298. 15 K;

0.1 MPa;
K;

(P)
(P)

0.1 MPa;

AGC,m

AV
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U, U2, Bs, L4

Au, A, Auws,
Aus:
do, d1, d2, ds,
da:
ds:

(Fluid- j, p,
T,X):
A(Fluid. j, p,
T,X):
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F= NC- NP+ K- R (1-5)

Gibbs : - F
( )
' NC
NP
; K
, (T) (p)
(M) (0 (a) (f) (o)
(Er) (K 2,
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n N
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F=2 () ()
F=1 ( ) ( )
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F=0 ( ) ( )
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1.1. 4
(p-T-o»)
F=0 F<O

NPmax= NC+ K' R



NP (1-5)

multisystem) (K ook nHckuid, 1957;

, (1-5)
, (1-5)

NP N P max.
F<O , NP
: , F
,F< O
« . (a
Korzhinskii, 1959) ,
o )
n+ 3 n+ 4
. (1-5) N C. ).
n nt3 nt4
: (1-5)
(1-5) :
( NP:)
m= NPw- NP > 0 (1-6)
m :
1 : ;



2,3, 4, , 2, 3,4, ,

n nt 4, n+t 5nt+ 6, .2 2
1.1.5

‘ " ")
, Bowen(1940)
‘ ( )
( )

(terrane) ”

( Essene, 1983).
1.2 Gibbs
1.2.1 Gibbs
Gibbs G



Gibbs ,
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, G-p-T
dG = - SdT + Vdp (1-7)
Lor kGT( - S)
LGp ka( V)
, [ S/ Tl]s> 0, Lor Ker
; ' LGT ’ LGT
T : 1-1
i
FrmrOnsLEm
T
1-1 G-T ( )
, [ VI p]l<(, L e Kep
( ) 1 ’ LGp ’
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A1 A>
Az A1

Schreinemak ers

(1979b)

(1982)



Gibbs AG p,T

p-X,T-X,T-f, p-loga :
. , Perkins, Berman & Brown
(1986) Lindsley(1968) (1992) (1996)

(1998) ( 2000) (MgO-SiO.-H-0)
(Ant-En-Fo-Ta-Qz-W) : H:20 (Ant= 7En

+ Qz+ H:0; Ant+ Fo= 9En+ H:0 )
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(1) CuSe+ 3/ 20,19= CUO+ SOuy
(2) CuSs= CuO(s)+ SOzg)- 3/ 202y
(3) CuS,+ 3/ 20, - SOy = CuOs
(4) CuSs)- SO:z9= CuOcs)- 3/ 20zy

1.2. 3 Gibbs

( , 1980c; 1981),

11



1.2.4 Gibbs Schreinemaker s

: Schreinemakers : (bundle).
1-3 p-T

1-3 Schreinemakers ( )

1.3

1.3.1
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(1)

(2)

(3)

(4)
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(Kujawa & Eugster, 1966; E-an Zen 1967) .

1.3.2

( , 1979p).
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1.4 Schreinemakers
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Schreinemakers N
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( ) :
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(2)

Schreinemakers

180°" ( Zen,

180°
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180°.

180°
(3)

Schreinemakers

(4)

(5)

(6)

(1) (m) (n)
16

( )
, 1988).
Schreinemakers

r

(

180°
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M orey-

(Bathurst, 1983).

(Zen, 1963a).

(i) (j) (k)
)
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(r)

(7)

)

(r)
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(1982)

(1 () (k)

(1) (m) (n)
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1.5

Schreinemakers

(), ()

(Zen, 19664, b; Zen, 1967; Zen
& Roseboom, 1972) .

()
1
Az, LlJ(\]z 2, 3, ) (
L., Al A, ).
L
A1
Li2
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A

4.2.5

L12

(
( )
1
A1
(
1 .
L1
(
L1

A1

4.2.5

).

A1
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1 2,
, Kgomkos(1961)
n+ 3 , ( )
(1979Db)
p-T
".E-an Zen(1966b)
(1983)
).
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2.1

211

20

1915—1925 |, Schreinemakers
—— Schreinemakers ;
.30 , Niggli  Schrenemakers
, ( ,
1982) . Korzhinskii(1959) “ " (a multisystem)
: Schreinemakers Le Chatdier
: Schreinemakers
. Fujii (1977) n
n+ 2 p-T , Schreinemakers
(1981a; 1981b; 1982) p-T

p-” 13 ” , 3 ” 3 ”
E-an Zen ( , 1966a; 1966b; 1967) Zen & Roseboom
(1972) Schreinemakers
; 1,2,3 n+ 3 ,

Schreinemakers
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Day( 1972) 3 6
(nt 3 ) 3,4,5 :

Kujava, Dunning & Eugster(1965) 1 5
(nt 4 ) : (1981) n

(1979; 1980; 1981; 1982; 1985; 1986;
1987; 1988) Guo (1984) Stout & Guo (1994) n+ 4 n+ 3

(1979) n+ 4 n+ 3
, n+ 4 ( )
n+ 4
( ) ; 1 3 n+4
: n+ k( , k= 4)
(1980c, 1981) 2 6 8 9
(1982a)
+ k( k= 4) ) n+ k( k
> 4) ,
, n+ 3
(1981) . n+
k( k= 4)
(1982b) n+ k( k= 4)
n+ k( k= 4)
3 kK
(1985) 1 6 (n+5 )

: Kujava et al. (1965)
22
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1983).
(1979a)
: 2 1 1
4 16 : 3
1 5 154 .
(1980b) 1 5 Kujava et al.
(1965) 1 5 : 3
1 1 1 5 37
(1982)
: nt3 nt+4
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(1983) n+ 3
, 2 9 :
“ " 22 12 :
(1986) n+ m( , m> 3)
n+ 3 : m- 3
n+ 3. 2 6
Guo( 1984) 3 (FeO-
Fe:0:-Si02)7  ( - - - - - -
) p-T :
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(1987) p-T

, n+ 4 ,
p-T-f (Oz)
(1986; 1988) (1989)
2 6 31 67 ,
(1982)
, Vid zeuf & Boivin(1984)
n+ 3 p-T . ,
(1988) , n+ 2 p-T
: (Sign Function
Matrix) ,
2.1.2
: 1955 , Magparniik Panpay (
Palatnik -L andau) . 1961
, (1964
) " ]
1981 ,
(1988)
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( )
( )
: 2-1
L L+ S aE L L+ S bE
, L+ S Si+ S CE L+
Sz S+ S dE ,
,ac bd ce df ,
akE bE :
, aE bE ,
ac bd
2-1 T-X
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L andau

(1988)

26

Rl ,N lq)
: Gibbs
Ri= N- &+ 1 (2-1)
" , Ri, N P
, R:
max+ 1 (

Ri= Ri+ - 1 (2-2)

max+ 1 b
R:= Ri+ & (2-3)
Palatnik-
( , 1997 ).

, 1997.10. 21 23.



2.2

2.2.1

,Morey & Williamson(1918) Morey(1957)

Gibbs : Gibbs-Duhem
. p, T,x, U )
: . Rumble(1971) Gibbs
(FeTiO:-FesO4-Ti02)
, Spear et al. (1982; 1983; 1988; 1989)
20 :
Brinkley (1947)

, Gibbs
.White et al. (1958) “
Gibbs ” ,
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L agrange Gibbs

, Lagrange
RAND Villars-Cruise-Smith (vCs )
(Villars, 1959; Cruise, 1964).

1987) .

, Perkins, Brown
& Berman(1986), Brown, Berman & Perkins(1988), Brown &
Berman( 1989)

, p-T-X p-T-a GeO-
Calc. Holland et al. (1990; 1998)

THERMOCAL ( 7.7 7.8 ).
( 1992) (Vielzeuf & Boivin, 1984, :
1988) , Gibbs
( SFM )
(1996)
p-T-X
, (1979)
p-T-X

(1997 ; 1998; 1999; 2000)

, ( : ), 1997. 10. 21—
23, pp. 111 112.
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20 70 : ( Predominance Area Phase
Diagram) : ;

( , 1987), , -
180°( Schreinemakers ).
2.2.2 ( , 1997 ; , 1997 )
20 60 , 1
: “ ” 80
- (C-H)
, - - (C-H-0) - - (C-H-X)
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)
: (1996; 1997 )
( ,1997 ).
C-H-O : (AGn> 0)
(AGn< 0)
C( ) = C( ) (AGny > Op< 10°Pa, T) (2-4)

.= (U2)H: (AGun O;p< 10°Pa, TN Tiame) (2-5)

I

@ o= (:UZ)OZ (Aer(s) n O,p < 105 Pa, T n Tfilament)
(2-6)

C( Y+ X(1- AMH-" + X'A0 -’
= C( Y+ (V2H:+ (12)0:

(AGm4 < 0;p< 10°Pa, T; X X' )
(2-7)

; O , Tfilament

)= ( ) (AGny < O;p< 10°Pa,T)
(2-8)

( , ), 1997.10,pp. 17 19.

( , 1997.

10. 21 23).pp.4 6.
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2.2.3

Prigogine(1945)
Gibbs

, 1995; 1997, 1999) .

( ,1997).

Gibbs

Gibbs
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,1980) .

(1991)
Na , K

),

, 1980)..

~

: Searles , T eeple(1929)
Na ,K" ClI',SO: ,CO: -H:0 20
.Harvie et al. (1984) Pitzer-Harvie-Weare
25 ( , 1991) .
25 NaCl
cl",S0: ,CO; -H:0 ,
( pH
,  Pitzer
(1993) Pitzer

Harvie et al. (1984)

Na+ ’ K+ ’ Mg2+

Cl" ,SO: -H:0 25 ,

(1980)

Van't Hoff : (1984)
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3.1

311 (Gibbs )

(22.2.1 ),
Gibbs-Duhem ; :
Gibbs (Spear et al., 1982; Spear, 1988; 1989).
: p, T,Xx, , ,

113 ”
1

, Morey & Williamson(1918) Morey(1957)
, Rumble(1971) Grew (1980) Spear (1982; 1983; 1988;
1989)

(Spear et al., 1982):
(1) ,  MgO,FeO,Al:0s

(2) : Fe:Si04, MQ2Si04, MgSiOs
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(3) Gibbs-Duhem
2eXekdus.k- Vmdp+ SpdT = 0 (k= 1,2,3, )

(3-1)
(4) :
Me,1 = Me, 2 = = Ms, (3'2)
dHB,l = dIJB,z = = dIJB, (3'3)
(5) , { U(HZO)/ XFSPX}p,T1

{ p/ XFSPX}T . )

p-T,p-xe, T -Xs, U-Xs (
. Spear et al., 1982; , 1988) .

3.1.2

Schreinemakers

34



, : Eskola(1915) ACF
A’'KF Thmpson(1957) AFM CFM
3

Greenwood( 1975) AFM

Greenwood : ¢ " ( )
". Greenw ood
(1988) Greenwood
(1991) (1994) Greenwood
" ( - " )
, Spear (1988)

2. Schreinemakers
Schreinemakers Schreinemakers :
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(E-an Zen, 1966a) .

( ,1984).

(Chemography)

Schreinemakers

, Schreinemakers

3.2

321

( , 1993h):
(1)
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AmixGm Amime AmixSm ’

: ( ) ,

(2)
(3)
(Berman & Brown, 1987).
( )

’ , Richet et al. (1990)
800 K 1800 K : Na:O-CaO-M gO-Al:0s-
SiO2 20 ( Drop-
caloremitry)

(4)
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3.2.2

?
? :
2
, Skippen & Carmichael (1977)
AGn(Gordon, 1973);  Gibbs-Duhem ( , 1989);
Schreinemakers’ Rule (James, 1978); InK ( )
(Chatterjee & Johannes, 1974) ; Clapeyron (Helgeson et
al., 1978); . “
"(Reversed Experiments, REP) :
ArGm
1. [1] ”
‘ "REP . REP
(1) (brackets), p, T :
(2) bracket , AGn> 0
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AGn< O, A-Gn= O(p= const.; T= const.).

(3) brackets (AGn=
0) .
2. REP
REP ,
(1) REP
(2)
, , , REP
(3)
(
).
(4) : REP
( , 1993b).
3. REP
REP :
REP ,
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REP : ,
, . Zen (1972b)
Thompson (1975) Chatterjee ( 1975)
(Greenwood, 1977) .
: REP

: . Powell & Holland (1985) Holland &

Powell (1985, 1990, 1998) (LS) Cohen &
Stein(1974) Berman(1986; 1988) /
(LIP/IMAP)
Gordon (1973) REP
(3-4)
REP —brackets ) : ,

( )
. Hardley (1961) Gass(1969) Harbaugh & Bonham-Carter
(1970)

Berman( 1983) ,

. Berman( 1983; 1988) N a-O-K 20-CaO-M gO-
FeO-Fe0s-Al:0:-Ti02-Si02-H20-CO: 6/

Powell & Holland (1985) Holland & Powell (1985, 1990,
40



1998) ,
REP (cumulative) : :
K20-
N a20O-CaO-M gO-MnO-FeO-Fe20s-Al203-Ti02-SiO2-C-H2-0:
123

LS LIP/MAP ,

LIP/MAP ; REP
( :
(LIP) (MAP) ) ;
: : (
)
LS ; :
,  REP

: (1991, 19924a; 1992b; 1993a; 1993b)

REP
— (INS ).

AH (T o)
AGn(p,T) = AHo(To) + AG,(p,T)< O( > 0)

(3-4)
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AGn(p T =0 (3-5)

DG (p, T) (3-7)
(3-6) .
: AHn(To)  (* ")
AH m(To), , brackets
, AH n(To).
(3-4) (3-5
S8 : Holland & Powell ( 1990)
LS . , H-O CO:
Holland & Powell (1990) RTInf = a+ bT+ cT*
3.2.3 ( )

,  Helgeson et al. (1978; 1998) Robie et al. (1979; 1995)
Chase et al. (1974) Berman (1983; 1985; 1988) Holland &
Powell ( 1990; 1998) Gottschalk (1997)

IVTANTHERMO 90 Database ( CODATA/NEWSLETTER,
1992), : IVTANTHERMO 90 Database 85
2300 (
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3.3

3.3.1

Perkins, Brown & Berman (1986) Brown, Berman & Perkins
(1988) Brown & Berman(1989)

, Gibbs

Gibbs ,

Gibbs : :

Gibbs

Gibbs
Gibbs : :
Gibbs : ,
A
: Berman(1988)
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Gibbs ; “

" 0= Z wB,
, 1 mol

AGn= AGn(Base) + AGn(First-order Transition)
+ AGn(A Transition)
+ AGn(Disordering) + AGn( Fluid)

+ AG., (Solid Solution)

+ AG, (Electrolyte) (3-6)
, ArGm(Base) Gibbs ArGnm :
A Gn 7 Ar Gn
( Fluid)
A Gn . AG, ( Solid Solution)
AGn'(Electrolyte)

Gibbs ; AGn (First-order

Transition) A:Gs( A Transition) ArGn (Disordering)

A ArGm

(3-6)

(1) (3-6)
A:Gn(Base)= AH n(Pure Solid & Fluid, p°, T)
- T ASw(Pure Solid & Fluid, p°, T:)

f _AC,.m(Pure Solid & Fluid, p°,T)dT

r

i IT _ACy.n(Pure Solid & Fluid, p°, T)dT/T

p
j? AVn(Pure Solid, p, T)dp (3-7)
p

;p ,Tr ( )
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p

 (3-7) I ol AVa(Pure Solid,

p,T)/ T]ledp
(2) (3-6)
AGn(g,p,T) = AHn(q,p°, Tr) - TASK(q,p°, Tr)

f aca(ap’T)dT
TI‘
-IT _ACyn(q,p", T)AT/T

f AVe(ap T)dp (3-8

g= First-order Transition A Transition Disordering
(3-7) ,(3-8) ] :O[ ANn(q, p,T)/
T]rdp :
(3) (3-6)
Aer(FIuid)f ZOAer(FIuid, p, T, X)dp
= Z VvRTInf (Fluid- j,p,T,X) (39

Inf (Fluid- j,p,T,X) = Inf (Fluid- j,p,T)
+ InX;(Fluid- j,p, T, X)
+ InAXFluid- j,p,T,X)

= In(pXi/p°) + In (Fluid- j,p,T,X) (3-10)

In (Fluid- j,p,T,X)= In (PureFluid- j,p, T)
+ InA(Fluid- j,p,T,X) (3-11)

X , (Fluid- j, p, T, X)
(Fluid-j,p,T) J T p
( X) ; N Fluid- j, p, T, X)
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J T p X

(4) (3-6)
AGy (Solid Solution) = RTZ vlny; (3-12)
AG. (Electrolyte) = RTZ vlny; (3-13)
(i )
3.3.2
1.
Aer AI’H m ArSm

A-Gn(Pure Solid) = AH n(Pure Solid,p°, Tr)
- T ASw(Pure Solid, p°, T»)

J( AC, »(Pure Solid, p°, T)dT

-IT _AC, n(Pure Solid, p°, T)dT/T

p
j’- AVn(Pure Solid, p, T)dp (3-14)
p
,(3-14) 3, 4
(1)
Co-T . , , Co-T
’ CP_T
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: Debye-Einstein :

.Maer-Kdly

Co= a+ bT + cT ° (3-15)

1/ 2

a+ bl + cT “+ dT "*+ €T’
(Haas & Fisher, 1976; Robieet al., 1978) (3-16)
a+ br+ cT *+ dT "*+ f7°°
(Berman & Brown, 1983) (3-17)
“+odeT P+ keT °
(Berman & Brown, 1985) (3-18)
BRe(1+ kT "+ keT °+ keT ) + (A+ BT) + G,
(Fel & Saxena, 1987) (3-19)
ko + KiT 7"+ keT 2+ keT °+ kaT "+ ksT + keT?
(Berman & Brown, 1987) (3-20)
ko + KiT "7+ keT 2+ kaT °+ kaT + ksT *
(Berman, 1988) (3-21)
ko + KiT '+ keT °+ ksT °+ KolnT
(Richet & Fiquet, 1991) (3-22)
a+ bT + cT 2+ dT "?+ er’+ A(1l- T/T:) °
(Richet et al., 1994) (3-23)
47
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1/2 -2

Co,= A+ BT+ CT "+ DT
(Navrotsky, 1995) (3-24)
Co= a+ bT + cT *+ dT°+ €T+ fT "2+ gT !
(Saxena et al., 1999) (3-25)
Berman( 1988) , (314

I AC, »(Pure Solid, p°, T)dT

= Ako(T - T+ 28k(T""- T.7)
- Ak(T - TN - (U2)Ak(T °- T.9)
+ (U2)Aks(T?- T7) + Aks(InT - InT:) (3-26)

2

I _DCy.n(Pure Solid, p°, T)/ TdT

= Ako(InT - InT)) - 28ky(T "*- T,"9
- (U2)Ak(T 2- T, 9
- (U3)Aks(T °- T.7) + Ake(T - To)
- Aks(T '- TH (3-27)
(2)
p-V-T
a B , o B
a= [ V/ T]«/V (3-28)
B=- [ VI p]+/V (3-29)
: B :

p°, T= 298.15K) af

o, B : : o, B
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Vs(p, T) = Vs(p”, T)exp[a(T - To)- B(p- p)]

(3-30)
a B (
. a ¥ 10° 4 10 K ° B 0.5
x 10 '—8 10 'Pa’ . o(T- To)- B(p- p)

exp(X)= 1+ X
Vs(p,T) = Vs(p", T)[1+ o(T- T)- B(p- p)]
(3-31)
p-V-
. Berman(1988)
Vn(Pure Solid, p, T)

= Va(p", T)[1+ vi(p- p)+ ve(p- p’)°
+ vao(T - To)+ va(T - To)7] (3-32)

p p
J’ AVn(Pure Solid,p,T)dpf AVn(p,T)dp
p p

AVn(p', T) {1+ (1/2)Avi(p- p)’

+ (1/3)Avo(p- p))°+ [Avs(T - To)

+ Ava(T- T)1(p- p)} (3-33)
[ Va(Pure Solid,p, T)/ T]»

= Va(p', T)[1+ vat 2va(T - T)]  (3-34)

p
J’ [ AVa(PureSolid,p,T)/ T]edp
p

= A'Va(Pure Solid, p°, T:)
- [1+ Ava+ 2Ave(T - T)](p- p°) (3-35)
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: . Br nsted(1922)

Guggenheim(1935) ; Debye-H tickel
(1923) , Bjerrum-Fuoss
; Stokes & Robinson(1948; 1959)  Glueckauf
(1955) :
Monte Carlo
) HNC Percus-
Y evick Rasaiah-Friedman (MSM)
(MEM) ;
( : , 1989) .
, Scatchard Pitzer
Frank-T hompson ( :
1988)
: Pitzer
(1)
Stokes & Robinson(1948)
Gibbs ,
( (1983) ):

logy: = logf . - (h/v)logaw - log[1+ Mu(v- h)m]
= logf . + hm Mu/In(10)
~ log[1+ Mu(v- h)m] (3-36)
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1/ 2 0, 1/2

logf : = - A|Z:Zo|1 7/ (1+ Bal') (3-37)
( a’ h),
1 1 ;
0.1 4 5mol/kg; NHCl 6 mol/ kg;
1 1 2 1 : , 0.1
1 mol/kg.
, Stokes & Robinson(1948)
: 1 1 :
(CI" <Br <1) ; ;
Glueckauf ( 1955) Gibbs
Gibbs ,
. Glueck auf( 1955)
, CI ,Br ., ,

, 1983; , 1988) .
(1965)
Stokes( 1959)
(1994a)
( ),
: SR
(1994b)

Debye-Hucked

Glueckauf (1955) ,

Glueckauf (1955) Robinson &

( ,1988).
Stokes-Robinson( S-R)
SR

Debye-H tickel SR
S-R
(1994a; 1994b) S-
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, Stokes & Robinson

(1973)
4 :
10 20 mol/kg(
1988) .
(2) Pitzer
Pitzer (1973) McMillan-Mayer
- 1= M/ckT - 1
- . (GCkT)'lZ oZ]’q r[ g (r)/ rl4mdr
( c= Z c) (3-38)
( , 1988) .
, Harvie & Weare(1980)
Pitzer ( ) ( :

1997) . Harvie & Weare(1980)
Z m( - 1) = 2{- AT 1L+ ol
+ Z Z MMa(Ba + ZCa)
+ Z d d)mcmcl[tbcc' + Z maLIcha]
+ Z a’Za’)mama,[q)aa. + Z mcLIJiarc” (3-39)
|nyM = ZfAF + Z ma(ZBMa+ ZCma)

+ Z mc[z me + Z ml.|Jv|]
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+ Z Z mama’ l-uaa’ M
a' a')

+ |zM|Z Z MeMaCea (3-40)

Inyx = ZiF + Z Me(2Bx + ZCx)

+ Z ma[z xc + Z mchXac]
+ 2 CZC’)mcmchccx

+ |zx|z Z MeMaCea (3-41)
F=- A[I"/(1+ B") + (2b)In(1+ bl"?%]

+ Z Z McMaBea + Z McMe
c' c)

+ Z L3 MM o (3-42)
Bux = Pux + Puxexp(- ol”?) + Bixexp(- ol'?)

(3-43)

Bux = Pux + Buxg(al™?) + Bag(al®)  (3-44)

Bux = Buxg'(cul ") /1 + Buxg'(cel "*) /1 (3-45)

Cux = Cux/2|ZuZx|"’ (3-46)

z=% |zi|m (3-47)

0= 8+ Te(l) + 1 Te(l) (3-48)

i = 65+ “65(l) (3-49)

i = ei(l) (3-50)

g(x) = 2[1- (1+ x)exp(- x)]/x* (3-51)

g'(x) =- 2[1- (1+ x+ x/2)exp(- x)]/x* (3-52)
A = 1/ 3(2mN odw/ 1000) “*(€/DKT)**

= 0.392 (T = 298.15K) (3-53)
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b= 1.2 (T = 298.15K) (3-54)

o= 1.4, o= 12.0 (3-55)
, Pitzer
( , 1988; , 1989). Pit zer
70 278
, Kim , 305
, Kim(1988)
,  Pitzer ( :
1997) . : Pitzer
, Pitzer . ,
Pit zer
3.
(Brown, 1977).
( )
( ) Gibbs AGn
AG, = RTZ Xilny, (3-56)
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X1

dX 1+ dX2=0 Gibbs-Duhem
Z Xidlnyi= 0

[ AG./ Xilt,x (w1 = RT(INy:- Iny2)

Iny = Inys- [ AG™/ Xiltpx 10/ RT
(3-58) (3-56)

RTINY: = AG, + Xof AGn/ Xilt.p xee 12

EXx

(3-60) : AG.,

AGY = A+ BX:+ CX:+ DX
Henrry Raoult , X250 X:2-1
AG. -0,
A= 0; D=- (B+ C)

AGn= B(l- X3)Xz+ C(1- X2)X5
= B(X:+ 2X1X2)X2+ CXiX>
= BXiX>+ (2B+ C)XiX.
,(3-62) :

AGn = WiXiXz + WauXiXs
(3-60)

RTIny: = X§[2X1(W12' Wai) + W]
RTIny: = Xi[ZXz(Wu' Wi.) + W]

W= Wa= W,
AG. = WX1X:2

(3-57)

(3-58)
(3-59)

(3-60)

(3-61)

(3-62)

(3-63)

(3-64)

(3-65)

(3-66)
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RTIny: = WX (3-67)

RTIny: = WX; (3-68)
(3-67) (3-68)
W Margules (
),

6= Wh - Ws (3-69)
[ Wel T]o=- Ws (3-70)
[ Wel o]t = Wy (3-71)

, Margules ,

Si408-T140s-A l16/3Os-Fe1/3 Os-FesSi2Os-
M n4Si208'M g4Si208'Ca4Si ZOB'N ale/ 3S| 8/308'K 16/ 3 Sis/sOS'H ZO

11 Margules (Ghiorso et al., 1983)
( , 1993). PTA-Diag
4,
C )
(
)
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(1)

20 70 : ,
(1987) 1980
(1992)
1980
Redlich-Kwong( 1949) (van der Waals)

, , RK : :

, , M RK : :
3-1
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31

L ee-Edmister

Lee and Edmister(1971)

CSRK Carnahan and Starling(1972)
RKS Soave( 1972)
m-RKS (1988)
PR Peng & Robinson (1976)
PRSV PRSV Stryjek & Vera(1986a, b, c)
PR Wang & Liu(1988) ; (1990)
M PR (1987)
CSGC-PR (1995)
PR (1991)
PT Patd & Teja( 1982)
PT ( ) (1992)
M CSPT Lietal.(1991); (1993)
CCOR(Cubic Chain of Guo et al. ( 1985)
Rotators)
CCOR Kim et al.(1986); L eet(1986)
FRKS Liu, Lim & Lidmeizs(1992; 1993)
(CSPHC) (1992
Martin( 1979)
SHT ( ) Wang, Chong et al. (1997)
B-W-R Benedict, Webb & Rubin (1940; 1942)
B-W-R-S Starling ( 1973)
J-B-A Barner & Adler(1970)
Martin & Hou (1955);
(1981);
Martin-Hou (1987, 1989, 1999) ;
(1991);
(1991);
(1994)
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Larrieu & Ayers(1997) 1993
MRK Virial MRK+ Virial

Holloway(1977) : RK (MRK ) :
: b : a(T) T
CO H:2 H2S SOz, a(T) ,  COz,a(T) 2
,  H0,a(T) 3 : T> 673K, p<
100 M Pa :
[p+ a/TV(V+ b)](V- b = RT (3-72)
a= ac+ aiT + aT + aT (b ao,a,ar,as )
(3-73)
CO: H:0 , Holloway( 1981p)
HSM RK : Jacobs-K errick (1981) Kerrick-
Jacobs(1981) : H:0,COz, CHs MRK
CS , a v
(3 ), T :
p= (RT/V)(1+ y+ y - y)/(1- y)°
- al[TV(V + b)) (3-74)
a= G+ T + T + (do+ diT + d.T?/V
+ (eo+ aT + eT?)/V’ (3-75)
(G, C1,C,do,d1,d2, &0, 6, & )
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( ,
1323 K).

Halbach-Chatterjee( 1982) ; H-0 M RK
b (3 /12 ), a(T)
T (-1 1 ). 373 1273K 2
2000 M Pa H-0, H-=0
BH(83) . Bowers & Helgeson (1983)
CO:-H:0-NaCl RK : :
Holloway( 1977) ; ,
573 873K, 50 M Pa, [

‘m(NaCl)/ m(NaCl+ H:0) ] W.o= 35%

Bottinga & Richet (1981) ; CO:

4 ;
2 , 2 ; )
b : 223 1273 K 0.1
100 M Pa :
: CO: 400 2100 K 0.1
500 M Pa :
Powell-Holland (1985; 1990) : H:20, CO:

Bel onoshko-Saxena( 1991a; 1991b)
H.0, COz, CH4, CO, H2, O: 6 :
400 4000K( H:0 700 4000K) 0.5 100 GPa
. Belonoshko-Saxena(1992)
, 33 (3 o-exp-6 ),
60



400 4000 K ( 700 4000K) 0.5 100GPa
H20-CO2-CH+-CO-H2-N2-02-S02-H2S-COS-S:-NHs-Ar

Sterner & Bodnar (1991): CO: H:0 V(p,

T,X) , 3
CORK : MRK
: , Holland & Powell
(1991) ,
H:0, CO: : H-0,
: 673 K
H0 373 1273 K 0.1 MPa
5GPag; CO. 373 1873K 0.1MPa 5 GPa.
Duan-M ller-Weare(DM W) . Duan e al.(1992a, )
BWRS . H-:0, CO:,
CH=+ : 273 1273 K,0 800MPa . Duan
et al. (1992a, ) : H-0,
COz, CH4 . 323 1273K 0 100 MPa ,

Duan et al. (1992hb) :
(Duan et d., 19953). Duan et al.
(1995Db) CO:-H,0-NaCl

BH(83) ; , BH ( 83) ,
.Duan et al.(1996) Duanet a. (1992b)
H20, CO2, CH+, CO, H2, N2, Oz, SOz, H:S,
61



Ar , , 2800 K,

0 2.5GPa ,
2% .

Duan et al.(1995a) ; :

(2)

Powell & Holland(1985) Holland & Powell ( 1990) H:0
CO: , Sterner & Bodnar ( 1991) H=0
CO: , Greenwood( 1967) H-0
CO: ,

, ,Duan, M ller & Weare(1992 , 1992
1995a, 1995b, 1996), Bowers & Hegeson (1985), Kerrick
Jacobs (1981) , Jacobs & Kerrick(1981)

,  Holloway(1977)

CO2-H20-NaCl
: Bowers & Helgeson (1985)
FORTRAN
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Turbo PASCAL ,

,Duan, M ller & Weare(1995h) CO:2 H:0 NaCl

Bowers &
Helgeson (1985) : Duan Bowers &
Helgeson (1985) :
COz, H20 ’
Holloway (1977) Kerrick & Jacobs (1981) Jacobs &
Kerrick (1981) . Holloway (1977) ,
, , V> b
( VvV<b , T \ P ). Kerrick &
Jacobs (1981) Jacobs & Kerrick (1981)
. Jacobs & Kerrick(1981)
CO: H-O ;
Newton , APL FORTRAN
Vm ;
Vi , ,
([ p/ V]r-0 ) :
Atkin

Vm 1 )
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Vm : COz,H.O CHa4

Holloway( 1977) :

H20, CO:, CO, CH4, H2, H2S, SO-

(3)
(1993) H-O,
COZ )
Holland & Powell ( 1990) H:20 CO:
(3-76) Sterner & Bodnar(1991) H-O CO:
(3-80).
3-2 Holland & Powell( 1990)
i 1 2 3 4 5 6
aj |- 4.0338E+ 1|1.6474 - 6.2115E- 3 | 2. 0068 5. 62929E- 2
H20 bi 1. 17372E- 1 0.0 0.0 - 4.6710 0.0 0.0
Ci |- 7.368lE- 6|1.10295E- 7 - 9.8774E- 7 |- 2.4819E- 5 |8. 2948E- 6 8.33667E- 8
aj |- 1.0094E+ 1]2.6993 - 1.6983E- 2 |3. 2804 - 2.4010E- 1
CO2 bi 9. 8597E- 2 8.65307E- 4 1.61904E- 2 - 2.1663E- 3 |- 4.6448E- 2 |1.43056E- 4
Ci |- 3.6780E- 6 |- 1.189E- 7 4.2467E- 7 0.0 0.0 - 3. 9520E- 8
RTInf = A+ BT + C/T® (3-76)
A= ar+ ap+ ap’+ adp+ as/p’ (3-77)

B= b+ bp+ b/p+ bdp®+ bs/p"*+ be/p® (3-78)
C=a+ cp+ alp’+ c/p’+ o/lp+ cl/p® (3-79
V= X (CO2)V°(CO:) + (1- X(CO:2)V°(H:0)

+ X(CO2)[1- X(CO:)]V°(H-0)

- [Wa + WX (CO2) + WeX*(CO:2)] (3-80)
Wa= ai+ a.T + asT’+ ap’ (3-81)
We = T + b.T?+ be/p+ b/ p*+ bs/p’ (3-82)
We= oT (3-83)
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RTINA(H-0) =

RTINA(CO:) =

3-3 Sterner & Bodnar (1991)

X?(COz) [Wa + {2X(CO2) -
+ X(CO:){3X (CO:) -
[1- X(CO:)]*[Wa+ 2X(CO:2)Ws
+ 3X*(CO:2)W.]dp

1} W

2lWdp (3-84)

(3-85)

1

2

3

4

- 52. 031784

14. 295593

- 1.0078693

0. 13979014

b

- 20. 836507

1.5725941

99. 951041

21. 634738

- 1.9050654

- 1.7843788

In

HSM RK

(1998)

Holloway(1977)

pure

mix

In =

HSMRK

IN[V ol (Vi -

+ (anbh/buRT
b/ (Vi + bn)} -

3/ 2

bn = }5 Xib

am = Ei XiX;a;

ai = ji )(ja”

a; = (aa)”’

InZ
k)

Holloway( 1977)
H-0, CO:2, CO, CH4, H:2, H:S, SO

= In[V/I(V- bB]+ b(V- b- (a/bRT"
{In[(V + b)/V] + bl (V+ b} -
b)] + bl (Vi -
- (2a/bnRT*)IN[ (Ve + bn)/Va]
YN[ (Ve + bo)/ V]
INZnm

(3-86)

(3-87)

(3-88)

(3-89)

In "= (8y - 9y’ + 3y*)/(1- y)°- Cd[RT"*(Vm+ b)]

- d/[RT*Va(Vn + b)] -

3/2, ,2

& [RT*Vi(Vn + b)]
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- [ (RT b)) ]IN[ (Ve + B)/Va]

+ [d/(RT’B)]In[(Vm + b)/Vn]

- e [RTB]IN[ (Ve + B)/Vn]

- d/(RT"’bVa) - & [RT¥*2bVi]

+ e/ [RT"’B’Va] - InZ (3-90)

(4ym- 3ym)/(1- ym)?

—+

+

(b/bn) (4ym - 2yn)/(1- ym)®
bice/ [ RT*“bn(Vm + bm)]

[ben/ (RT D) ]IN[ (Vi + bn)/Va]
P/ [RTbu] IN[ (Vi + bn)/ V]

3/2

Pd/ [ RT mem]

3/2,2

[P/ (RT’Bn)]IN[ (Ve + bn)/Vn]
bdn/[RT” Vabn( Ve + bn)]

3/2, 3

[ 20dn/ (RTVZ00) ] IN[ (Vi + b))/ Vil

3/2

2hdn/ [RT "’ba( Ve + bn)] - Pe/ (RT*20:V5)

3/2,2

Po/ (RT b/ Vi)
[P/ (RT D) IN[ (Vi + bi)/ V]
ben/ [ RT 200V a(Va + bn)]
3bed [RT 20,V Vi + bn)]

3/2, 4

3ben/ [RT *on] IN[ (Vi + bn)/Va]

3/2, 3

3ben/ [RT"*ba(Ve+ bn)] - INZn (3-91)
by = 5 Xib
o=y Y XX |
dm = Z Z XiX;dj
en = Z Z XiXig |

(3-92)




_ (GG)MZ

= (did))"” (3-93)
— (ea)lIZ
Pc: 2G1IZZ qul/Z
Pu = 2d3’zz Xidi'®+ dnf (3-94)
P.= ”22 Xig '+ en |
a= (™ "X, (3-95)
3.3.3
(1) A Gn
] Pi, P2,
P
(Pi)  Gibbs AGn(i),
P Gibbs A Gn(j) (
), AGn(i)
AGn(i) = AGH(i) + Vi,])ArGn(j) (3-96)
Wi, j) P (Pi) : Tr
( Transition) ; A:Gn ( First-order
T ransitions) :
(2) A ArGn (  Berman, 1988)

A:Gn(A Transition,p,T) = AHn(A Transition,p, T)

- TASn(ATransition, p, T) (3-97)
ArH n(A Transition,p, T)  ASw(A Transition, p, T)

C..n(A Transition,p’, T) = T(L:+ L.T)*  (3-98)
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To= Te+ k(p- 1) (3-99)
Ta= Tee- To=- k(p- 1) (3-100)
T'= T+ Te=T- ki(p- 1) (3-101)
AC, (A Transition,p,T) = T'(L:+ L.T')* (3-102)

T

AH w (A Transition, p, T)f AC, »(A Transition, p, T)dT
= xy(T- t)+ (X/2)(T?- )+ (xs/3)(T>- t)
+ (Xal4)(T* - t) (3-103)

;
A:Sn(A Transition,p, T) f AC, (A Transition,p, T)/TdT

t
r

= xa(InT - Int) + x2(T - t) + (xs/ 2(T*- t7)

+ (Xl 3)(T>- t)) (3-104)
T< Ts,
= Tref' Td= Tref+ k(p' 1) (3'105)

X1= LiTa+ 2LiLoTa+ LoTa= Ta(L:+ L.Ta)®  (3-106)
X2= Li+ 4L:L.Te+ 3L3Ta= (L:+ L2Te)(L:i+ 3L:Ta)

(3-107)
Xs= 2Lil2+ 3LsTa= L2(2L1+ 3L:Ta) (3-108)
Xas= Lj (3-109)

(3) - A Gn ( Berman, 1988)
AC, .( Disordering, p°, T)
= do+ 2d:T "+ doT “+ dsT + daT® (3-110)
AH w( Disordering, p°, T)
= do(T- t)+ 2do(T"*- t"%) - do(T "- t 1)
+ (da/2)(T?- t2) + (da/3)(T°- tY) (3-111)
A:Sn(Disordering, p°, T)
= do(InNT - Int) - 2d:o(T - ") = (dod 2)(T *- t7)
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+ do(T2- t) + (dof 2(T°- t) (3-112)
AVn(Disordering, p, T)
= AHn(Disordering, p’, T)/ds (ds# 0) (3-113)
ds= 0
AVn(Disordering,p,T) = 0 (3-114)
T<To T>To AGn(Disordering, p,T)

A:Gn (Disordering, p, T)
= AHn(Disordering,p’, T) - TASn(Disordering, p°, T)
+ AVa(Disordering,p,T)(p- p°) (t< T < To)
(3-115)
A:Gn (Disordering, p, T)
= AGn(Disordering, p, To)
- (T - To)ASn(Disordering, p°, To) (T > To)

(3-116)
t , T o
3.3. 4
, . Gibbs
Gibbs
AGn(p, T,X, )=0 (3-117)
(1) Gibbs
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Gibbs

L agrange
L agrange
, Lagrange
, (1987)
(1988)
: Gibbs
G= Z Z Mi, Ny« (3-118)
y Niky Mk j k
dG = Z Z nj,klej,k+ Z Z Uj,kdnj,k (3-119)
, Gibbs-Duhem
Z nj,kduj,kZ 0 (k: 1, 2, 3, ) (3-120)
Z [Z njvkde,k]= 0 (3-121)
dG = Z Z U,—,kdn,-,k (2-122)
Z VijZ N«x= Vi (| = 1,2,3, ) (3'123)
dvi = Z VJZ dn,-,k =0 (| = 1, 2, 3, ) (3'124)
1“]1 Ni J |

: Gibbs
70



dG = Z Z M «dny - Z )\IZ VJZ dn; « (3-125)

dG= Z Z }Jj,kdnj,k' Z Z Z )\iV]dnj,k
=3y (- 3 A an. (3-126)

, N [ L agrange : :
Gibbs

M.k - Z )\iVij: 0 (J = 1,2,3, ,k: 1,2,3, )

(3-127)

i, (3-127)
Mik= M = p,»o(T,p) + RTInX; + RTIny; = Z AV,

(3-128)
X,y = expl - pl(T,p)/RT + > A/ RT | (3-129)

Xia v b (T p) j
( T p ).
i .
w= p(T)+ RTInp; + RTInX;, + RTIny = Z AV
(3-130)
piXiyi = exp[- M (T)/RT + Z A/ RT]  (3-131)

i (T) ( T p)
( (1997))
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Powell et al. (1959) : , Reynolds( 1986)
: : (1997)
1) PC ] 1

, 1 mol

X; = exp[- u'(T,p)/RT + Z )w:j/RT]/y; (3-132)
A j i .
Gibbs ;
( 1 1997). |
(1997) |
X; = exp| - p’(T,p)/RT + y A/RT | (3-133)

( , 1996)
Bale, Melancon & Pinho(1981) Bale & Pdton(1986)
Gibbs ,

(1996)

( ) Gibbs
NG 1 mol M

M(s) + (x/22)S:(g) + (y/22)0:(g) = (1 z)M.S.O(s)
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AI‘G
AG= AG + (1/z)RTIna(M.SOy)
- (1/22)RT[xInp(S2) + yIlnp(02)] (3-134)
(1/2)S:(g) + O:(g) = SO:(g)

INK = Inp(SO2) - Inp(02) - (L 2)Inp(S:) (3-135)

AG= aX + bY+ ¢

[X = Inp(0O2); Y= Inp(S0:2)] (3-136)
Gibbs
: (
(1996) * : ,
). : (
) :
AG
2 (
).
Gibbs
AG
( )
AG
AG. 2
(2)
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(i)
AGn= 0 (p= constant; T = constant) (3-137)

(ii) Clapeyron
dp/dT = ASw/ AVn (3-138)
- p_T
(ili) Van't Hoff
[ INK/ T]es= AHW/RT’ (3-139)
(iv)
InQ = InK = (T,p ) (3-140)
(v) ArGn  InK
AGnsy = WAGHy + WAGh2 (3-141)
Ks= wInK:+ wInK: (3-142)
(vi) Gibbs-Duhem
Gibbs-Duhem ( )
Atkin
Gibbs

AGn(p, T,X, )=20
p-loga, T -loga, loga:-loga: : X,
p, T, loga: , loga loga:
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p-T,p-X,T-X, X1-Xz , 0, T,

Xl ) T,X X2
(1) y(x)= 0,
y(x) X1 X2
Xo= (X1+ X2)/2;
(ii) y(xo) y(x1) : X1= Xo, X2= Xo;
(iii) Xo;
(i) (iii) , (x2- x1)
y (x) X1
X2, 1 2
(I) (Xllyl)’(xzsyz)y(x3ly3) ( X1<
X2< X3, Y1 Y3 ), y= ax:
+ bx+ c a, b c
(ii) y=0 Root:, Rootz,
[ X1, X3]
. , Xo,
(iii) X = Xo Yo, Yo Y1
) Y1= Yo, X1= Xo, y3= Yo, X3= Xo,

(iv) (i) (iii), |xs- x|
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4.1
20 : :
( )
, , Lagrange -
Gibbs
Perkins, Brown & Berman(1986) Brown, Berman & Perkins
(1988) Brown & Berman(1989) Gibbs
, p-T-X
p-T-a GeO-Calc.
Vielzeuf & Boivin(1984) :
, (nt 3
p-T )
: (1988) n+ 2
p-T (
, SFM )
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AG= AH - TAS+ (p- 1)AV (4-1)

, AG AH AS AV 298 K 1bar(0. 1 MPa)
Gibbs :
1(4-1) ) )
(1988)
: (1988)
, (1988)
( ) ,
( )
, (4-2) SFM
p-T-X ( , 1992;
, 1996) . i

Aer(p,T) - Aer(pi, TI) = ArSm(T = TI) + Aer(p = p|)

(4-2)
( p
T )l 1
( , 1998:
, 1997 ; 1999; 2000).
( , ’),1997.10.21
23,111 112.
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4.2

NC NPm
( ) ,
4.2.1 ( )
; (  Bryan et al., 1969; Vielzeuf &
Boivin, 1984) (Finger & Burt, 1972; Brown et al.,
1988; , 1988; Ball et al., 1990) .
1.
m 1,2, ,NPn ,
{1,2, ,NPn}.
NPi NPy, Gibbs (1-5)
NPi= NC+ K- R (4-3)
NP.= NC+ K- R- 1 (4-4)
NPmn- NPi= m (4-5)
NPn- NP.= m+ 1 (4-6)
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NP - NP.= 1 (4-7)

NPm
, Schreinemarkers )
, © (A, Az, ), Az, Az,
H (AllAzl )
) m NPm
( )

NIP = NPal/[NP!(NPn- NP)!] = NPa!/(NP!m!)

(4-8)
N UC(
)
NUC= NPn!/[NPJ(NPn- NPJ!]
= NPa!/[NP.(m+ 1)!] (4-9)

NUC = NP!/[NPJ (NP - NP.J)!]= NP/ (4-10)
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K CI-M gClz-H-O,

=1, 2,

, NP m

j= 1, 2)

 NPw(j> i)

k=1, 2,

NPun(g> i,0>j,> k, )

(i, k,

G T)

i=1 2

;Npm

=12

 NPw(j> i)

 NPm(k> i, k> )

aNPm(q> |1q>J,q> k,

)

r=1,2,

,NPm(r> i,l"> j,r> k,

, > q)

m+ 1
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3 6 (Ant-En-Qz-Ta-Pe-H:0)
Ant En Qz Ta Pe W
1 2 3 4 5
(1) (2) (3) (4) (5 (6)
2,3,4,56|1,3,456|1,2456(1,2356|1,2346)|1,234,5
1,2)| 3,4,5,6
1,3)| 2,4,5 6 ((23)| 1,4,5,6
1,4)| 2,3,56 [(2 4)| 1,3,5,6 (3,4) 1,2,5,6
1,5) 2,3,4,6 |(2,5)] 1,3,4,6 |(3,5) 1,2,4,6 |(4,5)] 1,2 3,6
1,6)] 2,3,4,5((26) 1,3,4,5 (3,6) 1,2,4,5((46) 1,2,3,5|5,6)| 1,2,3,4
L] {3’ 41 5’ 6}
: (1,2)  (2,1). ,
H ( 4'1)
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4-1 3 (MgO-S0:-H:0)6 (1
(Ant-En-Qz-Ta-Pe-H:20)
P R )P IRP
IP P
Ta En H2 Fo A nt
1 |(1,2 o 0 9 2 7 - 2 |Ant= 9Q+ 2H 20+ 7Fo
2 (1,3 o 9 0 2 - 2| - 2 |2Ant+ 2Fo= 2H20+ 9Fo
1 (1) 3 |(1,4]| o 1 1 0 -1 0 |Q+ Fo= En
4 (1,5 o 7 2 2 0 - 2 |2Ant= 7En+ 2Q+ 2H20
5 |(1,6)| 0 1 1 0 -1 0 |Q+ Fo= En
1 |(1,2 o 0 9 2 7 - 2 |Ant= 9Q+ 2H 20+ 7Fo
2 (2,3 9 0 0 - 4 - 5 |4H20+ BAnt= 9Ta+ 4Fo
2 (2) 3 (2,4 1 0 2 0 2 - 1 |Ant= Ta+ 2Q+ 2Fo
4 |(2,5)| 7 0 4| - 0 - 3 |4Q+ 4H 20+ 3Ant= 7En
5 |(2,6)| 2 0 5| - 3 0 |5Q+ H20+ 3Fo= 2Ta
1 [(1,3)] o 9 0 2 - 2| - 2 |2Ant+ 2F0= 2H20+ 9F0
2 |(2,3)| 1 0 0 - 4 - 5 |4H20+ BAnNt= 9Tat+ 4Fo
3 (3) 3 (3,4 9 2 0 0 1 |Ant= Ta+ 2En
4 (3,5 9 2 0 0 0 1 |Ant= Ta+ 2En
5 |(3,6) - 2 5 0 2 -2 0 |2Ta+ 2Fo= 5En+ 2H20
1 |1, 4] o 1 1 0 -1 0 |Q+ Fo= En
2 (2,4 1 0 2 0 2 - 1 |Ant= Ta+ 2Q+ 2Fo
4 (4) 3 (3,4 1 2 0 0 0 - 1 |Ant= Ta+ 2En
4 (4,5 1 2 0 0 0 - 1 |Ant= Ta+ 2En
5 |(4,6)| 0 1 1 0 -1 0 |Q+ Fo= En
1 |(1,5] o 7 2 2 0 - 2 |Q+ Fo= En
2 (2,5 7 0 4| - 0 - 3 |4Q* 4H 20+ 3Ant= 7En
5 (5) 3 (3,5 1 2 0 0 0 - 1 |Ant= Ta+ 2En
4 (4,5 1 2 0 0 0 - 1 |Ant= Ta+ 2En
5 |(5,6)| 2 - 3 2| - 0 0 |3En+ 2Q+ 2H20= 2Ta
1 |(1,8)| o 1 1 0 -1 0 |Q+ Fo= En
2 |(2,6)| 2 0 5| - - 3 0 |5Q+ H20+ 3Fo= 2Ta
6 (6) 3 (3,6 -2 5 0 2 -2 0 |2Tat 2Fo= 5En+ 2H20
4 |(4,86)| 0 1 1 0 -1 0 |Q+ Fo= En
5 |(5.6)| 2 - 3 2| - 0 0 |3Ent+ 2Q+ 2H20= 2Ta
(1993).
4.2.2
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( , 1993; , 1996) .

AX = Y (4-11)
A : X :
X=A'Y (4-12)
A TA
MC. :
; c'(j=12 ) ( )
3 (MgO-Si0O2-H:=0) 6 (Ta-En-Fo-Qz-H:20-
Ant) : ;
Ta En Fo Qz H:0 Ant
MgO[3 2 2 0 0 7
MC= Si0:|4 2 1 1 0 8
H.O0l1 0 0 0 1 1
m
m+ 1 ( ).
MC . MC
( ) ( m+l )
, MC'.
MC NC D D
D, D’ MC, R. R
NC , (
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Ta Qz H:0 Ant
MgoO[3 0 0 7
MC = SIO: | 4 1 0 8
H-OL1 0 1 1
Ta Qz H-:0
MgO| 3 0 0
D= SiO:| 4 1 0
HOL 1 0 1
MgO SiO: H-0
Ta 1/3 0 0
Qz |- 43 1 0
H0OL - 1/3 0 1

Ta Qz H:O0 Ant Ta Qz H:0 Ant

MgO[3 0 0 7 1 0 O 7/13]Ta
Sio:|4 1 0 8|= 1 0 - 4/3|0z
H.ol1 o0 1 1 0 0 1 - 43H:0
D' MC = R
MC
NC A, Y;
A A Al Y. ,

( ) ( )
Ta Qz H:0O Ant

MgoO[3 0 0 7
MC = Si0:|4 1 0 8,
H.ol1 o 1 1
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Ta Qz H:0 Ant

MgO| 3 0 0 MgO| 7

A= SiO:{4 1 0|, Y= SiO:|8

H-OL1 0 1 H-OL1

MgO SiO: H:0 Ant Ant
Ta 73 O 0 MgO| 7 73| Ta
Qz |- 43 1 0 SiO:| 8/= |- 4/3|Qz
H.OlL- 1/3 0 1 H.-O L1 - 4/ 31 H.0

Al-Y= X

1Ant= 7/3Ta- 4/3Qz- 4/ 3H:0
3Ant= 4Qz+ 4H:0= 7Ta
NC

4.2.3
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A Gn= O(p,T ), ( Aer—»O),

( p,T ,Aer—>O ),

( ,1996) .
dy(x) = yz(x) - yi(x) =0 (4-13)
X 1 2 yi(x)  ya(x)
1 2 X :
(1)
1 2 dy(x1) dy(xz2)( X1
< X2), : [ X1, x2]
dy(x)=10 , X1 X2
: 1 2 [ X1, X2]
(2)

dy(x:) dy(xz)
[ X1, X2]

— "’ Gibbs

4.2.4
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Schreinemakers , ,

4-1.
(180°) :
, 4-1 . Schreinemakers
£ e
"1..\-“ _
_
PR
’ I
i i
Iy (1
& P
+
F
Fd
H"'-. ra
AN
A e
i W W
L] W ™
i 7
Y] <1
4-1 Schreinemakers 4

Schreinemakers

, Schreinemak ers
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(1)

n N ( )
P, P2, , Pn. Pi ,
(P.).
( n N (1-5)
. 113 ).
A G (i)
, (Pi), ArGn(i)

AGn(i,Xa) = [ AGa(i)/ Xdalx, (c= 1,2, ;c# 0

(4-14)
, Xq p, T,x,a,lna, f,Inf,u, E,pH
1Xc Xq

dAGn(i) = AGn(i,Xq)dXqs (dXc= 0;c= 1,2, :c#z Q)

(4-15)
AGn (i, Xa) . : AGn(i, Xa)
p-T,p-
X, T-X, X1-X2 , DG (i, Xa)
AGr (i, Xaq) ,
AGn(i) : : p-

Ina, T-Ina, Ina:-Inaz, p-Inf, T-Inf, T-p, p-y, pi-pe :
AGn(i, Xa)
, : 1,2
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T p M
AGa(i,Inas) = [w(i) - w(i)x:(IP)/X2(IP)]RT (4-16)

AGa(i,Inf1) = [w(i) - w(i)x:(IP)/x2(1P)]RT (4-17)

AGn(i, ) = w(i) - w(i)x:(IP)/xz2(IP) (4-18)
1 2 sw(1), wve(i) 1 2
(Pi) ;x1(IP)  xz2(IP) 1 2
P ‘lna. Inf 1 M1

, Inaz, Inf2 e
AGn(i, Xa)

(P),
0= 3 w(i)Pa= 0
(B= 1,2, ,N: B=i w(i)= 0)

Schreinemakers

(P1)

P,P:, ,Piy  |(P)| Paiy,Paesy, Pn

(Pivn), (Pae2), L (Py)  [(P)|  (Py),(P2), ,(Pu o)

(4-15) : X q
(dX.= 0, ¢# (), AGn (i, Xa)
AGn (i) X ;
: (Pi+ ), (Pa+2),
(Pn) (P) Xq
AGh(i, Xq) , . 4-2.
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4-2 (Ps) Ps (Pi)

AGHLG X ) | w(i) | AGH, Xg¢  w(i) (Pg) Pg
+ + + X q X q
+ Xg Xg
+ Xg Xg
+ Xq X q
(i) SN ( Stoichiometric
Number), SN (i,]) (Pi) ] P;
Pi (Pi)
SN P P P
Py | [ o0 SN (1, 2) SN(1, N)]
(P2) SN (2, 1) 0 SN (2, N)
(Pv) | LSN(N,1) SN(N,2) 0

(ii) AGn(i, Xa) Sgn[ AGn (i, Xa)],

AXo(i,1) = Sgn[AGn(i,Xa)]x SN(i,j) (i,ji= 1,2, ,N)
(4-19)

{ Son[ ]~ [ ] : )
LL(LL= Line-Line),

(iii) LL . AXo(i,j)>0 (Pi)
(Pi) Xq
91



Xq . AXq(1,J)=0(i1%])

LL (P1) (P2) (Pv)
(Py) | 0 AXq(1, 2) AXo(1,N) |
(P2) AX (2, 1) 0 AX (2, N)
(Pn) | LAXG(N,1) AX4(N,?2) 0
; SN SN (i,j)=
SN(j,i)=0, (P)) (P) : :
(Pi) (Pi) (Udansky,
1983),
( ); AGn(i,Xa)= 0, SN(i,j)# 0,
LL i 0, i -1,
+ 1; , (Pi) Xq ;
AGn(i, Xa) 2 0
X q : Xq
, LL
: LL
; 2 3 : 3
p-T,p-Xx,T-Xx p, T
( Inai-Inae, Inf i-Inf 2, gi-p2, X1-X2, Y-
X ). p T ,
AGn(i, Xa) LL, AS AV
VF  SF; ; :
p T T-lna, p-lna, T -Inf, p-Inf, T-p, p-p
, , AGn(i, Xq)
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LL , . AXa(i,j)> 0
: : (Pi)
Xa  Xa(j) (Pi) Xa  Xa(i);
Xaq(J) - Xq(i) > 0 (AXq(i,j)> 0) (4-20)
Xa(j) - Xa(i) < 0 (AXa(i,j) < 0) (4-21)

(Xe(]) = Xe(i) - Xe(IP); €= 1,2, ;c# q)
(4-20) (4-21)

Xa(1)  Xe(]) :
Xa(]): Xa(]) > Xa(IP) Xa(]) < Xq(IP) (4-22)

Xe(]): Xe(j) > Xe(IP) Xe()) < Xe(IP) (4-23)
(Pi) : Xa(])
X<(])
LL
3 ( P Ai, Ax)
Xm d Xaq
: Xq-Xm : AGh(i, Xq)
£0 SN(i,j)20(j=12 ,N:j%i) (P)
( “ Xg=Xm ”
: ).
LL [ i :
SD(i,j)=- 1( 0
);
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: SD(i,j)= + 1;
0, : SD(i,j)= 0.
SD( S= Same, D= Different):

SD | (P1) (P2) (Pi) (Pn)
(Pi) ‘[SD(i,l) SD (i, 2) -1 SD(i,N)]
SD : SD(i,j)=- 1 (Pi) (Pi)

P Xm Xm ; , P

Xm Xm , SD(',J)z O, (PJ) Xq
Xm
X,
AN k=1
(F) LB AX ik dim ]

X_
4-2 (P)
(P) P
AGn(k, Xa)# 0 (k# i) (P«) ,
(P) ; P
(Pi) (P Ai Ax, :
X m Xn(i)  Xm(k) C Xm(i)= Xn(K)> Xa(IP).
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8Xa(k i) = Sgn[Xa(i) - Xa(K)] (4-24)
AXn(k, i) = &Xa(k,i)x AXa(k,i) (k# i) (4-25)

AXnm(k,i)=+ 1, OXa(k,i) AXa(k, i)
A (P) ; . Xa(i)> Xn(IP)
1P (P) Xm Xun(IP),
: (Pi) P Xm :
AXw(k,i)= - 1, Ai (Pi) : (P1)
P X m . : Xm(i)= Xn(k) <
Xm(IP),
Xm
| P
AXm(k,i) SD , —
LP(L= Line, P= Point), AXnm(i,j)
SD(i,j)=- 1
AXn(i,j) =+ X AXn(k, i) (4-26)
SD(i,j)=+1
AXu(i,j) = - X AXa(k, 1) (4-27)
SD(i,j)=0
AXn(i,]) = Ox  AXn(k,i) (4-28)
AXn(i,j) =- SD(i,j)x AXa(k,i) (4-29)
LP (P1) (P2) (Pw)
P [AXw(1,1) AXn(i, 2) AX (i, N)]
LP AGh(j, Xa)# 0
IP ; AXnm(i,j)> 0, (Pi)
IP Xm ; ’ Xm
Schreinemakers LP
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P AGn(j,Xq)= 0

Xm
AGn(j, Xq)= 0
LL i . AXaq(i,j)> 0,
(P)) P X4 ; : P X q
AXo(i,J)( AGn(j,Xa)=0 )  AXw(i,])
Xq X
Xa Xm
LP (2)

. p-Ilna, T-Ina, Ina:-Inaz, pi-p-2
s(j)(j=12, ,N)
LP
AXm(k,j) = Sgn[Xa(]) - Xa(K)]
x Sgn[S(j) - S(k)] (# k  (4-30)

dXao(k,j) = [S(j) - S(k)]dXm
(dXc= 0,cz m,q;S(j) # o ,S(k) # o ,j# k) (4-31)

4.2.5
1.
, Vielzeuf and
Boivin (1984) ( )
( )
(1)
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| Pi
1.3.2

(2)

( )
X m
(i,j= 1,2 1)
AXn(i,j) = SN[ Xa(IP;) - Xn(IP)]
AXn(j,i) = - AXa(i,])

CLP1 (C= Common),

(4-32)
(4-33)
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CLP1 | P, IP, IP,
IP: 0 AXm(1,2) AXm(1,1)]
IP; AXn(2,1) 0 AX n(2,1)
IP. | AXa(t, 1) AXa(t, 2) 0

CLP2 | Py P2 IP:
IP: 0 AXn(1,2) AXm(1,1)]
IP: AXn(2,1) 0 AX n(2,1)
IP. L AXa(t, 1) AXa(t, 2)

LP m
( :
), (
CLP1
CLP2.
CLP1 CLP2
SIP (S= Stability);

SIP | P IP: IP:
IP; 0 SIP(1,2) SIP(L1)]
| P2 SIP(2, 1) 0 SIP(2t)
IP. LSIP(t,1) SIP(t, 2) 0

SIP : SIP(i,j)= - 1,
P X L(i,j)



, P L(i,])

| P . j
| Pj Xm | P;
y IP] ’
, Xm
AGn(j,Xa)=0, CLP1 CLP2 (
0. 0
2.
SFM :
1 :
’ 1 '
, : SFM

(1)

(2) u o o ow *® »

“ —_—{— M u —i— "



(3) + -

113 ” (
13 ” ).
3
3 (i.j, k
I)l (l,J,k,I) Xm
4 (L, k) (i,j, D) (i,
kK, 1) (j, k1) 4,3 2,1
(,j,k) (,j.D (,k, 1 .k, D
Xm 4 3 2 1
4 2 1 , 3
2 , 4-3
4-3 3
2 1
(i) (ij.k) (ij.1)
(i) (i.k) (i.j.k) (.k. 1)
(i.1) (i.j.l) .k 1)
(i) (i.j.k) (ij.1)
(j) (k) (ij.k) (k1)
G.1D (i1 (k. 1) ..
HR (k) (k1) (7 k1)
(K) (k) (i k) (k1)
(k1) (i k1) (k1)
(i, 1) (.1 (k1)
(1 (1) (1) (j k1)
(k.1) (.k.1) (j.k.l)
(i,j, k1) 4
, Shreinemakers
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(i,],k, 1)
, 4-3 16

—_— — S —— i —— — i — — B —— 3 —F— & —

1 2 3 4 1 2 3 4
J— —_ - _l_ - J— —_ —_

(1) (2)

(A S T 12 3 4
(3 i)

1 2 3 4 1 2 3 1

- - o+ + + - - -
(5} (6}

12 3 4 1 3 4

+ + - = - - = -
(7} (%)

| 2 3 4 1 2 3 4

(9} {10}

—_—G T — i —F— W — e i — —_—fh —FE— §— — O —FA— O —
1 2 3 1 1 2 3 4
{11y (12}

— g e mm o ) —f Y el R e

l 2 3 4 I 2 3 4

(13) (14}

1 2 3 4 1 2 3 4

(15} {16}
4-3 (3 )
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, CLP1
1; , + 1. CLP1. ,
CLP2,
SIP.
4-3 () (2) , CLP1 CLP2 SIP
4-3(1) 4-3(2)

CLP1 4 3 2 1 CLP1 4 3 2 1
4 0 +1 1 1 4 0 +1 1 1
3 1 0 1 1 3 1 0 1 1
2 1 1 0 1 2 1 +1 0 1
1 1 1 +1 0 1 -1 -1 -1 0

CLP2 4 3 2 1 CLP2 4 3 2 1
4 o -1 -1 -1 4 o -1 -1 -1
3 1 o -1 -1 3 1 o -1 -1
2 1 1 0 -1 2 1 1 0 -1
1 1 1 +1 0 1 1 1 +1 0
SP 4 3 2 1 SIP 4 3 2 1
4 o -1 -1 -1 4 o -1 -1 -1
3 1 o -1 -1 3 -1 o -1 -1
2 1 1 0 -1 2 -1 -1 0 -1
1 1 1 +1 0 1 +1 +1 +1 0

, SIP
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(1)

(2)

(3)

(4)

()

4-3

(1979)
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5.1
5.1.1
1.
] m ]
m+ 1, m- 1
1 2
, (1979b)
— (
),
(1979b)
(19790) n n+t4 (2 )
1 6 (3 )
1 6 , 2
: Ce
3 ] 3 1 1
Ce , 20
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5-1

1 (1,2,3,4) (1,2,3) | (1,2,4) | (13,49 | (23,4

2 (1,2,3,5) (1.2.3) | (2.5 | (13,5 | (23,5)

3 (1,2,3,6) (1,2,3) | (1,2,6) | (13,6) | (23,6)

4 (1,2,4,5) (1.2.4) | (2.5 | (14,5 | (24,5)

5 (1,2,4,6) (1L,2.4) | (1,2,6) | (14,6) | (24,6)

6 (1.2.5.6) (1.2.5) | (1.2.6) [ (L5.6) | (25.6)

7 (1,3,4,5) (1,34 | (13,5 | (145 | (3,45

8 (1,3,4,6) (1.3.4) | (13,6) | (L4,6) | (3.4.6)

9 (1,3,5,6) (1,3,5) | (13,6) | (15,6 | (35,6

10 | (1,4,5,6) (1,4,5 | (1,4,6) | (L586) | (45.6)

11 | (23,4,5) (2,34 | (23,5 | (24,5 | (3,45

12 | (2 3,4,6) (2.3.4) | (23,6) | (24,6) | (3.4.6)

13 | (23,5,6) (23,5 | (23,6) | (256) | (35,6

14 | (2 4,5,6) (24,5 | (2,4,6) | (25.6) | (4.5.6)

15 | (3.4,5,6) (3,4,5) | (3.4,6) | (3.5.6) | (4.5.6)
2 ;

) : 5-1
G,j, k1) (i,j.mn) (k1, mn)
3
, 5-1 ( : )
5-2.
8 , 8
1 )
5-2 ,1 6 8
2 2 2 4
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: 4 2
5 9 5-1
52 1 6 8
1 6 8
(13,5, (1,3,6), (1,4,5), (14,6), (23,5, (2,3,6), (24,5), (2,4,6)
1 2
(1,3,5), (1,3,6), (1,4,5), (1,4,6) | (1,3)+ (1,4),(1,5)+ (1,6)
(2,3,5), (2,8,6), (2,4,5), (2,4,6) [(2,3)+ (2,4),(2,5)+ (2,6) (1)+ (2),
1,3,5), 1,3,6), (2,3,5), (2,3,6 1,3 2,3),(3,5 3,6
( ). ( ). ( ). ( ) | (1,3)+ (2,3), (3,5 + (3,6) (3)+ (4),
(1,4,5), (1,4,6), (2,45), (2,4,6) | (1L,4+ (2,4),(45)+ (4,6)
(1,3,5), (1,4,5), (2,3,5), (2,4,5) | (1,5)+ (1,5).(3,5)+ (4,5) (5)+ (6)
(1,3,6), (1,4,6), (2,3,6), (2,4,6) | (1,6)+ (2,6),(3,6)+ (4,6)
(142) (14,6}
i /
(1,35) . (1,36)
I
(24,5
= "]. ————— 7 Ij.,'lll"i:
{1,33) (2,36}
51 1 6 8
2.
1 6 |
[
’ ’ 15
i ( )
. ] I
(i, k1) 1 |
(i1ml n) !
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5-3 1
1 | (1,2,34) | (1.23) | (1.24) | (1.3.4) | (2.3 4)
2 | (1,235 | (1,23 | (1,25 | (1,35 | (2,3.5)
3 | (1,236 | (1,23 | (1,26) | (1,3 6) | (2.3.6)
4 | (1,2,45 | (124 | (1,25 | (1,45 | (2.45)
5 | (1,2,46) | (1,24 | (1,26 | (1,46) | (2,4.6)
6 | (1,2,56) | (1,25) | (1,26) | (1,56) | (2,5.6)
7 | (1,3,45) | (1,34 | (1,35 | (1,45 | (3.45)
8 | (1,3,4,6) | (1.3.4) | (1,3,6) | (1,46) | (3.46) | (1,5 6)
9 | (1,3,56) | (1,35 | (1,36) | (1.56) | (3.56)
10 | (1,4,56) | (1,4,5) | (1,46) | (1,56) | (4,56)
11 | (2,3,4,5) | (2,3,4) | (2,35 | (2,45) | (3,45)
12 | (2,3,46) | (2.3.4) | (2.36) | (2.4.6) | (3.4.6)
13 | (2,3,56) | (2.3.5) | (2.3.6) | (2.5.6) | (3.5.6)
14 (2,4,5, 6) (2,4,5) (2,4, 6) (2,5,6) (4,5, 6)
15 (3,4,5, 6) (3,4,5) (3,4,6) (3,5,6) (4,5, 6)

5-3 1 6
(1,25, (1,2,6), (1,3,5), (1,3,6), (1,4,5), (1,4,
6). 1 5-4
: 10 1 6
18 6= 60 , 5-4

5-4 1 6

6
1 (1,2,5), (1,2,6), (1,3,5), (1,3,6), (1,4,5), (1,4,6) (1,2,3,4)- (1,5,6)
2 (2,2,4), (1,2,6), (1,3,4), (1,3,6), (1,4,5), (1,5,6) (1,2,3,5)- (1,4,6)
3 (1,2,3), (1,2,6), (1,3,4), (1,4,6), (1,3,5), (1,5,6) (1,2,4,5)- (1,3,6)
4 (1,2,3), (1,3,6), (1,2,4), (1,4,6), (1,2,5), (1,5,6) (1,3,4,5)- (1,2,6)
5 (1,2,4), (1,2,5), (1,3,4), (1,3,5), (1,4,6), (1,5,6) (1,2,3,6)- (1,4,5)
6 (1,2,3), (1,2,5), (1,3,4), (1,4,5), (1,3,6), (1,5,6) (1,2,4,6)- (1,3,5)
7 (1,2,3), (1,2,4), (1,3,5), (1,4,5), (1,3,6), (1,4,6) (1,2,5,6)- (1,3,4)
8 (1,2,3), (1,3,5), (1,2,4), (1,4,5), (1,2,6), (1,5,6) (1,3,4,6)- (1,2,5)
9 (1,2,3), (1,3,4), (1,2,5), (1,4,5), (1,2,6), (1,4,6) (1,3,5,6)- (1,2,4)
10 (2,2,4), (1,3,4), (1,2,5), (1,3,5), (1,2,6), (1,3,6) (1,4,5,6)- (1,2,3)
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5.1.2

, 52 1 6 8
(1,3,5 (1,3,6) 2
2 . {1,3,5/6}. “ {1}
“ 56" ; .5
6 2 : :
. ,(1,4,5) (1,4,6) 2
{1, 4,5/6}. 2 4
{1, 3/ 4, 5/6}. , 4 4
{2,3/4,5l 6}, 2 2 {2,
3,5/6 {2,4,5/6}. 8 8
{1/2,3/ 4,5/ 6}; “« 1/2"% 3/4"* 5/6"
1
23 45 6 ,
“ {12 34 56" : 1 6
(3 ) , 3
; 8 :
( , 3 1 23
45 6); X X 2=8
, 8
, 8 4
{1, 3/4, 5/6} {2, 3/4, 56}, {12, 3, 5
6} {1/2, 3, 5/ 6}, {12 34 5 {1/2, 3/4, 6},
< fy
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J : NP;.
NPz,

NP2, , NPy, (NP:- NP2- - NPy
NIPc N UCc

NIPc= NPx NPx x NP, [Z NP, = NP

NUC:= NIPx NPi/2
m NPn ;NP
5-2 (2-2-2) ,
8 12

" (Being A bsence of Phases in Turn,

BAP).
, 5-4
, 1 6
3 , 3
1 , 1
: 2-6 :
2 (1-2-3)
(1-32) . 5-4
55 5-4
5-5 ,
1 d
, d
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6 6
1 {1, 2/3/4, 5/6} 6 {1, 2/4/6, 3/5)
2 {1, 2/3/5, 4/6} 7 {1, 2/5/6, 3/4}
3 {1, 2/4/5, 3/6} 8 {1, 3/4/6, 2/5}
4 (1, 3/4/5, 26} 9 {1, 3/5/6, 2/4)
5 {1, 2/3/6, 4/5) 10 {1, 4/5/6, 2/3}
5 1.3
, ?
4-5 (nt+ 4 ,
(  56).
1 . m NPm
, : NPn< 2m
: 1 1 :
NPn> 2m )
. ” : NPmn< 2m
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, (1980c, d; 1981; 1985)
)
1
5-6 1-5 (n+ 4)
> Cc2C3= 10 |(x 3x 3/2= 9 [{1/ 2, 3/4/5} (1,3), (1,4), (1,5), (2, 3), (2,4), (2,5)
(1,3), (1,4), (1, 5), (1,6), (2 3),
c2c4= 15 X 4 4/2= 16 [{1/ 2, 3/ 4/5/6
6 et (2 o i ) (2,4), (2,5, (2 6)
B B (1, 4), (1,5), (1, 6), (2, 4), (2 5),
Cccd2= 10 |(x 3 4/2= 18 [{1/ 2/3, 4/5/6} (2.6), (3,4), (3.5), (3.6)
2 (1,4), (1,5), (1, 6), (1,7), (2,4,
C3C4= 35 |(x 4y 5/2= 30 [{1/2/3,4/5/6/7} (2,5), (2,6), (27), (3, 4), (3, 5),
(3,6), (3,7)
(1,3), (1, 4), (1, 5), (1,6), (1, 7),
cgcg: 28 |(x ex 6/2= 36 [{1/2, 3/ 4/5/6/7/8} |(1,8), (2, 3), (2,4), (2 5), (2,6),
(2,7), (2,8)
(1, 4), (1,5), (1, 6), (1, 7), (1,8),
8 cgcgz 56 |(x 5x 6/2= 45 {1/ 2/3, 4/5/6/7/8} |(2,4), (2,5, (2,6), (2, 7)., (2 8),
(3,4), (3,5), (3,6), (3,7), (3, 8)
(1, 4), (1,5), (1, 6), (1, 7), (1,8),
(1,9), (2, 4), (2,5), (2,6), (2,7),
404/ 9= -
CAcd/2= 35 |(& 4 6/2= 48 [(1/2/3/4, 5/6/7/8} (2.8). (2.9, (3.4), (3 5). (3 6)
(3,7), (3,8, (3,9
(1,3), (1,4), (1, 5), (1,6), (1, 7),
C4Cl= 36 (& 7 7/2= 49 {1/ 2, 3/4/5/6/7/8/9}|(1,8), (1, 9), (2,3), (2 4), (2, 5),
(2,6), (2,7),(2,8), (2,9)
(1, 4), (1,5), (1, 6), (1, 7), (1,8),
9 |c8cf= 84 |(x 6 7/2= 63 ({1/2/3, 4/5/6/7/8/9} (1.9), (2.4), (25, (206), (2.7),
(2,8), (2,9), (3,4), (3 5), (3,6),
(3,7), (3,8, (3,9
(1,5), (1,6), (1, 7), (1,8), (1,9),
CgcR= 126 (&« 5% 7/2= 70 [{1/ 2/3/4, 5/6/ 7/8/9} (2.5), (2,6), (2,7), (28), (2,9),
(3,5), (3, 6), (3,7), (3,8), (3,9),
(4,5), (4,6), (4,7), (4,8), (4,9)
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5.2

521 1 6 ( n+5 )
1 6 3
( 6= X 3). ,
3 ( NPmn= 6, m= 3),
(NPmZ 2m) ,
3 ’6 11 { }” 3
1) 2 1
2 (2-
2-2) 5-7.
57 1 6 8
6
1 {1/2, 3/4, 5/6} (1,3,5), (1,3,6), (1,4,5), (1,4,6), (2,3,5), (2,3,6), (2,4,5), (2,4,6)
2 {1/3, 2/4, 5/6} (1,2,5), (1,2,6), (1, 4,5, (1,4,6), (2,3,5), (2,3,6), (3,4,5, (3,4,6)
3 {1/4, 2/3, 5/6} (1,2,5), (1,2,6), (1,3,5), (1,3,6), (2,4,5), (2,4,6), (3,4,5), (3,4,6)
4 {1/2, 3/5, 4/6} (1,3,4), (1,3,6), (1,4,5), (1,5,6), (2,3,4), (2,3,6), (2,4,5), (2,5,6)
5 {1/3, 2/5, 4/6} (1,2,4), (1,2,6), (1,4,5), (1,5,6), (2,3,4), (2,3,6), (3,4,5), (3,5,6)
6 {1/5, 2/3, 4/6} (1,2, 4), (1,2,6), (1,3,4), (1,3,6), (2,4,5), (2,5 6), (3,4,5), (3,5,6)
7 {1/2, 4/5, 3/6} (1,3,4), (1,4,6), (1,3,5), (1,5,6), (2,3,4), (2,4,6), (2,3,5), (2,5,6)
8 {1/4, 2/5, 3/6} (1,2,3), (1,2,6), (1,3,5), (1,5,6), (2,3,4), (2,4,6), (3,4,5), (4,5,6)
9 {1/5, 2/4, 3/6} (1, 2,3), (1,2,6), (1,3,4), (1,4,6), ( 2,3,5), (2,5,6), (3,4,5), (4,5, 6)
10 {1/3, 4/5, 2/6} (1,2, 4), (1,4,6), (1,2,5), (1,2,6), (2,3,4), (3,4,6), (2,3,5), (3,5,6)
11 {1/4, 3/5, 2/6} (1,2,3), (1,3,6), (1,2,5), (1,5,6), (2,3,4), (3,4,6), (2,4,5), (4,5,6)
12 {1/5, 3/4, 2/6} (1,2,3), (1,3,6), (1, 2,4, (1,4,6), (2,3,5), (2,3,6), (2,4,5), (2,4,6)
13 {1/2, 3/6, 4/5} (1,3,4), (1,3,5), (1,4,6), (1,5,6), (2,3,4), (2,3,5), (2,4,6), (2,5, 6)
14 {1/3, 2/6, 4/5} (1,2, 4), (1,2,5), (1,4,6), (1,5,6), (2,3,4), (2,3,5), (3,4,6), (3,5,6)
15 {1/6, 2/3, 4/5} (1,2,4), (1,2,5), (1,34, (1,3,5 , (2,4,6), (2,5,6), (3,4,6), (3,5,6)
cA{ilj.k/l,m/n} i j k Im n
2.2.2 1_ 2.2 1_ —
( C:C,C5/ C5= C(C,/C3= 1% 6/6= 15 )
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522 2 7 ( n+5 )
1.
7 3 ,
12 ,
5-8 ).
1 2 7 9 2 7
3 , 3
[13 { }” , 2
2 (1-3-3) (1-2-4)
: 9 8 , 1
5-9  5-10
58 2 7 12 ( 105 )
(V2 34, 567) (V2 35 4/6/7) {12, 45, 3/6/7)
{13, 2/4 567} {1,3, 2/5 46,7} {14, 2/5, 3/6/7)
{1/ 4, 2/3, 567} {15, 2/3, 4/6/7) {15, 2/4, 3/6/7)
(U3, 45 267} {213, 45 16/7) {12, 36, 4/5/7)
{14, 3/5 2/67) {2/ 4, 3/5 16/7) {13, 2/6, 4/5/7)
{15, 3/4, 2/6/7} {2/5, 3/ 4, 1/6/7) {16, 2/3, 4/5/7}
(U2 46 3/57) (U3, 46 2/5/7) {23, 46, 1/5/7)
(14, 26, 3/57) (14 36 2/5/7) {2/4, 36, 157
{16, 2/4, 3/57) {16, 3/4, 2/5/7) {2/6, 3/4, 1/5/7}
(U2 56 347) (U3, 56 247) {2/3, 5/6, 1/4/7)
{(2/5, 16, 3/47) (3/5, 16 247) {25, 36, 1/4/7)
{2/6, U5, 3/4/7) {(3/6, U5, 2/4/7) {2/6, 3/5, 1/4/7)
{14, 5/6, 2/37) {2/ 4, 5/6, 13/7} {3/4, 5/6, 1/2/7}
{45, 16 237} {45, 216 137} {45, 36, 1/2/7)
{46, U5, 2/3/7} {4/6, 2/5 1/3/7} {4/6, 3/5, 1/2/7}
{12, 3/7, 4/5/6) {12, 47 3/5/6) {13, 47, 2/5/6)
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C )

(U3, 207, 4/56) (V4 27 3/5/6) {14, 37, 2/5/6)
(U7, 2/3, 4/56) {17, 24 3/5/6) {17, 34, 2/5/6)
(213, 47, 156} (U2 57 3/4/6) {13, 57, 2/4/6)
{2/ 4, 317, 156} {15, 217, 3/4/6) (1S5, 37, 2/4/6)
{217, 34, 1/56) (U7, 2/5, 3/4/6) {17, 35, 2/4/6)
{213, 57, 1 4/6) {14, 57 2/3/6) {2/4, 517, 1/3/6)
{2/5, 317, 1 4/6) (U5, 47, 2/3/6) {25, 47, 1/3/6)
(217, 3/5, 1/ 4/6) (U7, 45, 2/3/6) {217, 45, 1/3/6)
(3/4, 5/7, 126} {12, 6/7 3/4/5) {13, 6/7, 2/4/5)
(3/5, 47, 126} (U6, 2/7, 3/4/5) {16, 37, 2/4/5)
{(3/7, 45, 126} (U7, 2/6 3/4/5) {17, 36, 2/4/5)
{213, 6/7, 1/ 4/5) (U4 6/7 2/3/5) {2/4, 6/7, 1/3/5)
{216, 3/7, 1 4/5) (1,6, 47, 2/3/5) {2/6, 4/7, 1/3/5)
{217, 36, 14/5) (U7, 46 2/3/5) {2/7, 46, 1/3/5)
(3/4, 6/7, 125} (U5, 6/7, 2/3/4) (25, 6/7, 1/3/4)
(3/6, 47, 125} (U6, 57 2/3/4) {26, 5/7, 1/3/4)
(3/7, 46, 125} (U7, 5/6 2/3/4) {217, 56, 1/3/4)
(3/5, 6/7, 124} {45, 6/7, 12/3)

(3/6, 5/7, 124} {46, 5/7, 12/3)

(3/7, 5/6, 124) {417, 5/6 12/3)

59 1 2 7 9 ( )

(1,2,5), (1,2,6), (1,2,7), (1,3,9), (1,3,6),

(L 234, 56/ | S (1 4s) (146, (L47)

(1,2,4, (1,2,6), (1,2,7), (1,3,4), (1,3,6),

{1, 2/3/5, 4/6/7} (1,3,7), (1,4,5), (1,5,6), (1,5,7)

(1,2,49, (1,2,5), (1,2,7), (1,3,4), (1,3,5),

{1, 2/3/6, 4/5/7} (1,3, 7, (1,4,6), (1,5,6), (1,6,7)
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(1,2,4), (1,2,5), (1,2,6), (1,3,4), (1,3,5),
{1 2737, 41576} (1,3,6), (1,4,7), (1,5,7), (1,6,7)
(1,2,4), (1,2,6), (1,2,7), (1,3,4), (1,4,6),
L 274/5, 36l (1,4,7), (1,3,5), (1,5,6), (1,5,7)
(1 Y46 IS (1,2,3), (1,2,5), (1,2,7), (1,3,4), (1,4,5),
(1,4,7), (1,3,6), (1,5,6), (1,6,7)
(1,2,3), (1,2,5), (1,2,6), (1,3,4), (1,4,5),
{1, 2147, 3/5/6} (1,4,6), (1,3,7), (1,5,7), (1,6,7)
(1,2,3), (1,2,4), (1,2,7), (1,3,5), (1,4,5),
{1 256, 3/4/7} (1,5 7), (1,3,6), (1,4,6), (1,6,7)
(1,2,3), (1,2,4), (1,2,6), (1,3,5), (1,4,5),
{1 257, 37476} (1,5, 6), (1,3,7), (1,4,7), (1,6,7)
(1 267, F45 (1,2,3), (1,2,4), (1,2,5), (1,3,6), (1,4,6),
(1,5 6), (1,3,7), (1,4 7), (1,5,7)
5-10 2 7 8 ( )
(1 23 4567 (1,2,4), (1,2,5), (1,2,6), (1,2,7), (1,3,4),
(1,3,5), (1,3,6), (1,3,7)
(1,2,3), (1,2,5), (1,2,6), (1,2,7), (1,3,4),
{1, 2/ 4, 3/5/6/7} (145 (L46) (147
(1 25 Y467 (1,2,3), (1,2,4), (1,2,6), (1,2,7), (1,3,5),
(1,4,5), (1,5,6), (1,5 7)
(1 26 Y457 (1,2,3), (1,2,4), (1,2,5), (1,2,7), (1,3,6),
(1,4,6), (1,5,6), (1,6,7)
(1 27 Y456 (1,2,3), (1,2,4), (1,2,5), (1,2,6), (1,3,7),
(1,4,7), (1,5,7), (1,6,7)
(1 ¥4 2567 (1,2,3), (1,3,5), (1,3,6), (1,3,7), (1,2,4),
(1,4,5), (1,4,6), (1, 4,7
(1,2,3), (1,3,4), (1,3,6), (1,3,7), (1,2,5),
{1, 35 2/4/6/7) (145, (1586) (157
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(1 36 2457 (1,2,3), (1,3,9, (1,3,5), (1,3,7), (1,2,6),
(1,4,6), (1,5,6), (1,6,7)

(1 37 2456 (1,2,3), (1,3,4), (1,3,5, (1,3,6), (1,2,7),
(1,4,7), (1,5,7), (1,6, 7)

(1 45 2367 (1,2,49, (1,3,49, (1,4,6), (1,4,7), (1,2,5),
(1,3,5, (1,5,6), (1,57

(1L 46 257 (1,2,4), (1,3,4), (1,4,5, (1,4,7), (1,2,6),
(1,3,6), (1,5,6), (1,6,7)

(1L 47 2356 (1,2,4), (1,3,4), (1,4,5, (1,4,6), (1,2,7),
(1,3,7), (1,5,7), (1,6, 7)

(1 56 2347 (1,2,5), (1,3,5), (1,4,5, (1,5,7), (1,2,6),
(1,3,6), (1,4,6), (1,6,7)

(1 57 2346 (1,2,5), (1,3,5), (1,4,5), (1,5,6), (1,2,7),
(1,3, 7), (1,4,7), (1,6, 7)

(1 67 234/5 (1,2,6), (1,3,6), (1,4,6), (1,5,6), (1,2,7),
(1,3, 7), (1L,4,7), (1,57

53
(1982b) n+ k(k= 4)
n+ k(k= 4)
n+ 3 ,
n+ 3 : (1981) , N+ Kk
(k= 4) n+ 3
n+ 3 1
(1982) 1

117



( ); n+ 3
1 , n+ k(k= 4)
m- 1
m
531 m 1
(1)1
(1982) 2
1
. , 1 5
(n+4 ) (6 )
(4 ) : 2 6 (nt4 )
9 3 (5
) ( (1980, 1981)) .
(2) 2
1 6 (3 ) 8 2
6 2 . 511 8 {1 2,
2/3/ 4, 5/6) 6 {1, 234 56 {2 234
5/ 6} : (1,2,5 (1,2,6),
8 {1/2, 2/3/4, 5
6} .
2 7 (1-3-3)  (1-2-4)
12 . 5-12 5-13 9 {1, 23
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4, 516/ 7y {2, U3 4, 5/6/T) , 8 {1, 3/4, 2
5/6/ 7y {2, 3/4, 1/5/6/ 7T} , 12
{1/2, 3/4, 5/6/7}:

5-11 1 6 6 8

8
1 2 6

(12,5, (1.2.6), (1,35, (1.3.6), (1.45. (1.46) [{1 2/3/4 5/6)
(1.2.5), (1.2.6), (235, (236), (245, (246 |{2 1/3/4 56

{1/ 2,3/ 4,5/6}

(1,2,4), (1,2,6), (1,3,4), (1.3,6), (1,4,5), (1,56) |{1 2/3/5, 4/6}
(1,2,4), (1,2,6), (2,3,4), (2,3,6), (2,4,5), (2,4,6) |{2, 1/3/5, 4/6}

{1/2,3/5, 4/ 6}

{1/ 2, 415, 3/ 6}
(1,2,3), (1,2,6), (2,3.4), (2,4.6), (2,3,5), (2,56) |{2, 1/4/5 3/6}

(1,2,4), (1,2,5), (1,3,4), (1,3,5), (1,4,6), (1,5,6) |{1, 2/3/6, 4/5}
(1,2,4), (1,2,5), (2,3,4), (2,4,5), (2,4,6), (2,5,6) {2, 1/3/6, 4/5}

{1/2,3/6,4/5}

(1,2,3), (1,2,5), (1,3,4), (1,4,5), (1,3,6), (1,5.6) |{1, 2/4/6, 3/5}
(12,3, (12,5, (2,34, (245, (2.36), (256 |{2 1/4/6 3/5)

3
3
3
3
(1,2,3), (1,2,6), (1,3,4), (1,4,6), (1,3,5), (1,5,6) |{1, 2/4/5, 3/6}
4
3
4
4 {1/ 2, 4/ 6, 3/ 5}
4

(1.2,3), (12,4), (1,3.5), (1.4.5 (1,3.6), (1.4.6) [{1 2/5/6, 3/4)
(1,2,3), (12,4), (2,3.5), (2.4,5), (2,3.6), (2,4,6) |{2, 1/5/6, 3/4)

{1/2,5/6,3/4}

512 {1, 2/3/4, 5/6/ 7} |{2, 1/3/4, 5/6/7}= {1/2, 3/4, 5/6/ 7}

(12,5, (1,26), (1,2,7), (13,5, (1,3,6),

{1, 2/3/4, 56/7} (1,3,7), (1,4,5), (1,4,6), (14,7

(1,2,5), (1,2,6), (1,2,7), (23,5, (2,3,6),

{2, 1/3/4, 5/6/7} (2,3,7), (2,4,5), (2,4,6), (2,4,7)

(1,3,5), (1,3,6), (1,3,7), (1,4,5), (1,4,6), (1,4,7)
(2,3,5), (2,3,6), (2,3,7), (2,4,5, (2,4,6), (24,7

:u |n ( ’ 1980’ 1981) *

{V2, 3/4, 5/6/7)

513 {1, 3/4, 2/5/6/ 7} |{2, 3/4, 1/5/6/7}= {1/2, 3/4, 5/6/ 7}

(1,2,3), (1,35), (1,3,6), (1,3, 7, (1,2,4),

{1, 3/4, 2/5/6/7} (1,4,5), (1,4,6), (1,4,7)

(1,2,3), (2,3,5), (2,3,6), (23,7, (1,2,4),

{2, 3/4, 1/5/6/ 7} (2,4,5), (2,4,6), (2,4,7)

(1,3,9, (1,36), (1,3,7), (14,5, (1,4,6),
{U2 3/4 56/7 |(1,4,7),(235), (236), (23,7, (2,4,5),
(2,4,6), (2,4,7)
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12 (

12 , 2 7
, . 2
7 (1-2-4) ( 5-14) .

5-14 {7, 2/3/4/5 16 {6 13/4/7, 2/5

(1,2,7, (1,3, 7), (1,4,7), (1,5,7), (2,6,7),

{7, 213045, 16 | 362 (467, (56.7)

(1,2,6), (2,3,6), (2,4,6), (2,6,7), (1,5,6),

{6, 1/3/4/7, 2/5} (3,5,6), (4,56), (5,6,7)

(1,2,7, (1,3 7), (1,4,7), (1,5,7), (3,6,7),
(4,6,7), (1,2,6), (2,3,6), (2,4,6), (1,5,6),
(3,5,6), (4,5 6)

{7, 2/3/4/5, 1/ 6}
|{6, 1/3/4/7, 2/5}

12 , (1-
2-4) , {7,16,2/3/4/5}| {6, 24,
U357 {7, U6, 2/13/4/5|{6, 34, U257,

(3) 3

1  7(n+ 6) 12

8

515 {U6, 2/3 4/5 7} {17, 2/4, 3/5 6}
1 7 12

(1,2,4,7), (1,3,4,7), (1,2,5,7), (1,3,57),

{176, 213, 415 71 | (5 4.6,7), (3,4.6,7), (2.56,7), (3.5, 6 7)

o
-

(1,2,3,6), (1,3,4,6), (1,2,5,6), (1,4,5,6),

{1/7, 2/ 4, 3/5, 6}
(2,3,6,7), (3,4,6,7), (2,56,7), (4,5,6,7)

(1,2,4,7), (1,3,4,7), (1,2,5,7), (1,3,57),
(2,4,6,7), (3,5,6,7), (1,23,6), (1,3,4,6),
(1,2,5,6), (1,4,5,6), (2,3,6,7), (4,5,6,7)

{1/6, 2/3, 415, 7}
[{v7, 214, 35, 6}
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516 {16, 2/3, 45, 7 {17, 3/4, 2/5, 6}
1 7 12
(1/6, 2/3, 415, 7} (1,2,4,7), (1,3,4,7), (1,2,5,7), (1,3,57),
(2,4,6,7), (3,4,6,7), (2,56,7), (3,5,6,7)
(1/7, 3/4, 2/5, 6) (1,2,36), (1,3,5,6), (1,2,4,6), (1,4,5,6),
(2,3,6,7), (3,5,6,7), (2,4,6,7), (4,5,6,7)
o 25 e [ (127 (1247 28 (1297
|{1/7,3/4'2/5’6}(11!)!(111)!(111)1(111)1
(1,2,4,6), (1,4,5,6), (2,3,6,7), (4,5,6,7)
532 m
m )
, 1 6 8
9 ( 517);
, 1 6 8 (  518)
9 ( 519):2 7 12 (
5-20),
517 1 6 8 9
{1/ 2, 3/4/5/6}|(1,3), (1,4, (1,5, (1,6), (2,3), (2,4), (2,5), (2 6)
{1/ 3/ 4, 2/5/6}|(1,2), (1,5, (1,6), (2,3), (3,5), (3,6), (2,4), (4,5), (4,6)
{1/5/ 6, 2/3/4}|(1,2), (1,3), (1,4, (2,5), (3,5), (4,5), (2,6), (3,6), (4, 6)
: {1/2, 3/4/5/ 6} |{1/3/ 4, 2/5/ 6}= {1/5/6, 2/3/4}
518 1 6 8
{1/2, 3/4/5/6}|(1,3), (1,4), (1,5, (1,6), (2,3), (2,4), (2,5), (2 6)
{374, 1/2/5/6}|(1,3), (2,3), (3,5, (3,6), (1,4), (2,4), (4,5), (4,6)
{1/ 2/ 3/ 4, 5/ 6}|(1,5), (2,5), (3,5), (4,5), (1,6), (2,6), (3,6), (4, 6)
: {1/2, 3/4/5/ 6} |{3/4, 1/2/5/6} = {1/2/3/4, 5/ 6}
519 1 6 9
{1/ 2/ 3, 4/5/6}|(1,4), (1,5, (1,6), (2,4), (2,5), (2,6), (3,4), (3,5), (3,6)
{1/ 2/ 4, 3/5/ 6}|(1,3), (1,5, (1,6), (2,3), (2,5), (2,6), (3,4), (4,5), (4,6)
{3/ 4, 1/2/5/6}|(1,3), (2,3), (3,5), (3,6), (1,4), (2,4), (4,5), (4, 6)

- {1/2/3,

4/5/ 6} |{1/2/ 4, 3/5/6} = {3/4, 1/ 2/5/6}
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520 2 7 12
(w2 a4 se7y | (139 (L36), (137, (14,5, (1,46), (1,4.7)
(2,3,5), (2,3,6), (23,7), (2,4,5), (2,4,6), (2,4,7)
(w3 a4 ser7y | (329 (126, (L27), (14,5, (1,46), (1,4,7)
(2,3,5), (2,3,6), (2.3,7), (3,45, (3,4,6), (3,4,7)
(1,2,5), (1,2,6), (1,2,7), (1,3,5), (1,3,6), (1, 3,7)
{U 4,23, 3181 7Y | 5 45y, (2,4,6), (24.7), (3.4.5), (3,46), (3 4,7)

: {1/2,3/4, 5/6/7}|{1/3,2/4, 5/6/7} = {1/4,2/3, 5/6/ 7}
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6.1
NaCl-K CI-H:=0 298 K
101 kPa Wi-W2( ) mi-ma( ) Xai-
X 2 ) , SFM
, (
6-1) ( , 1998).
Li" K' SO: -H:0(298 K 101 kPa)  W.:-

W2 mi-mz X1-X2 ,

Schreinemakers

LiZSO4' HZO(S) KZSO4(S) L|KSO4(S) (LiZSO4+ KZSO4+ HZO) (L)

1 2 3 4

S L

1. SN
) Li

+ +

K" SO0i -H:0

(1, 2) LiKSO4(5) + 1/ 2Li2$04(|_) + 1/ 2KZSO4(|_) =0
(1,3): - K2SOyus + K2SOuy = 0

(2, 3) : - Li2SOs - HZO(S) + LiZSO4(|_) + HZO(L) =0
; SN. SN,
SN (i,],k) (1,1) k )
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WiNalh

k11
0

6-1

T 0

WKC

M

XiMal 1= 100

s MNalCl
aul

X BT 1
NaCl -K Cl -H20 101 kPa
Wi-W2 mi-mz2 X1-Xo2
( , , 1983) ;
()i (

i: 11 213111k: 1121314'

SN

298 K

(2,3)
(1,3)
(12)

2- AfGr,’n(lyj ,Xq)

124

1 0 0 +1
0 -1 0 +1



AGn(i,j) = AG(i,j) + RTINQ(,]) (6-1)
AI’Gm(i, J) Xq ’
ArGr'n(i,j,Xq): [ Aer(l,J)/ Xq]xC: RT[ InQ(|,J)/ )(q]xC
(6-2)
X Xq InQ(i,j) Pit zer
[ InQ(i,j)/ Xdx ( [ InQ(i,
) Welw,, [ InQ(i,j)/ me]am, [ INQCi,j)/ X:]x,),
T,p [A“’lQ(i,j)/AXq]><C
( , T p).
6-1 6-2, 6-3 6-4.
6-1 Pitzer ( , 1994)
" g C BLix ULikso,
Li2SO4 0.14026 | 1.3449 |- 0.00461
- 0.0501 |- 0.00783
K 2S04 0.04995 | 0.7793 |- 0.00000
6-2 Li* K" SO; -H20 W’/ RT
InK ( , 1994)
/ Li2SO4 K 2S04 LiK SO4 Lit K* SOE H»>0O
- WY RT| 631.61 | 533.056 | 536. 060 |118.3224|114. 2882| 300. 397 | 95. 6635
InK 1.09530 |- 4.08270- 3.05237
6-3
j )
Li2SO4 K250
100W; 10. 410 10.834 K ,SO.,
A [ m/(mol-kg Y 1. 2023 0. 7895 +
X 0.02091 0. 01373 LiK SOa4
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J( )
Li2SOa4 K2S04
100W; 25. 225 2.311 LiK SO4
m/ (mol-kg %) 3. 1664 0. 1830 +
X; 0. 05380 0. 03109 Li2SO4+ H:20
m/ (mol-kg ) 3.3751 1. 0145 +
X; 0. 05635 0. 01694 K 2S04
6-4 [AINQ(i)/ AW:] w,
A B C
(1,3) (1,2) (2,3) (1,2) (2,3) (1,3)
K2SO4 | LiKSO4 |LipSO4 Ho0[LiKSO4| LigSO4 Ho0 | K SO,
[AInQ(i,j)/AWz]Wl
0.201 0.113 0.03 0. 455 0. 029 0.19
(awp= 0.01)
[AINQ(i,j)/Amy] my
1.23 0. 569 - 0.135 2.607 - 0.151 0. 952
(Am2= 0.01)
[AInQ(i,j)/AXz]X1
296. 48 138. 87 - 27.79 524. 04 - 35.24 242.58
(AX o= 0.001)
6-4 [ Aer(|,J)/ Xq]xc
: 6-2(a) A :
[ AGn(i,j)/ Wz]wl= RT[ InQ(i,j)/ Wz]wl> 0 (i= 2,3
[ AGn(i,))/ mz]ml = RT[ InQ(i,j)/ mz]ml > 0 (i= 2,3
[ AGu(i,j)/ Xz]x1 = RT[ InQ(i,j)/ Xz]x1> 0 (i= 2,3
3.
(W:i-W: ) ,
LL SN LP
6-2(a) A, SN
SN 1 [ A(AGn (1,
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i)/ AW] LL,
AW:(1,j,k) = SN(1,j,k)x Sgn([A(AGn(1,)))/ AW:]w,)

(j = 2,3;k= 2,3,4)

SN | 2 3 4 LL | 2 3 4
(1,2) { 0 -1 +1 (1,2) [ 0 -1 +1}
(1,3) -1 0O +1 (1,3) -1 0 +1
: (1, 2) , LL
(1,2) ;
y SD(lijlk):_ 1( y O y
0= - 0); . SD(1,j,k)= + 1.
0, (j#k), sSD(Lj,k)=0. SD:
SD ‘ (1,2 (1,3
(1,2) ‘ -1 +1]
W2 ,
(i,j) E K , W
, Wo ), [Wa(i,j), We(i,])]
. Mi-Mmz X1-X2 ) [ml(i,j),mz(i,
11 IXa(i ), Xe(i, )] 6-5.
6-5 Wi-W2 mi-mz2 X1-X2 (i,j)
E F
E/F W1 Wy |mq/(mol-kg- 1)mo/ (mol-kg- 1)| X4 X0
E |(1,3)] 10.50 [10.835 1.21 0. 79008 0. 025 0. 013995
A F (1,2)| 10.50 |10.714 1.21 0. 78244 0. 025 0.010649
E |[(1,2)] 25.25 |2.3051 3.18 0.18169 0.55 0. 002988
B F (2,3)| 25.25 |2.1457 3.18 0. 24264 0. 55 0.010145
E |[(3,1)] 24.00 [11. 426 3.38 1.0153 0. 06 0.017502
¢ F (2,3)] 24.00 |11. 188 3.38 1.0319 0. 06 0. 030838
(1,3) : (1, 2)
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AWi(1,3,2)= AWo(1, 3, 2)x  Sgn[Wa(1,2) - Ws(1,3)]

= (- Dx (- 1) =+ 1,

SD
LP.
AW1(i,j, k)= + 1, (i, k)
W1 ; ) (i, k)
W : B C,
LP )
LP |(1, 2) (1,3) LP |(2,1) (2,3 LP |(3, 1) (32
A [[+1 - 1] B|[-1 + 1] C|[-1 + 1]
4.
LP
CLP1. : Wi
CLP2.
CLP1 CLP2
SIP.
CLP1 (1) (2) (3 CLP2 (1) (2) (3
(1) { 0+1-1] (1) { 0 +1 +1]
(2) -1 0 +1 (2) -1 0 -1
(3) -1 +1 0 (3) -1 +1 0
SP (1) (2) (3)
(1) O +1 -1
(2 [+ 1 o - 1]
(3) +1 +1 0
4 (4.2.5 ) , SIP 12
A B ; SIP 3
, C
, 1994)
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3 LP , Wi-Wo

(1,3) (1,2 (2,3
W 1< Wya Wia < Wi< Wy Wi> Wy
(mi-m2 )
(X1-X2 ), A B , C
. B C LP

6—2(a) (c)

1 -I"r
g
PR
7,
R
i} L4 0 30 30 1 2 FRNE
LR P A miLi, S0
(W, W [ (B m, -, P
Bnsr
i .-l_'
1.2) (23, -
D20 - ] o |
I -
TN ] I‘-,'., =T ![
o i
) '
= oa0or
(hs - I'_
. ull A B
i} 102 [ [his 1)Lk
X{Li, S0, )
(o) X-X.
6-2 Li* K* S0 -H:0 298.15K 101 kPa

1L i2804(s)' HZO(S) 2 KZSO4(5) 3 LIK 804(3) 4 Solution

( ,1994)
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+

298. 15 K 101 kPa Li* K° SO0, -H:0

KCI-MgClz-H:0 101 kPa 288 K

(1991)

6.2

6 (SiO2-Al20:-FeO-MgO-K20-H=0) 7 (B-Ch-Cd-
Ct-G-K-St) , Albee( 1965) P 0 -Ps-T
» P (H,0)
, Ps , Ptyo
0 ps : B-Ch-Cd-Ct-G-K-St

Albee(1965) T hompson( 1957) :

Mu Al20:-FeO-M gO ; 6
3 (Ales-FeO-M gO) ; )
Qz Mu

Ps= P,o) Ps= (Ps/ Puo) Pryo) Ps> Per,o> (Prjol Ps) Ps.

A lbee( 1965) 6-3 6-5
6-3 65 “[] “ ()

S I R O : 63 3 6

L] (i1 [i]; G k) 3

(1) (k) (), k); 6-4 65 3
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(0, Ch st

I Sy p—
d—-._h1r5.':.-:|; i

dr

6-3 ( Albee(1965) 2)

7 ,Livja K] 3 [ivj] [, K]

[i, K-
A lbee( 1965) 63 3 6

6 5 , 64 3 7
21 12 , 65 3 7

11

CLP1. ,
CLP2.
SIP. 6-3 6-5

(CLP1,CLP2 SIP

0):
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8

o

-
v

.
dr

{bar ."-\:n‘glh_ll__

£

6-4 ( Albee1965) 4B)

(1) 6-3

CLP1| [G] [Ch] [Cd] CLP1| [Ct] [Ch] [Cd]
[G] 0 -1 +1 [Gt] 0 -1 +1
[Ch] -1 0 0 [Ch] -1 0 0
[Cd] -1 0 0 [ Cd] -1 0 0
CLP2| [G] [Ch] [Cd] CLP2|[Ct] [Ch] [Cd]
[G] 0O +1 +1 [ Ct] 0O +1 +1
[Ch] { 1 0 0] [Ch] { 1 0 0]
[Cd] -1 0 0 [ Cd] -1 0 0

132



AP, e
= (ars f 5

df

6-5 (

S|P| [G] [Ch] [Cd]

[K.d)
L\ [Crcd]

|

Albee( 1965  5B)

SP |[Ct] [Ch] [Cd]

[G] 0 -1 +1
[Ch] {+ 1 0 0]
[Cd] +1 0 0

([ Ch]

[Ct] 0 -1 0

[Ch] {+ 1 0 0]

[Cd] +1 0 O
)
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(2) 6-4
CLP1 [Ct,Ch] [Ct,B] [Ct,Cd] [B,Ch] [B,Cd] [Ch,Cd]
[Ct, Ch] 0 1 +1 -1 / + 1]
[ Ct, B] -1 0 +1 -1 +1 /
[ Ct, Cd] -1 +1 0 / +1 1
[B, Ch] -1 1 / 0 / /
[B, Cd] / 1 -1 / 0 /
[Ch, Cd] -1 / -1 / / 0-
CLP2 [Ct,Ch] [Ct,B] [Ct,Cd] [B,Ch] [B,Cd] [Ch,Cd]
[Ct, Ch] 0 +1 +1 +1 / +1
[ Ct, B] -1 0 +1 +1 +1 /
[Ct, Cd] -1 1 0 / +1 +1
[B, Ch] -1 -1 / 0 / /
[B, Cd] / -1 -1 / 0 /
[Ch, Cd] -1 / -1 / / 0
€/ ) ( / 0,
)
SIP [Ct,Ch] [Ct,B] [Ct,Cd] [B,Ch] [B,Cd] [Ch,Cd]
[ Ct, Ch] 0 1 +1 -1 / + 1]
[Ct, B] -1 0 +1 -1 +1 /
[Ct, Cd] + 1 -1 0 / +1 1
[B, Ch] + 1 +1 / 0 / /
[B, Cd] / +1 +1 / 0 /
[Ch, Cd] L+ 1 / +1 / / 0-
([B,Ch] [Ch,Cd] [Ct, B] )
(3) 65
CLP1 ([G,B] [G,Ct] [Ct,B] CLP1 |[B,Ch] [Ct,B] [Ct,Ch]
[G, B] 0 +1 +1 [B, Ch] 0 +1 +1
[G,Ct]|| - 1 0 -1 [ Ct, B] +1 0 +1
[ Ct, B] -1 -1 0 [Ct, Ch] +1 +1 0
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CLP2 [[G,B] [G,Ct] [Ct,B] CLP2 |[B,Ch] [Ct,B] [Ct, Ch]
[G, B] 0 +1 +1 [ B, Ch] 0 + 1 +1
[G,Ct]]|| - 1 0 + 1] [ Ct, B] { 1 0 +1
[ Ct, B] -1 -1 0 [Ct, Ch] -1 -1 0
SIP |[G,B] [G,Ct] [Ct,B] SP |[[B,Ch] [Ct,B] [Ct,Ch]
[G, B] 0 +1 +1 [ B, Ch] 0 + 1 +1
[G,Ct]| | + 1 0 - 1] [ Ct, B] { 1 0 +1
[ Ct, B] +1 +1 0 [Ct, Ch] -1 -1 0
([B, Ch] [Ct,B] )
CLP1 [B,Cd] [G,Cd] [G,B] CLP1 | [B,Cd] [K,Cd] [K,B]
[ B, Cd] 0 +1 +1 [ B, Cd] 0 +1 +1
[G,Cd]| | +1 0 +1 [K, Cd] + 1 0 + 1
[ G, B] -1 -1 0 [K, B] -1 -1 0
CLP2 [B,Cd] [G,Cd] [G,B] CLP2 | [B,Cd] [K,Cd] [K,B]
[ B, Cd] 0 +1 +1 [ B, Cd] 0 +1 +1
[G, Cd] { 1 0 + 1] [K, Cd] { 1 0 + 1]
[ G, B] -1 -1 0 [K, B] -1 -1 0
SIP [[B,Cd] [G,Cd] [G,B] SP [B,Cd] [K,Cd] [K,B]
[B, Cd] 0 +1 +1 [ B, Cd] 0 +1 +1
[C, Cd] { 1 0 + 1] [K, Cd] { 1 0 + 1]
[G,B] |L+1 +1 0 [K, B] +1 +1 0
([ B, Cd] )
SIP , 6-3 [ Ch]
, 6-4 6-5 [B,Ch] [Ch,Cd] [Ct,B]
; 6-3 4 6-4
6-5 8

(1979, 1980)

12

12
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6.3

(1984)
Gibbs
(1)
180°( Schrinemakers ) :
6-6 4

an (b

ke ke L
k. L E L
1 I I
| (=) il
6-6
“o> -7 1, Jd, K, L
|JL ’ 6-6(hb) L
1,d K ). 13K _ ,
IJIK , 6-6(c) K l,J
( L ). , 1L : , 6-6
(d) 1K | JL , 6-6(a) IJK I JL



(2)

(3)

W\
/77 \\\

(1984)

ERRRRN
/1))

SIP SIP

. 6-6(a), (b), (c), (d)



CLP2| (K) (L)

ERIREE

CLP1, SIP
(a) (b)
CLP1| (K) (L) CLP1| (K) (L)
(K) 0 -1 (K) 0 +1
(L) {1 o} (L) Ll o}
(c) (d)
ari (k) (W art] (K) (L)
(K) 0 -1 (K) 0 -1
(L)“-l o} (L)“+1 o}
(a) (b)
sp| (k¥ (L sip | (K) (L)
(K) { 0 +1} (K) { 0 +1}
(L) +1 0 (L) -1 0
(c) (d)
sp| 0 se| (0 (L)
(K) 0 +1 (K) 0 -1
(L)“-l o} (L)“-l o}
6-6(a)

6-6( d) ,  6-6(b) (K) (
1JL) , (L) ( | IK) ; 6-6(c)
(K) , (L)

(1984)
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T-X
180°

(1984)

180°.

180°.

OO
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(1997 ), Holland( 1990)
PASCAL
p-T-X PHD.
p-T,p-X,T-X
PHD ),
(1997 ), Berman(1988)

Turbo PASCAL 6.0
PT A-Diag. 1
n+ 4 ) p-T, p-loga, T-loga, loga:-

Grapher(1988 )



7.1 p-T

IRLIEN

4

Sy

P MPa
: & 8

=] .
95 2%

g

=]

200 40 g00 &O0
(-ITAISH K

7-la 1 3

(And-Ky-Sil)
( ,1992;

p-T
, 1998)

7-1c 3 6
-Ta-Qz-H20) p-T
( , 2000)

(And-En-Fo

B0
H000 b
ENCNS
Ml
L A L L lﬁ‘ L
1 il 100 LK
Temperature(C)
7-1b 1 3 (And-Ky-Sill)
p-T
(Perkins et al., 1986)
=
=)
&,

7-1d 3 6
-Ta-Qz-H20) p-T

Termgperature(C)

(Ant-En-Fo

(Perkins et al., 1986)
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7.2 p-X

4Qz+ 3Do+ H20= 3Cc+ Tat+ 3COy;
3Cc+ 2T a= CO2+ Do+ H20+ Tr;
4Qz+ 6Cct 5Ta= 6CO2+ 2H20+ 3Tr;
4Qz+ Tat 2Do= 4CO2+ Tr;
8Qz+ SDo+ H,0= 3Cct+ 7CO,*+ Tr.
T=673. 15K
7-2a 5 7 ( ) Cc-Do-Ta-Tr-Qz-CO2-H20  p-X(CO2)
( , 1996)

1
2.
3.
4,
5.
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11}
Ar
g 9 or
B b
T 7
i &
2
E I . 001 002 00%

0 02 04 06 08 L0
KOO0 ot TedH )

7-2b 5 7 ( ) Cc-Do-Ta-Tr-Qz-CO2-H20 p-X(CO2)
(Brown et al., 1988)
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FLLO Pa)

I

-
-1

0.2 .4 1.6 L. 1.
KO0

(Tr): 1. 8H,0+ 3Di+ 5Do+ 2Sp= 2CO,+ 2CIn+ 8Cc;

(Fo):

©.°°.\‘ A

Cln+ 2Cc= 4H20+*+ Di+ Fo* Dot Sp;

2CIn+ 2Cc= 12H,0+ 2CO,+ 2Di+ 5Fo+ 3Sp;
2CIn+ Do= 8H,0+ 2CO,+ Di+ 4Fot 2Sp;
Cln+ 2DO= 4H,0+ 2CO2+ 3Fo+ 2Cc+ 3Sp;
Di+ 3Do= 2CO.+ 2Fo+ 4Cc.

8H 0+ 3Di+ 5Do+ 2Sp= 2C0O.+ 2CIn+ 8Cc;
16H,0+ 7Dot+ 8Tr+ 6Sp= 14CO,+ 6CIn+ 23Di;
3H20+ 7Cc+ 5Tr+ 2Sp= 7CO2+ 2Cln+ 17Di;

10. 3Cc* Tr= H,0+ CO2+ 4Di+ Do.

(Co):

7-2c

11. 50Do+ 4Tr= 4H.0+ 10CO2+ 13Di+ 6Fo0;
12.
13.
14.
15.
16.

9o+ 8Tr+ 28p= 18CO,+ 2CIn+ 25Di;
16H 0+ 7Do+ 8Tr+ 6Sp= 14CO2+ 6CIn+ 23Di;
5Clin+ 4Di= 18H,0+ 7Fo+ 2Tr+ 5Sp;
13CIn+ 4Do= 50H,0+ 8CO,+ 23Fo+ 2Tr+ 13Sp;
2CIn+ Do= 8H,0+ 2CO,*+ Di+ 4Fo+ 2Sp.
T= 823. 15K

6 9 ( ) Cc-CIn-Di-Do-Fo-Sp
-Tr-CO2-H20 p-X( CO2)

( , 1996)



161! K

173

(W E

7.3 T-X

oo A w N R

& i

XiC0,)

16 iR

Cln+ 2Cc= 4H,O+ Di+ Fot+ Dot Sp;

3CIn+ 2Cc= 12H,0+ 2CO2+ 2Di+ 5Fo+ 3Sp;
2CIn+ Do= 8H20+ 2CO,+ Di+ 4Fo+ 2Sp;
Cin+ 2Do= 4H20+ 2CO2+ 3Fo+ 2Cct+ 3Sp;
Di+ 3Do= 2CO2+ 2Fo+ 4Cc;

8H,0+ 3Di+ 5Do+ 2Sp= 2CO0»+ 2CIn+ 8Cc.

(Fo): 7. 8H20+ 3Di+ 5Do+ 2Sp= 2CO,+ 2CIn+ 8Cc;

8. 11CO2+ 8ClIn+ 23Cc= 29H20+ 17Do+ 3Tr+ 8Sp;
9. 2CIn+ 14Cc+ 2Tr= 10H,0+ 11Di+ 7Do+ 2Sp;
3Cc+ Tr= H20+ CO2+ 4Di+ Do;

16Cc+ 8T r+ 2Sp= 10CO».+ 2CIn+ 29Di+ 30Do;
3H,0+ 7Cct STr+ 2Sp= 7CO,* 2CIn+ 10Di;
16H,0+ 7Do+ 8Tr+ 6Sp= 14C0O,+ 6Cln+ 23Di.

(Co):

7-3a 6

10.
11.
12.
13.

14.
15.
16.
17.
18.
19.

9

5CIn+ 4Di= 18H,0+ 7Fot+ 2Tr+ 5Sp;

2CIn+ Do= 8H 20+ 2CO.+ Di+ 4Fo+ 2Sp;
13CIn+ 4Do= 50H,0+ 8CO,+ 23Fot+ 2Tr+ 13Sp;
50Dot+ 4Tr= 4H,0+ 10CO.+ 13Di+ 6Fo0;

9Do+ 8Tr+ 2Sp= 18CO,+
16H 0+ 7Do+ 8Tr+ 6Sp=

C )

(

p= 400 M Pa

2CIn+ 25Di;
14C0O,+ 6CIn+ 23Di.

Cc-CIn-Di-Do-Fo--Tr-CO2-H-20

T-X(CO2)
, 1993)
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140

T ‘E'ﬂ.:
T
.I'I &
T |- %q. f?;,‘;ﬂ . #ag.;"‘
L™
a0 L K
4 i

TamparaburaC)
E
L*
S8
£
o

610 ,_% %
600 - ,@-)"f ) AR .5‘:%'
: & f % O P :'5'?
| Pl g\ = B
580 | Ry % %
s L 2\ 3 5
MO & & =
I ] ] 1 ] ] I I ]
] 0.2 04 LR g LG
XiCOh,) at p = 4000 Bars

7-3b 6 9 ( ) Cc-CIn-Di-Do-Fo-S-Tr-Qz-CO2-H:20
T-X(CO,)
(Brown et al., 1988)
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<X HHH = MpO-CaChSi0,-H,0.00,

Cont; p=100
1050
_———';'II
)
3
0% ' 140
(Geh): 1. CO2+ Gr= Cc+ An
2. Gr+ Qz+ Ab+ 2Wo
3. Cct Qz= CO,+* Wo
4. 2Cc+ Qz+ An= 2CO2t+ Gr
(Qz): 5. 3CO,+ Gr+ Geh= 3Cc+ 2An
6. CO2+ Gr= CcAn+ 3Wo
7. 2Gr= Geh+ Ant 2Wo
8. Gr+ Cc= CO.+ Geh= 2Wo
9. 2Cct+ An= 2C0O2+ Geh*+ Wo
p= 100 M Pa
7-3c 4 7 ( ) An-Cc-Gr-Geh-Wo-Qz
-CO2  T-X(CO»)
( , 1993)
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<X M = MpO-CaO5i0,-H,0.00,

Cont; pm2 500

X0,

(Fo, Di):

(Fo,Ta):

7-3d 5

9

(

2Fo+ 10Cc+ 2Tr= 9Di+ 2H,0+ 5Do
3Cc+ Tr= CO2+ 4Di+ H20+ Do
5Cc+ 3Tr= 5CO2+ 2Fo+ 11Di+ 3H20
5Do+ 4Tr= 10CO2+ 6Fo+ 13Di
11Do+ Tr= 9CO2+ 8Fo+ H20+ 13Cc
Di+ Do= 2CO2+ 2Fo+ 4Cc

2T a+ 3Cc= CO2+ H>O+ Do+ Tr
7Ta+ 12Cc= 4H20+ 6Do+ 3T r+ 4Qz
5Ta+ 6Cc+ 5Qz= 6CO+ 2H,0+ 3Tr

. Tat 2Dot 4Qz= 4CO,+ Tr

. H20+ 5Do+ 8Qz= 7CO2+ 3Cc

. H,O+ 3Dot+ 4Qz= 3COy* Ta

. 6Cc+ 2Tr= 7Di+ 2H20+ 3Do

. 3Cc+ Tr= CO2+ 4Di+ H20+ Do

. 3Cc+ Tr= 2Qz+ 3COz+ 5Di+ H20
. Do+ 2Qz= CO2+ Di+ H20+ Do

. H20+ 5Dot+ 8Qz= 7CO2*+ 3CcTr

p= 250 M Pa

) Cc-Di-Do-Fo-Ta-Tr-Qz-H20-CO:2
T-X(COz2)

( , 1993)



7.4 p-loga

LI

7 .1.\ J,
i % 4En«T 4EnsT
% neia nela

At Ani

P WP

IR

dEn+T3a

=

F o MPa

=150 ~1.45 =140
logen M gCh)

T= 685+ 273. 15K

(Ant-En-Fo-Ta-Qz-Pe-W) p-loga(MgO)
)

( )
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10
] M"3
A0 E
gF I
= A -
£
L e
E bz
Ak
Zha
I:“ —
i
2000
e
=
=}
F
|} 1 1 B
1.3 “10 —is m

log s Mgl GRAC

T= 685+ 273. 15K
7-4b 3 7 (Ant-En-Fo-Ta-Qz-Pe-W) p-loga(MgO)
(Brown & Berman, 1989)
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=11

:'H:Hj =
4En+Ta
- At
_1_.|_|.|:| L
p i
3
= 30F | BEneW
Acni+Pe
2o ____En__
N W 1T
" 407+ To+4Pe { AW
L0 |
B Ant
_______________ At
BEQe=TPe+W __ En -
. " zebe 1 . ) TEn+(Jz+ W .
=21 -1.9 -1.7 -1.5 =1.3
log aib g0
T= 650+ 273. 15 K
7-4¢c 3 7 ( Ant-En-Fo-Ta-Qz-PeW) p-loga(MgO)

( )
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i
E) 2zl
dEa+Ta dbEn+Ta
Ant
3000 -
&
=
. |
ona | ¥e
jui
| E ?‘
e
{] | 1 []
16 —1.00 0.8 -6
log al Mgl
T= 1273. 15 K
7-4d 3 7 (Ant-En-Fo-Ta-Qz-Pe-W) p-loga(MgO)
(W )
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7.5 T-loga

RS0

B0

T50 F

AEn+H,0

" Ton b
" e S
o FAncHa,D  BFceH D
i G50 Fos4T
o Eesfa Hossts
= Fo _Ant+dPe_
i 4Fu+Tﬁ'juH
- EEI
4 4E=4Tn
e
. by +
350 ‘:;P L ‘_";uc'
$1H) - - - -
-1.85 =175 =165 =155 =145 =135 =1.25
|IJE; :rlf'.Mgl:ﬁ
p= 200 M Pa
7-5%4 3 6 Ant-En-Fo-Ta-Pe-W  T-loga
( )
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RS0

B0 | %
TEgE+H0
T30 At
_BQutbetn NS
_— Azl S AN+

(T-27315 K

5."[) i i i i i J
=21 -1.4 -1.7 =15 -1.3 =11 ek
v albdgldy
p= 200 MPa
750 3 6 Ant-En-Qz-Ta-Pe-W  T-loga
( )



log @ HLO)

7.6 logai-logaz  Ina:-Ina:

1.5
|t
s = [ i
i == e ¥ A
. <HF
L = -2
15
dFo+3Ta
. SantedHD
J_’;uib’“f”" £/ )
3l wv-l*“'-u‘ T
| ETE:
=
’ Anse P
[ENRS . —
_,"L,_u_.‘.'“ - DEn+H,
i .il_-'i'.'-""_'l'
O0F
o
= =
el &
1.5 i i i i
1.5 5 1.4 1.3
log -'.';!"-'I|-',{':II

T= 973. 15K, p= 100 MPa
7-6a 3 6 Ant-En-Fo-Ta-Pe-W
loga(H>0O)-loga(MgO)
( )
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0%

(6

(.4

=

(X

log a{HL0)

.0

i
i : 5
=g
§
FADHAEAE 0
_____ : ‘_'ﬂ_l_______k» 1.;a::-"ihr’.'i.}
| EQ:;?F'E*H:CI-
W A
TEm ( Ho 0
&
§,'5
=20 -1.8 1.4 =14 -2
lovgy miMgOh

o atH, O

T= 973. 15K, p= 100 MPa

7-6b 3 6

Ant-En-Qz-Ta-Pe-W

loga(H20) -loga(M gO)
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)

p= 100 MPa, T= 973. 15K
7-6c 3 6 Br-Pe-Fo-Ta-Qz-W
loga(H20)-loga(Qz)
( , 2000)



||_l.I
&
]
Zl5
0.7 ..._-'E E -
l:- w2 L ] -
57-_*'2 e
(1t 2 i
4
= -"__ dFea9Ta
= =l Fani+dH, 0
5 13 1:—-' =
) e
= AN
-:'- En+H.0
i1 - K+ o
]
Wiy 3 -
I ﬂ“‘-'*-ﬁ:, Tl
=[11F .E‘: 4 " "'-I',l.'f,r
03 : I
5 -4 —11.1 1.1 1.3
-.I.lk."' L)
p= 100 MPa, T= 973.15 K
76d 3 6 Ant-En-Fo-Ta-Qz-W
loga(H:20) -loga( Qz)
( )
&
H.0 18 F0

lg e HLOVEE & (H 0N

Ig leS:E}:IEE (50,

7-6e 3 7 (Br-Pe-Ant-En-Fo-Serp-Ta-Qz-W)
( )loga(H20)-loga(Qz)
H. A.Yin H. J. Greenwood , (1988))
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ke higy
i KClp
| L
=
-1t Al'E
=5 I i I
i 2 4 f L 10 12
Ing w[M g1, - GH,CH
p=0.1MPa, T= 298.15K
7-6f 3 4 KCI(s)-MgClz: 6H20(s)-KMgCls- 6H20(s)-L
Ina(KCl) -Ina(MgClz- 6H20)

( )

RSy,

Lit ol a0

i
=0 1 1 I |:
=21} =16 =12 =4 =4 i
In en(Na, 50,
p=0.1MPa, T= 298.15K
7-6g 3 4 NazS04('s) -K 2S04('s) -NaK 3304(s) -L
Ina(NazS04) -Ina( K 2S0a)
( )
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7.7

( 7-1).
7-1
Perkins, Brown & Berman (1986) R. G. Beman (1985)
(1992) Helgeson (1978)
(1996) Powell & Holloand (1990)
(1998) R. G. Beman (1988)
p-T ;
,1 3 (And-
Ky-Sill) p-T ( 7-1a) Perkins, Brown &
Berman (1986) ( 7-1b) (1992) .3
6 (Ant-En-Fo-Ta-Qz-W) p-T ( 7-1c) ,p
Perkins, Brown & Berman(1986) (  7-1d)
, P (1992)
(1996) : Perkins, Brown & Berman
(1986) :
3 7 (Ant-En-Fo-Ta-Qz-Pe-W) p-
loga(MgO) . T7-4a p 2
Brown & Berman (1989) ( 7-4b)
: 7-4a
Brown & Berman(1989) 2 , [-4a  Brown
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& Berman(1989) 2 :
, Brown & Berman( 1989) 2

(HzO'M gO) , 3
, w Pe ,
W . 7'4a 1
650+ 273.15K  1273.15K p-loga(MgO) ,
7-4c  d. 2 !
7-4a , 7-4a 2
loga(H20)-loga( Qz) : 7-6
c d
(1988, p. 137) ( 7-6e) , ,
7-6 ¢ d
2 , 7-6e 2
(H20-Si02) , 3
7.8

7.8.1 GeO-Calc

Ge0-Calc ,

.PTX-SYSTEM PTA-SYSTEM Ge0-Calc
) p-T, p'XHzo-coz, T-
>(H20-CO2 ' a-a, T-a1 p-a . ,

( ). GeO-Calc
160



Helgeson (1981) Berman (1988)

640 K (CGA, EGA,
Hercules) |IBM GeO-Calc
(1)
PTX-SYSTEM .PTX-SYSTEM
(p-T,p-X, T-X)
( )
(2)
PLOT/H PLOTS ,
.PLOT/H
, |BM 648 200 CGA,
726 348 Hercules ,
PLOTS 648 350 EGA.PLOTS
(plots) ,
PRINTER LASER
LASER 1. 5MB HP-
LASERJET -
PRINTER 1.5MB EPSON
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LASER

CLEAN
SYSTEM

7.8.2 THERMOCAL

80

p-X ;

(phase diagram movies) .

M ac ,

rubens.

Geology
7-2(

162

its. unimelb. edu. au.
THERMOCALC. html.

, PTX-SYSTEM PTA-

PRINTER LASER

, Powell, Holland
THERMOCAL.
AFM :
p-T ;

p-T

T-X :
DOS Powe Mac
M athematica ,

:http: //
rpowell/ THERMOCALC/
Journal of Metamorphic

Powell, Holland & Worley, 1998) .



7-2 THERMOCAL

THERMOCALC v2.6 for DOS

THERMOCALC v2.6 for Power Mac

THERMOCALC v2.6 for other Macs (168 K Macs )

TH. PD ( 20apr96’) for DOS

THPDATA1and THPDATA?Z2 ( 20apr96’) for Mac

C )

THERMOCALC

THERMOCALC( )

M athematica

M at hematica

( )

3 kbar 500 580 AFM
510 650 5 10.5 kbar T -X
7.8.3 PHD PTA-Diag
1. PHD
(1)
p-T,p-X, T-X ,
p-T
X p-T
, p-T-X
(2)
SP. DAT; THER. DAT;
PDDC. PAS,
PDAP. PAS,
; PDMP.
PAS,
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(3)

(4)
164

IRP




SP.DAT,

MgO SiO: H:20
En [ 2 2 0]
Qz 0 1 0
H.O 0 1 0
Ta 3 4 1
Ant L 7 8 1
] ( 7'3
)
7-3
p-T TY=1 X p, T
T-X TY=2 D T, X
p-X TY=3 T p, X
PHD,
(5)
Holland & PowdI(1990)
( 123 );
: 7-4:
7-4 PHD
T p A Gn

|dT|< 1.0E- 5K

|dp|< 1. 0E- 4 bar | |dAGH|< 1.0E- 4 J/mol

(6) PHD GeO-Calc

(

7-5):
165



7-5 PHD  GeO-Calc

GeO-Calc PHD

2. PTA-Diag
(1) PTA-Diag
p-T, p-loga, T-loga,
| oga:-loga: loga:-logaz, pi-M2
A

p-M, T-H, Pr-pz, p-X, T-X, X1-Xz
p-T, p-loga, T -loga, loga:-loga-
(2) PTA-Diag
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Xm
[Aer(i)/Xq]Xc

LL. SD|

LP

LP

S|P,

CLP1

CLPZ,

Xq

LP
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(3) PTA-Diag

[ ]

i

| Grapher. exe, Gr apher

(

!

!

1

!

!

!

!
L]

!
[ 1]

(4) PTA-Diag
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7-6 PTA-Diag

|dV | 1.8 10 ®cm?® p-T, p-loga, T-loga, logai-logaz
|dAGm| [1.8 10 5 ¥ mol p-T
|dA Gn| [0.0 p-loga, T-loga, loga;-logas
ldp | 1.8 10 5(100 kPa) |p-T. p-loga
|dT | 1.8 10 °K T -loga
|dloga| [1.8 10 ° logai-logaz
7.8.4 PTA-Diag Ge0-Calc PHD
7-7 PTA-Diag Ge0O-Calc
GeO-Calc PTA-Diag
(1) p-T,p-|(1) p-T,p-loga, T-
X, T-X, p-loga, T-loga, loga, logai-logay
logai-logaz ; (2) CO2, H20
(2) CO2 H20
, GeO-Calc
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7-8 PTA-Diag PHD
PHD PTA-Diag
T
(1) p-T,p-X,|(1) p-T,p-a,T-a, ai-
T-X az
(2) CO2, H20 (2) CO3, H20
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