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ABSTRACT 

THERMODYNAMIC MULTICOMPONENT SILICATE 

EQUILIBRIUM PHASE CALCULATIONS 

L.M. Barron 

Phase equilibria of solution phase - solution phase and pure phase -

solution phase type in binary and ternary systems are calculated by com

puter assuming zero excess entropy of mixing. The multicomponent activities 

are calculated with a thermodynamically consistent equation. Input data 

are heats of fusion and partial excess chemical potentials of mixing derived 

from binary phase diagrams. The system Quartz - Fayalite - Leucite has a 

calculated internaI immiscibility field at liquidus temperatures above 

IIOO°C. The solid solution liquidus is calculated for the Granite system 

and Diopside - Albite Anorthite with an accuracy of ~ BDC, ~ 5% cam-

position of liquid and ~ 2% of crystal. Isocons of the coexisting solid 

solution phase (icophases) are contoured on the ternary liquidus. An 

empirical multicomponent correction free energy with n independent para

meters is suggested to adjust calculated results to experiments using 

one (eutectic minimum) or two (cotectic line) points. The calculations 

can be used to guide experiments. 
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~ superscript ~ for excess thermodynamic function V 

~ superscript k for correction thermodynamic function V 

~ 
v1 
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T 
)( 
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superscripts A, B, crystal,li~~,for function V of phases 

subscripts i, l, 1, 2, for function V of components 

gas constant 

chemical potential 

Gibbs free energy 

enthalpy 

entropy 

absolute temperature 

mole fraction 

number of moles, stoichiometric constants 

activity 

activity coefficient 

temperature of fusion of a solid phase pure in component~ 

• heat of fusion of a solid phase pure in component~ 

superscript ' used for the value of ~ estimated from a liquidus in 
binary -i;j 

";4j regular or subregular solution model interaction energy parame ter 

~4i excess free energy of mixing across the binary 
.. 

actual value of ~ 
l.èj component '" in binary 

-. 
normalized mole fraction of 4f 

e, slope of ~.rat '%. _. 
:J 

-n number of components in the system 

~ an arbitrary constant with 
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1) 

CLAIM TO ORIGINAL WORK 

Formulation of asymmetric n - component excess free energy of 

mixing model and corresponding formulas for n - component activity 

coefficients. 

2) Computerized derivation of general binary partial excess chemical 

potentials from phase diagrams of simple eutectic type and solid 

solution type. 

3) Computerized method for calculating tie lines between solution phase 

one - solution phase two: 

l ternary immiscible liquid one - ternary immiscible 

liquid two 

II binary crystal Cie. plagioclase) - ternary liquid 

The process can be generalized to more than three components. 

4) Formulation of empirical n - component correction free energy model 

with n independent parameters for adjusting calculated results to 

experimental results using a few selected key experimental points 

such as: 

Phase invariant points, two points on cotectic lines, 

three points on cotectic surfaces. 

If compositions of the coexisting solid solution minera.ls are 

known, one point is sufficient. 
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1. INTRODUCTION 

Theories of Non - Ideal Liquids and Methods 

of Calculating lmmiscibility 

The development of theories of non - ideal liquids dates back to 

Margules (1895), Hildebrande (1929), and Scatchard (1935). However, 

in increasing relevance to the development of the dissertation, import-

ant treatments begin with Blander (1964), who developed and derived 

formulae for the theoretical properties of a molecular scale model of 

a non - ideal liquide This required complex equations with a large 

number of poorly known parameters, especially if the model was extended 

past a first order approximation. Calculated results compared satis-

factorily with experimental determinations only on certain molten salt 

systems. Darken and Gurry (1953) presented a more empirical approach 

that was applied to a few metal alloy systems while Lumsden (1966) 

used a similar but more detailed approach to treat and discuss in detail 

almost four hundred molten salt systems. He included as weIl, excess 

entropy corrections which strongly reduced errors of a first arder 

approximation. These treatments were for binary systems only. Thompson 

(1967), in a very informative paper, derived easily handled expressions 

for non - ideality from macroscopic considerations. The expressions 

included two orders of approximation. 

Bowen (1928) briefly studied non - ideal liquidus surfaces in petro-

logic systems and used the c~opic equation: 

where AH. is molar enthalpy of 

fusion of component i. and Toi 
is the temperature of fusion 

of pure <, and ai is the activity 
of .(. in liquid, to generate partial 

1. 
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excess differential free energies of mixing for systems with a simple 

binary eutectic and no sol id solution. Other techniques for obtaining 

binary excess chemical potentials have been studied indirectly through 

phase diagrams and by direct experimental measurements. For instance, 

Thompson (1967) derived a formula for calculating two non - ideality 

constants from a known immiscibility field in a binary system. Mu an , 

Masse and Rosen (1966) used a gaseous side reaction to buffer iron and 

cobalt activities to determine isothermal non - ideality in the solid 

solution of Fe
2

Si0
4 

and C0
2Si0

4 . Pelton and Flengas (1969) developed 

a computer handled analytical technique for treating non - ideality 

calculations in a ternary system. He showed how activity coefficients 

of aIl three componen~s could be calculated if twenty or more isothermal 

partial excess free energies for component one were available to be 

fitted to a fifteen parameter surface by the method of least squares. 

The method is general and extremely useful, but requires coverage of 

the ternary with activity data for component one. Experiments on vapour 

pressures, volatility data, chemical reactivity in gaseous side-reaction 

or crystallization point depression can provide this ternary data, but 

the Most accessible type of data (phase diagrams with isotherms) is the 

Most difficult to use. This is because the prfmary liquidus coexist

ing with crystalline "A" is terminated at the ternary eutectic and does 

not cover the whole compositional field. 

Darken and Gurry (1953), Blander (1964), Lumsden (1966), and Thompson 

(1967) and Thompson and Waldbaum (1969a, 1969b) used one, two or three 

parameters to fit by least squares the excess free energies and excess 

entropy across the binary interva1 from x=O to x=l. However, the methods 

developed in this dissertation allow use of the actual excess free energy 

values and when the rest of the non - ideal theory is transformed 
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in the same fashion, nonlinear simultaneous equations describing a phase 

set can be solved by computer. While Bowen's approach and use of the 

cryoscopic equation was immediately usable, it was necessary to alter 

slightly Thompson's approach to solving for immiscibility and der ive 

methods of interpreting three additional types of common behavior: 

solid solution-liquid equilibria (plagioclase-liquid) 

solid solution-solid solution (ortho-clinopyroxene) 

incongruent melting of solids (orthoclase to leucite+liquid) 

Excess free energies for two component pairs can now be calculated frem 

binary phase data for aIl types of behavior. Ternary excess free ener

gies can be estimated at any point by a combination of the binary excess 

free energies. It is Dot difficult to estimate n-ternary excess free 

energies (and consequently activity coefficients) from a combination of 

the binaries but it becomes difficult to solve the equations of a specifie 

phase set unless a specific distribution of the fourth and higher campo

Dents is assumed (ie. constant 4% H20 in aIl non-aqueous phases in a system 

containing three or more camponents as weIl as water). 

The main qualitative methods of predicting immiscibility have been 

presented in papers in the Journal of American Ceramic Society. Levin 

and Block (1957-1967) in a series of four papers, reviewed and developed 

various methods based on molecular models for determining the extent of 

miscibility gap. The methods are based on coordination and structural 

studies, oxygen volume relationships, and additive cell density studies. 

When applied to a large number of ceramic oxide systems, these methods 

gave reasonable estimates of the compositional limits of binary and seme 

ternary immiscibility fields (two points for a binary, three points for 

a ternary), but neither the temperature dependence nor the thermal maxi

mum could be calculated. As a result the calculations are valid only 

for systems where the immiscibility volumes show little variation with tempe-
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rature. Using thermodynamics, Kadik and Khitarov (1963) discussed the 

role of various thermodynamic properties in affecting the topology of 

immiscible water-silicate melt equilibria. Charles and Wagstaff (1967, 

1968) studied two types of systems: the alkali Metal oxide-silica 

systems (R
2

G-Si0
2

) and the B
2

0
3
-Si0

2 system in an attempt to calculate 

the extent of metastable tmmiscibility. Liquidus data close to R20 

were not available, so that volatility data and Knudsen cell data were 

used to generate excess free energies for these regions while the cryO

scopie equation was used close to Si0
2 and throughout the B

20
3
-Si02 

system. The tmmiscibility fields were determined by graphie al construc

tion from a series of isothermal plots of total free energy versus com

position. Experimental results roughly verified Charles and Wagstaff's 

calculated metastable immiscibility regions. The much larger discrepan

cies in the R20-Si02 systems were probably due in part to the mixed source 

of activity data. Christie (1968) used a similar graphical construction 

to discuss the spinodal mechanism of exsolution in the alkali feldspars. 

Mueller (1964b), Thompson (1967) and Kern and Weisbrod (1967) demonstrat

ed the theory of calculating or determining graphically a binary immi
scibility field by solving the so-called immiscibility equations, which 

are set up with one or two fixed non - ideality parameters. OIson (1965) 

calculated a ternary liquidus and developed a repeat graphical construc

tion technique for positioning the extension of a regular binary tmmisci

bility field into a regular ternary solution, providing the approximate 

orientation of the tie lines ar.e known. The calculations ignored excess 

entropy of mixing. Blander (1968) studied molten salt systems and de

rived an equation involving binary regular solution parameters for cal

culating the maximum tmmiscibility temperature in a ternary. The relation

ship between immiscibility in reciprocal systems and some additive ter

nary systems was demonstrated for salts. The effects of melting tempera-
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tures, enthalpies of fusion, and total free energies on the topology 

of molten ternary salt systems is discussed very weIl by Blander. For 

every binary a single non - ideality parameter is calculated fram the 

experimental eutectic temperature and composition. Then the se para

meters were used to calculate liquidus temperatures in the ternary 

systems of the reciprocal type. The results compared very weIl in sur

face details with the known liquidus, although the error in the ternary 

eutectic was larger than possible experimental error. In addition the 

calculated diagram violated the Alkemade theorem. Excess entropy of mix

ing was not considered, and AlI calculated non-ideality parameters were 

negative ie. the mixtures show negative departures from ideality (t~wards 

compound formation) as opposed to the positive departures (towards immi

scibility) 50 common in silicate liquids. There were no calculations 

done of liquidus surfaces in ternary systems where there was any posi

tive deviations shown in the binaries. 

The procedures developed in this dissertation allow direct calcula

tion of points on an immiscibility field for two and three component 

syst.êlIlS. Excess entropy of mixing is not included in the treatment. A 

comparison of calculated liquidus temperatures with immiscibility tempe

ratures distinguishes between stable and metastable immiscibility fields 

and fixes the curve of intersection of a stable immiscibility field and 

a liquidus surface. In addition points on the liquidus extending into 

ternary systems from a binary or ternary solid solution phase can be cal

culated by a similar process to calculating immiscibility tie-line. 

Isocons of coexisting solid solution phase were contoured on the liquidus, 

making it possible to construct aIl types of crystallization paths accu

rately. Empirical correction free energies, that can be calculated by 
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comparison of ca1cu1ated resu1ts witn l, 2 or 3 experimenta1 points, per

mit adjustment of ca1cu1ations to experimenta1 resu1ts. 



~. 

2. DERIVATION OF ACTIVITY COEFFICIENT EXPRESSIONS 

2.I Partial and Total Excess Free Energy, the Operator De ) and 

the Regular Solution Model 

The original definition of the excess quantities can be extended 

to chemical potentials (Thompson 1967) so that for component l 

~:..ut. +Ili. where the superscript x indicates an excess quantity. 
CML ID~ Ei«Ess 

However, where riis an activity coefficient. 

Since ,u •. = .ui ~RT41.xc" it follows that .12. = RT &t~" Like other 
IDEN.. 

partial molar 
~ 

quantities, ./.{.; satisfies 

, - (1-/1/.-) ;)(~) 
Jll-NJ 

~ 1; + CI - AI,) a(G) 
OtA}i} 

Moore (1963) 

• Tae symbols used in (2-1,2) are the excess free energy Gand the number 

of molesAl."of component I. It is more convenient in later develop-

ments to use the mole fraction X~ rather than !Ji. The partial differ-

ential lIM, means that aIl other ~(jH) are to be held constant and hence 

"" the internaI ratios of i1l (i.~j* Id are .constant. If the total mnnber 

Jt. / Al" of moles is NT , it follmo1s that ;;, ur (.(~jf/C) are also constant. 

Since i;;: ih then i)}J~ can be replaced by J}{i where the differential 

is constrained to a path so that the internaI ratios of !5J." (i~jllt.) 
AIt 

are constant. This path lies in t.he line joining X'eX. and ~è' 1 

method of differentiation will be referred to by :he operatDT 

and (2-1) is redefined aB 

Je !-. (1 X") b{G) Mi :: Q t - < ) 
t>~ .. 

This 

CH ) 
tf("f 

7. 

2-1 

2-2 

2-3 

The regular solution model as used by Kern and Weisbrod (1967) and others is 
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based on the nearest neighbour approximation followed by assumptions of 

randomness and negligible excess volume of mixing. Consider an n - com-

ponent system (I,J,K, •.. ) in the volume V that contains one mole total. 

AlI state functions of the system are hence molar quantities. The 

nearest neighbour first order approximation is that the only important 

interactions are independently bimolecular of the weIl defined form l - l 

or l - J, and that the resulting internaI energies of association ~X-T 

are fixed independent of the matrix. In terms of relative numbers, the 

number of interactions of type l - J is )(~~. and the number of inter-

actions of type l - l is X~it. Summing over aIl pairs of components, 

the total number of interactions of aIl acceptable types is 

Thus the relative numbers are also the normalized occupation numbers of 

the var~ous internaI energy levels of association Erj. For the exchange 

association of components l, J according to 

(T-T) + 0-- 1) =::; 2 (I-J) 

the excess internaI energy per association l - J is 

a 
The total molar excess internaI energy of in volume V is the sum of the 

products of normalized occupation number and the excess internaI energy 

level value (Moore 1963, Laidler 1965) 

ê = 2 ~ Î..)(.;~. -WI·I 
,·s1 .i~" 

-= z t. x< Xj W1 - T 
,-:-1. J >t 

where WI.-:r =. 2 'f..Jz-:r 

The terms involving Xl drop out as -ec)r-~-=D • If we now make use of the 

assumptions of randomness ~~~ and negligible excess volume of mixing 
)1." ~ D 
~ =- l - Ts = Ji.:: 11 T~ then 

2-4 



Applying (2-4) to a binary, G ::: :ct..Y~ /AJa = ~ (I-X:1.) "'i'2. and (2-3) 

.a~ = ~ >'- L/-X's) D(~) = X2, (I-l'~) WI2 r (.f-x%)(!-2X'~) W~ D (X1) 

Similarly 4z.::(t-X-i)2.. W1.2. and as a check of (2-2) 

.(1 4 L 1- Xz. 4, = X't (J-XL ) 2.. W~7.. f- 4. {;-)(~f~z 

= ~2.. ~ X2 (/-X1 i-f-x'z) 

= G 
2.11 The Asymmetric Madel Defined by Extension of the Regular Solution 

)C ~lodel and Derivation of Equations for At{ 

Consider the n-component regular solution model where 

Each binary pair~./ contributes 1'< 7" WZI ta the total t. This can be 

interpreted as 

The term in square brackets is the value of G in the binary ii at campo-
sition 1 -t 

.x.; " ) 
lX'â"~" 

and the term in heavy parentheses is the DILUTION FACTOR 

by which the binary excess free energy is multiplied by to take it into 

the n-component system. Haking G~" the value of the excess free energy 
(X-t") in the binary ij at (.i-t"TJ then C becomes 

This is the asymmetric model and makes use of the actual values of é~ 
that occur in the binaries. It is necessary ta use (2-3) on (2-5) ta 

" 

9. 

2-4 

2-5 

derive consistent expressions for ~i. Now the double summation (2-5) for 
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- 2é the purposes of considering component l, can be broken into L {~" ,..X~) y 
.. f~'.% 

and t:. ~ (K("t--X.;):J..!;i/" To allow use of the JX) operator, ,~~ ./";>t .t 

~ =- C3 .) ~ = c.,. x. Xz. 

Since Z xi =1 then 
~""L 

Rearranging 

and ~=cp where P is an integer 
)(~ 

X ~ ~ K:2. ( Z CI') =:l" :z. 

and using 

Thus Using operator Oé) on these relations 

Defining 

D((Xifxjf G1j) = 
[) (Xi) 

and 

D(f0) 
j) (Xi) 

and using (2-7) followed by (2-6) then 

2 &!+~) '7) (f -:~)+ Utr-)f 81j" [J4. T~ -)(1 ( ( - fi )] 
~ ~ 

(XL 10 Xj) 

= 2- (XL fJj) ~'-i (1-%1. --9) 1- e~" [x:/. 1- X; - X~ (I-X1-;y-) 7 
( /- Xt.) j' (1- X:z) J 

Since the result is independent of the ç, , then this holds for aIl ;/:1:'1. • . . Z Z {.r'd·J1) 1 t.:;c" " Cons1.der1.ng terms from "Ù:;: ./~i '" ' 
of {x'd>J)lGy} = 2 (Yc",t.x,;) G~ (- r c d0~) 

J){X:t) J? ct> / 

>f, 
Since T 

'J 
/Xc'\ is some sort of constant, then l =(.t('''~) is also constant 

:Ir 

and thus Gy as found at Z in the binary is also fixed independent of Xt . 

2-6 

2-7 
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Hence èi is treated as a constant to ~~) in the above differentiation. 

Using (2-6) 

D ( eXd,y/ G~) = 

DU':J 

(1 -Kt.) 

This is independent of choice o~ Cf and hence is true for aIl (~.~. ~ 1) 

From (2-3) then ,dt ~ G ;. (I-;(t.) :t1) so 

The genera1 formula then must be 

As a check of (2-2) 

The coefficients of tel 
J 

are 

X~[Yt' f;yJ f ;y(j~'f~') = ( 1'~' t~")2 
because !>- '. = G. . 

G J J' 

The coefficients of e~i are X(~·-"J·.Yi =0 

Making use of these properties 

because 

11. 
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Applying the general formula (2-8) for three components 

.a1.:= 2 LCx1.(..x ... >Gv. ,. (.:(!.l-!(3)~7 rX'z.t9.t:z >,X3 &.l.3 - & 

where 

1f 

The form of G~ and 85' in (2-8) is completely unspecified. This is 

an advantage, for now if we wish to specify a certain model, say the n-

component regular solution 

corresponding general ~ 

model, then (2-8) can be used ta generate the 

/Xc') Defining z~ =~' then from (2-4) 

50 that 8<.":; j){6ft') = (/-2Z!.~) W<-j' 
J /)(Zi/) c/ 

Reintroducing Xi and 7' results in and 

Then by (2-8) we have 

x.,'{J' Wij 
(Xiii) 

Jt/ (Xi -)'~j 

v (y('flj) 

= t ~~ï, [2X,'.y' -,y'~ -~'x;J 
J~i (ft "lY:P 

?z. 

= ~ Xj'Wy 
J~f. 

- 6 

-6 

For a more complex type of G , it is not necessary to generate the expli-
)( 

cit equations for ~,. A general computer routine which uses (2-8) with 

the appropriate substitutitons is also valide Consider for example, 

12. 
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Thompson' s (1967) formulatüm of 

where 'lUv * W/, . 
for use of (2-8) 

G "j = ë.~ (1- 2:;) (~ :i ~ c f {I- Z:.j) lA/y) 

and then 

The general routine then becomes, with the symbo1s defined as 

GT= G 
X(!)= X~ 
1,0, ( T ,.J) _ W~j 

TH ( J , ,n =9.ij 
i;. TL G ( l ) = 11, 

Now 

C pn[ITH'F CPLCl'LATF5 N-COMf-ONFi\tT F'TLGCi) ~T O(] ,X2,X3, •• ,XN) 
GT=(70 
fin p(i'l T = 1 ,1\1 

kTLG(T)=~ 

T I=I+l 
fI("I 1 (i'I cl= Tl, '" 
TF (. J. n'. N+ » GO Tn 1 (70 

7=X (1 ) / ()( (1 ) +X (.J) ) 

1 1 G CI, . J ) = Z * ( 1 • - z ) ... ( Z * lA C LI, T ) + ( 1 • - 7 ) * w ( 1 , .,) ) 
1? THCI,J)=W(I,J)*el.-3.*Z)*C) .-7)+~(J,I).Z.(?-3.·Z) 

Gl=GT+GCT,J).C)(CI)+xeJ»*·? 
P TL G ( 1 ) = foi T L r- ( 1 ) + 2 •• G ( 1 , . 1) • ( x ( T ) + y ( . J) ) +;X ( .J) • T H ( 1 , J ) 

1 (JI (:ONTINUf 
P/7I CO!"TINUF 

[1('1 ~/7I 1= 1 , !\' 

~p RTLGCI)=RTLGC!)-GT 

If a different formulation were used, this routine would function proper1y 

if statements Il and 12 were changed according1y. While the problem of 

solution of phase equi1ibria has not yet been so1ved for more than three 

components, the awkardness of the formulae, as noted by Thom~son (1967), 

has been complete1y removed for any mu1ticomponent formulation of 

To conclude then, the general formulae for activity coefficients are: 
~ 

1) Symmetric non-idea1ity Gj' =: Z-f 714 ~j' and 

13. 



,PI.. 

then 

2) Asymmetric non-ideality 

where where 

The influence of an n-component mixture on the activity" coefficient 

of i is made up of two types of contributions: 

1) The term ~ is from aIl -Z-~ binaries, including those exclusive . 
of .(. • 

. 2) The other terms involve only binaries with component ~ 

Thus aIl "ra. binary excess free energies influence the activity 
• coefficient of component .(. • 

2.111 Validity Tests for Partial and Excess Free Energies 

During this investigation, a collection of tests was made to check 

the consistency of activity coefficient 

cific formulation of G. They are 

functions with respect to aspe-

2-11 

2-12 

2-13 

Lti 
~L~ must approach 

components is reduced by one. 

t (-ë U4' = ~ , a restatement of (2-2) 
.:~ 

~ Il Ii.~) 
IL i = G f II-r.~ IX1f~ , a restatement of (2-3) 

as number of 

14. 
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15. 

2-14 
~ 

-tt(.' (asymmetric) must reduce to 
y 

k- (symmetric) when 

the symmetric relations are substituted for the asymmetric. 

r-
2-15 U, as expressed in terms of summations must be consistently 

interchangeable in .{,.JjJ ~ • 

Tests (2-11, 12, 15) are usually the easiest to apply, but test (2-13) 

by derivation is the only absolutely certain method of validity testing. 
y 

AlI five relations hold for a correct formulation of t(( from a specified 

fi 
formulation of (:; . Conversely if one condition does not hold then the 

expressions are not valid. 

x 

To illustrate with an example where the formulation of ~t' was in
x 

correct with respect to a G definition consider the paper by Sryvalin and SAn 

(1959); page 109 

"The simplest formulation of the influence of the energetic non-

equivalence of different sites for like atoms leads to the appear-

ance of two energy effects in the expression for the heat of mixing: 

One of the~-Q,as for regular solutions, represents the interaction 

energy, while the other'à represents deviatfons from regular mixtures 

due to structural peculiarities of the solution. Assuming further 

that the entropy of mixing is the same as for ideal solutions, we 

have the following expressions for the activity coefficients of cam-

ponents in the ternary systems: 

t j = - Q/~ X1.X~ - 2 ~1.1Xi.Y./ "&/$ Xi (1- Xj) j- 2 913XiX3 (1 --6) "~3~(I-A3)+ ~.I~.tj (/-~) 

End of quote. 



Although condition (2-12) ho1ds: z:.(~.,t. .. ~ G ,it is easi1y seen that 

condition (2-15) does not ho1d in the terms ~i.' Hence the asymmetry 

in the binaries has not been proper1y taken into the ternary. C10ser 

examination a1so shows that condition (2-11) is a1so not satisfied. 
,r 

It appears that the expressions for tei were manufactured 50 as ta sa-

tisfy conditions (2-12, 14). 

16. 



3. EQUILIBRIUM PHASE SETS : EQUATIONS 

3.I Liquid with Pure Crystalline Sol id 

The cryoscopic equation used by Bowen (1928) is 

where ~H{ is the heat of fusion at h( for the crystalline solid .:. pure 

in component.(. , and Qi is the activity of component < in the liquid 

phase at T with reference state crystal { pure in l at T. Rearranging 

yields 

where ai is the activity coefficient of -!. at Yc" and T. Using (3-2) and 
)( 

liquidus data from a simple binary phase diagram a IL, curve for cam-

ponent,c. in the liquid phase can be calculated for the composition range 

between ~:i and the simple eutectic composition, but not on the other 

17. 

3-1 

3-2 

side of the eutectic. Three methods were developed to convert these incom
'/. 

plete ~( curves to completed excess free energies of mixing: a repeat 

graphical construction, numerical solution of the associated first arder 

differential equation, and, the method used herein, a classical Gibbs-

Duhem integration. The other two methods gave similar results but re-

quired more data sets within a binary. The methods are described in 

detail in Appendix A. 

Rearrangement of (3-1) al sa yields 

1= ( <1 .. {- aH<) 

(1<. ];,.en,4 - 0#(") 
3-3 

t 
50 that knowing lt."a general liquidus surface aT.N'ay from 1;:= 1. ) T= 7D~ cao 

x 
be calculated. Since fi, is affected by binary pairs JR. [jtlu.i) 



as well as by binary pairs "Jo (jl:-i> , then the liquidus surface away 

from i is a1so affected by binary pairs j,f CfrA.; i). 

3.11 Solution Phase A vith Solution Phas~ B 

From Kern and Weisbrod (1967) 

,,#/1 " a~ = -«~ (- RT~ 01. 

The standard states are the end members of phases A and B being pure in 

component 1 or 2. 

Since .li:. ut at equilibrium so 

• 8 .. 1# .8.,.fI T ~B~ 
but bbJ. = ~H, - c, and at Tot , the transition temperature, 

B "'u..,,, .... 
• ~ .8'fI! .....". 

then oOG t =0 and 4I!:)S, = :;;- for pure component l. 
Ilia 

Since 111. = ~Tk~:: RTL,. 41 -R.T~X1 

then ~~ 8. d" ~ RT&(~) .j. ~}I.8~"(1 _ r) 
.tIC Sa ~ ,(1 ~ ms 

and similarily .. .." 
where the temperature dependence of ~N.: is taken to be zero. The 

development is completely general for all solution phase-solution phase 

equilibria that satisfy B~~ at -,., where binary phases B and A have the 

same end member composition but different structures. Rence both sol id 

solution-liquid solution (plagioclase-liquid) and solid solution-solid 

solution (clinopyroxene-orthopyroxene) behavior can be treated if ~i 

are known for both phases, both components. In the case of the alkali 

feldspar sol id solution series, there is ~ temperature minimum where 

4 8 ° ~If.;!. AA A-ti. =X{ and so (3-5) reduces to 111 '/--Ut and ...... f1ô • In general this will 

18. 
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be true for any two phases: different phases have different excess free ~. 



-, ... ' 
19. 

Equation (3-1) also follows fram (3-5) when 

3.II1 Application of Solution Models to Generate ~, A 
From Binary Equilibria Involving Iwo Solution Phases 

For phases A and B, camponents 1 and 2, the regular solution model 

can be added to (3-5), using ~=Wî2for phase A, ~..t::: G12.in phase A, XA -= X2,.'f 

.. Bwt 
and ':::'#1 ~ ~H1. .Since 

Solving simultaneously where 

c){~~ 1u) - (/- x ... yz. pa> J 
( x"t +-~B - .2,r',q Xe )(X4 -Xe) 

Program WlXLIQ is designed ,using equation (3-7). to calculate ~ IA/û li' 

from a set of T- XjJ~ -~data fram a solid solution binary. The minimum 

and maximum values for the error envelope about ~; are obtained by cambi-

nation of reasonable errors in ~ X'ua )XCIU'ST. The errors are errors in 

reading points off the curve of the phase diagram. A smooth curve for 

4<' } 1.: ~·5 is drawn and the Gibbs Duhem integration is used to gene-

rate ,,;.-.) ii. (·5. The curve should be smooth at Xi: 5 but if it is not then 

it must be adjusted to be smooth within the limits of the error envelopes. 
JI 

If this is not possible, then G cannot be closely represented by i;~ IAI~ 

3-6 
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and instead a two or three parameterG must be tried. For Thompson's 

(1967) model using two parameter 

JI " where \.ID. :F "'it and 

Exchanging subscripts 1, 2 and using x::: 1- X! ") X~ =.X: 

..ù: = x..~[ 1J.2~ (I-?r/-~J) + w,i. 2.{I-X4>] 

=- xl r ~i (/- x .. ) l +- w:: (.).x" -:1.)] 

results in 

A ~ • a 
There are four unknowns:\J~,~~~~~ but there are only two equa-

tions of (3-5) for each temperature. It is necessary to use data at 

two temperatures, and generate four simultaneous equations which can 
~ A 4 • 6 

form .LAi'!;. =C· where 'ft =a.b" ~::~ ~=JJ.u,,4=-kh. 
~t J " 

be reduced to the 

These four equations are solved by a general subroutine rather than as 

specifie formulae as are presented by (3-7). This model is built into 

program WWXLIQ using equation (3-6). If the 4; curves of ooly one of the 
r 

two phases is valid, the ~ of the other phase can be generated from the 

~ data of the first phase by use of the solid solution equation (3-4). 

This is the function of program OLCAL. 

As a check of the methods, points from the calculated system 

Orthoclase-Albite (Thompson and W~ldbaum 1969a-partIV) were used to 

generate ~~ curves which compare very weIl (figure E-l) \v.ith Thompson's 

" 4lu. curves. Since Thompson' s W' sare temperature dependent, the curves 

will not compare exactly. There does not appear to be any absolute 

" method of generating a general ~ curve from the data without this 

method of curve smoothing. 

20. 
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Concerning immiscibility, an addi.tional statement can be made to 

_" ~ .. ,,, 
(3-4) as shown by Kern and Weisbrod (1967): 4li ::.,.~ This is equi.va-

lent ta .fjHl0~ where "'s.;'O • 

Thus the same equations in (3-6, 7) can be used to obtain t from binary 
. . 

immiscibility fields with the additiona1 restrictions: CJ/I .. ;o for ~· .. o 

Further simplifications for immiscibility can be made if with the first 

~ "B III A • 
mode1 lAI =w or with. the second model I/Vn c~:1 0 Note that these simpli-

...... 
fications are permitted on1y because LJl{l =0 and wou1d not be al10wed 

otherwise: as stated for the case the alkali feldspar minfmua, where 

lA <LB 1./ 'd _./ 
1'4 t fa , "1 f. "'i. and thus WII fwgo Then instead of (3-7) where W:-IVA=w.and 

.ri; ":. 0- XJ.~)2.w 
Rr R- ~~) 

Thompson demonstrated for his mode1 

~ .J. ((i1r+;la) ~ G~) 
with ~l~) '" 3.. ô'" _,q) ~a 

then Wjl = fl.-:1) .,. 4>'1) + ctj,~-té's.>JC2.- 3cx,.fXs)] 
R.7 (~t-ie) C7.- (X'M.të)J (~tt _ K4r)2. 

Wu.:: 1Ah 7. -# 2 [;'2.) - fa> 1 
P-T Rr {4 -)(8)"-

The J and C are calculated from these \V using W".:J,.4, AND (3-8). 
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4. ASSOCIATION - DISSOCIATION IN LIQUIDS 
}[ 

Particle Interactions that Affect JJ. l 

and the Estimation of Heats of Fusion 

'i 

Liquidus Curves 

The Û,' are determined as the excess quantity that is necessary : 'J 

bring an experimental liquidus to its ideal ( YeL, no association or 

dissociation) curve defined by ~ .. ) 10" and the cryosctlpic equation (3-1). 

If 6#, has not been determined calorimetrically (as is true for man y 

silicates), it can be estimated, as will be shown, by the freezing 

point depression method using the cryoscopic equaticn. However, asso-

ciation and/or dissociation causes the estimate of ~~ to be incorrect 
1-

(oH~), so that -tI~ calculated using ~>#: will also be incorrect. Associa-

tion and dissociation are particle interactions ( a non ideality) and as 
)( 

su ch , should be included completely in 1;t, (not in an incorrect ~h ). 

This is especially important when activity mat ching is attempted: in 

a multicomponent system with coexisting liquid phases A and B, in general 

f (~H . - AH J.) ) < <. 

However,the effect on calculating an n-component liquidus temperature 
", , 

for i. tends to cancel out if Il,' and 4f,' are used in equation (3-3). It 

is thus necessary to consider carefully the use of the c~copic equation 

in estimating heats of fusion. 

Since (3-1) is J!:>H .. (.f:. -1) 
R. Il.. T then 

by replacing tl. by Yt' and "/l, by qr} (an estimate of ~~. ) then 

~. ~. - LlH:'(-L -.L) , resulting in 
CIJ1 "( - ~ 13(' r.. 50 that a plot of 

versus Xi then has a limiting value of ~H~. The shape of 

22. 
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this curve as extrapolated to X<=1 is undefined, so consider L:>Ht as 

~'''1: ~ti"~O'(~;-t) +0. Hence LW~· has the fndeterminate limiting 

form of o. Using L'Hopital's Rule on indeterminate limits 
o 

~ 
id CR ~.(~.) ] " r- ~. l "2-

L d. (,a) E<. T()~' 
& (~H~') 

Y .... 1 
:- .&.n .L JT J = :> 

(~1)~ .. ~ ji: .... 1 t.,;.. [01 C{-+Y7 X-i .. t L TZ- ;[Xc" 

h"tf d(~-f') j 

Thus and the limiting liquidus slope at ~'= i 

n~ 1 

= ~lIc' 

defines 

In the region 
fi. 

l ..J. 1 1<- ID,' 
C ose to ,At: } .t:lH," will approximate the heat of fusion. 

so t:>f/ . (TI Tl. 
:= ~ - :: C - where C is constant. 

lDi y~) X(. 

Tl. 
A plot of .ôll~ versus y; should be linear near ~"", 1. • 

Association or dissociation in the liquid affects these methods of 

estimating ~1Iè. Assuming component l to dissociate completely into 

two particles in liquid component J then the actual concentration of 

particles of component l is 
~J\I' 

l't' :: 4 

( "1·+1.J/i) 
where N = moles, so that the 

actual mole fraction of J is ~":: ~. 
~ (Ni" rl.#i) 

Calculating a mole fraction ignoring dissociation ;<.~ ;:: ;.;-
J (''J'follc') 

so 

23. 
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\ 

x: = ":1' = Xj 
J ['-J' r 2 (~) - 21] f!- -7/] 

;; 

Hence where 

Complete dissociation of l into two particles causes to b~ an in-

correct estimate of ~~. by a factor of two. In a similar fashion com

plete dissociation of J into two particles causes 4IJ =-2 Clltj while 

.. ------~------------------
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association of J into half as many particles causes 

IOEAL. CrJI(II': 

1= :1 ) no tl$SlIf;'Ù,tJ." or aÏD_eiq!',,,,, 

CIN?Vé 1. 

-- C~IIG 2. 

l 

Figure 4-1 
Liquidus Variation Due to Interactions 

A more diagramatic approach is to consider figure 4-1 at temperature T: 

1) if l dissociates it takes a sma11er amount of l to make ;rc. at T, 

1 X. 1 
Le. X< (. t and curve 1; ><.; e Xi. 

2) if l associates it takes a larger amount of l to make ~. at T, 
) 

Le. ft· ) X, and 
) 

curve 2; X,·:: X'2-

) 

So then if l dissociates it raises its liquidus and IJH,· and drops J's 

~H~ liquidus and J The reverse is true for association of I. 

A method of protecting against these problems is to analyse liquidus 

data of component J with several different types of component l (tectosi-

licate, sorosilicate, orthosilicate). If l dissociates in a melt of J, 

a tectosilicate l should give a different number of particles than a 
) 

sorosilicate I, and hence ~#i should change with the type of silicate 

" 
structure of component I. Calculations on both Gehlenite - Anorthite 

1 
and Gehlenite - Akermanite resulted in L>HCéltL = 20 kcal. The conclu-

sion is that neither Akermanite nor Anorthite dissociate or associate in 

liquid Gehlenite. Since Gehlenite is similar in structure and physical 

properties to Akermanite, it should also not undergo such particle inter-

actions and hence LlHGEIfL ~ ~ H~ = 20 kcal. In contrast to gehlenite, 

pyroxene type components behave much differently, showing very high DH~ 



Possibly some.dissociation takes place in the pyroxene structure at the 

same time as a lot of association of the other components. Pyroxene dis-

sociation would be loss of simple cations ,as opposed to extensive modi-

fication of the chain like structure - Chipman 1942 , while the pyroxene 

like liquid causes added components to polymerize. 

l have attempted to characterize a liquidus surface by using as a 

model a scheme or incomplete dissociation/association of a component 

where the equilibrium constants of the interactions are temperature depen-

dent. This differs from the models of Flood (1968), Bradley (1964) and 

Cochran (1967), where the interactions are assumed to be complete and 

temperature independent, which is equivalent ta very large or small equi

librium constants of the arder ABS [~/O(f() J) 2. Lacy (1965) discussed 

the problem of statistical models for silicate melts and came to the con-

clusion that polymerization/depolymerization interactions generally do 

not go ta completion. In the present scheme ten constants are given 

assumed values, where land 2 are components: 

for fusion (f) 

for interaction 
equilibria ( ~) 

~ 

lN, /:1-

'-" 
lHt k1. 

-:. 

= 

'" ~fh 
R.T 

c..> 

~Hl 

iiJ 

N is the stoichiometry of 
interaction 

The interaction equilibria interfere with each other the way an inert 

gas displaces a chemical reaction tr~t has a different number of moles 

products than reactants (Moore 1963). It becomes necessary ta solve three 

simultaneous interdependent non linear equations with three unknowns. 

25. 
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This is quite difficult to do, but then if such a model is fitted to a 

liquidus, the constants of the interaction equilibria also become un-

knowns, two of which are exponents. However, this sort of model is very 

realistic, and if the techniques are perfected, it should provide a 

theoretical basis for applying statistics to picking the best possible 

liquidus through experimental points. 

Association/dissociation equilibria introduces a type of nonideality 

similar to that of element partitioning between an ideal single site 

phase and an ideal double site phase. Calculations (Barron 1970 unpubli-

shed) show that regular solution partitioning curves can be duplicated 

very accurately (but not exactly : 1% mole fraction) by single site phase 

- double site phase partitioning with temperature dependent equilibrium 

constants. The reverse though, is not generally true: once the regular 

solution model W is given a value, the values and temperature dependence 

of the two equilibrium constants are fixed. In a similar manner the inter-

action model will generally approximate a regular solution model, but 

results can be obtained from the interaction model that cannot be fitted 
li 

ta the regular solution mode!. The 1).",. curves for the interaction model 

should thus only be used with an approach similar ta that of this disserta-

tion. 



5. RESULTS OF A THREE COMPONENT t 
K 

CORRECTION FREE ENERGY G 

AND VALIDITY OF THE EMPIRICAL 

The t developed in this dissertation does not take into account 

excess entropies of mixing. In general the sign of ~ need not be the 

same as the sign of G (Lupis 1966). When several calculated ternary 

systems are compared with the experimental ones it is found: 
x 

1) if G~70 in binaries, temperature surfaces calculated are 

higher than experimental determinations. 

2) if G1<.o in binaries, the calculated temperatures were 

lower than experimental. 

3) mixed value Gj in binaries resulted in temperatures both 

greater and less than experimental temperatures. 

The deviations in the calculations consistently reflect the sign 

of the binary excess free energies, and thus are not likely to be caused 

by excess entropies. Instead they must be explained in terms of some 

ternary interaction factor. Such an effect would require a change in 
2 the dilution factor (2-5): C x'~ Hj) From the relationship of sign 

of Gij in binaries to the sign of T calculated - T experimental, it 

is necessary that the dilution factor get smaller faster than (4·f~)4 
)( 

This way the absolute value of a ternary fAi would get closer to zero 

(i.e. i;closer to one) so the calculated temperatures would be raised if 

G.~o and lowered if G~·?D • The form of the ternary effect is completely J 

unspecified. In fact it may have a molecular interpretation no more im-

portant than a homogenizing of the environment around each species. In 

the complete formulation of (;j approach, species are not treated and 
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K 

hence the use of an Empirical Correction Free Energy G is justified if 

the model seems to work where results can be checked. 

An n-component correction free energy model should satisfy the 

following preliminary restrictions: 

k 

5-1 G - 0 as any (X'.:. i--'J-) -1 

1< 

5-2 tA..~ - 0 as and (X~- t- X; -) -- i 
v 

5-3 It should have at least n independent adjustable parameters so 

that in the case of an (n+l) phase minimum (i.e. a ternary eutec-

tic), the n liquidus surfaces can aIl be raised to the eutectic 

temperature and composition. 

Various models tried were: 

which doesn't satisfy (5-1) for ~>~ 

At 

but lA"fro as ~-fy-~i for ?z">.3 

which yields G=o for any ,Yt":o for ?7);1. 

which seems to satisfy (5-1, 2, 3) 5-4 

-1 



-" .\ 

Nol.' 

,.. 
k Ir D(G) 

)).1 :: G f (t-XJ.) 1)(X~) 

so that 

Rearranging and using where 
.... .... 

L = ![ TT (1-~'-JX) 
G-1. J>~ 

so 

Using t ", Cxi+-X) X5 => ( J) which does . L l-X'~' -x' 
not change with the choice of compo-

t=t.j>' J 

nent l and xSi=I(X1.d.) 
./~t. (1 -Xt -~-) 

which does depend on the choice of 

component l,then 
~ r Ki ] t11.:: L li X~l<t' _;(5 - XS:1. + ZX1:kc' 

.;1. 

= L [k~ Xj (X$ -;(51 +1.) + k1 X2 CXS ->(53.) + .... K1lX7l (XS-X5.1)] 
The general formu!~ is then 

Ji = L LI« x'.( [/5- )(5(' 7-1.) +
- L L ( XS-xs..:.) 2. 'Y-t. f ~. k4] 
- ",'cs X k 

Formulating P\T&t~( =RTfNrXiflAitLti where is the correction to be 

calculated and using the freezing point depression equation results in 

:: .6Hi ( ~ - 1) -RT~ X~ -dt· 
( 

At an n - solid phase point, by knowing ~ -ft. ({:1)7f), using binary data 
X H 

to estimate J).t· , then n values of .[.1(. can be calculated from (5-9). 

These are used in the n equations of the form of (5-7), solved simulta-

neously to give n independent values of K~ . These~' are then used 

over the whole region, modifying the n-component activities. When one 

binary of a ternary system forms a solid solution the situation becomes 

more difficult. One additional unknown is introduced ()Ci in crystal) 

29. 
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and two nonlinear equations associated with solid solution are introduced 

(3-5). Consider for example a correction of Diopside - Albite - Anorthite, 

with rererence to figure 5-1 and diagram 7-2 . 

____ experimental cotectic 

----calculated cotectic 

Figure 5-1 pc 

Compositions for ~~ 

P, P2: Centrally chosen points 

with experimental -r: Xi 

known. 

For Diopside by (5-9). 

For the Plagioclase - Liquid equilibria we have by (3-5), (5-8) 
1<. l( 

= !! 2. r'R.,Tln '1-2 t il!;; = 
LJQvlD 

or 

and similarly for component 3 

,û3 -::. f<7tvztJ.3 f ~H (T -1) -~~ 
Ulftl'O ~R't5TN. 3 To3 t.../filt.lID 

/( 1( 

The first two terms on right hand sicle of~2.JÛ3 are independent of 

"",,,. of V.,C/t'fST14(' Yi and at fixed Tare nonlinear functions A~ 

K 
-Uz 

-. --;--=: 
... _---

~ Figure 5-2 
Me as a Function of xr;mIfL 

5-10 
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The next two terms are fixed independent of 50 the resultants 
/< 1< 

are two curves of 1) 1. )~ as functions of , figure 5-2. Obviously 
); le 

if is known then ~~)tl3 are defined, and the three linear 

equations are solved for Kj.) kz.) 1<3 X .. "·YS-1.. However if ;.""'" is not known 

then there exists corresponding curves for ki,k2))J as a function of 

(figure 5-3). 

AD 

>( CRysT~L 
'l. 

Figure 5-3 
From XzCrystal 

There is no ucique solution so that a second composition P2 on the cotec-

tic is needed. First a trial X~~ is taken for composition F, yield-

ing values for kt)<1>k3 using (5-10, 7). The values for Ji at composi-
k 

tion P2 can then be calculated with these kt. . With j) .cO ., (5-8) and 

program GAPMIS, the temperature CT 1) at composition P2 is calculated. 
ca c 

Th ' d' d f 1 tr;al values of v';R.YST~1-~s proce ure ~s repeate or severa ~ A4 at compo-

sition P to obtain a plot of Tcalc - T experiment for composition P2 

versus X~ .. 
4 at compos~t~on P. T~lere is a unique solution where Tcalc 

T experiment which yields the desired X~R';ST4L at compositions P and 

P2. 



6. GENERAL CRITICISMS 

6.1 Usage of the Total Function Versus Statistically Determined 

Two or Three Parame ter 

Use of a complete or total function ~ rather than a one or two 

parame ter ~ has not been justified from a basis of a statistical eva-

32. 

luation of the original liquidus data. However, some systems require at 

least a three parame ter l: . For example, systems like Fayalite-Silica, 

Forsterite-Silica have strQngly non-centered immiscibility fields with 

both sides being very steep. Thompson and Waldbaum (1969b) demonstrated 

the shape of a two parame ter ~ immiscibility field for NaCI-KCl: the 

maximum temperature is displaced off X ~ 0.5, and the ahort side is much 

steeper than the other. Hence for Fayalite-Quartz, Forsterite-Quartz at 

least a three parameter ~ is required to describe the shape of the bi

nary itmniscibility field. The ternary ifi for a three parameter ~ con

tains nine different terms whereas the complete formulation of ~ requires 

only six terms in the ternary ~. Just to include 

of parameters in ~ causes the formulation of Al to 

the necessary number 

increase in complexity. 

A statistical study of possible liquidus curves through a series of 

T-XUOpoints is not wise unless very careful consideration is given to 

the required result. Several authors have discussed various types of 

ionizing models to explain anomalou8 freezing point depression curves 

(Flood, 1968; Bradley, 1964; Cochran, 1967). The results indicate that 

the liquidus surface is very sensitive to anything displacing the degree 

of association or dissociation. A statistical treatment assumes that the 

errors are random and should average out. If errors in temperature were 

caused by impurities, then the thermodynamically best liquidus would be 
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the upper limit of the possible curves because additional components 

lower the liquidus by Alkemade's Rule (unless there is appreciable ideal 

solid solution of an impurity component that melts at a higher temperature). 

Statistics can only be applied if there is a valid model of the phase. For 

example, Green (1970) recently published information on the statistically 

fitted quasi-chemical model which explained the calorimetrie non-ideality 

in solid NaCl-KCl better than a statistically determined two parameterG 

(Thompson 1969). Inherent in the use of the quasi-chemical model is the 

partition energy functions of the existing particles. For liquids this 

would require detailed knowledge of the species present. The interaction 

model described in section (4-6) could be used to statistically pick a 

best liquidus, but with at least six unknowns, twenty to thirty sets of 

data are required. The use of the complete formulation of ~ effectively 

avoids these problems by not attempting to analyse the cause of non-ideality, 
x 

and hence not cons training the liquidus curve or the a curves to a special 

type of curve. There is, at present, no thermodynamically sound way to 

put a best general liquidus through experimental points. The only true 

restrictions are that the curve be smooth and within the possible experi-

mental error of the experimental points. Arbitrarily, a polynomial might 

be fitted to the liquidus data so that analytically the curve is weIl de-

fined. Dr. W.C. Luth made just such a general point in a conversation 

at the spring 1970 annual meeting of the AGU. 

7f 

6. II ~4 as Obtained in Forsterite-Quartz and Fayalite-Quartz 

Consider a liquidus surface as it approaches the top of a meta-

stable immiscibility field: 



Figures 6-1 
Interaction of Liquidus and Liquid lYmmiscibility 

It is of interest in figure 64e,where the two liquid field breaks 

through the liquidus,to consider what the metastable liquidus looks 

like. Assuming a liquidus to be a smooth curve, it must have some 

shape like the dotted curve of figure 6-1e. This then should be the 

liquidus curve used to generate Pi for the metastable liquidus, not 

the apparent fIat liquidus at constant temperature which was used in 

the calculations in this dissertation. In order to realistically speci-

fy the shape of the metastable liquidus it is necessary to have con-

trol on the shape of the stable liquidus close to the immiscibility 

field in fieure 64e. With the immiscibility in these silicate systems, 

this control has not been demonstrated expe~imentally (Bowen 1928). 
X 

As a result there are unknown errors in the ~, curves of both components, 

since the Gibbs-Duhem integration is used. How these errors affect the 

calculated results in Quartz-Fayalite-Leucite is completely unknown. 

Perhaps (3-12) can be used to estimate the two parameters for Thompson's 

immiscibility model, which then are used to generate the metastable 

liquidus. The technique can only be approximate since the shape of the 

• immiscibility field suggests that G for the liquids involved requires 

at least three parameters. 
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6. III Incongruent Melting, Non Binary Behaviour, Minor Solid Solution 

Many of the binaries treated contained incongruent melting sub-

stances. The metastable portions of the liquidus were drawn by eye and 

used as acceptable if the resulting ~i curves were smooth. Some binaries 

were estimated by extrapolation from ternary diagrams: Anorthite-Orthoclase 

was attempted from Quartz-Anorthite-Orthoclase. The metastable liquidus 

was modified in the region of the extrapolated binary eutectic 50 that 
J( 

the ~( curves were smooth (Figure E-2) 

'l( 

Host of the calculations of 1), from binaries have ignored small 

amounts of solid solution. Calculations on Gehlenite-Akemanite, Albite-

Orthoclase and Anorthite-Albite indicate that in the liquid phase 

are almost independent of the solid composition 

if the solid is greater than 85-90% pure (mole fraction). Non binary 

behaviour in general was ignored in because of lack of information on 

the compositions of the phases involved. However, such behaviour causes 

the albite liquidus in Albite-Leucite to be lowered (Levin et al 1964) 

and the albite liquidus in Albite-Diopside to be raised te a humped maxi-

mum (Morse 1968) not shown in Bùwen's (1928) diagrams. The only experi-

mental points in Bowen's Diopside-Albite-Anorthite which violate the cal-

X
li.,//) 

culated results are twe compositions close to the cotectic near nn =.12. 

The calculated feldspar liquidus is too high. Since the Diopside-Albite 

liquidus used for the calculations is that of Bowen, the calculated li-

quidus of plagioclase in Diopside-Albite and in Diopside-Albite-Anorthite 

X 
û_/#> 

close to ~ =0 is below what it should be according to the data of Morse 

(1968). If the calculated liquidus had been too low, then non binary 

behaviour would be an explanation, but this is not the case, 50 some other 

effect must be present. 
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7. CONCLUSIONS 

The calculated systems Quartz-Fayalite-Leucite, Diopside-Albite-

Anorthite and Quartz-Albite-orthoclase are shawn in diagrams 7-1, 2, 

3. The sources of liquidus-solidus data for these systems are presented 

in table 7-1. 

TABLE 7-1 

THERMODYNAMIC DATA SOURCES 

SYSTEM SOURCE 
Quartz-Fayalite-Leucite Roedder (1951) 
Diopside-Albite-Anorthite Bowen (1928) 
Quartz-Albite-Orthoc1ase J. Schairer in Levin et al. (1964) fig. 

786, Krauskopf (1967) fig. 14-1. 
Quartz-Fayalite Levin et al. (1964). 586, 682, 696 
Quartz-Forsterite Levin et al. (1964) fig. 598, 682, 803 

Turner (1960) page 126 
Forsterite-Leucite op cit fig. 803, 811 
Fayalite-Leucite ~ from Forsterite-Leucite 
Leucite-Quartz 

Quartz-Albite 

Quartz-orthoclase 

Orthoclase-Anorthite 

Diopside-Albite 

Diopside-Anorthite 

Albite-Orthoc1ase 

Albite-Anorthite 

op cit fig. 412, 795, 803, Turner (19600 
page 107 

Luth (1966-67) 

Luth (1966-67) 

Levin et al. (1964) fig. 795, 799 
Bowen (1928) 

Bowen (1928) 

Thompson (1969) part IV 

Deer et al. (1966) 

Mo1ecular weights and heats of fusion are from Wa1dbaum (1968), except 

the heat of fusion of Leucite which was estimated to be 6770 cals/mole 

from the systems Leucite-Quartz and Leucite-Forsterite. 

The procedures developed give reasonable results in terms of 

genera1 topography. There are differences, however, which are mainly 

due to the ca1cu1ated temperatures being higher than the experimenta1 ones. 

In the system Quartz-Fayalite-Leucite (diagram 7-1) the calculated immi-
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Low Temperature Immiscibility:welltht flactlOII 

Roedder (951) 

=:------l"-------l"-------l'-----lo'--_---'"~_~ __ ....lL __ ..jL __ JL _ ___J. Leuclt e 
1686 

F[f""~ 7-1 
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scibility fields are considerably larger than the experimentai ones. 

The minimum temperature of immiscibility is about 1090 + IODe in both 

cases. The calculated internaI immiscibility field completely cuts 

across the field of crystallization of fayalite and encroaches 250 D e 

into the field of Leucite. Actually,the line Orthoclase-Fayalite 

crosses the immiscibility field between 1290 and 1320 D C and is cut by 

the immiscibility tie-lines in this area. This means that a critically 

undersaturated liquid below the line Orthoclase-Fayalite could exsoive 

a liquid above the line which would eventually fractionate ta free quartz, 

orthoclase and fayalite. If a few more components were added it is 

entirelj possible that this trend of immiscibility could occur in systems 

close to natural rock systems. Philpotts (1970) has recentIy found field 

evidence that liquids of quartz syenite composition show immiscibility 

phenomena with liquids of a feidspathoidai basaIt composition in the 

Monteregian province of Quebec. 

The shape of the calculated immiscibility field is qui te irregular 

although smooth. Perhaps in an experimental system this couid be due 

to preferred structures in the Iiquid increasing the immiscibility gap 

as was suggested by Dr. Philpotts in a conversation. It is certainly 

reasonable that an immiscibility field shouid be elongated or stretched 

towards binary compositions that support the liquid structures causing 

immiscibility. If there are three such structures then an irregular 

immiscibility field wouid resuit with the additional possibility of a 

three liquid field occuring if the non-ideality is large enough. Dis

ordered forms of at least three solid silicate structures occur in 

liquid silicates: inosilicates (Philpotts, private communication), 

orthosilicate and tectosilicate. Significant differences are found in 

38. 
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viscosity, density and electrical conductivity between two liquid silicates 

with a different predominant structure. This means the liquid struc-

tures are fairly well-defined and hence irregularly shaped immiscibility 

fields should occur in ternary silicate liquids. Silicate immiscibility 

fields are inevitably shown with smooth regular isctherms and liquidus 

intersections but perhaps this is assumed rather than proven experiment

ally. McTaggart, in Levin et al. (1964) fig. 783, studied the system 

Ti02-Zr0
2
-Si0

2 
and mapped out an immiscibility field extending from the 

binary Ti0
2
-Si0

2 
at l765°C into the ternary to 40% Zr0

2 
at l680°C, with 

a sudden drop of 85° ta l680°C taking place at 4% zr0
2

. This is an immi

scibility field that suddenly rises just before it gets ta the binary, 

but still the liquidus intersection at the sudden rise is shown as a 

regular curve with no change in curvature. This is not likely to be the 

case. On the other hand Levin et al. (1964), fig. 559, extrapolated the 

line of maximum immiscibility temperatures in Si0
2

-B
2

0
3

-BaO through to 

BaO-Si0
2 

from 10% B
2

0
3

and got estimates of metastable immiscibility 

which were supported by electron microscope studies of glasses in Si0
2

-BaO. 

Evidently some silicate immiscibility fields have regular surfaces, but 

the regularity must be demonstrated both in temperature and compositions 

before it is taken to be the case. 

The calculated system Diopside-Albite-Anorthite (diagram 7-2) com

pares very weIl with Bowen's (1928) experimental results. In general the 

ternary liquidus calculated is high by 2-l5°C with an average of 8°C. 

Bowen's Tesults from the equilibrium crystallized liquids D and E permit 

the checking of temperatures and crystal compositions calculated from 

a similar path mapped out using figure 7-2 and the techniques developed 

in appendix D. Table 7-2 shows the correspondence, with data source 3 



resulting from carefully plotting Bowen's quoted compositions on his 

diagram. and interpolating temperatures using the isotherms. In four 

cases this changed temperatures by as much as 4-5°C. This is not a 

criticism of the quoted values since the isotherms have an error possibi-

lit y similar to individual readings. 

TABLE 7-2 

EQUILIBRIUH CRYSTALLIZATION IN DIOPSIDE-ALBITE-ANORTHITE 

source 
data 

1 
2 
3 

1 
2 
3 

liquid 

D 
D 
D 

E 
E 
E 

Hole percent variation in 

mole % 
Dio/Ab/An 

18 
41 
41 

13 
16 
71 

first crystal 
T 

D 1375 
D 1385 
D 1380 

E 1480 
E 1480 
E 1480 

X 

80 
80 
80 

95 
94 
95 

plagioclase 

first Diopside 

M 
M 

H 

N 
N 
N 

T 

1216 
1215 
1220 

1245 
1255 
1249 

X 

66 
62 
66 

85 
84 
85 

sources 1: Bowen (1928). 2: calculated. 3: Bowen (1928) 

last liquid 
T X 

H 1200 50 
H 1199 50 
H 1200 50 

o 1237 82 
o 1251 82 
o 1241 82 

The compositions of crystals at H and 0 are fixed by the bulk composition 

only sa here the temperatures are the things to compare. 

The exercise in working out a crystallizing path using the isocons of 

the coexisting plagioclase immediately indicatesthe usefulness of the 

isocons. Further details are provided in appendix D. but in general it 

can be stated that any type of crystallization pa th can be constructed 

easily and quickly using the isocons. Much important information can be 

obtained from these paths, but they can only be defined by extensive care-

fuI experimentation or by the simpler use of the isocons. Therefore a 

new term for this type of contour is proposed by the author. The con-

tours are lines on the liquidus of constant composition of the coexisting 

solid solution phase. The term suggested is ICOPHASE. l for equal compo-

41. 
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sition and COPHASE for the coexisting phase. In addition, where the 

coexisting phase is specifically to be understood, the new terms ICOCRYST 

(the coexisting phase is crystalline) and ICOLIQ (the coexisting phase 

is a liquid) are proposed. In this sense, the contours on figures 7-2, 3 

are ICOCRYSTS. Plotting of immiscibility relations using ICOLIQS will 

allow one extra degree of freedom in displaying results. To summarize, 

the definitions of the new terms are: 

ICOPHASE 

ICOCRYST 

ICOLIQ 

isocon of a component in a coexisting solution phase. 

isocon of a component in a coexisting solid solution phase. 

isocon of a component in a coexisting liquid phase. 

As a suggestion it would be worthwhile if simplified systems of geologic 

importance were redone experimentally with the purpose of obtaining ico-

crysts of the main mineraIs that are solid solutions. The solvus of 

feldspars in An-Or-Ab would re~uire two sets of icocrysts as the solid 

solution is ternary. Graphical construction of crystallization paths can 

be replaced by computer construction if the information contained in the 

icocrysts is fitted to a polynomial f1lnction of the liquid composition. 

The calculations done on the granite system (diagram 7-3) yield 

slightly higher temperatures than the experimental results. Table 7-3 

shows the results on the ternary minimum. 

TABLE 7-3 

TERNARY MINIMUM IN THE GRANITE SYST~I 

composition weight temperature 
Source quartz Ab Or cent. 

Calculated 29.5 34.0 36.5 988 

The ~uoted accuracy of the binary eutectic in Quartz-Orthoclase is 

990 + 20°C sa that the ternary minimum might only be depressed one or 
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two degrees below the eutectic in Quartz-Orthoclase. If the experimental 

ternary minimum is correct, the calculations would suggest that the eutec

tic in Quartz-Orthoclase is near ~oC. One important fact shown by the 

calculated results in diagram 7-3 is that the compositions of the alkali 

feldspars change qui te rapidly in the region of the minimum, especially 

on the cotectic line towards albite. A change along the cotectic of 

10% Ab in the liquid changes the composition of the coexisting alkali 

feldspar by as much as 25% Or. A strange thing also happens if liquids 

close to Ab-Or are fractionally crystallized, for it appears to be possible 

for the coexisting crystal to first get poorer in Or, but then as the li

quid swings and approaches the minimum from Ab, the crystal will then 

increase in Or. The same composition of alkali feldspar can crystallize 

at two different temperatures along the same crystallization path. It 

would be interesting to see if this could be demonstrated in the field. 

The n-component correction free energy model is introduced to the 

dissertation only for the purpose of clarifying and demonstrating how 

the time and expense of detailed experimentation can be reduced by 

correcting the calculated results to a few experimental points. A 

testing of the form of the model by application is beyond the scope of 

the dissertation and will be saved for further work in the future. 
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8. SUGGESTIONS FOR FURTHER WORK 

8.1 Ternary Solid Solution - Liquid Equilibria 

For the liquidus extension of a binary solid solution series into 

a ternary, the activities in the ternary liquid and binary fused crystal 

were matched only for the two components in the binary solid solution. 

For a ternary solid solution series, it is necessary to include the match-

ing of activities for all three components. Considering the feldspar 

system AD-Rn-Or, there is data for the crystalline and liquid states in AI..o..

(Thompbon and Waldbaum 1969b),~-Ab(Deer et al 1966), and by extrapolation 

and curve smoothing for the liquid in Or-4n (this research). The only 

thermodynamic data required is for the solid phases in ar-~. From chemi-

cal analyses of feldspars it is possible to obtain a minimum estimate 

of the mutual solid solubility limits of orthoclase and anorthite. Dy 

Deer et al (1966), this is about 4-5%, so using the regular solution 

model at the extI'Clpolated eutectic temperature, a Wo,.-A" for the crystal 

phase can be calculated by (3-11) as: 

r<, '-(~'p'3 

( . .,;) ,.,e1 "141,.3 e.... ~ 
( _.,S"l __ .,s~) 

= CJ400 oa1.s /moie. 

where T is the 

eutectic temperature~ 

11 is mole percent ~ 

A is alkali feld-

spar, P is plagioclase 

The liquidus surface wou Id be contoured with two sets of icocrysts, one 

for the mole percent of Or and the other for the mole percent An. Crystal-

lization paths could easily be deduced using the icocrysts as shawn 

in Appendix D. Next, by calcu1ating the shape of the ternary solvus a 

plot of some ratio CR) versus temperature would yield a geothermometer. 

For example R = normalized Ab in Alkali feldspar 
normalized Ab in Plagioclase 
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wou Id be an acceptable R. There is no unique curve for this such as 

the one used by Barth (1951) because the mutual solubility of alkali 

feldspar and Plagioclase is temperature-dependent, but a series of 

curves of R at constant A~ in Alkali feldspar would provide a unique 

solution for the temperature. 

8. II Pressure and Temperature Dependence 

It is evident from Lindsley's work published in the volume "Sympo-

sium on Anorthosites" (Isachsen, 1970) that the shifting of the Diopside-

Anorthite eutectic towards anorthite at higher pressures cannat be accounted 
x for simply on the basis of raised melting temperatures, plus the same tL 

curves. The eutectic is shifted so quickly that the non-ideal properties 

must be pressure dependent. That is ta say, the excess volume of mixing 

is not zero. Thompson (1969) calculated a moderate pressure dependence 

for his two non-ideality parameters in solid Albite-Orthoclase. In terms 

then of generality, aIl excess thermodynamic free energies are pressure 

dependent. Assuming the G is temperature independent, a phase diagram ~ 
,. (J G ,1(, x é Ge -61 .... ) done at two pressures will yield twc q curves and since - =v then v= , d P (P-I) 

figure 8-1. 

This calculated V can then be 

used ta get C for pressures between 

l-atm and P and for moderate extra-

polation to higher pressures as 

4=1 
w Figure 8-1 
G and ~ of Iwo Pressures 

Using Lindsley's data on Albite-Anorthite at successive pressures, 0-
liquid and V- solid can be obtained, and with similar data for Diopside-

Albite, Diopside-Anorthite, the pressure shifting of the Diopside-Plagioclase 

cotectic line could be calculated. 



~ 
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Thompson ana Waldbaum (1969b) calculated, from a miscibility gap 

assuming two parame ter G , the temperature dependence and value of G 
The process is not simple, and implicit in the pro cess is that at any 

1( 

G .. Xf.(z (X'.1 kJ'1l t-X.2. iJn.l one temperature G is described accurately by 

d~pendence of G 
,., .. r;J§=-~ The temperature is the excess entropy S as dT 

It appears to be impossible using phase diagrams to separate the effects 
" of a general G and a 

}I( 

general ~. However, when the liquidus from 

a binary is extended into a system, the n-component eutectic minimum 

ùses the ~ data from the lower temperature areas of the binaries: 

with reference to figure 8-2 the 
x a data for Ecornes from the intersec-

tion of the dotted lines ~ith the bina-

ries, generally cutting the binaries 

~ ____ ~~~ __ ~~----~3 near the binary eutectics i.e. the 
Figure 8-2 

Source ofAifor Ternary Eutectic lower temperatures in the binaries. 
Ir 

The process of calculating then corrects itself for S automatically to 

a first approximation. Thus phase diagrams done at two pressures should 

yield fairly accurate d~ta on 

8.111 Distribution and Fractioning of Minor and Trace Elements 

During Crystallization and in Solid State Equilibrium 

Assume or obtain equilibrium constants of partitioning of a minor 

element for every crystalline phase, &,k_lI+ ~ and an initial concentra-

tion for the min or element. Using the icocrysts of a calculated ternary 

(Diopside-Albite-Anorthite) map out a typical crystallization patb and 

with tbis path and the constants derive fractionation curves of the minor 

element under the following assumptions: 

41. 
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1) Crystallization path is controlled by degree of fractional 

crystallization. 

2) At any time, equilibrium is assumed between liquid and the 

crystal just crystallized. Regular zoning in crystals in 

major components can be modeled by fractional crystallization, 

but during crystallization of each zone the partitioning of 

the minor element is an equilibrium partitioning. 

3) If minor element concentration is small then ignore its acti-

vit y coefficient, but use activities for the major elements. 

4) If two components contain a major element that the minor 

element is substituting for, it is necessary to use a collected 

activity for the major element. For example in liquid .10 1111 ) .iDAb).20brÎ1F 

Digital data can be taken from the crystallization path mapped out, with 

temperature, composition of liquid and plagioclase, activities in liquid 

and crystals and relative mass of plagioclase that crystallized in the 

last increment. This could be the input data for a program, to be developed, 

which moves in small increments of crystallization down the curve cal cu-

lating partitioning of remaining minor element in the liquid with crystal. 

When diopside joins plagioclase we need a K-Diopside and the situation 

has to be solved so that both equilibria occur. When solidification is 

complete, we then need a K-Diopside-Anorthite that can be obtained from 

partitioning the binary Diopside-Anorthite: 



Q a Piaf 
D,tp = 1 but An is 

vCA'I!S71tL. 
dependent on T and "'~. 
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Previous work has been done in this line by Neumann (1954), Mueller (1964), 

Ryabchikov (1960), Shimazu (1967) and Gast (1968), using assumed distri-

bution coefficients that were temperature and composition independent. 

J(, 
With phase data at another pressure, the v 's can be calculated so that 

these element partitioning paths can be calculated at different pressures. 

8.IV Testing Field Lxamples of lmmiscibility 

)( 

Col1ect C data on major mineraI pairs so that an attempt in 5 - 6 

components can be made to check if activity matching does occur between 
f' 

two suspected immiscible liquids. This requires at least partial ~ in-

formation on at least 10 binaries C 5C~). Some experimental point in 

the system \'lOu1d be valuable to calculate G , the correction free energy. 

Then we pick a geologica11y reasonab1e temperature range and see if 

matching of activities can be demonstrated. Some of the 1iquids cannot 

be handled; for example, there is insufficient information on phyl10si1i-

cates, amphiboles and the effect uf water pressure on crystallization. 

However if it can be demonstrated that these phases crysta1lize with the 

same composition in BOTH LIQUIDS, this constitutes reasonable evidence 

that their activities were the same. However, the G for these mineraI 

components is still required for every binary affects tti whether it is 

a binary with i or not. Possibly though, a match of activities ignoring 

these phases would demonstrate immiscibility. 

8.V Apply Methods to Sulphide Systems, Holten Salt Systems, 

Hetamorphic Solid State Equilibria, and Slag Systems 
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APPENDIX A 
1( Je 

Methods for Deriving -Ii and , from a Simple Binary Eutectic 

System I-J with No Solid Solution 

Input data: weight percent and liquidus temperature data, in arder 

from eutectic out. 

J( 

Values of A), on l' s side of the eutectic are calculated using (3-2) 

,J 1 ::- ~fh ( T - Toi) .- RTe.".X'c 
Toi. and this yields an intermediate data 

set of the form: 

I 

Xi " G.i X;. 4· Ge,-1Ai 
~.t:l) 4;(j.) 

v 

~'W lj.tJJ " 

X ... (-î) ait.) ~'~2.) 4:l.J.l 
~. 

- Ewlctic: X.OLt) f .J5:W = 1. 

X o(n o} 
J :; ~o('J) 

: 

;(,(71i) lÂi/:1Ii) 
lIi, the number of liquidus points 

on l's side,need not equal ~ 

1) Iterative Graphical Construction of 

Program QCALN2 
:r J 

Figure A-1 
Geometrie Construction of 

57. 



~Hth reference ta figure A-l, since X. U.) 
J( 

is the eutectic, with ~ .. (t), 

!uUJ being the partial quantities of ~~.{1.) at x.dt) , then from the 

geometry 

= 
L GifU.) - ~~ (l)] 

" [x~·(1.) -1J 

and hence 
)(" - x J()-./1 (1) G ... ·(1) =! 1.-x'~c.j.)J[-OJ(1.)-lji(tJ t-ut" 

f -
~ 

Putting 

and solving the 

x 

sc G ~Z.) ";1 DB (2-) 
J 

Thus the general iterative formula is 

where 

This method requires a large number of data points (50-60) spread through

out the interval. An upper and a lower curve of Gy' (i.e. an estimate 

t of possible error in û due ta the nature of construction) can be cal cu-
J( 

lated by making a curve with .DB (:>7) = -ilc'C:"-l) 
~ 

and wi th DB{,,) :- -V. (?l) 

In general the difference in the curves was smaller than the accuracy of 
,(' 

plotting if more than fifty points were used. Data for~· on l' s side 

4ft =:~, f [t7/ - ~) 
J [,K-(' -1J 

of the eutectic is obtained from (A-l) as 

JI' )t' Jt' 

2) Solution of DifferentiaI Equation for Gti from 1I(,{J,' with Program 
J ) 0 

QCALN3 

)( 

Since {/ i. 
){ 

is a partial quantity of G~ then (2-1) holds, 

, and putting Y=.Xt · , dividing by {!-Xi" yields 
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~G 
CI-X) dx 

1-
t .::!-

C I-X 'f so that 

Integrating between X(~l :; X .. {1) 

x 
G C~) 

>< G (1.) 

(' -X(2)] o - xaV 

Hence A-5 

According to Darken (1953) the argument is integrable as ~'-7 i 

as a resul t of Raoul t' s Law in the neighbourhood of Y t ' = 1.. 

v. ] 
LJ ' 1,-)2. A 
-(.~ '-.\..: -)( ==. X.- 1 

That is: A5~- approaches zero as fast as r1(t-X)2 The integration 

is performed by fitting [ )( il / 1/(\:1 1 \ !/. ( ./ i - t:~, ~ 
R= '77, ~tJ ?7n. to a parabola and 

integrating between ,\.-t'C'A) 

The general form is 

A-6 

and (A-2) defines at 
- -..,{(~ )Xd~) Alternatelv ~.J'~ "/~I ~ 

( /- ;(,/(J)]l. -I=1T.) m-r~ 711). 

could be fitted to the parabola. This simplifies the integration formula 

but resu1ts from both methods were within .02 percent of each other. The 
X 

print out of QCALN3 uses the parab01ic fit to ~ .. ' . 

3) Modified Gibbs-Duhem Integration: Program DUHEM 

From Darken (1953), a typica1 Gibbs-Duhem integration takes the form 

becames infinite at 1-;;.:1. , the integration is difficult 

near so Darken introduces the transformation 

A-7 

A-8 
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~ 

Ey the regular solution model j;{; = RTfA,o, is temperature invariant so 

that will he used and both sides of (A-B,7) will he multi-

plied by RT. This yields ~.:- ~~VD.; and rearranging R.T~· =oy (1_)l=~·2«.;' A-9 

so that 01 (R.Tf.vJ~) ::- X/ofey f. .2XiCZ! dX, Suhstituting into (A-7) 

R,TfAtOt = -j!;~:;rX':d~'1"2~4Xf];: -2j;;dX< -;:;~~X;)'*';i 
;é, =1 

)(,'-:1 x-r=l 
Integrating the second integral hy parts yields 

j 
(i,.~t" K.:x; (4::)I"( /"",.,' =>',' 

. I;l'-~} de>[;' :: X .. ·~·~. - (o<;. c;lCY~-~) = ~- 5'~' l' jrJ y; cl/,' - .//.e></'~' dYt' 
Y, : ! i .. :':1. )/< =-:1. Y'. = 1 

sa 

and 

Since the input data goes from the eutectic out, the equation needs ta 

be modified. Where is to be determined on J's side of eutectic 

at 

and subtracting and rearranging for the general formula 

At the eutectic CXjL1) ~ defined by (A-9). 

values of l~ ~'across the interval. JUf, f 

This method yields, directly, 
,r 

The curve of Gj can he ohtained 

by use of (A-2). Suppose inside of >0InJ.(.::J· ~ 1 ,~i remains constant. 

A-IO 

A-Il 



~'. ,-:-' 

Then using (A-11) 
w ~ ] tL f..~. ~:/.) ~ -i{;(?1) -1- oy (??) ~b'l) C /-l) {?I)] f- rx:; [?t) LO - (}- k)'{71)J 

K 

=. Û .(?1) .. ")'(71) >J'{?1) fi -JY (71) ] J. CXj- (71) Ct - X/enJ] 
v 

so 

In general aIl three methods gave comparable curves for G~:/ 
within the plotting accuracy. One major difficulty was in recalculating 

accurate from segmented parabolic fitted curves of 

that the modified Gibbs-Duhem approach was the method used to generate 

" by direct calculation df../ ~. This problem of obtaining accurate AW~ 

from a segment fitted G':i curve was especially bad near segment borders. 

Here the slope was not exactly continuous to the next segment and hence 
)( 

two values of ~i at a border could be calculated depending on the direc~ 
v y 

But by fitting j;(~ 0 in parabolic segments, (A-2) tion of approach. 

and yielded the necessary data for the n-component activity 
v 

coefficient calculations, while slope discontinuities in Ut curves only 

appear as second derivative discontinuities 

chG..-r G -- ,(jx 1"" olt!··, If. Ijf. w 
1 -:-"'1 :: 7J': { -(J' and -i!:: d/1:i.' - P.:J!..t : Ut' is cJ.,_x( 1 J d.~ i d,r'. d;r'f.· 

This is 50 since 
~ 

dU; 
P.. continuous but is 

note An example of the problems encountered in using a segmented para
)( 

bolic fit to G is shown in Figure A-2. The segmented parabolic fit to 
>f 

f),' curves completely eliminated such difficulties and permitted calcula-

tions ta be extended to ternary systems. 
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APPENDIX B 
)( 

Methods for Generating 11; and bt, from Phase 
Q 

Diagrams Involving Two Coexisting Solution 

Phases A and B: Programs WLXLIQ, WWXLIQ, OLCAL 

... 
Programs ~nXLIQ: G~i = .t.:~" Wj" 

use data from the binary, (3-7,8), and calculate;no error, minimum and 

maximum values for /iiltb/ro, ~l.cvmt~ssuming reasonable errors in T- XLIi( - XœyS 

in taking points off the phase diagram. These limits are used in con

y 
junction with DUHEM (ITYPE =2) to see whether or not the 41," curves can 

be adjusted to be smooth and satisfy the Gibbs-Duhem relation. Pro gram 
Il JI ",8 

OLCAL calcula tes ~i from ~ for a binary wich coexisting solution phases 

A and B using (3-5) and the temperature and compositions: 

)fA )f: 6 (i'r" B) c:>f.I " 
B.,/I (7- To .. ) 

-1/ c" :: -tI t" (- R Tt"". ('of'" JI / f- I f 

7;~" 

"8 
The source of Ûi can be independent or derived from the phase diagram 

using programs WIKLIQ or WWXLIQ. l calculated from Nafziger's data 

(1968) '1 h' 1"1 <.ItYSTftL l / l "h h , us~ng a East square tee n~que, Wfi, -Frt = 1/l.bt/2J3 ca s mo e w~t t e 

same activity accuracy as for Nafziger's activity curves drawn to fit the 

data. The experiments were performed at 1100°C, 50 the use of OLCAL to 

generate 
AJ L,Qu,D .r L •• "Ul 

Cp ) 11 f:.t curves from the phase ~iagram would test the 

B-l 

assumption This was tried but the relation between ./J LJIj1IJ/O 
'Ft> 

and J1~tIoI~ did not satisfy tangency to the (;ÙIlclID curve. Apparently 1100°C 

is too different from liquidus temperatures (1205-1890°C) and the 

of the crystalline olivines is temperature dependent. It was found that 

AJ/"fltIlO is insensitive to jj./R'I'mf~ if the crystal is ~ 85% pure, thus 

I~ LIWW 
in sorne cases reliable curves for AAt" could be generated using WlXLIQ 

)1 

or WWXLIQ without being able to obtain suitable~i curves for the crystal. 

The curves can be generated using OLCAL. 



" b.: 

€\ 
U 

l 

Program QESTR estimates ~H, , the heat of fusion of l, from binary 

liquidus data assuming the particles of l in the melt have the same mole-

cular weight as the crystalline end member of 1. By (4-1) 

50 that no '(T) ~ T ..(hl Xc = L::>H of',:;:" - 1. 
't> • 

Thus a plot of Rre... X'f , versus has a slope of C>/I/ which should approach 

as Yc .... 1 gets very close to 1 ...L -1 , To~' -r is very subject 

ta errors causing large variations in C>I-If~. The plot of f(Th,)'; versus 

will overlie a grid of radiating lines of constant Ll/f(~ and a region 

for estimating DfI, can be outlined between [!'-t' ~ 11 
subject to errorsJ. 

If 

and not 

Program TMQ uses selected data from the~. curves generated by DUHEM, 

64. 

B-2 

WlXLIQ, \~LIQ, and OLCAL, and fits it in segments to parabolas and punches 

out on cards the resulting data in a suitable form for use with program 

GAPHIS. 
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APPENDIX C 

Phase Equilibria Calculations 

Program Gapmis 

Input data: 1) end member reactiùn heats and temperatures for aIl com-

ponents in n-component system 

"l/l 
2) L2 binary data for excess chemical potentials: 

boundaries of intervals and parabolic fit coefficients to ~.)~ 

in the intervals, 

3) specified temperature T and its range for computations. 

4) bounding mole fractions for area (s) for computations 

and composition increments for calculations. 

5) parameter ITYPE which defines the type of phase calcu-

lation to be performed (Table C-I). 

TABLE C-I 

ITYPE Operation in area of interest at temperature T 

a 

l 

2 

3 

4 

5 

6 

7 

8 

9 

immiscibility tie lines in liquid 

immiscibility tie lines in liquid then read new T 

~, in solid solution crystal, then read new T 

activities in liquid, then read new T 

activities in solid solution crystal, then read new T 

activities in fused solid solution crystal, then read new T 

liquidus, no solid solution, away from each component 

liquidus, then read new T 

solid solution-liquid tie lines 

solid solution - liquid tie lines then read new T 
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f- ei.; with '-.7f~. and being obtained from binary -<j 
v 

Then Q(. = X-<. 
!Ali) 

ExP_ R T 

r::, Cj 
-r 

We enter the binary d at as opposed ta since the binary M11 
v 

~ 

{Jo;. data is arbitrarily fitted in segmented parabolas ta Xz.. Activi-

ties in the crystal can be referred ta a fused state for option 5 by use 

of (3-5): 
A M ~ - 11/1 = R T.tv,. (/.i
s 

1 1- .D1-li.B~A (! - !) 
t ..t', / 1 •• 

Putting X/= .(1.
8 

for fused crystal A of same composition as crystal B 

then 
= 4 B _ à.1I.; 8"'''1 (Toi - T) ~ 4 8 + ~tI!7/1 (T - 7;.) 

7;.. -;?;~. 

)(8 
Since A), is known from the input data, then (C-l) gives the activities 

1(8 
in the fused state from .u i. • 

Options 6,7: liquidus temperatures away from l at (X1. )Xz ) .... ~~) 

known then by (3-3) 

( -cir" + ~Hi) 
é R. ~ .. -l..,,yc· -Clllf ") 

Options 0,1: Immiscibility tie lines in three component system 

In search areas A, B (figure C-l), activities ai ,b" are calculated on 

the four corners of a parallelogram defined by 

1 
A 

a: Y./(~~ 
J(,12J1! J ... ) XJ -~11 

Y, r i!.ot 1 X'~i~A ,X3- 2l.., 

X'1. I)(~ t ~.<I,Y3- i!..q 

8 
b: Y, 1 Y1) Yj 

y, +'ifs 1 Y2 J Y3 " èl! 

Y, tèa 1 ~"êB, >!-2.ï!:a 
Yi, y~+ ès,Ys -2:s 

where Za is the search increment in area A 

Figure C-l 
The Search Parallelograms a. and b 

in Search Areas A and B 

C-l 

C-2 



'~ 

Then â .. = ["",idtt.) ~1t'tU(o')]/2. with ai being determined on each corner of 

and the range of ~ from (14' is R.J~ i = C ~ (et i) - ml'?,J:.1 /j;'z , 

Similarily for b: 

b,,' = r ~ui {bc) r?WlxCb4)] /2 

Rb,,' = C ?J1qx ( h .. ') - -?yJt;' (bol") ] /2 

Putting 
-

if 118 .. "'7 0, then the separation between ti,' and b~ exceeds the sum of 

their ranges so there can be no solution tie line joining points within 

areas (). and h. However, if RB4~ 0 then the limits of a( overlap he' , 

so there is two points, one in a and one in f, so that Qc= b, (activities). 

If it holds for aIl components i.e. 

then there is a solution in Q. and b such that 

67. 

C-3 

C-4 

C-5 

{ ~: : 
Ch :' 

so that the acti
vities are matched 
for components l, 
2,3. 

The two parallelograms can be further subdivided to refine the solution. 

Options 8,9: Binary Solid Sol~il Liquidus into System 

Since components outside the binary solid solution do not dissolve 

appreciably in the solution crystal, the activity matching (C-3,4,5) 

between the three component liquid and the fused crystal, is done only 

for the two components in the solid solution binary using (C-2,l) Le. 

~B<'~ô for i=2,3. The process and program is easily altered to handle 

ternary liquid solution - ternary solid solution by doing a search for 

A B~ ~ 0 ) i= 1,2,3. 



APPENDIX D 

Stepwise Construction of Crystal Fractionation Paths 

A hundred percent fractionation path (F=lOO) is defined by 

constant removal of aIl the crystals formed in the last instant so that 

the bulk composition of the system is that of the liquid. As a result 

the liquid moves directly away from the composition of the crystalliz-

ing phase, plagioclase. This path may be constructed in incremental steps 

oi 2.5% An in the plagioclase and icocrysts (figure D-3). For a con-

stant bulk composition and equilibrium path (F=O), the crystal, bulk, 

and liquid compositions must lie on a straight line. If the crystal 

composition is specified as X , then the liquid composition is found 
c 

where the line joining X and the bulk composition cuts the X icocryst. 
c c 

The final crystal, composition XCI' is given by the bulk composition: 

there will only be two phases, diopside and a homogeneous plagioclase, 

so the plagioclase composition is given by the line Diopside-bulk com-

position. Thus the position of the last liquid on the cotectic is at 

the XcI icocryst. The two paths F=O and F=lOO form the constraining 

boundaries for aIl possible types of crystallization paths excluding 

contamination. 

Intermediate paths for 0 < F < 100 may be modeled by removing a 

certain constant percentage (F) of the crystals formed in each incre-

ment of crystallization. Considering figure D-l; in arder ta remove F 

percent of the crystals, the bulk composition must , 
'le. 

the liquid, sa that k new amount of crystals. 

that Ye' = Yc. [J-F) since k remains constant. Yl! 
percent ta remove F percent of the crystals. 

be moved d'(. towards 

Thus '1=' :: (t-F)}'! sa 
lt. I-c 

is shortened by F 
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Figure D-I 

Two "Component" Lever Rule for Fractionation 

The bulk composition moves directly towards the liquid composition, 

1 

but lags behind by Ye The situation becomes more difficult wh en the 

third phase, Diopside, appears. If we assume that both Diopside and 

plagioclase are removed in the same proportion, then figure D-2 applies. 

Figure D-2 

Three "Component" Lever Rule for Fractionation 

It is necessary to remove dYp of P, so that the new amount of P (Y~ ) 

1II>l 
is reduced by F= ~ from the old amount (~p ). Aline parallel to 

1 y" D-LIQ through the end of ~ will maintain constant, and the new posi-
'-f> 

tion of the bulk compositiùn is at B'. B moves directly towards the li-

quid but lags behind by LL/il - t,,' If D and Pare to be removed in 

different proportions then the construction is repeated for the line 
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D-B and the new bulk composition occurs where the two lines of constant 

'ft and 
y~ 

Lp LI> 
intersect. In these circumstances B will not move towards 

the liquid. 

For general crystallization, 0 <. F < 100, the path followed by the 

bulk composition deviates from the pa th followed by the liquid. As 

F-O the deviation increases, until at F=O the bulk composition does 

not move at aIl. Paths of F ~15 cover one half of the crystallization 

field and strongly control the composition of the coexisting plagioclase. 

Figure D-3 shows how small local differences in the degree of fractiona-

tion (F=lO + 5) may, at the same temperature, cause two quite different 

compositions (An ± 8%) of plagioclase to crystallize. Perhaps this pro-

vides a clue to zoning of plagioclases in igenous bodies, where compu-

tations by Jeffries (1959) indicate vertical thermal gradients as low as 

.3°/km for cooling with convection. Geologically reasonable values for 

Fare probably near F=lO for magmas crystallizing to homogeneous gabbros 

on the macroscopic scale. On the other hand, for magmas separating high 

density mineraIs resulting in very sharply defined gravit y stratification, 

the value is probably 50 <, F < 100. Furthermore, in large igneous bodies, 

time is approximately linearly related to temperature so that a plot of 

An in plagioclase versus temperature may be used with a general time 

sense. 

If the uulk composition of B is su ch that the F=O path does not reach 

the binary eutectic Diopside - Albite before complete solidification (B 

in figure D-3 only moves 2% Albite down the cotee tic on F=O), then some 

of the lower F paths will also not reach the binary eutectic. These 

paths may be correctly terminated by examining to see if the moving bulk 

composition lies in the triangle X L'Il - An 9l. - An ICOCItVST ot ~..,~ This 

is the constraint since the "magma" is a linear combination of these 

three "components". 



APPENDIX E 

Thermodynamic Data for Data Sources 

Phase diagrams and the resulting A1 curves, for liquid phases and 

solid phases where applicable, are shown in figures E-I to E-5. Phase 

diagrams which are in weight fraction are indicated with a "Wt %". AlI 

~ values are in calories per mole and the composition axis for the ~ 

curves is in molefraction in every case. The thermodynamic data used 

by GAPMIS for the systems Quartz - Fayalite - Leucite and Quartz -

Albite - Orthoclase is listed after figure E-5. Thermodynamic data for 

the system Diopside Albite - Anorthite is listed with the program 

GAPMIS in Appendix F. 
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Figure E - 2 

III 

-

'~_l 
1 

0 .... 

data from Ü-x for TMQ prggram 

ANOR DAN JY670 
0~00060022000~000 30 250 
220040005ROlCi'l 250' 5LiCi'l 860 
580062008000 860' 9~0 1680 
800083009450 1680 182C1} 258Ci'l 
945096001.00 2580 2674 3547 

ANOR DOR JY 670 
00V'iCi'l10~Ci'l11Ci'lCi'l 41 14 2450 2300 
11002LiCl}0280Ci'l 23001 13701 1200 
280050006400 12Ci'l0 . 640 380 
640083001.00 380 120 

output from TMQ ready for program GAPMIS 

51 ANOR DAN JY 670 

• 0 .220Ci'l-0.261~73E-03 0.261369E 03 0.397725E Ci'l4 ' 0. 30 • 250. 
• 2200.580Ci'l-Ci'l.637035E 02 0. 1 324Ci'l7E 04 Ci'l.Li62962E 03 250. 540.. Réel. 
• 5R 00. 80vH~ 0.572916E 03-0. 184R45E Ci'l4-0.40Li038E 04 860. 980. 1680. 
.8000.9450 0.683992E 04-0.171647E 05 0.133934E 05 1680. 1820 • 256Vi. 
• 94501.CilCi'lCil Ci'l.?5~272E 06-0.532589E Ci'l,6 0.282864E 06 2580. 2674. 3547. 
41 ANOR DOR JY670 
.0 • 1100 0.411402E 04-0.1813I'3E' 05 0.149107E 05 4114. 2Li50. 2300 • 
• 1 100.2800 0.353787E 04-0.131324E 05 0.170815E 05 2300. 137Ci'l. 1200. 
• 28Ci'l0 .6400 0.218040E 04-0.1I03660E 04 0.191198E 04 1200. 640. 380. 
.64001 .000 0.223340E 04-fi).40737BE 04 0.1B.4038E 04 .380. J20. 0. 
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'bO.Oq 2030.17-13.203.1 QI4260.1205.218.26 
OUARTZ.FAVALITE LEUCITE 

6110.1686.140.1015350.1890. 

SFG PARA FIT rn n nEC 12.69 
67 LESI OEC 19 ~LE 
.A22Z.9015-0.JA3621E 05 0.101144E 
.OOOO.S~~4-0.42~12nF.-02 O.402841E 
.SS94.6BH2-0.483111F 04 0.231659E 
.688Z.1941-0. Q 09921E 04 O.311701E 
.1941.8222 0.134969E 04 0.67A04SE 
.90151.000 O.~99312E OS-O.IB0042E 

04- 0 • 4 726 Q 1 E 
C 4- 0 • 1 7 B 2 73E 
f'4-0.10S'i05E 
040.1:JIR44E 

06-0.6484S8E 05 
04-0.43296SE 03 
05-0.1<J1183F 05 
OS-").30504SE 05 
04-0.881802 E 04 
06 0.892061E OS 

05 O.109764E 05 
05 0.145142E 05 
05 :).89'Jl~6f 04 
05-0.496705E ()4 

4LESt DEC 19 DST 
.OOon.3206 O.84R224E 
• 3 2 Oh • 5914 O. 483 q H'H: 
.S974.1145 0.2Sf666E 
.17451.000-0.57.1142E 
6lStFA OEC 12 OSl 
.OOOQ.3061-0.1~31r5F.-02 ù.3~494~E 04 O.334231[ 04 
.30,,>1.4940-0~j 10511E C~ 0.?~?249E 04-8.284q24E 03 
.4940.6311-0.403343F 04 0.IQ7541E n5-0.140218E 05 
.6311.6191-C.1261361= 86 O.3,)659~E f)6-0.304~40E 06 
.6191.8118 r.936105E 04-0.237612E os 0.2060?6E OS 
.Al1~1.OOO 0.S26580F. 05-0.13160SE 06 0.817593E OS 
ôSTFA OEC lZ OFA 
.orOG.1370 O.114463E 
.1370.4414 O.971254F 
.4474.6311 0.715240E 
.6311.6711 0.81318~E 
.6191.7942 n.43904'iE 
~1q471.000 0.2623~5E 
61 LEF 0 DEC 12 DF) 

05-0.1gS105F 06 o.Ro~r11E 06 
04-0.333153E 05 0.33330SE f)? 
C4-0.19C46CE 05 O.142242E OS 
04-0.235221E 05 0.188424E OS 
03 O.305333F 04-0,359S21E 04 
04-0.728051F 04-0.34309SE 03 

.OCCO.0992 O.154495E-03-0.105~76F 

.OQ92.3651-C.22101CE CZ-O.316588E 

.3651.1101 O.991103E 03-0.50921R~ 

.7101.9138 0.9710COE 03-0.8081R2E 

.9138.Q701-0.104252E OS O.2g6333E 

.91011.COO 0.246228E 06-0.40S612E 
6LEFO DEC 12 OLF 
.DOOO.I000 0.20C226F 
.10OC'.36510.2516H8E 
.3651.5976 O.23~244E 
.5916.1101 0.~53026f 
.1107.93630.615413E 
.93631.COO 0.24Z066E 

04 O.743139E 
04-0. ~05461E 
04-0. 194 700E 
03 O.3114~7E 
04-0.l34335E 
04- O. S q 1 30 1 E 

51FOSI OEC 12 OSI 
.000C.2691-0.318909F-020.367494E 
.7691.4214-0.23f340E 04 ().194491E 
.42P4.5372 O.85S940r: 04-0.2538S1E 
.5371.7425 0.614997E C4-0.166216E 
.14251.000 0.5~4009E 05-0.138q3~E 
6FCSI nEC 12 DFU 
.000r.1541 0.·lo~q20E C5-0.??7~~8F 
.1547.3667 C.1RQ,.,Q5f 
.• 3662.4284 O. 738777E 
.4284.5b4)-O.105433E 
• 5 643 • 7 0 1 1 - 0 • 2 121 't 8 E 
.10111.000 0~398344E 

04- o. Vi 413 "l[ 
04-0.36l219E 
OC; O.39662ZE 
04 O.A62063E 
030.l10433E 

03-0.915528E O~ 
03 J.719561E 04 
04 O.82Z812E 04 
04 O.IZ4924E OS 
05-f).139985E OS 
06 O.161035E 06 

04-0.395405E 05 
04-0.21421SE 04 
04-û .9R2608E 03 
04-!).5l5643E 04 
05 O.658404E 04 
04 O.348903E 04 

04 ).309431E 04 
05-0.Z311R2E C5 
C5 O.21'5305E OS 
05 O.137C44E 05 
06 Q.8R972AE 05 

n6 J. R6260lE 06 
05 ,!.45~Q62f C5 
05 0.435148E 05 
05-0."3S6565E 05 
() 4-0. 10Q645E 04 
04-Q.l'S0269E 04 
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h n.~q 20l0. 1713.21".3214102.1200.262.2213·560.1 t 18. 
OU6RTl-OR-6A.JAT 
SEG PARA FIT TO n H1270 
52ARS( DAR MI0rO 
.0 .1539-0.20~104E-07 0.206304E 04 ~.436983E 04 
.1539.4150 O.8R~l60F. 02 0.174595E·04 0.270050F 04 
• 4150.8l67-0.2Q564bE 03 0.353675f 04 0.6t48bRE 03 
.Rlh7.Q6~7 O.25Rhl~E 05-0.5Q454hE 05 O.385366E 05 
• Q6971.00P 0.758AltF 07-g.156109E 08 0.803311E 01 
31AASI O~I MI07~ 

.0 .IR68 0.R7r505E 

.JR6A.~~13 O.57QQJRE 

.66331.000 n.7.047JO~ 
h20RS( OOR ~101n 

04-0.4Q013lE 05 0.104963E 06 
04-0.1761~7E 05 O.802573E 04 
04-0.323534E 04 O.l18803F 04 

.0 .75~5-0.273bh5F-07 0.273665E 
• 7~R5.45nO-O.131480E 01 O.~47267E 
.450C.h300-0.314S02E 04 0.1~3112E 
• 6300.A000-0.391551F 04 0.201R54E 
• RCOr.npoo 0.244399E 05-0.S06491E 
.9nOOl.OOO O.500998E 04-0.19999RE 
510HSI nSI M107~ 
.0 .25850.748404E 
• 2585.4)00 0.~47240E 
.4lr0.h400 0.506495E 
.6400.7700 0.B50704E 
• 71·r-r 1 .000-0. 286545E 
210RAR DOR MI070 lJ~ 

04-0.355617E 
o 4-O. t 8 q 5 66 E 
1)4-0. t601'+8E 
03-0.498073E 
04 0.605040E 

(,40.156503E 
04 0.h85325E 
05-0.101400E 
05-0. 174JJ88f: 
05 0.274998E 
04·0.39Q999E 

04 
03 
05 
05 
05 
04 

05 0.5062 18E 05 
05 0.16489hE 05 
05 0.118518E 05 
04 0.474356E 04 
04-0.3t84C)5E 04 

O. 
421. 

1278. 
3094. 
4445. 

8705. 
3212. 

424 •. 

o • 
812. 

1570. 
2238. 
1520. 
1130. 

7484. 
1674 • 
310. 

-330. 

250. 
597 • 

2070. 
3434 • 
5054. 

3648. 
808. 
172. 

106. 
972. 

2175. 
2160. 
1220. 
1100. 

2005. 
&50. 

-20:> • 
-290. 

o. 

421 
1278 
1094 
4445 

10901 

3212. 
424. 

O. 

812. 
157(1 
2238 • 
15l0 • 
1130. 
1090. 

1614. 
310. 

-330. 
-95. 

O. 

.0 .4000 O.12P001E-03-0.120001E 03-0.227500E 04. O. 
• 40001.000 O.2R5333E 03-0.156200E 04-0.453334E 03 -412. 

-115. -412 • 
-609. -1730. 

410RAR DA8 MI07n LIQ 
.0 .1000-0.7.41301E 04 
.10nO.~6nO-Q.241633f 04 
• 3600.6200-0.2l3~60E 04 
.62001.flOt)-O.170h37F 04 
570RAB OOR MI070 Xl 

0.618014E 
0.6029~6E 

0.512938E 
0.351&32E 

04-0.600075E 04 
04-0.416082E 04 
04-0.302448E 04 
04-0.180994E 04 

.0 .1600 0.116698E-04-0.716681E 02-0.15Rl33f 04 
• 1600.7800 0.5600nZE 02-0.87~002E 03 ~.125001E 04 
• 2800.6000 O.306030E 03-0.249S30E 04 0.384765E 04 
• 60t"fl.ROOO t).291j32FJE 04-0.109916E ·05 0.1-0h54RE 05 
• 8CO~1.000 0.885101E 04-0.242400E 05 O.lROOOOE 05 
410RAB nl8 MI070 Xl 
.0 .3000-0. 140006E 
• 3000.5800 0.544687E 
.5~OO.8000 0.141606E 
.8000_1._00_0 0.434640E 

03 O.63556?E 
03 0.149464E 
04-0. 156t175E 
04-0.881066E 

04-0.112964E 
01t-O.2700eQE 
04-0.946768E 
040 •. 446426E. 

05 
04 
01 
~-

-2413. -1951. -1855. 
-1855. -913. -785~ 
-185. ~282. -222 • 
-222. -40. 

O • 
-52. 

-140. 
750 • 
503. 

'·155. 

-10. 
-82. 
-47. 
340. 

1615. 

63ft. 
696. 
250. 

ct •. 

-57. 
-91 • 
194 • 
919 • 

2611. 

750. 
503. 
155. 

o. 
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APPENDIX F 

Listing and Rationale of Programs 

Iterative geometric construction for G from ~ 

First order differential equation solved for ~ from ~ 
/. f~ ,. 

Gibbs-Duhem integration of~· for ~ 

One parameter ~ calculated from solid solution binary 

~ 

Two parameter G calculation from solid solution binary 
)( 

Segmented parabolas fitted to selected ~ data 

Heat of fusion estimated from liquidus data 

Calculation of phase equilibria. and data for Diopside -

Albite - Anorthite. 
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C PROGPAM PCAL~2 
C GF.O~FTRIC CONSTRUCTION OF G-EXCESS 
OI~ENSION X(Z"XXCZ,100J,W(ZI,Q(Z"TO(ZI,T(ZJ,O(Z,100', lEI(Z,100J,N(Z"E(Z,100"S(15"TP(Z,100J.OPOI2,lOOJ.OEIIZ,100'. 100( Z, 100), oPEI C Z, 100 ), A( 100'. B (100. ,C 1 100' 

I,R(10,10',RTII0J,RA(10J,RPII0J,NQI4J 
1,KA(ZJ,KV(ZJ 
CAll SIGNON 

5 RE AD' 5, 1 ~, P A IR, , WC l' ,Q ( 1 ), TO ( 1 ,. Ne 1) ,1 =1 ,Z, 
10 FOR~AT(A4,Z(F6.Z,F7.1,F6.1,IZJ' 

REAO'5.1'ITVPE.(KAlIJ.[21.Z,,(KVII',la l • ZJ 
1 FORMAT( 5 1 U 

J=O 
TO(1,=TO(I'+Z73.15 
TO(Z,=TO(Z'+273.15 

15 REAO'5,ZOHT( I),X( 1),12 1.2. 
ZO FORMAT(Z(F4.0,F3.0J' 

DO 2i 1= 1, 2 
T(I'=T(I)+273.15 

Zl X(I'=X(IJ/I000. 
IF(X(lJ+X(ZJ'61.61,Z5 

Z5 J=J+l 
XX(l,J,=X(IJ*W(ZJ/(W(l'+X(I'*(W(Z'-W(l')) 
XX,Z,JJ=X(Z'*W(IJ/(W(Z'+X(ZJ*(W(lJ-WIZ") 
00 33 1= l, 2 
TP(I,J'=T(I' 
D(I,J,=Q(I'*(TP(I,J'-TO(IJJ/TO(I'-1.987*TPCI.J.* 

lAlOG(XX(I,J'+.OOOOl. 
33 CONT INUE 

GO TO 15 
61 CONTINUE 

WRITE(6,130,PAIR 
130 FORMATCIH ,A4) 

DO 104 1=1, Z 
EICI,lJ=o(Z,IJ-(O(Z,lJ-oll,I,'*XX(l,l' 
Nl=N( 1 J 
DO 104 J=I,Nl 
OB=(O( I,JJ+OU,J+lJJ/Z. 
EI(I,J+IJ=EIII,J'+(EI(I,J'-08' 

1*(XX(I,JJ-XX(I,J+l'J/(l.-XX(I,~)J 
104 CONT INUE 

00 17 1= l, Z 
NZ=Nf 1 , 
DO 1 7 J= l , N Z, 8 
Jl=J+7 
J1=AMI NOC J 1, NZ) 
WRITE(6,18,(XX(I,tJ"IJ=J,Jl) 

18 FORMAT'lH ,8F8.4' 
WR 1 TE' 6, 19 , ( E J( l, 1 J , , 1 J2 J , J U 

19 FORMAT(lH ,8F8.Z' 
Il CONTINUE 

CAlL SINOFF 
GO TC 5 
END 



r. 
r. 

PRO GRAM {~r.ALN3 
SOLVF-5 FIRST OROER DIFFFRFNTIAL EQUATION ANALYTICALLY 

83. 

::> 1 ~·1E ~ SION XC 2' , ;()I. ( 2, J.:l n) , ... ( 2. l ,IJ ( 2' , TG C 2 ) , T ( 2) ,fi (2,1 .. 1 J , , 1 E 1 C 2, 1 :) '} l , ~; ( 2 ) , E C ;. , :. ((J) , S ( l 5 l , T P ( 2 , l ù 0 l ,D P J C 2 , l :1 C) ,DE l ( 2 , 1') J , , l D Cl ( 2, l ;1') , , D PEI ( 2, ~ :).') ) ,A ( l f) 0 l ,b ( 110 l ,C ct J r. , 
R~AL)C5,lC)PI\IK~Cff(I) ,Î./CI),TO(I),NCII,I=1,2) 
FORMAT(A4,2CFoo2,F7.1,F6.1,I2) 

5 
10 

J =') 

TJ(1)=TOC1)+2730J5 
T.)( 2'=TJC 2 )+273 0 15 

15 ~ëAJC5,2C)(T{II.XCr).I=1,2) 
2C FJRMATC2CF5 0 0,F4 0?*' 

T(1,=TCl)+273ol5 
TC~)=TC2)+273.15 
IF ( 1.. ( l' +X C 2 1) 01 ,t:l ,25 

25 J=J+1 
X X ( 1, J ) =X C , ) >;< W'I C ~) / ( fi ( 1 ) + XC l ) >:r ( Vi C 2 ) -1"/ ( l ) ) ) 
X l( C 2 , J ) = X ( 2 , * ..; ( t ) / ( w C 2 1 + X C·2 , '" ( f'i C ! ) - vol C 2) ) ) 
DJ 33 1=1,2 
TP(I,J,=T(l) 
o CI, J 1 =.J ( 1 ) * ( T P , l , J , - T U ( 1 , ) 1 Ta ( 1 , -1 .9 a 7 '" TP CI, J , * AL:::JG ( x A. ( l , J , , 
EC I,J I=DC I,J) 

33 C:J,\lT l \lU~ 
GJ TQ 15 

61 CùNT 1 ~JU= 
~RITE(c,13ClPAl~ 

13~ F~RMAT(~h ,A4' 
DJ 104 1=1,2 
EIC 1,1 )=L,(2,1)-(D(?,~ )-0(1,1 ))*X)«(J.,l) 
T~P=fI(I,l)/Cl.-XX(I,l) ) 
~j ~ = ~ Je 1 ) -1 
00 104 J=1,'J2 
IF=(J-' .. 2)?C,3J ,31 

3r CJi'fTINûE 

31 

140 
lC4 

126 

IDATA 

A Z 1 = ( x x ( 1 , J + 2 ) - X X ( 1 , J + J. , ) * , = ( l , J + 1 1 -E ( r • J) : 
A Z ~ = C xx ( l , J + l 1 -)( Â CI, J ) ) * C E ( l , J + 2 ) -E ( l ,J ;..1 ) ) 
Al=XXCI,J+l',2.+(XXCI,J+2,*All- XX(1,J'*Al2)/CAZl-AZ2' 

1/2. 
BZ=(c( I,J+1)-EC I,J) )/(XXCI,J+ll+xXCI,J)-2.*AZ) 

l/(xXC I,J+J.J-xxc I,J)' 
Cl =E ( l ,J ) - ( x xCI, J , - Al' * *:: * al 
CJNTINUE 
DEICI,ll=O. 
DEI ( 1 , J + l ) =0 ë 1 ( i , J 1 + bZ '" ( x x ( l ,J + l , - X)( ( l , J, ) - 8l * ( t. Z -10 , >;<2. * t.L:JG ( ( 1. -lXX(l,J+J.' '/(l.-XX( l ,J») )+Col*(4l-1ol**,?+CZ'*(1.IC1...-XXCI,J+ll )-1 0 1 l ( 1. -x x ( l , J , ) , 
EI(I,J+l)=(lo-XX(I,J+l)'*(T~P+DEI(l,J+~) 
;)PLi( l, J+l )=EI (1 ,J+Il/XX (l, J+l) 1 C 1.-l()«( l ,J+l' ) 
CTH 1 NUE 
IN=N(2) 
~ RIT ~ ( ô, 126 l CCx x ( l , J) ,D ( l ,J l ,DE r CI, JI, ë 1 ( 1 , J' ,[.. PD ( l , J ) 

1,1=1, '21,J=l,Il\I) 
FORMATCIH ,2(F5 0 4,F5.C,F7 o J,F6.0,F7.01) 
N2=NCl)+1 
'~RITE(6"'261 (XXC1,J) ,:l(l,J) ,DEI (l,J) ,El n,JI ,DPD(1.,JJ, l x x ( l , J + l ) ,D ( l, J ... l ) , DEI Cl, J + l ) , E 1 (1 , J +!) ,D PO ( l , J + l ) , 

lJ=IN,N2,Z) 
GO TD 5 
END 

_0'_ .(~.:n).tlj~· .51 ...... ( .. &.;; .. _""-.... :.:r. •. ~ ",' ff;::-':'~" 
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0 
c:: 
:I: 
m 
3:: 
1 

5 
Il 

99 

81 
82 

98 

15 
28 

21 
83 

15 

92 

89 

91 

33 

61 

lai 

DIMENSION X(2),XX(2,100P,W(2),Q(2),TO(2',TC2),PC2,IIA', ~ 
IEI(2,10A),N(2)~EC2,IA0),S(IS),TPC2,101).OPOCe.III).DE'ca.~ 

100(2, HH'),DPEI C2, IAAI,A( IAR),R( IAR),CC 100) 
I,R~10,IRc,RT%IIc,RAI19c,RPI19c,NQI~c 
I,KA(2),I<V(2) 

CALL SIGNON 
REA OC 5, 10) PAl R', C WCI ) , Q CI) • TO CI) ,N CI) .. , -1 , a) " TYPE 
rORMATCA~.2Cr6.e.r6.I.r6.1.,e)., 1) 
RXX-I 
JuA 
GO TO (98.99),ITYPE 
NI-Nil) 
N(2)·NI 
READC5,R2)X(I),S(I),Sta) 
;ORMAT(r3.3,2'~.I) , 
X(2) -XII) 
GO TO R3 
CONTINUE 
TO ( 1 ) - TO ( 1 ) + 2 73'. 1 5 
TO(2)aTOC2)+273.15 
REAO(5,20)(T(II,X(I),I-l,à) 
rORMATC2('4.9,'3.3» 
DO 2 1 1 al, 2 
TCI)·TCI)+273.15 
XCI ).XCI )~RXX 
CONTINUE, 
IF(X(I)+XC2»61,61,25 
JaJ+1 
XXC 1 ,J) aXC 1 ,.WC 2)"( W( \)+)(C J).C W(2) -WC 1)') 1 
XXC2,J)aX(2).WCI)"CWel!)+xel!).CWCI)-WCa») 
DO 33 1-1,2 
TPC'I ,J) -rc 1) 
GO TO 'C89,92),ITYPE 
OC 1 ,J) -SC\) 
'Dce,J)·suU 
GO TO 90 
CONTINUE 
0<1, J) "GCI,. cTPC I,J)-TOn) II'TOU) ~ 1 ..,87.rp, h ... ). 

IALOG(XXCI .... )+.IIISI) 
CONTINIJE 
E:U,Jc,DII,Jc 

'''(I.-XX(I .... » •• 2 
CONTINUE 
GO ~O (15,81),ITYPE 
CON~INUE " 
WRITECcS,139)PAIR 
rORMATe IH ,A~) , 
CALL TESSERe ê:,'XX,Ni TP) 
CALL SINO" 
GO TO 1 
END 

~ ~ ~~,~.:- ~ 
Vlf)) 

l'Ht)(;HA~1 111111E~1 

~t" 1 N 
X:lIl1llllrm,d Jo!"',1 ..... l'I~I,ht '/ ,XX:m,dt· 1 r.1l t It l 1\.q:lH'at (II fll!'iiou, 

\~:ll1ldt' ""'t·lght ,l'O:tl·mIH·r.llllft· ni ttl~d{lI1II:llquldIlH tl·rnpl·r.ltllrl!:", 
J)~I : (Ï. ,Ct'f 1111 l' .. -;Idl' tif ,'ul('( t II" ,rp:T ln dl'Rrt·l'~; ,lh!->tdtllt' , 

S:!llll11ll1'" III ~;I·t~; nt d.lt.1. 

Ht',ld~; [Iolmi' Id blnary, mnlt· ",'('I~ht 1 lu'at 0' fwilnll, ll'mpt'ratllrt' (If fu~l(ln 

.1I\d tlu' Illlmbt'f Id d,lt.1 p(!ll1t~; 1111 IlquldlHi, tl\t'Il ITYPE 
~(lfm,llll.tll~ t,II 1111 tl't ft'dtlclng 1I1ll1OrmilllzI'd d.lt ... 

1 n'I'I'-I 
1 rH!:, 

rl'.~tt l.ar I-X li qLllduli dal.1 t rom l'ut PC lit' out 
x- ", - J, d,ll.1 t rom X .. , r; ,1111, 

-~ 

Ht',ld~; mlllt,t r,lct 1(11\ t'11mpllllt'nt ,lIu'-=!nI·lt, 1 f.let ion t'ompol1l.'nt tWII, tla'n i, and .J, 
1 r On! X-, ') Il:lt, 

Ut',lih tJlll\l'rm,dl~',l'd 1-;';' ,1,11.1, X(I) tllf t'Ilmpollt'nl one (Ill It~, !'lid ... • ot t'ull!ctlc, 

X(.!) ttlr t'ompollt'I\t 1""',1111\ tht' IItlll'l ~ddt" 

Il.tt,1 ~il,lrl~; ,It t'tllt','t l, ,llId mOVt':, tlllt'.:,lrds, 

~prm.a Il ;'t", X .llId 

A hl.lI1k I-X d.ll,1 (',lrd CiiIISt'H pfngr,lIn 11 1 opl'r.ltt' on tlU' data. 

C.11(,1I1,ltl'~' mlllt, troll't 11I1l!;, 

t:.llt'III.1tl'S Il'- {;, ,lIld r,- ,,', (111 l'~; ",Idt, tli t'ut('ctll'. 

I{t';HIs IH'X' dat,l 1\11 1 iquidus ,lWoIy t rllm l'utcel le or X-.S 

Writl'!'o Il,lml' nt hll1ary, 
n:SSEJ{ pl'rforrnH Clhh~;-Ihlhcm Intl'r.t,Hllin with 0(". mllll' frac1itil1S, 

,mt! Illlmta'f of d.Ha pllil1t~l' 

Hl',lIls IU'\o,' h In,try nam('. 

00 
~ 
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c: 
:I: 
m 
~ 
1 

N 

~ \~ 

SU8ROUTINE TESSEReE,XX,N,TPY • 
DIMENSION Eee,101),XXee,lle),NCe).8elle).CClle),DCIII) 

I.XTCIAA).BICISI,.CIClle).VC3).ZC3).TC3) 
,.TPe2,100) 
DO'10<11'I,e 
12,IU-le •• :lI'le 
N2'NU2e 
81%lc,I'I 
Cllc'E:CI.le+XX:lle.le •• a 
DO 25 J-I,Ne 

as XTCJ)-I.-Xxell.J) 
DO 311 J'e,NI 
\( IIJ-I 
\(2'J, 1 
DO 3AA JI-I.3 
I<Xal<l+JI-1 
VeJD-XTCI<X) 

381 ZCJI).EeI2,\(X) 
!F"eJ-N2)27.2S.2S 

eT CONTINUE 
CALL PARrITeV,Z.T) 
Dd 2" 11,1,3 

e" Tell)-TCll)/rLOATCIL) 
IS' CONTINUE 

DO 26 JI-I.e 
\(-\(I+JI-I 
flC\() -TC 1 >+TC e) +veJ J) +TC 3hVC,J 1 rua 

a~ Be~'~VeJI).BeK) 
BIIJc'BI:lJ-le&B:lKle-B:lJe 
CXJc'CXle'BIIJe&KTlle.II.~KTllee.Ella,Ie-KTIJe.I( •• XT:IJee. 

tE:U2,Jc 
'al co NTINUE 

N3-fIIe .. ! 

29 

71 

S8 
91 
91 

91 
93 .. 

CeN3)-CeNe)+KTCNI).CI •• KKCla~NI».ECII.NI) 
XXeI2,N3)-I. ' 
XTC N3)-ë., 
"'2-N3 
DO 2' J',I,N2 
TPCle,J)-TPCle,J)-173.IS 
DIJe'Elle.Jc.XTIJe •• a 
DO Ile K III , 1 
DO 50J'I.N2 
lrU-lc7B.71.S1 
XTIIJc,XXIII,Je 
GO TO '0 
XnJClI.-XXIII,Je 
lF"aKI-lc'I.,,~,a: 
ClaJc'OIJe 
GO TO "3 
CIIJe'CIJe 
COIIITI NUE 
COIIITINUI 

G 

ILSSEH 
l'I'rt\lrm~. (;ihh~.-lJuhl·m Illh'gr.tt 1011 1111 ('pmtH1llt'nt 12, ~I'llt'r,lt Jng (il (Ill J:~t'i '.idt, 

lit t'ut l'ct it. l'rtl~~r.lm h.I'; ht'l'l1 prt 1 Vl'il .lg,ltn~;t pl.1l1lmt·lt·, mt·.I~iur"d Illtl·~r.-lt itlll. 

P,\RFIT Ill:. 1-:-' "ta '(lr t\X,o,I-I,',.1t1 ,lH ,1 p,If,lhllllt' IUllI'tltlH \11 
1.-XX(T2) ~hl'rt' XX(T.~) I~~ mt,(" 1 LIl't IUIl (If ('Ilmpt!llt'Ilt 12 lit! I.~t'i '.idl' Ilf thl' 

t'lItt't'rl,', r ,IH' th" tClIl'1I,',llth tIf thl.' fit, 

Intl.'~r,lr Itlll pl «Il 1 l'{lm 1\-1-1 fil K-.I+I ilnd mllit Iplll'd hy l.-XX(I.~) (il l,dSt. 
tht, powI.'r dlll' ltl tl1ll'~r,lllnn, 

BI I~i thl.' 101;11 IlItl'~~r.1I frnm 1\ .. 1 tll )\".1, \"'Idlt, C i!i tlll' d"tt'rmilu'd \',lIul.' 
",fil ,It XX(I!) 

C.llclIl.ltt·~; V,lItH' tli .(~, .11 XX I1 ·O ,I~~illmlng.xl.) I~; l'oll';t.llll p,I~;t thl' 1.1~.t d.lt.1 
pldnt ,Ill I.,t~, 1 tqllldlJ~;. 

, 
l'r''part's ,() dolt,l Ipi .... 'rtt in~. 

... 

00 
lJ1 



,~ 

00 ?H1 JDI,N2,R 
JI DJ+ 7 
JI=ANINACJI,N?) 
WRITEC6,?20)CXXCI2,.J),IJ-J,JI) 
WRITEC6,220)CXT(2J),IJ-J.JI) 
WRITE(6.222)(CICIJ),IJ-J.JI) 
W~ITEC6,222)CTPCIQ.IJ)~IJ-J.JI) 

22A rORMATCRFR.4) 
222 rORNATCRFR.2) 
2111 CONTI NUE 
I.A9 CONTINUE 

. WRITE~6, Ille 
III rORMAT%",e 
119 CONTINUE 
Hl" r.OI\'TlNUE 

ROURN 
fND 
SlIF'RO li TI NE PAR fi T C X, E, RTl 
OINENSION X(3),E(3),A(3),RTC3) 
X 1 .. C E CI) - E C ~) ) • C XC?) -X C,3) ) 
X2DCE(2)-EC3».(XCI)-XC2» 
RT C 3) " C XI -X2) /C C X C 2) -X ( 3) ,. (X ( 1) .. 2-X ( 2) •• 2) - (X ( 1 ) -x (2) ) 

I-CX(2)·.a-XC3) •• 2» 
RT(2).CE( 1)-EC2)-RTC3,.(X( 1) .. 2':'X(2)"2),."XC I)-X(.2» 
RTe 1 ) "EC 1) -RT C 2,.X ( 1) -RTe 3,.X ( Il''2 
00 III 1 DI, 3 
ACI)DRTCI)+RTC2).X(I)+RTC3).XCI) •• 2 

lB ACIlDACIl-ECI) 
IrCABS(A(\»+ABS(AC2»+ABS(AC3»-.e,.ABSCEC2»)29.20.21 

21 WRITEC6.2SIX,E.RT 
25 FORMAT(' .... ·.3'5 .... 3".1.3&13.6) 
20 CONTINUE 

RETURN 
END 

~O:~~~AAA02,ee81553e5'geB81"Te21aeea5a 
!I Ç\7 1 ?!i59 
52f,77~?5 

5 <lf,4l~~R5 
5:'6A31155 
5R5H!1I2A 
605"1385 
6 ?5Af,3!iA 
6114l72:111 
6 (,Il:l927R 
6RIlAS2!i0 

Cl 7A37"215 
c: 723371RA 
:J: 7 1l3A71 117 
m 7 (,1!7t\126 
3: 7 R?5010" 
1 R0218 99 
W 82190 77 

13 111641 "8 
86130 55 
88100 117 
90 73 39 
92 53 PA. 
941 :17 20' 
91\ 29 18 '8 , ~ 

I~rllt'~; t 11~;t tlH' dflt" Ilv ,.11\ 1I1.ltl·d v,IIIU'j; (trpIn ~tAIN) pt XX 11 

Ind (\ XX 12 ), l;lr ,111:' -'Pt). 1111'11 tilt' v.IIIH'~; ,d Ih,· ~i;)m(' v.lri,lhlt'~; 
o;I'[It'I ,1 t ",1 h\' 111t' Ilit l'.'LII 1 (lll 1 (II 1. 

, 
RI'IIIIIl', 1.' 1.i1tIlI.Jtt· {Ir 1·" 11Lt' "rh,'r ~;ldl' ,I! tilt, l'IIt,.(,tl •. 

l'AHIII 
lït~. p.II.IIH.JI~· ~\ltVt' (~. thrt'!' -.l't'. lit d,ILl th,'n dll'I'b •. 1('("lIf.le]' of thl' fit. 
~~I 1 (1". Il.1ll~',hl V '."tlrd .llId d,Il" i t ,1( tUr.h \' nllt bt,t t l'I 1 h"1l . li:. 

~.lmt· pt 1111I,llY "II-III'. mld,· .... 't·lghl, IU'.1t III ftu;1ol1, tt'mpt.'raturt' of fUH{on for 

1!lllllltl lll'ntti tlllt' (An) ,111<1 t""'il (tir), tht'Il IrYPE-2. l'hl' molt, wl'l~htH ilU' lwl 
t li 1 (lt) hl't','II!;I' X .Irt' mil h· 1 rai' t 1 (lll'i .J,-cady. 

1l.11.1 Is molt, t rat't Inn j'\lmp{ll\t'nt ,"rH.' 

Il, ,UJ l'rom x".l Ilut. 

Ulank l'ard caUHl'H intl'~rat tOI1 to hl'Rin. 

molt· t r .Ie l 101\ ,'OmllPl1l'l1 t t WIl, t hl'n 

~ .... 

CXI 
0\ 

\~' 



Cl 
C 
:J: 
m 
~ 

! 

,~ 
'7~~ 

"NOR27R2129AI'IA 15534'2'832 ""7Ae IUA " 
IIRM16SIIR4935 
1 211711RA Il R S9 'lA 
1?:1"IAAI18R95A 
125712['1119A96A 
121\(11 'lAI 19:1971'1 
129RI6"'11959R~ 
1:l17IRAI19398P. 
I;I:I??AA 
1 :l4S?21'1 
1 ;l57:'4A 
1:l66?6A 
1:17:1?RA 
1 ;I!H.\:lOC~ 
1 :1R9:l2A 
1 :l9R:14A 
14A4:1(,(' 
141 A:lRA 
·14174AO 
14:'342A 
14:1A44A 
1437"6A 
1 4424RA 
1449501'1 
11154521'1 
146A540 
11165560 
1471'1580 
147561'11'1 
I..QRA62A 
IIIR4640 
1 489t.6A 
1491681'1 
1495HIA 
151'11721'1 
ISA77I1A 
ISIA76A 
1513781'1 
151RRAA 
1520R20 
15211R4A 
1527861'1 
153ARR0 
1531191'111 
i 538920 
i 541949 
15'''''958 

~, 
l.~:~;} 

Namt' tif hllliltV An-Or, rnldt, Wt"Kht, hL'al 01 11I~;I()1l1 tt~mperl1turt.' of (UNion for 
ctlmptll1l'I1I~. tllll' .mt! tWIl, tht,,, ITYPEul. 

llat.1 Is t('mpl'ralun', 'W('It-tht \'OmptHiltlou Irom ('UIl'ctte out. 

Blank l',.rt! ";I\Wt'ti Intl'Arat Ion lo hl'Hln. 

• ........ 
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0IMENSION,H(2).TOC2),XCa),X'C2),XXCa""wca,,xoCU',~C2': 
,.Uc~).UNC~)IUMC~),NAH~CI8',IPC3,9' , 
REAL H.MW 
REAOCS,10)CCIPCI,J'~I-I,3'iJ_I,B' 

l8 rORMATc2411~ 
DO' 30 1-1.3 
IPCI.9)-0 
DO 30 J-I.8 
IrCIPCI.J»e9,e9.38 

e9 1 PCI • J) --1 
:38 CO NT! NUE " 
... REAOCS.II)NAME.CHCI),"OU),MWU),I_I,'2) 
Il rORMAT(lIlA~./,eCrS.8,r ... 8,'5.2)) , 

TOCI)aTOCI)+273.15 ' 
TO(2)-TOC2)+273.15 
WRITEc6.21)NAME 

al rORMATCIAA~) 
REAOCS.13)RT.RX,RXI 

13 rORMATC3r3.2) 
6 REAOCS.12)TI.XICe),XICI) 
le -ORMATC3r3.2) 

1 rcx 1 CI') +X 1 C 2» .. ,~, 17 
1 7 DO 1 0 1 1 Ta 1 , 9 

T-TI+rLOATCIPCI,IT), •• al 
XCI)aXICI)+rLOATCIPCe,IT» •• al 
XCe).XI~e)+rLOATCIPC3.Ji" •• "'9 
TaTOCI)+T.CTOCe)-TOCI"/Rr 
XCI'-ABSCRXI-XCI')/RX 
XCe)-ABSCRXI-XC2»/RX 

ea DO 15 1-1,2 1. XXCI).XCJ)/MWCI)/CXCI)/MWCI)~CI.-XCI»'MWC8» 
XO~I).HCI)/TOCI'.CTOCI,-r'.I~'87.r~ALOOCXXt8)/~XCI)' 
XOce) .HC 2) /TOC ehC TO(2)-r)+ 1.'B7.r.ALOOCC 1 .-XXU»/' 

IC 1 • -xx CI» ) 

91 

''1 
III 

93 
18' 

95 

WCI)-CXXC2) •• e.XOCI)-CI.-XXCe,) •• e.XOC8»1 
ICXXCe).XXCI)-e~XXce).XXCl»/CXXCe)_XXt'" 
, wc e) - cxx CI) ue.wCI) -XOC2U/XX(8)". " 

UC 1 hC 1 .-XXC 1) )Ue.wc 1) 
Uce).XXCI) •• e.WCI) ~ 
U(3).CI.-XXCe» •• e.WC2) 
UC~)-XXC2) •• e.VC2) 
IrClr-I)90,'8,'88 
DO 91 K-I, .. 
UNCK).UCK)', 
UMCK).UCK)' 
GO TO '191 
00 93 K-I ~ ~ 
UNCK).AMINICUNCKJ,UCK» 
UMCK).AMAXICUMCK'iUCK)' 
CONTI NUE 
T-T-273.,15 
WRI TEU, 9 5,XX "T. V, CUCK). UNCK', UMCK' ,Ka".", 
'ORHArCa'S ... ~', ••• a'7 •• ,T .. 2'3'7'.,',"7 •• ' 
00 TO 6 
END 

IDATA 

".'1""'1"""'.""" 

PR_ll_G RAI'! ,1/.11(}· l 'l 
HAIN 

tJ 

IrrTilo.ll of (UH!Oll, Ttl:tcmpcratuu' of tU!ilot1,XI-S2:('ompoHJtlon of crystal 
and Ilquld ln unnormnll • .,d wl'llIht perct'nt,XX:mole frat'llon composition 
lit cryHtnl and Il'iuld, HW:mol,' welght of compont'nts,XO:" of 0-7), 

W:rl'Rular Holullon model param,'ter W,UN-I1H-I1: A. mln-mux-nu "rror, 
NAHt::nnml' of hlnllry, Il':varlllhl,' whl"h wnrkH pOHlIlhl .. error vnrlnt 10nH on 
T-x, •• -XCOI'I .... 

Ri'adH naml'. ~1l. r,. moll' WI'!KhtH 

Wrltca name (I[ hlnary 
Rt'adH fa('[orH for normllllzlng Input dntn of IlqulduH 
If XL ...... , X ,A...". tlala art· for l'omponent one t.hen RXI-o, but If the data 
IIrt· fnr ('ompolll'nt two, RXI-RX and Inter the data nre turncd Into 
mol", fract Jon l"ompOlll'nt 0Ill' 

R"adH umwrm.1llzetl IlqllldllH d/lt/l l'-X"" ... -X,,_. In welght percent of component 1 
Wlth hlllnk I-X".", -X, ..... card RO to 4 tn relltl ncw name IInd d3tn for next blnary 

Normnl Izes T,X~,a".. ,XCAaMl and puta on the crror variations 

Moll' frart loun af ... , lor (.'omponcnt un~ 

Intermedlllte varlahl,· l' ('all:lllal.ed for (3-7) 
W for rCRlllar Hollit Ion cal('ulat"d, W(l) for cryNtal and W(2) for Ilquld. 

Cal('lIlat"1I Ll. fnr ,'ompo,,,,ntn one antl two:U(l);1J(2) for crystal and 
IID) ,11(1.) lor 11<)lIld, 

Minimum, maximum and 110 l'rnlr valuê" fot d. dctermineed 

!latn wrltten ln ord"r of nYHtal, IIquld:mole fractions of component Olle, 
temperatllr .. C, relllllar Hnlutlnn W'u «(1, for 110 error, mlllimum, maximum, 
flrHt fnr ('nmpolll'lIt "'''' then for componellt two) 

(;OCH to 6 to rend Ill'Xt 1 tlle of T-X .. ..". -~.'CIT", data for sam€! btnnry. 

!lAl'A 

InteRerH (Il') "p,'C\fylllll th,· crrnr t:omblllatlollH ln l'-X ...... -x "' .. r>t' 

!lllta IH LIll' Hame IIH for proRflln1 WWXl.IQ 

00 
00 



~ 
>< 
r 
-0 
'1 

~ r~~') 
\~ 

nlMENSION MW(2).TOC2).TCI00).TICI00~,XCe~laa),XICe,laa) 
,. xxce" 1 AA) ,NAMEC la) ,H(Q),UXC .),UNC.) ,UIH.).,IP( 3,9) 

REAL Ii,MW . 
READC S. 1 ) CCI PCI , J) ,1-1, 3) ,J-I, 8) 

1 F'ORMATC2011 1) 
• CALL SINOF'F' 

REAOCS,II)NAME 
Il F'ORMATCIAAOI). 

REAOCS,12)CHCI),TOCI),MWCI),I_I,8),XN 
la F'ORMATC2CF'5.0,F'4.A,'S.8),'8 •• ) 

N-XN 
TO CI) a TO C 1 H 2 73.1 5 
TO(2)·TOC2)+273.IS 
WRITEC 6, 21 )NAME 

el F'ORMATCIAAOI) 
REAOCS,13~RT,RX,RXI 

13 F'ORMATC3F'&.2) 
6 ~EAPCS.10I)CTICK)~XI(2,K),XI(I,K),K_I,H) 
1. F'ORMATC3F'3.2) 

DO '/A J-I,N 
DO til! 1T-I,9 
IC-ù 

76 CONTI NUE 
IF'CIT-9)111.112,112 

,III' 1C0I-1C-2DCIC/2) 
ICI-IPC I,'ITHICOI 
1C2-1 PC2.1 n+1C4 
1C3-IPC3.1T)+1C0I 
TCIC)-TICIC)+F'LOATCC-I) •• ICI) •• 01 
XCI,IC)-XICI,IC).'LOATCC-I) •• IC2) •• 01 
xce,IC)DXIC2,IC).~LOAT(C-I) •• IC3) •• aa99 
GO TO '113 

'lIa TCIC)-TICIC) 
.. XCI,IC)-XICI,IC) 

XC2.IC)-X 1 C2.1C) 
113 TCIC)-TOCI)+TCIC).cTOC2)-TOCI»/RT 

1< C,I,IC) -ASSc RX I-X C 1,10 )/RX 
xCe,IC)-ABSCRXI-XCe,IC»/RX 
00 15 1-1.2 

as 'XXCI,IC)-XCI ,IC).IMWC 1 )/CXCI.IC)/MWC I)+C 1 .-XCI ,K) )lMWC2» 
•• .E~-1.987~TCIC)*ALOGCXXCe,IC)/XXCI,IC».H(I)/TOCI).CTOCI)-TCKI 

., 
54 

13 
Il 

E4-1 .9R7.TCK) .ALOGC'C 1 .-XX C 2,K) )/C 1. -xxc ',K )).,+HC8)/TOC8) 
'.CTO(2)-TCIC» . . 
CI-C I.-XXC I,K) )"eu 1 .-e •• xxc I,~» 
Ce-CI.-XXCI,K),..e.e •• XXCI.K) 
C3-CI.-XXCe,K)i •• e.CI.~2 •• XXCa,K~) 
C4-CI.-XXCe,K» •• e.xX(2,K).e. 
OI-XXCI,K)**e·e.*CI.-XXCI~K» 
02-XXCI,K)**e*Ce.*XXVI,K)-I.) 
03-XXC2,K)*.e*2.*CI.-XXCe,K» 
04-XXC2,K) •• a.Ca.*XXC8,K)-'.) 
C3--C3 
C4--C4 
03--03 
04--0. 
ZF'CCK-J-,r*CK-J~')~.',.8,.8 
l'CXXC',J).X~C8.J~~,.~14''4,.3 
K-J-3 
GO TO Il 
K-J+a' 
CONTI NUI 

l'HIl!;RAl'1 WWX\.I11 

HAIN 

® 

HW:mtllt· ""t'i~ht, TD:tt·mIH'r.llurl' lit III~dllll, Il:11(',11 Id tllsiun,f:llquiduh ll'mp. 1 

XI : Ulll1llrtn.1 1 t;~l'd x 0"''''' - X J Il>lP III wl'iHllt pt'It t'Ilt, X:llllrm,lll7.f.'d 
XCI''''''''' - Xl .... ", wlili ('rrnr volrl.llllll1s ln wl'Igbt pt'rl'l'Bt 1 NAME:llilmt' 
(If hln.lry,XX:XQI.,.,...- Xj .... r> mld,' Il,11'( '()ll~it UXjI!Njl'm; dl 1111 t'rrpl' - minimum 
,1I1d milxlmuM, II':varLlIdt, \ .111:,111;', \'rrtlr varLtl t\\Il~,. 
H".lds Il,Iml' of blll.lrv 

Hl',1<h hl'al of 111';1,11\, 1,'mp"Lllur,' ,d lu~;ft)II, I1l1d,' ~.",t~!h(. ,lIld IIlImh,'!' 01 
ddt.l !J,duts, 

Writt,,; namt' Id btll.lr\'. 

HI',HI!; 11t1rm.allzlng lal'I\lI~; !(ll 1,~:1. Il d,I!.1 1" <l'mpClIIl'nt '1I\l' , HXI-O 

HI',ld!; uTll1tlrmall~,'d I-X"i\I'." - X,.II'''' 

l'r oHram opPl'ilt t'!, ,III ~dl('t'I"i'l 11,'(' ~; .1 Il,1 IHI tilt',. 

SI'It. IIp nint' t'rrPI \/.Irl.ll illll". 

~lllth v,lriallllll I!; Iltl ,- .. r,ll 'ill g!l (II ~;t.III'I!\I'llt Il.! 

I,rr\ll ('(lmhln.at 1(11l~, ,Irt' t'!HUnl'LIlt'd 'Ill 1I1111111t11,al L~t'd I-X(Jllt\"" -X .. 
fi 

.... 
D 

dolt,l 

~ilrm,ll i li'!, l-X(J:'t"),,,, - X" ... o i Il 'Wt' 1 ~ht !ll'rt'l'nl, 

t,tlt'ul,IlI'!; mllit' IlI'rt'I'1l1 ,',lllIp(lllt'1l1 tllU' ln "n'~it,ll ,llId 'l'Plld, 

Vart,lhll' mult !pllt'rH tor tW(I ~ild Id Hollit 1011 l'qll.llltIIlS: 
whL'1l t\ .. J, tlH' t Irtil tWIl 01 tO\lr ,'Inti 

K-J + l, tilt, SI'(,tlI1l1 Iwo (lf fpllr 11l1t',Ir "'1"011 Inl\~;, fllllr IIllkl1l1 ..... 'lHi. 

After thl' varlahl,,' multlplll'rs fnr tht, LIHt lwo 01 four t'quattons 
are calclIlal,,'d, tlu'l1 ~',(l tll :;tilt"'ml'nt !.~ to Holvl' the f(l1lr t'quatloIlH. 

If Xc ..... ,'" +X",,~) 1 molt' frilet Ion tlwn thl' Ill'XI t.:lt~ of r-x'-'NO - X(,.,,, ... dat.1 
for Moltlt!on hl tak"'11 fr(lm data )lo!ntH ,1 and .I-l, 

If x.a..,.+X'r .... L. 1 tlU' dalol plll!lls art' J and .J+L 

CXl 
\0 
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-0 
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~ 
'b" 

.. 1 

199 

191 

21i11 

193 

'" 
101 
llil 

IDATA 

EIDEJ 
E?o:E4 
AlaCI 
A2"C?' 
AJaC3 
A4aC4 
RlaOI 
R2a02 
B:I-03 
R4"0" 
GO TO 76 
A11"BI.A2-AI·S2 
AI2.Rl.A3-AI.S3 
AI3aRI.A4-A"A4 
EllaRI.EI-AI.E? 
AII"01.C2-CI.0? 
RI2aOI.C3-CI.03 
RIJaO"C"-CI.O" 
EI2·01·F:3-CIH:4 
CllaOI.A2-RI.O? 
CI?,aOI.R3-RI·OJ 
CI3 a OI·R4-AI.0" 
E1JaOI.E?-RI.F:4 
GlaAI1·"12-AII.RI2 
G2aAI3+~II-RI3.AII 

G3.Rl?.Cll-CI2+BII 
G4alH 3.C,II-C 13.R Il 
GSaEII.BII-EI2.AII 
G6aEI2.CII-EI3.BII 
VDCG5*G3-G6.GII,CG3.G2-GI.G .. ) 
UaCG5-V.G21'GI 
SaCEII-AI2.U-AI3·V)/AII' 
R"CEI-A2.S-A3.U-À ... V)/AI 
UXC II-AI.R+A2.S 
UXC21-RI.R+B2.S 
UX(3)"-CA3.U+A4.V) 
UXC"I"-CR3.U+B4.V) 
IF'UT-I) 1 9 'Jo 1,",2"" 
00 191 K-I, .. 
UNCK)-UXCK) 
UMCKI-UXCK) 
GO TO 60 
00 193 K-I." 
UNCKI-AMINICUNCK).UXCK» 
UMCK) aAMAXI (UM(K) ,UX,(K» 
CONTINUE 
WRITE( 6.,101) XX ( I.J) , XX ce. J). R, S. U, V. C WC (le" UN CM), LM CK) ,K-I A) 
F'ORMAT(2'li4,4'7.I,r4a,3".I",,'7.1) 
CONTINUE 
GO TO '4 
END 

11110111 illll,IIIIIIIIII'" 
J18-"AN DH7 P32~ 
135~011182'222e911IL55327821I' 

4:15.00 1., 
11259969:15 
11:1099"9111111 
1 1 :159911172 
1 1"09911111"9 
1 1 459119R25 
1 1589RRR0:1 
11689"376" 
1'175972'721 
.\.1"196117.111 

~ 

Var!.lhl(· mlllttpllt·n. for thl' fir~H lwo 1'{I"ations (K-.J) .Ift' !iton'lI llwn RO tu 
~;tatl'ml'l1t Ih lp (",dnll .. tl' (hoSI' ttlf thl' Ill'xl tWIl (K-.'.)). 

Llll·lIl.ltl'~; intl'rnwdidtl' v.art,lhll'~; ln tlu' ~I(llut ton lIt tlu' fOUf Ilnenr cquntlonH. 

t:alt"lll,lll'~; V .11ld II .IS W'S tilr tlu.' 11'IlIld and S ,md R aH W'!i for tlu' crYHtal. 

Calctll.ltl'B 4. Ipr l'ompo"l'nls Ol1t' and two, wlth UX(l). llX(2) for crystal, and 
IIX ( 1), IIX (1.) 1 <'r th" Il '1111 ,1. 

Pl{'k~ thl' minimum, maximum valueH for UX 

Wrltl'H ln nrdl'r ot cryHt.ll tlWIl 1 {quld. tilt' mollo fraction for l'ompollent one, 
rhOmpHOIl!1 W paraml'tl'ru and ,dl 1111 l"rror-min-max. 

Rl'dthl IH'W hl n;lr y. 

Nam,' tli Ah-Ail. t'rom Il,,,'r, lIow h' and Zu""mnn (1966) 
IIl'at {ll' fllHlon, tcml1eratufl! nf fualon ami moleculnr wclsht for C"omponcntB one 

.lIlti twu. tlll' numhcr of Hl'tH (lf dota. 
RT,TX,TXI. If dlltil of l'-X • .,.. -X_ .. 1" ln ·C, mol" fraction then make RT
TO(2)-TO(I), RX-I, IInd RlC\oIlf dnta 1" for component two, RX-O If datn la 
Itlr comptlnent tlne. If dlltn 1" unnormall.ed make RT the Hcnle lenHth be
[W"en TO(l) and TO(2), and If datn 1" ftlr component two, RXI-RX nnd RX 
1" the Hl'lIle lenRth betwccn X(2)"O IInd X(2)-I. If dllta ln for componcnt 

tlne t hen RXI-O. 
On 1 y 9 of the fu Il 29 tletH of dot •• points llrc shown. 

'", 

\0 
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1 
18 

8 
7 
& 

35 

es 

~ .. 
411 

41& 

18 

al 
25 
a. 

1 DATA 

DIMF.NSION XCl',8C3',RTU),NAHEClI) I.SRCR.IM ' 
RFADe 5. S)NAME 
F"ORMATe SA~' 
WRI TÈc 6. 6'NAME 
N=A 
F"ORMATC IH .5A • ., 
REAOCS.IA)X.S 
F"ORMATC3F"~.~.3F"5." 
1 f'( XC 3)) e 5. e 5, 8 
IFCX(\"7.7.e 
xe 1 hl .l'IE-I'I6 
CALL PARF" 1 Tcx"a,RT) 
NaN+ 1 
SRel.N).XII) 
SRC2.N).XC3' 
SRCl.N'-RTCI) 
SRc'<1.N~.RTce, 
SRCS.N).RTel) 
SRC6.N)-SC l' 
SRC 7.Nl.sce) 
SRCR.N)·-SC3' 
WRITEe6.35,XCI).XC3'.RT.S 
FORMATcer5.~.3EI3.6~3'7.8' 
GO TO 1 
SRCI,.,w, 
SRce.N'1I1 
NI·N-I 
WRITEC7.<109'N.NAME 
FORMATc~I,'I'.SA~' 
WRITEC7,40I'CCSRCI.J).I.I.8,,~~I,NI) 
FORMATcef5.~.3EI3.6.3F7.9' 
WRITEC7.~82'CSRCI,N,.I·I.8', 
rORMATC'5.~,F5.~.lEI3.6.3~7.8' GO TO ~ 
END 
SUBROUTINE PARFITCX.E.RT' 
DIMENSION XC3',[Cl'.AC3',RTC3' 
XI-CECI'-EC2',*cxce'-XC3" , 
xe-CEce'-E(3»*CXCI)-XC2'~ 
RTC3'.CXI-Xe)'CCXCe'-XC3)"CXCI' •• e-X~a) •• a'-CXCI'-xca,) I*CXC2'**2-XC3)**e" , , RTce'-CECI'-EC2'-RTC3,*cXCI'.*e-X(2) •• a»/CXclt~Kca)1 RTcl'-ECI'-RTca"XCI)-RTc3"xcl,.*a DO l' 1-1.3 
ACI)·RTcl'.RTce"XCI)~RTc3),XCI"*& AC! hAC n -tCl) - , 
IFcABSCACI».ABSCAC~).A8SCAC3»·4.)~8,&',~1 WRJTEc6,&5)X,E,RT 
FORMATC' _~,,3,..4,a".1,3113.,) CONTI NUI-, 

, RETURH 
lM) 

~ 

l'R!K:RAtt tH': 

/1,\ IN 
• X:compntiJt ion lit "lImpllllI'nt I.~"{l ,nrrl'~;ptll1dlllg fo tlll' valut, 01 i4'S 

IU:r"i\t~; ,d p,Ir.lholt, lit t NAHE:I1.lm,· Ilf hill,lrv .ml! tlll' nanll' ,'1 tht, ('ompOllt'lIt 
",lll~i J clt'n·d. 

Hl',lils tlirt·t· v,IIUt,!. III X(!lI ("Pmpnnt'nt two), th"1l tlirt'" valllt·~; tif d. (If ,il 
,\ hlallk X-k d.ILI ('.lrd 1',IlISt"i tr;l1lst,'r ln 'it,l(l'mt'llt 21) Ipr IHIlIt'ht'd lllltpllt dt 

thl' (',Ill 111.1I,'d d,It,!' 

l','RF) r t Il', p.lr"llld" (l' tlw tllr"l' ~it't~, lIt d.ILI, I,o;llh r()(ll~' RI. 

~t(lrt'!; .111 dat.1 III SR Illf plllllhln~', 1111 t.lrd~i "ttt'r hl.lI1~ x- liA l'drd, 

HI',ld!; lI('xt X-M d,:t.i l'llint 111 tlll' !i.tr.It' b11ldrV 

NI tH th,' I\\lmb,'r tll !it'gml'nt!i ln tlH' hln.lry. 
)lunches tIn t .nd~; t ht' Illlmlu'r Id ~;t'~ml'nt!;, l, .11Id nam,' Iii Il Illolrv ,1I1t! 1'(lmpOnt-'ut 

('(ln!; tdl'rt'd. 
1'II111'hl'S (l11 t'.lrd~ thl' {'(lml'P~itt 1 (Ilia 1 1 !mlt!; pl 1',Ich !it'~ml'l1t III l'lItnp0I1l'111 lWO, tht· llirel' p.ll.lmt·lt'r!. !If th" 1 Il, tht'Il till' tltrl'I,.(1 d.lt.l tlHl'd in c.l1l'lIlat In~~ 

t h" lit, 

l'''R~,(,I 
Fit!; p.lr.llltll,1 III llin',' ~H·t!; lIt X,~: d.ua Df (hl' 1(11"01 f: .. t (X), wllil rOllt!. MI, C,.ICIII,ltl'!; tntt'rml't!tatl' \,',lr1.lbl,"; .md root~1 h\' l'llmlllatJ(lI1. 

CIlt'cks thl' cllmputed V,!lIU'H ,1~,lin!tt tht, Input valut,s IiI !a'l' JI ,'rror 
Rn'atl'r than !, for tht, tllft", polntH. "typlc..:al 1.'111111' Illr E Is HHJO c.lltlrtt·s. Wrltl'!"1 l1ô1uv,hty \0,10 ... ,1I1t! tilt' data Il tilt' al'L'urnev i~, l\tlt accl·ptolhll'. 

1.0 ..... 
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·/DATA 
ANOR DAN MI870 
AOAA07AA2AOA9000A 
20AA3ROA6AAA 215 
60AA660A72AO 925 
72007R00R4A0 1327 
R4AAR6AA9AAA 17A7 
900092A09600 1900 
960098001 ;00 2301 

ANOR DOR MIR10 

45 
SA3 

IIA3 
1550 
I7RA 
20'AA 
2507 

215 
925 

1327 
17A7 
1900 
23AI 
2993 

"AP.AA?AAA40A 4409 3SIR 3142 
040AA6AAA800 3142 e827 2612 
OR0010A01P.00 2612 2411 2193 
IP.0026A03000 2193 1250 109A 
3AAA46AOS60A 109Po 635 453 
56A0720A760A ~S3 IR3 125 
7600RSOA90AA les 60 3A 
900096001.00 38 1088009 

DIOR DDI MIR10 
00AAI2002AA000000 
200A30006A00 -10 
600A7AOAR600 1390 
860091009600 3160 
960091501.00, A819 

DIOR DOR MlR70 
00000P.OOOAA0-IA93 
040008001300 2710 
130017002600 3280 
e6~04000S000 eS20 
S0007000R000 1300 
B9009A901.88 ege 

.-90 
200 

21100 
31170 
5 •• 00 

-10 
1390 
3160 
4870 
76R0 

Il,50 2710 
3150 3289 
3100 e5eA 
1770 1300 

S3A en 
,ee .. e"8 

ANllH 1" n:lm.· III hlnary An-llr.DAN IH tl ... i' for An 
l'hl'ft' .lfI' thrpl' vallll'ft ,)' moll' tract ion ("ompolll'nt twu (Or) 

ffom tlll' ~it'~mt'l1t, wlth tht, ('11<1 (ltllntB of thL' tll'Rmclrt helnR two of thcm. 
till'il tlll,ft· .HI' tltfl'I' v.lIl1l'n nl.û for An. 

~.'. 
" -, " .. -

I\lauk ).4Ï cart! C.ll1HI'~; ptll1t'ldTl~ (lI cillnllatt'd data on ('anlH, l1nd rcading of the 
Ill'Xl hlnary Ilr l'ompol\l'Ilt. 

\0 
N 
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DIMENSION X(2),XXC2, II'I'U,W(2),QCe),TO(2),TCe),DCI, i'lIIe), 
lEI ce, l''''),N C e) ,EC e, 1 8e), S.c 1 S), TPce, Ile), DPD( a, 1 ee), DEUI, 1), 

IDoCe,IAA),DPEICP.,IIIII'I),ACIIIIIII),BClllle),C(III' 
I,R%IA,ll'Ic,RT'I"c,RA'llc,RP'llc,NQ'~c 
I,KACI),KvCe) 

CALL SIONDN 
& READCS,\I"PAIR,CWCf),QC1~,TOCI"N"'"I_I,I)',ITY"E 
1. FORMATCA~,IC'6 .1,'6,'.'6.1,11,,11, , , 

RXX_I ' 
J." 
TOCI)-TOCI)+e73.15 
TO(2)-TOCe)+e73.IS 

IS READCS,elll)CTCI),XCI),I-I,I' 
1. FORMATCICF4.1,'3.3'~ 

no 21 I-I,e 
TCI )-Ter )+173.IS 

Il XCI)-XCI)'RXX 
IFCXCI)+X(I)'61,61,IS 

8& J.J+I -
XX CI, J) .X C 1 ,.W(I),I' C wc 1 HX ( 1 h C WClU -wc 1 ) ", 
xxce, J) -XCI).W(, .. ',C WCI',+XCI,.C WC U"W~I),' 
DO 33 1-\,2 
'TPCI ,J)-TCI) 

33 CONTINUE 
liO TO 15 

61 CONTINUE 
, WRITEC6.131)PAIR 
13. FORMATCIH ,A~' 

DO ~ftft 1-1.11 
Ne-NC l' 

':a .. 

14 

3" 
81 .. .. 
11ft 
,188 
III 
4 •• 

lDATA 

K-e 
ACI he' 
DO 391 J-I,NI 
[CI.J,-TPCI.J),TOCI' 
DCI.J'--1.9B7.TPCI,J'.ALOOCXXCI,J" 
1 Fc C oc l, J' -IUI •• C UI.J'-. Il' ,.C OC 1.\1,-1 """.U:C 1 ,J, -.9~») 
17~,7~.3f' ' 
'K-K+' 
ACI'-ACI'-DCI,J".TOCI"CTPCI.J'-TOCI" 

,CONTI NUE 
ACI'·ACI"C'LOATCK' ••••• I' 
IFCITYPE'88,lft,'1 
WRITE(6. II) AC 1) 

FORMATe' HEAT O',,'USION t.' Il .1, 
00 TO ~1118 
CONTINUE 

,DO 11111 J-I ,NI, 1. 
JI-J+" 
JI-AMINIIICJI,NI' 
WRI TE (6, lU' (XXC 1,1 J,.I J-J. J'" 

,WRITEC6,11')CECI.IJ,.IJ-J.JI) 
WRITEC6,eaa,cDtl.I~'.IJ-J.JI' 

'FORMATC8'1 .~, 
FORMATC8'.,'" 
CONTI NUE 
CONTI NUE 
CALL liNO" 
GO TO,' 
ItG' 

~; 
..:--

'11SIIl 

)L\lN 

X:IlI111l1rmall1.l·d \",.'l·j~ht '.XX: molt· Ir,H'tJtlU. r: IfCIUlduH tt'mpl'ralun' oc, 
W:mldl' Wl'I~ht 1 IO:tl·mpl'r.llllfl' of fllH1on, N:numht'r (lf Ht'ts of clala, 
PAIR:lI,lmt' ni hlnary, TP:tHIt'('t'HHtVl' Ilquldus tl'mpl'raturt'H, 

A:t'st Im;lt(' Id Il.'at ni ItHdon tn n'Kion 01 hl~~h plott I!tH al"curacy. 

Ht'(Hht naml' III hinarv, moll' wt'Ight. hent pf 11J~I1()n, l'-'Rljlt'ratufl' (If fusion, 
numtwr nt d.lla p(llnl'; 1111 tllt' llqllidwi, and Il'YI'E, il prlnt out ("ontrol 

Rt'.ld~; tht' l\(IrmalI1,ln~~ t,,,·tOI" (Ilr rl'duclnR ttU' ('omposltion dl1tn, 

Rp.ads thl' 1 and tilt· lII\1lprm.11 il.l'd X \Ji'lgh! pl'r('t'IH data t rom the 
llqllidll!i I(lr h(llh C'llmpolll'lIt~; 

Normal i;·.t,~; 1-;\ 

A hl.mk }"-X d.It,\ '",Irt! l"aIlSI'~; prl1Rram II' ht'~111 t'!;t lmal l\lll III thL' hl'.lt 
tlt 1 Il!;{111l , Ilv tl,IIl!;It'rrll1~ ln Htatl'ml'Ilt hl. 

C'IIl\'I'rt~; X t Il 11\"),, 1 rolct 1011 (If l'.H'h \'omjl111lt'ut 

DO 1.001' c.llnll,ltt,!; (111 l'tlml1Pl\l'nt (Ill"':; !"dt, tli th" t'lIll·,'tl,", tlwn (11\ 

t wo t ~l H Idl'. 

A plllt 01 () Vt'r~i\lti E 1 Il':; 1111 .1 !it'rit'!i (II r,ldLIt !UR lllWH of contact 
hl'at of IW.;tOIl, ,lIld .~ rt,~I(l11 Lm hl' out 1 !I\l'U \JilL'rt, thl' ploU InH 
;It"l'llrary is th·llnlt", Thl' rt'~i()1l III tr'IIH'lolll'dral, antl lit's IwtWL'l'n 
1'1' /'1'0' ,RH ,111<1 1'1'/'\'11-, 'lI. 

Il U and E .lft' ln tlH' ,l,ct'pt.lhlt, rt'~tlll1 till'Il )1 is lHil'" ln l'!itlm.lllnR 
thl' Iwat III tuslnn 

\TYPE-" loir Il'''' ""I\' llu' ",aimaI"" lu'al 01 1",,1011 IoIhll., \TYI'F'1 
wrltt'!-j E,IJ,XX tot l'Vl'IV dat.1 point. 

Rt'ad!-l III'W bln.lry naml' 

Ilal,' 1" lh., ",lnU' aH ror 1l1l1I~:}1 

r, 

~ 
W 



(j) 

J::l 
-0 
s: 
t/) 

1 

I:~t.~,., 

751 

7S7 
481 
~86 

,45S 

488 

3SS 

DIMENSION VOC4),TEXC4),ALPHAC4),QFC4),THC4),SC4), 1 AC 3),8 C 4), C C 4) ,Q C 4,4 l, QSC 4, 41, VC 'lI ,AH C 1 S, 1 SI , GTC 1 S, 15" 1 GTPc 1 5.151 .GC 15. 151 .RTLGC 4) .XC41.1 GC IS.151.ZC4"TOC4) 1 • E C 4. 6), N 1 FC 121. WC 'Il • OC 4. 5) .NAME C 10) • TI TLEC 101 1. 1 N C 'Il • XI C 4. 1 l'Il • X? C 4. 11'1) • AAC 4, 1 BI. BBc 4. 1 BI. CCC 4. 1 Al I.X3C4.181.X4C4.101.AIC4.IIn.Blc4.IB).CIC4.IBI.INPC41.INQC4) 
1. CATC 1 A. 1 JI ,HEADC 1 A. 401 

COMMON XI.X2.IN.AA,R8,CC.X3.X4.INP.AI.BI.CI.INQ COMMON 1 RI. / B2./ B3. / 84. 1 B5.1 B6.KB I.KB2.KB3.KB4.KB5.KB6 EQUIVALENCECNIFCII.IBI) 
DO 757 1 a 1. 1 Il 
REAOCS.7511CCATCI.JI.J-I,13) 
F"ORMATC2,AA41 
REAOC5.7511CHEADCI,Jl.J-I.40) 
CONTINUE 
READCS,4R6)CWCI l.aFC! I.TOCI),I-I.4) FORMATC4CF6.2,F6.A,FS.011 
REAOCS,4S0)NARK.TITLE.NAME 
FORMATCII,10A4,~,10A4) 
00 4R8 1 al, 4 
TOCll-TO~I)+273. 
00 47 I-I,NARK 
REAOCS,30B)INCI),INQCII 
FORMATC211) 
NI-INCl) 
REAOCS,4S)CXICI,J).X2CI.J).AACI.J).BBCI.J),CCCI,J)~J-1,NIl REAOCS,3I1BlINPCI) 
NI-INPCI) 
REAOCS,4S)CX3CI.J).X4CI,J).AICI.J).BICI,J),CICI,J).J.1,NI) 4S FORMATC2FS.4,3EI3.6) 

47 CONTI NUE , 
21 READCS,978)ITI,IT2.IT3 
97R FORMATC214,13) 
C ITVPE-AIM,IIM+T,2RTLGXL+T,3ALIQ+T,4AXL+T,SA'XL+T C 6T,7T+T',8SS,9SS+T 
22 READCS,970)ISPACE,KSPACE.JSPACE.NI,.ITYPE 97S FORMATc312,6CI2.IJ),II) 

WRITEC6,IB2A)ITYPE 
ISel FORMATC' ITYPE- '.12) 

752 

755 

IS 

481 

1 TYP.I TYPE+ 1 
CALL SINOFF 
WRITEC6,7S2)NAME.CCATCITYP.IKTI.IKT-I.13).TITLE F"ORMATCIHI,leA4,/,13A4,2X,leA4) 
WRITEC6,7SS)CHEADCITYP.IKT).IKT-I,4S) FORMATC2eA4~ , 
00 19 1-1,12 
"'1 F" CI ) -N 1 F C 1 )+ 1 
TOT-I.neS. 
ITESr-S 
00 lAS IT-ITI,ITe.IT3 
TalT+273 
WRITEU. 48SU T 
'ORMATC' T. '.15) 

e 

l'H(X;JIMI (;,\l'}II S 

~!A 1 N 
(]~':Ill'at (II IW;!Pll,lll:tl'mpt'r,lturt' lIf tll~doIlIW:m(llt, wt'ight 1 
tMHF:nilm.' pl tl'llIllr~',IITU::lypl' of MI d'ILI lHit'd, IN:numhl'r of 
!il'~ml'IH!. on tht' p.lrahllli" (It~; Itld. (d thl' tirst 1'(1mptlncnt ill l',lch 
Idll.lry, INP:!;,lml' ,IS IN toI' "thl' ~H'con.d ("omp{lIH'nt 1 INI}:par.lmt'tt" whldl 
dt,tl'rmllH':i wh"tht'r hlll,lry ~, data i!; h'H'kwardH (Ir Ilot, 

NIF: input dat.1 dt'f Inln~~ t\.!1l sl',lrch ,lrl'.IS in trlilt1Hular t'oordll1.ltt'~i, 
XI;X2:cllmposllI0Il,lI Ilmlt~i 01 t'.lch ~iL'gml'nt ln t'fI daLI for ('llmpOtH'nt o~,AA;Hn~CC:p,Ir.lml'tl'r!. of tlu' !'1I'Kml'lltt'd l'ar.lholl(' fit to ,{J. for ('ompllllL'l1( Ol1t'.xt~X!.:IIkt, XliX!. for rompont'Ilt two, AI:Bl:cl:llk., AA 
t'te, lor enmpOllt'llt t\on, t:t\I'~II~.A)):prll1t put taillt, Ih'adln~n, 

EIlUml'ratl,d trlill1HIII,Ir ctlordln,ltt's of tlll' lWtl ~t'arl:h ,lrt',I!'. 
nW!'H' (\.,'0 sLltl'ml'nt~ 1',IWi(' ,11lt' tll Il Il l' matddllK of values tif 
1111. 1112 .... Kllh wllii NIHll, NIF(;'l .... NIHln ,II .'I-'-Ilml"!i III 1111" t'XI'('lIt Ion of Ihl' pr,lgr,lm, 

RI';Itls t,lhll' IH'adil1~~i lor prinl ollt 

Hl'ath m,d .. \.J('I .. dlt, h.',lt (II ItI~.joll, tt'mpt'r,lttlrl' (lt Ilwlnll l{lr thl' compnucuts 

Hl'ad!'> Iltlmht'r ot p,al n. pl ,tll dolt.1 t II b., rt'oI<1 III (NARI\), t ht'n 1 YPl' pl -(if tLna, tht'n tilt' Bamt' tif th., tl'III,lr\', 

l'ht, par,lml'tl'r I.~() tll'lt'rmiIH'.·; ..... lIl'tlu'r thl' hll1al'Y li. 1:; h.lckw.lrdH (Ir unI, 

. 
RI'.HIs ln {i. d,II.! fnr t',lt'h hill,lry in or,.!t'r ni "(lmpnlH'l1t IInl' tht'Il Ct 1mpolll'nt 1 \.J,l, Ih.· mlllt, fl",H'l i(lll!; oIl't' flll' t'llmpOIH'nt twp, 

Re,uls tl'mpt'r,lturt' r,lI1~t' .111<1 Int'rt'mt'nt OVI'r which (",llcul,ll ltln~, .tr" til hl' pt'rfnrmt'd. 

()l'TI()NS F()H CAI.CIII.ATI()N WIlU l'ARNlElER !TYPE. Il mL'.II"; ,II t.·, IIIIIHIIIIIH tlu' Spt'C il ft,t! (':llnltat !PIU; rl'ad fTl ,1 Ill'\'" r'1I1J..:t' "lId IUl'fl'mt'Tlt for tht, tt'mpt'raturt,,,\IXI. ml';II1~; ,It'tivitll's ln fUHt'!.! (·rytil.ll. 

Hp.lds 11I,'rt.'mt'nts for Ht'ardl ;lfl',)S ont' and t,,'p, I"t'I illlll~ IIICrt'ml'nt, llwu Liu' trl.111RlIl,lr i'1l{lrdll\,Itt'~. pf tlu.' two st'ilrch ,lre,I!; .md tht, ITYPE OPTION tOI ,",Itl'utalloll lp !l(, pl'rlorml'd. 

H.AX tlbrar\' rtllil tnt' wldch prlnts t Iml' 1'1 .'Xt'l'ut 1011 tn rld~l Pldnt, 

, 
Wrllc.'ll n:lml' nf tt'rndrv, t\'pl' III 'J. dal,l .md tht' t.lhlt, lu,;ltttng:i. 

ITEST will dl,tL'rmll,," Il,,' 1,,1.11 IIlImh.·, ,,1 1',,1111,. 1,·Hll·d lor III.· !TYI'E Ol'TION l'al l'li 1.1l ions. 
Thl' tt'mpl'rattlft' lm UItW Is ~:i(,t III'. 
l"c.'mp«.'raluH' ne IH writ lt'II ,It tt'r t .• hlt' IIIIH" , 

- ---~ 

' .. 
.:; 

\0 
.$:-



(j') 

P 
-0 
3: 

Ul 
1 

N 

~ \</ 

961 
962 

963 

9fiB 
11'113 

998 

999 

101\ 

1(125 
1030 

1016 

1012 

1014 

420 

430 

700 

425 

977 

863 
864 
865 

L 7=1 Sl'l\n:+JSI'I\r.F/ ~i 
L~·KsrACE+JSPI\Cr/~ 

DO Ir~ leIBI.IR2.ISPACE 
Lier-LI'> 
L:'el+L7 
DO Irr J=I"J.IR4.I~PACE 
.JlelnJ-(\+J) 
1 Fee III S-J 1 ) ~ e 1 A{,- JI) ) 963.963. 100 
ve 1)=FLOflT(\-I)~roT 
Ve:')uFLOI\TeJ-I)+rOT 
V(3)=FLoATeJI-I)*TOT 
ITEST=ITEST+I 
C;O TO e977.977. Il. Il.9BB. 1011.1014,420,420.977,977>.1 TYP 

r.ALL ACTr.ALeV.R.T) 
GX=" 
!lO 99B ITP=I.3 
GX"Gx+veITp).ALOGeARSeBeITP)+.A0001)/evcITP)+.00001» 
c;x= 1 .9R7-T*C;X 

r.ALL wTP~Rev.w.r.) , 
WRITfC6.999)CV(ITP),ITP=I,3),CRCITP),ITPa l,3),GX,CC(ITP),I 

11 p= I.:ll 
FOR~:ATe IH .6F7.4.F7.1.3F7.4) 
GO TO \ CI CI 

r.ALL RTLXLCV.A.T.TO.QF.R) 
IFCITyp-:;lllnI6,Hl25.1016 • 
\,R 1 TEe 6. 1031'1) CV CI TI') , 1 TPa 1 , 3) , ~ 8 CI TP) , 1 TPal , 3) 

FOR~IAT( IH , 3F7 .3, 3F7 .0) 
GO TO 1011 
r.ONTINUE 
no 11'112 L=2,3 
BeL)=EXPCRCL)/1.987/T+ALOGeVeL)+.0a001» 
GO iD 1 Cil:; 
r.ALL RTLXLev.B,T.TO,QF,A) 
GO TO IAI3 
CALL RTLGACV,RTLG,T) 
DO 430 Lel,3 
XP=T 
AeL)e-TOeL)+CRTLGeL)+QFCL»/el.9B7+TOeL)+ALOGCVeL)+.00001) 

L- OFCl» 
A eL) = r. CL) - 273 • 
DO 7.'1'1 1 T pc 1 • 3 
RCliP)cRTLGCITP) 
WRITEe6.425)CVCL),L e l,3).A,CB(L),Lal,3) 
FORMATUH .3F6.3,3F701.3F7.1> 
GO TO 101'1 ' 
CALL LIMSCV,S,TH,ISPACE,T,TOT,ITYP) 
L3DJ-L8 
L4DJ+L7 
DO lAI K=KAI,K82.KSPAr.E 
DO lAI N=KR3.KR4,KSPACE 
Klall'l3-eK+N) 
IFCCK85-KI)+(K86-KI»863,863,101 
\FCCK-LI)+CK-LP.»864,R65,R65 
IFCCN-L3)+CN-L4»101,865,865 
XCI).FLOATCK-I)+TOT 
X(2)aFLOATCN-I)+TOT 
X(3)aFLOATCKI-I).TOT 

IHI t tHll'S 1 ~lT ,"1111'1'" 111"11," "t ,',\mp1'iIt'llt .'. ,tIU' .llld 1 .... ·41 1 pr !O(',lrcl! are.1 one 

Il.' -d·t tl}'. 

~~lJlIlh"1 ,d 111,1111 ~I tl'~.tt'd I~; II1Cl"t'!nI'lItt'd hy dlH', 

Sllllt·, 'II' Il' Ill'Itl1rlll Il)'1 1 1-: tll'II(INS, 

11\'1'1 .. 1: •. 011111,111"; ,II Ilvllll'" III Il'1 111 <1 

(~ o 

t\r\l:/\1. \ ,111'111,11.", .1' t 11,'11 it,~; ln Il'lull! ,lt I .. 'mpt'raturt' 1 IJslnp, ('ompo!dlloll V. 

Ipl.1I t'XII",'; Irt't' l'Ilt'q:\' pt mixlnv, l,tlclIl.ltl't1. 

Wll'lït ,.II'llloIlt", ""'t't~:111 Ir,lt"III'Il'. (t') Irom mlllt· pt'rtt'UI, 

Iïd', l" .1 )""1\1".11 WI lIt, ·;t.III'Tnt't11 Illr opll(1Il', llYi'E"".!,I,!.,/) 

HII.XI "dt 111.1(,,:, 1\' III ,r .... ~,I.I1: ,11'( 1\'1t l .. ,s ln tlu.' (mil,li til ilt l' ilnd li, 10 

• 1 v,;t ,01 (1\) 

11\'1'1.·_.': (,, III '·I\,~,t.d (H) .11 t!\l1Ith1';ltIPII V 

1 n'l'I".-,'t:,I' 1 1\'11 l, .. , CI\) ln ,'r\':ll.11 .H l('mpl'ralurt' l, comptluilloll V. 

ITYI'I-:--I):,\l"t 1vlt l,,:, III tw,l'd \ ry~it.tl al l,\' 

ITYPF"'b:slnlplt' l'lIlt'cllc llrplld\l:; It'mpl'ratUrt' 

HII.I;A .'.01"111.11,·,; (/ III Il'1111.1 .11 1 .1" Rn,t:. 

Ftlrmtl1.1 (l-.!) trpllI I,'xl t·,tll·ulal,·:. llquldu!i. 

, 
Wrtt(·~. ("ompo!'llt 11'1l, tt·mllt·r.H\lrt'~; ,1Iui /4 lor l'OmpOllclltH ll'H', lWo, throe. 

I.UIS ,'all'lIl.ll.·'; 1"'1111'.01 V.oIlI.· (S) 'IIIÙ fillllli' (1'11) or al'llvilles ln Ilquld 

.It l" ln a !novl'.lhl,' ~il',lrt'h par.llll'llIgram. 

IH) I.O(lPS tor l'tlmpllHit illlls pf l·tlmlhlnl'nl~i (lIH' and two for ttearch art'a numbcr 

l Wu ~it't \1(1. 

, , 

\0 
VI 



(j) 
)::> 
""tJ 
:s,: 

ln 
1 
W 

~ 

76A 

750 

779 

.. 9 

160 

161 

lAI 
100 

9AI 

911 

eB 

35 

38 

"5 

11 

IfCITYP-9'75A,76A,76A 
CALL Ln,SXL ex, B, C,KSPACE, T , TOT, TO, QF') 
GO TO 77A 
CONTINUE 
CALL LI~·.seX,B,C,KSPACE,T,TOT,ITYP) 
CO 1\1'1 NUE 
DO 4A I?a 1, J 
IfCAASCS(12)-ACI2»-CTHCI2)+ceI2»)~0,~A,IAI 
CO ~'TI NUE 
CALL REfINEeV,X,ISPACE,KSPACE,T,JSPACE,IACC,S,B,ITYP,TO, 

IQf) 
1 F'e IACC) IlHl, IAA, 16A 
CALL WTPERCV,W,TEX) 
CALL WTPEReX,W,VO) 
'y RIT E C 6. 1 6 1 ) e ve L ) , L. 1 , J) , e x CL." L • 1 , 3) , e TEX CL) , L. 1 , 3) , e vo e L 

P,L=I.3), 
l.eSCL),Lal,J),e8(L),L·I,J) 

F'ORMATeIH ,6F'6.3,6F'7.~,6F'6.3) 
GO TO 10A 
CONTINUE 
CONTINUE 
DO 9A 1 1 = l, 12 
NIF'C1 )aNIF'C1 )-1 
CALL SINon' 
WRITEe6,911)ITF.ST,NIF',ISPACE,KSPACE,JSPACE 
F'O~MATel~ ,15,151~) 
GO TO e22,21,21,21,21,21,22,21,22,21),ITYP 
END 
SUBROUTINE LIMSeV,S,TH,ISPACE,T,TOT,ITYP) 
DIMENSION ve~),Se~),A(~),B("),Cc .. ),X("),Y1 .. ),TH( .. ) 

I,R( .. ),Uc~) , 
CALL ACTCALcV,A,T) 
ZaF'LOATCISPACE).TOT 
X(2).ve2)+Z 
X(3)avcJ)-Z 
XC\l-Vn) 
CALL ACTCALcX,B,T) 
lF'eITYP-9)3A,e8,e9 
DO 35 JX-I, 3 
CcJX)aAeJX) 
UeJX).AeJ)() 
GO TO 45 
CONTINUE 
Ye 3) axe 3) 
Y(2).Ve2) 
Yel)81.-Ye2)-Y(3) 
CALL ACTCALCY,C.T) 
Re 1) .vn HZ 
R(2)·ve2)+Z 
R(3)·ve3)-2 •• Z 
CALL ACTCALCR,U,T) 
CONTINUE 
DO lA 1-1,3 
Sel)-AMAXleAel),Rel),Cel),Uel» 
'TH CI ) • AM 1 NIC Ac 1 ) , B CI ) , C <1 ) , U CI ) ) 
sel).(scf)+THCI»/8., 
THCI).SeI)-TH<I) 
RETURN 
END 

e 

IT\'PE"H.'I:·,,!lld "\lllll ton tll' 1 il1l' l'.lll'ul.lt,'d .Il 1 

LIMSXI. dt'll'rmfIH'~ thl' ('t'nlr,aI \',tllll' (8) ,lIld thl' r,lIlp,I' CC) 'Il .11'1 Jvltl, .. ; 
tn 111:;1'" {'ly~;t,ll 111 TnIlVt',lhl,· .p,lrt'h p,lralll'ln~rc1m. 

I.HIS Itlr .It r Ivllll". In Ilqlllt! III ~;t't'ond 'il',lrl"l, .lrl',1. 

Chl'I·k~. fil 'il'l' Il .It't lvlt JI'~, III 11\1' l\,,'o 010\'1°,11111' 'd'.ar!'!, IJ,U.aI It'logr,lm~; (',Ill 
h,' m,l(ch"t! !pr ,1 p"H~;fhl" ''l'ilit Ion. 

HEFnn. ll'I illt'~, tht, po~;~dhll' ',t'Jill 11111 tll .. ml~rl' .!{l'IILllt' (!1rnpll'iÎtllll1. 
IA('C ... ) mt'.IIl~, ,1 rt'IIIH't! snlllt Ipl\ h.I~; bl'l'II IOlllld 

WTI'EH {'{lll\'I'rt~l V,X tp Wt'Ight Ir,,( tlon~; 

Wrltt'!; mld" tr.I{" 1,'11', lIt 1·"I'xi~.t 11\~~ ph.l~ot'~;, !"'l'Igl!t 11.11 tlllll'" .lI\d v,llllt'!; 
ni t ht, 1ll.lt ('IH-t! olt' t j \' 1 t i t",_ 

CloSI"; 'oI'.lrd\ ,lr",1 t \..;P, 

C) tlS,,~. ·.1'011'1'11 ,llt',1 11Ilt'. 

Wrltl"; llll' Il!1mh,,t 111 pollll'; tt.·s!t'd, tht, ,'ompo',llioll.1I Ilmlt~; III 

tht, t\o.'P SI',lrdl ,ln'.I~ ,1I\d thl' ~H',lrl'h Inl'rl'mt'I\t~;. 
Hl',lds lU· .... ' St'.!r!'!, ,lrt'.Ui ","'Ith ~;t.ltl'lTll·111 .'1 ,md Ill' .... · l "llIllt'r,lllIf"t' r.mg" fpr 

(',llt'ul,1l 101l~; wlth SI.Itt'mt'lIt 
\.HIS 

Ih'I"rmll\l"; ,',·nl.-.o1 v.o1",· (S) 01,,01 L,ng" (ni) ,q .,,1 Ivlll,". 1" Il'I,,ld ln 
tlH' mtlvt',lbl,' ~"',Irdl p.lra)II.111.~r.lln. 

l'lit' IImlts til tht' mov"tlhl,· ';l',lr\'1I p.lr.IIIL·)tlgLIOl -1ft' ("'(IIIt'1! hy VIX, Y,R. 

rh,· ~dzl' nt tht' p,lr,IIIl'lngram i~; thl' ~il'.lrdl IlIlï't'mt'nl Z. 
,\CIT,\\. .... 1 .. "I.'l,·'; ,"'llvll 1..,; (11) 1" Il'1,,1<1 .'1 1. 

At'l Ivit It·~, ,In' c.a!{ïd,lt"t! ,It l',H h {'PrlH'r \11 tlH' p.lr.IlIt'II1~r,lm. 

1 l'YPE-H,9:s\d Id Htllll' 1011 1',llt"lll,llliln~; n'qull'\' 1:I.ltt'llinK nt .Ict Ivit il'Ii ftlr 
11111\· tilt, 1'\lmptll1t'llts 111 Ih,' !;{Ilid :;olutlol1 (2" 1) 

Il''Il'fmlnl'" Ih,' "l'nlral vallll' (S) .Illd Ilw r.,"~,' (111) p' ., .. llvlll,'" III tl ... 
l'aralll'l°llram. 

.J 
o 

\0 
0\ 
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SURROUTINE ACTCALCV,A,T) 
nlMENSION V(4),AC4),RTLO(~) 
CALL RTLOACV,RTLO,T) 
no 1 fi 1-1,3 
ACI)-VCI)+EXPCRTLOCI)/T/I.987) 

\8 CONT/NUt: 
RF:TURN 
F:ND 
SUAROUTINE RE~INECV,X,ISPACE,KSPACE,T,JSPACE.IACC.S.B. Il TYP, TO, Qf') 
DIMENSION V(4).XC4),SC~),THC4),BC4),CC4) I,TO(4) ,QF"(4) 
TOT-I,/IAAA. 
CALL ROUNDcV,ISPACE,IAI,IBe,IB3,IB4.IB5,IB6) CALL ROIlNne X,K SPACF:,KR I.HBe.HB3,HB~.HBS,HB6) DO 11'11'1 lalRI,IA2,JSPACE 
DO 11'11'1 JalR3,IR4,JSPACE 
,11.1 l'lA 3-I-J 
l~eeIRS-JI)+CIR6-JI»963.963.111 963 UCI)-F"LOATCJ-I)+TOT 
U(2)-~LOATCJ-I)+TOT 
V(3).F"LOATCJI-I)+TOT 
CALL LIMSCV,S,TH,JSPACE,T,TOT,ITYP) IF"CITYP-9)SIB,See,se8 

5e8 I<Rlal 
HR2-1 

Sl8 CONTINUE 

863 

768 

1758 

771 

~8 

181 
118 

Il' 

DO lAI 1<-I<RI,I<R2,JSPACE 
DO lAI N-HR3,HR4,JSPACE 
H laIAA3-H-N 
lF"eCHOS-I<I)+eI<R6-1<1»B63,863.181 
XCI)aF"LOATeH-I)+TOT 
X(2)·F"LOATeN-I)+TOT 
X(3)aF"LOATel<l-I)+TOT 
lF"eITYP-9)7SA,76A,769 
CALL LIMSXLeX,B.C,JSPACE,T,TOT,TO,Qr) 
GO TO 779 
CONTlNÜE ' 
CALL LIMSeX,B,C,JSPACE,T,TOT.ITYP) 
CONTINUE 
DO 41'1 12-1,3 
IF"eABS(S(18'-BClè)'·(THCI8,.C(le,»~e,~I,111 
CONTINUE 
IACC-I 
GO TO Il e 
CONTINUE 
CONTINUE 
IACC"9 
RETURN 
END 
SUAROUTINE ROUNDCV,IIP.ACE,II,18,13,1~,IS,16' DIMENSION ue 4) 
1 1- 1 AAA .+ve 1) + Il. 
lI~a 1 1 + 19+1 SPACE 

,13-IBAB.-V(2)+II. 
J 4-1 3+ 1 8t JSPACE 
J6-IBB8.-V(3)+II. 
15-16-81tUPACE 
RETURH 

,END 

'\CI!.,\1. 
Ilt'It'Imllll'~; ,11'1 I\'il i.", III Ilqllld .Il ., ,lIId CllnJlhl.'iJt JOli \' 
IUII:" dO'lt'II"II"", t1 (HII.I:I III Il'1"ld ,II l,\', 

.\. t i \' i 1 i t'~. 1.1\ ( Id.1 t t'd 

HI.I'I ~I: 

~ 

HI'! in!". Illt' -.I·llIt Inll Il'tlnd III ~tAI:-t Il}' ~;t·.nddllg tlu' two prl'vltlll:. movcahll' '>1',111 il p.II'.llll·ltI~·.r.HlI!. ",lllt ',rn.lllI'r movlllg ~1l·.lrl'll paraill'iogramti 

BIJl'~;J) dt'f,'rmllh", tilt' IIlI I.tiliP Ilmll~; III tht, twp "rl'a~; til ht, ~I'drclll'd 

Id"111 i, ,Ii II' tilt' p!'lt Ipli III Ih,' ~t/\l~ prtll{rarn tll.1t m,ltdll'~i ,Il'tlvitlt'" 
l'XI l'l" thl' ',t',lll" Ille rl'ml'lIt', ,Ir.' rSPM:E/I()(}O 

Il ,h'( Ivlt It,~, ,Ir.' matchl'd tlu,' IACe-), hut IACCaO for IltI !-wlutJon. 

1IIIlINIl 
Llll'lllatl"; /lit (Iltll' Ilmltl; lor th., two moveuhl., ""ardl 
p.II'.IIIt'ltl~rilm.s whlch 11(1\.01 hl'l'ornl' rl'fJnl'd HClirch arcn 011(' .mu twu. TIII'Y ;trt' Ililt..' Hotll~ ltl hl' ~H-'lIrcl1('u wlth movlng parnllcloRramn 
I.'lth th,' ft'lllIl'd 1 Ill' rt'mPlit .ISI'ACE/lOQ, 

.~ 

\Q 

~ 
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SUBROUTINE WTPEReX,W,C) 
DIMENSION xe~),we~),ce~) 
CT.I .I(X CI "'11 I)+X UuwU!)+xe 3) .W(3" 
DO 2''''' K.I.3 

1.. CeK).xeK).weK).CT 
RETIJRN 
ENO 
SUBROUTINE RTLOAeV,RTLO,T) 

C PRO GRAM RTLOA CALCULATES RTLN e ACTI VI TV COE'" CI [Nn DIMENSION RTLoe 4), ve 4),Z (4), SC 4), THe~) Z(I).ve3)/eVe3)+vel)+.99AAI) 
CALL XHM ( 1 • Z ( 1 " S ( 1 ) , TH ( 1 ) • 1) 
Z(2).ve2)/eVe21+vel)+.99991) 
CALL XHM(2,Ze2),Se2),THe2),T) 
Z(3).ve3)/eVe3)+ve2)+.9B981) 
CALL XHMt3,Z(3),Se3),TH(3"T) 14' OTX.CI.-v(2» •• e.sel)+el.-vel» •• e.se3)+el.-ve3J)++2+S(2) ATLOel)_e •• eel.-ve3».sel)+el.-vee»+sel»-V(e)+THee)-V(3) '+THe J) 

JI 

8' 
JI 

as 
Il 

•• .1 
fi 
'1 

I-OTX 
ATLO(2).e •• eel~-Ve3».SCÜ'+CI.-vel».SC3»+VCI).THee)-V(3) I·TH(3) 

I-OTX 
',RTLGe 3' .1. U CI .-VU» .SC ,)+U .-V( J) "S(3' )+VC ., +THe 1 )+vce) ,. THe 3) , 
I-OTX 

RETUAN 
F.:ND 
SUBROUTINE XHMel,Y,S,TH,T) 
DIMENSION Xle4,19),XeC4,18).AAe~,18),BBe4,19),CCe~,II), IlN(4),X3e~, Il),X~,e4,'II),A\(4, Il),B\(~, Il),CJC~, Il), Il NPU,.I NOU) 
COMMON XI,xe,IN.AA.BB,CC,X3,X4,INP,AI,BI,CI,INO l,eINOel)-I)?,18, •• x.y 
GO TO ?5 
X·I .-Y 
CONTINUE 
Nl .INCl)-1 
DO 15 J.I,NI 
IFeeX-Xlel,J».eX-X8el,J)')I.,11,15 
CONTINUE 
J.INCI ) 
THI.AAel,J'+X.8~CI,J).~.~8.CC'I,J) 
NI·INPel) 
DO ee J.I,NI . , IFeeX-X3el,J".CX-X4CI.J»)81.81,8. CONTINUE ' 
J.INPO' 
THe.AICI,J).X.SI'I.Jl·X •••• CICI.J) 
TH·THe-THI , 
S.THI.X.(THe~THI) 
l'C INOC 1 )"1 JI ..... ,. 
TH--TH 
RElU"" 
PD 

~ 

\{II'I:H 
(',!I ('111.,1 ,,,; ..... ·11·,111 PI'fet'llt CC) Irilm mol,' pl'rl"('nt ex) wtth m"lt· 

1.','11:111', (\,;) 

H 11.1;,\ 
(',.1",11 ,,1 ,", «( 111 1 1'1111,1 

l'~d'~. tlll' 11lIt'r~,t'l"t IplI~. tll Ilu' Idlldl It'ti (Z) Il' gl't tht, htnarv v .. I1I1('~; 
,,1 r., ,11'.1 8~1 Il',1111', XIIM 

1 
hlrmlll.1t' (.'-H) flll b III tll1' Ilquld Irl1m thl' tt'xl. 

XI!}I 
LlIllll.ltt·~; tlll' v.lllll' nt G., S ;1I1d é>t - III .al 2: :/7~) in thl' hfnar}' IJ J ..... '1 
If IN'I"2 Ih,' 1d"oIrv 01,,1.' 1" h<ll'kl.'.lf,h hUI I! 1:1'1-1 III" d,ILl 1" III" t'illhl 

.... ·.I\' .Irtllllld. 

1J1'lt'rmtllt'li whldl !;l'~ml'l1tl'd Illll'rv.11 th.lt tlu' inpllt "(Imposition X 
Il,,,, ln I"r IIIl' ti 0101'" ln hl"an Il 

Calculai"'; nI 111 Idn,lry Il 

Ih·tt'rmlllt'H \.Jhldl !i(·gml·nl,·d Intl·rv.d X Il,'s {Il 1 {Ir tht' (~J dat.1 ln hlnary 1) 

Il tlu' d.lt a I~. h.lck\"'ardH l hl' ~; 1 tIpi' t!; n'\'l'rHl'd. 

j 
~. 

\C 
00 
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SURROUTINE LIMSXLCV,S,TH,ISPACE,T,TOT,TO,Q" 
OIMENSION VC~',CC~:,SC~"AC~',BC~"TH(~',TOC.~,~C.' 

1, XC.) 
'Z-FLOATCISPACE).TOT 

CALL RTLXLCV,A.T,TO,QF,X' 
CCe).vce)+z 
C(3)-VC3)-Z 
CALL RTLX~CC.B.T,TO,QF,X' 
00 I~ 1-2.3 
SC 1 , _ AMAX 1 C A CI " B CI , , 
THCI ,-AMINI CACI "BII'» 
SCI'-CSCI)+THCI')/e. 
THCI,-SCI)-THCI, 
THC "al.E6 
SC J)-A 
RETURN 
END 
SUBROUTINE RTLXLCV,A,T,TO,Q"X, 
DIMENSION VC.'.AC~"TOU"Q,( .. ',S("',THC"',X('" 
CALL XHMC.~VCe).Sce"THCe,,' 
Ace'-Sce)+VC3).THee,' 
A(3)·sce,-vce'-THCe) 
xce,.AU' 
X(3)-AC3' 
DO 19 lae,3 
ACI,.VCI'_EXPCCACI,+Q'CI'_(T-TOCI"/TOCI"/I.'S1/T, 
ACI'·" 
RETURN 
END 

IDATA 
; IMMISCIBLE LIQUIDS AT'TEMPERATURE T IN 
MOLE 1 PHASE ONE- MOLE 1 PHASE TVO- WEIGHT 1 ONE - WEIGHT'I TWO 
,_ ACTI VITY " 

l ' e 3 '1 a 3 1 3 ' \ 8 3 
123-123 

IMMISCI8LE LIQUIDS AT TEMPERATURE T IN 
MOLE 1 PHASE ONE- MOLE 1 PHASE TWO_ WEIOHT 1 ONE • WEIGHT 1 TWO 
'_ACTIVITY , '. 

l ,e 3 e 3 '1 8 3 8 3 
183-123 ' 

!XCESS CHEMICAL POTENTIALS 0' CRYSTAL' IN 
MOLE 1 CRYSTAL _ EX CESS CHEM POT 'CRYSTAL 
123 1 e 3 

ACTIVITIES 0' LIQUID AT TEMPERATURE T IN, 
MOLE'RACTION LIQUID_ACTIVITSES IN LIQUID_O EXCESS_ WEIOHT PERCENT 

\ e 3 \ e, 3 TOTAL \, 1 3 
ACTlVnlES OF CRYSTAL AT TDiPERATURE T IN 

MOLE 'RACTION CRYSTL_ACTIVITIES IN CRYSTL-O EXCESS_ WEIOHT PERCENT 
1 2 3 1 e 3 TOTAL 1 Il 3 

ACTJVITIES 0' 'USED CRYSTAL AT TEMPERA,URE T IN 
MOLE 'RACTION CRYITL_ACTIVITIES IN CRYITL.O EXCEII.,WEIGHT PERCENT 

1 1 . 3 1 • 3 ,TOTAl. \' • . 3 

~ 

I.IMSXI. 

Ill'l"rml'\l'H tl", ""nlral villue (S) and lhe range (Til) of i1<'llvllleH ln fused 
cryntlll for il movl'c1hlt~ Heard\ lnt('rvnl dcfincd hy the composition V 
and V(l) +Z wh,'''' Z lH lhe H~ar<'h , .. L.l'ment. Thh lH done only for com
p()I1(~ntH l~_ll and ~I.!.!_c~«:.. tht· ('omponentH Jn the Holld sulut fon phaRe. 

RTI.XI. l'1I1culal"H IIcllvlL ll'S ln fUHl·d ,101 Id Holullon phaHl' al T 

Rll.xl, 
~-t'l-:-rmll\L'H ill'tJvltil'!j for {'omponcntti two llnd thrl't! at r in the (used 9011d 

Holul ton phaHl·. 

\llllary Il,,ml' l, l'alled ln Xill'i ls the -11 dala tor lhe .olld Holuttoll phase 

Al'llvllleH III crY"lal referr~d lu tu"ed Htnte. 

llATA 
lIelldlllgH for lhe lableH fur lhl' dlfferent [TYPE OPTIONS. The data 

Ilne" wllh leuH lhan 8-10 charllcterH arc il dlrecl contInuatIon of the 
prl'ce"dtnR Ilne: lhey are actually on lhe HlIme dntll cllrd. but the 
prlnter wldth IH uuly 70 chnrncteru, 

~ 

\0 
\0 



Ci) 
:r::. 
-u 
:?:.: 

VI 
1 
-J 

-

, SIMPLE EUTECTIC LIQUIDUS TEMPERATURES IN 
MOLE rRACTIDN LIQ.LIQUIDUS TEMPERATURE.EXCESS CHEM POTENTIAL 
123 1 23 1 2 3 

SIMPLE EUTECTIC ~IQUIDUS TEMPERATURES IN 
MOLE rRACTION LIQ.LIQUIDUS TEMPERATURE.EXCESS 

1 p. 3 1 2 ' 3 1 
CHE" POTENTI AL 

2 3 
IN SOLID SOLUTION LIQUI9US AT TEMPERATURE T 

MOLE 1 LIQUID • MOLE 1 CRYSTAL • WEIGHT 1 ~IQUIO • WEIGHT 1 CRYSTL 
.ACTI VI TY 

1 2 
123-123 

3. 2 3 2 

SOLID SOLUTION LIQUIOUS AT TEMPERATURE T IN 

3 2 3 

MOLE ~ LIOUIO • MOLE 1 CRYSTAL • WEIGHT 1 LIOUID .'WEIGHT 1 CRYSTL 
-ACTI VITY 

1 2 3 e 3 2 3 
123-123 

216.S62SS~A.1391~e6e.e213S69.11IB.27B.e129999.IS53. 
"DIOP-AR-AN,IATM 
SEr, PARA FIT TO 0 MI97A 
72ANDM DAN J267A 
.~ .A66A-A.621477E-A3 A.62147AE 
• A66A.18AA A.3946RAE A2 A.7S3434E 
.IRM.3SAA-A.4A4AI7E A? A.IASS7IE 
.3SIIII.642A A.SI38AIE Ae A.113AS2E 
.642A.777A-A.37SR4IE A4 A.IIS747E 
.777A.914A A.181383E AS-A.42A8"AE 
• 914A 1 .AAA A .1249A3E 06-A.2H919E 
SIANDM 001 JAN2670 

A3-A.23:146?E A3 
AP.-A.IAI9"1"1E A4 
A4-0.4AA07RE l'loi 
A4-A.498663E A"I 
A5-A.11999AE AS 
95 9.297907E AS 
06 0.1.q7733E 96 

• 9 .1 1'J6A- Il .8 SSB 3AE 
• IA611 .412A-9 .21 S436E 
• 41211.642A-F\.41 SA61'1E 
• 642A .89SA-9.38977AE 
• 89 SA 1 .AAA- 0 .A99 SA9E 
SIDMAB DDI J267A 

03-A.326ISAE AS 0.19SAAAE 06 
04-0.326602E'83 9.S96147E 04 
A.q A.90B7.qAE 04-A.SI2796E 94 
A4 0.79.q337E A.q-0.39S9.q4E A4 
04 0.194711E 95-0.10.q760E '05 

.A .51:7A-A.126942E-93 A.126941E 
• SI'7A.BASA A.176384E 9.q-9.67.q89AE 
.~AS0.917A A.2536A4E 9S-A.67679SE 
.917A.96SA-0.e07293E 96 0.419A67E 
.965AI.A0A-9.5260S"IE 87 8.IA9949E 

A3 A.I 16 "19 3E 
04 A.786S57E 
05 9 .471426E 
06-9.e9698SE 
98-A .S739A6E 

04 
04 
05 
06 
07 

41DMAB DAB JA~~67A 
.9 .193A 9.28397AE 
• 1 A3A .657,9 0.139 62SE 
• 6579.9659 A.1332A6E 
• 96SAI ~II' 1.927a23E 

A4-0.177233E AS 0.98A982E 05 
94-9.143219E 04-0.2S7869E A3 
A4-1.126987E 94-9.35806.qE 03 
8S-8.19S621!.86 A.1928391 86 

A. 
"lA. 
2A. 

-161. 
-1273. 
- 2899. 
-29SA. 

-1572. 
~2122. 
-1277. 
-"39. "8. 

et 

2940. 
4357. 

1787. 
120\6. 

341". 
-e26. 

2 

16. 
36. 

-21. 
-326. 

.: 1329. 
-2873. 
-2995. 

-2159, 
-e020. 
-571. 

-31. 
52. 

18. 

"311. 
2960. 

1367. 
1047. 

139. 
-168. 

3 

"II' • 
20. 

-161. 
-1273. 
-20A9. 
-2958. 
-27AS. 

-2122. 
-1277. 

-"130. 
40. 
9. 

377. 

4357. 
1831 • 

1246. 
344 • 

-226 • 
8. 

fi 

Holt· wl·j~ht 1 hcat pf fm-doit, ilIut tcmp,,'rntun' of fusion for components onc. 
two ilnd thn'l'. 

Nam" .. 1 th,' tt'f1wry IJlopnldl'-Alhlte-At:orthlt" 
Th .. r .. rm ur th" Input diltil 1" a" "t'gmented parnbull" fIt tu d,o ratlier 

titan tn ~ 
ria' t'harat'll'ni 

7 
72 ANDM DAN hilvc tlll' rulluwlng mcnnlJlg: 
thl'fl' att' sev"n segmenta rltted to -a -f(X) 
th" hlnary & data ls hackwatds HO INQ-2 

ANDM the hlnary ls An-DIu frum Bowen (1928) 
IMN th .. dnln l~ for,(} (lf An 

rtll' .. har,H'tt'rS ';1 AN DM DDI arc slmllar t .. tho:le for An, only they arc for 
Ill .. , Th" l ,. nu! n'ild, as tlll' blnnry la o1lready hnckwards, 

rt", .. rdPr ill the hlnilry Input dnta ror Il 1. ror lIquld"; ln lllo-An 
rlrat, thl'n fur DIo-Ah, ,1IIl! then for Ab-An, The fourth aet of Il dnta 
'" lor the cryatal phaa" ln Ab-An, 

TIll' property of th,' I>!nan J dntll helnR hnckwnrdH or forwnrda IR determlned 
hy u"lng ITYPP. optIon. l and Il ln (;APMIS fot blnary rompo"ltlons and com
pnrlnR th" te"ulta ~'lth th" ('1 dat,' ln the lavt thre" columna, 

l'lit' 1 ir"t two tlntn arc the mulc rrnctlon (secund component) lImlts of 
l'arh Ht.'gmlHlt. and the ncxt thrt'e data arc~nramcterH of the fit, 
whllt' th" lnHt thr,'c data att' thc" values u8ed ln cnlculatlng the fit. 

..... 
o 
o 
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-., IARAN LI Q DAR 

· '" .IAAA-A.165169E-"'3 A.165171E A3-"',16417AF. 1'14 
.IN1A.37M A,P.71IAP.E AP.-A.3A997AE 1'13 A,39R675E A3 
,37AA.53AA-"',161343E 1'13 A,46249RE A3-",.31P.498E 93 
• 53",,,,,67"'" ",.791173E 02-A,19A476E 1'13 A,634917E 1'12 
,67111'1.8111'11'1 A,5R2143E A4-A~172A57E AS A.IP.6674E AS 
• ~AAA.R9AA-A.239574E AS A,5444RAE A5-A.3A37A3E AS 
• 891'11'11 .AA"'-A.1I545"E 1'16 A.26A274E 86-A.I .. 6124E 1'16 
81ARAN LIQ DAN M77A 

• A .117"'1'1 A.42"''''49E A2-A ... 9A614E 1'14 A.37A2S6E 1'15 
• A7AA,16"'A-A,21"'AAIIE 1'13 A,I31349E 94-e.396R35E 1'13 

'.16"'A.33AA-A.2A4353E 1'13 A.IS7549E A4~A,22549AE 1'14 
• 33AA,4RAA-A.79P.R68E A2 A.896316E A3-A,134525E 1'14 
• 4RAA.5 .. AA A.AI7AAAE A3-A,295AAAE 1'14 A.27777RE A" 
• 54AA.7AIIA-A.34A624E 1'13 A,I2AAAAE A4-A.93749RF. 1'13 
• 71'11'11'1 ,871'11'1-1'1.1 4676P. .. 1'13 A.IAA2A9E A4-A.IA5A42 .. A4 
• 871'11'11 .''''1'1 A.4S1116E A4-A.183IS3E AS 8.SRA416E 1'14 
82ARAN XL DAR M77A 
• A .24A9-9.199A63"~A2 A,I99R63E A4-A.37269IE 1'14 
• 24AA,34AA-A,133797E A3 e.332165E A4-A,691664E 1'14 
• 3481'1,51'181'1 A.445199E A3-A.9A8336E 1'13 A,515876E 1'13 
• 5"'1'19,6290 A.92S5S7E A3-A,23AS56E A4 A.138889E 1'14 
• 62AA.7SA~ A.IR2144E "'4-A.492R25E 1'14 A.32R845E 1'14 
• 7SAA~7AA A.384274E A3-A,IIRAS4E 1'14 B~S7125E 1'13 
• 87AA.94AA A.3116A6E AS-A,7A37AIE AS A.3971SIE 95 
• 94AAI .AA9-A.219796E AS A.488386E 85-e.261IA9E AS 
61ABAN XL DAN M77A 
.1'1 .11'11'11'1 B.4A4AA7E B4-8.728669E 85 9.347762E 1'16 
• 18FII".2SAA 8 .2ASA33E 84"9.2266AAE AS 9 .SI8U6E 95 
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