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MIXING PROPERTIES OF SANIDINE
CRYSTALLINE SOLUTIONS:

IV. PHASE DIAGRAMS FROM EQUATIONS OF STATE1

D. R. Wer-oBAUM AND J. B. TuolresoN, Jn., Depart1nent of Geological Sci-

ences, H arv ar d U niaer sity, C ambriilge, M as s achus etts 0 2 1 3 8 -

ABSTRACT

Phase diagrams involving alkali feldspars in the model system SiOrNaAlOrKAlOrAlroj

have been calcuiated using a pretiminary forrnulation of the mixing properties of sanidine

crystalline solutions presented in Part III of this series The mixing properties so obtained

permit calculation oi the two-feldspar coexistence surface as a function of pressure and

temperature in tbe sub-system NaAISi:Oa-KAlSiBO8.

Provisional values of the mixing parameters for NaAlSirOs-KAISLO8 liquids at one

atmosphere may then be calculated from the minimum melting temperature and composi-

tion given by Schairer (1950). From these in turn we obtain preliminary estimates of the

solidus for Na-rich compositions and the (metastable) solidus and liquidus in the composi-

tion range where alkali feldspar melts to leucite and a liquid displaced toward SiOz from the

feldspar join.

The efiect of the component KAlSirOs on equilibria between alkali feldspars, jadeite,

and quartz has also been calculated tentatively for temperatures up to 1300' C and 32 kbar.

The calculated four-phase equilibrium between quartz, jadeite, and two alkali feldspars

intersects the line of critical solution at about 26kbar, and terminates there at a critical

end-point.

IurnorucrroN

In the preceding papers of this series (Thompson and Waldbaum, 1968,

1969;Waldbaum and Thompson, 1968) we have been concerned with the

derivation of thermodynamic mixing properties of high-temperature al-

kali feldspars from various kinds of experimental data and have obtained

therefrom some tentative analytic formulations, summarized in Part III
(Thompson and Waldbaum, 1969, Table 6), for the various thermody-

namic excess functions. It is our purpose here to demonstrate how such

analytic formulations may be used to calculate phase diagrams of several

different kinds for several different types of equilibria involving sanidine

crystalline solutions and other phases. The calculated diagrams are of

course based on experimental data, some of which is in the f orm of phase

diagrams, hence we may regard the calculated diagrams below as a

smoothing of pre-existing data in such a way that it must be internally

consistent, and in a way that provides a reasonable extrapolation to con-

ditions which are difficult or impractical to explore in the laboratory.

It is not at all our intention to suggest that experimental studies can

I Published under the auspices of the Committee on Experimental Geology and Geo-

physics of Harvard University Preliminary results ol this study reported by Waldbaum

(1966), Thompson and Waldbaum (1967), and Waldbaum (1969)
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SANI DINE CRYSTALLIN E SOLUTION. IV.

now be abandoned in favor of calculated phase diagrams, inasmuch as
further empirical studies are needed to obtain improved equations of
state and to test the validity of subsequent extrapolations outside the
range of the original data. However, the task of studying phase equilibria
in mineral svstems at different temperatures and pressures can be greatly
simplified bv utilizing a few carefully chosen sets of experimental data
rather than determining phase diagrams directly for all temperatures and
pressures of possible interest. The use of an analytic formulation that
obeys the constraints of an equation of state to obtain smoothed phase
diagrams also assures the correct geometrical relations between stable
and metastable phase boundaries. To the extent that such a formulation
approximates the true equation of state, it provides a quantitative basis
for evaluating a.mineral assemblage as an equil ibrium (whether it be par-
tial or complete equilibrium) or non-equilibrium assemblage under a
given set  o[  condi t ions.

The calculations below are based on a tentative formulation of the ex-
cess thermodvnamic properties of sanidine crystalline solutions as ob-
tained in Part III from two-phase data for high-temperature alkali
feldspars synthesized from peralkaline starting materials. As discussed in
Part III (p. 000), from comparison with data from exchange experiments,
the excess Gibbs energy of mixing for high-temperature, monoclinic alkali
feldspars is probably somewhat greater than is indicated by the formula-
tion based only on two-phase data. Although other formulations would
serve as well for the illustrative calculations and diagrams below, the one
selected has the advantage of simplicity, and is consistent with the data
of greatest geologic interest.

We shall then write for the molar excess Gibbs energy:2

G..(p, T) : (6326.7 + 0.0g2sp - 4.63zrr)JrA';

+ (767r.8 + 0.r12rP - 3.8565r).^r,1'/? 
(1)

where Z is temperature (oK), P denotes pressure (bars) and 1[r and 1f2 are
the mole fracticns of the components NaAlSiaOg and KAISLO8, respec-
tively. The numerical coefficients (Margules parameters) are based on
data ranging from 500 to 700oC and from 2 to l0 kbar. Computations
within this temperature and pressure range are subject to the restriction
that the Margules parameters are no more reliable than the data used to
obtain them, and are essentially a partly statistical and partly inter-
pretative smoothing of these data (see detailed discussion in Part III).

2 Enough significant figures in the coefficients are given in order to avoid roundoff
error in computations, and their number is in no way an index of the precision or accuracy
of the values (see Part III)
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Computations outside this range must thus be regarded as a consistent
extrapolation of these data, and of our interpretation of them. The nu-
merical values in (1) are likely to change as new data are obtained (in-

ternal Al-Si ordering, for example, is not yet taken into account), but the
results given here must be qualitatively like the correct ones and quan-
titatively not far off the mark.

Equation (1), as discussed in Part III of this series, has values selected
(within the uncertainty of the data and its interpretation) so that the
critical phases lie on a straight line in P-T-I{ space, and have a constant
composition. For this special case all isobaric sections of the calculated
binodal and spinodal surfaces are identical in terms oI T/7" and lrl (Table

1,  and Figure 13 of  Par t  I I I ) .
Even if the values of the coefficients in (1) and (2) could be regarded as

substantially correct for sanidine, the equilibria calculated below must in
part be metastable with respect to equilibria involving triclinic feldspars
or monoclinic feldspars with a higher degree of ordering between the Tr
and Tz tetrahedral sites than is found in sanidine (see Thompson, 1969,
p .352 -363 ) .

Mrxrnc PnopnnrrBs

The molar internal energy (E), volume (7), and entropy (S) of mixing
of sanidine solutions as implied by (1) are

E*r* : E.* -- 6326.7nrrr'r;+ 7671.81{rl. ' l  cal mole-' (2a)

T^i* : T.* : 0.092!Mr1'r; + o.lr2rl{rNl cal bar-t mole-' (2b)

S*,* :,s"* * s,o"u, : 4.6321ry1r'r; + 3.8565l/r, l i l i

- R(1/, In 1/r * A'z ln 1[z) cal deg-t -ole-t

Sia".r : - R(Iv-r In 1[r * 1[z ln ]y':) cal deg-t mole-t

(2c)

(2d)

where R is the gas constant (I.98726 cal degt mole-r). Mixing properties
calculated from (2a, b, c) are plotted in Figure 1 for 650'C and 10 kbar as
light solid lines. The entropy of mixing at the equimolar composition
given by (2c) is approximately twice that for an ideal solution (dashed
line). The summation of these three mixing properties, as given by (1)
is shown as a heavy solid line, which has regions of both positive and
negative curvature indicating that a two-phase region must be present in
the phase diagram at this temperature and pressure. The points of
double-tangency to the curve (binodal points) are at 1/s:0.0856 and
l{z:O.7I04, and the points of inflection (spinodal points) are at Nz
:O.1773 and Arz:0.5571. Although the excess functions given by (2) do
not appear to be markedly asymmetric, their sum in Figure 1 leads to a
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o  0 2  0 4  0 6  0 8  l

NoAlSi .O, KAlSi3Oe

F'rc. 1. Mixing properties of sanidine solutions at 650'C and 10 kbar' Heavy solid line

indicates summation oI PV.*, ?(Sra*rfS"J, and E'. Dashed line represents ?Sia"'t'

Reference state is mechanical mixture of oure end-member phases at 650"C and 10 kbar.

highly asymmetric curve in G-i*. The asymmetry in the excess properties
is better i l lustrated by the trace of the recti l inear diameter (r.d.), that is,
the mean composition of the coexisting phases as shown in Figure 2; and
in the relative activities of NaAlSisOs and KAISLO3 as plotted in Figure 3.

It is apparent from Figure 1 that the contribution of the excess volume
of mixing to the Gibbs energy is not negligible, as suggested by Perchuk
and Ryabchikov (1968, p. 137-138)1. The T.* of (2b), furthermore,
though based on Part III calculations, must be quantitatively nearly cor-
rect inasmuch as it is consistent, within the limits of uncertainty, with the

direct volume data discussed in Part II. Comparisons of Figures I and 2

also indicates the efiect of pressure on phase equilibria of alkali feldspars.
At 10 kbar and 650oC the difference in composition of the coexisting

See note added in proof.
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Gmix ing
(col mole-l)

Frc. 2. Isobaric-polythermal projection of Gibbs energ)r of mixing surface ol sanidine
solutions at 1 bar. Trace of binodal curve on the surface is shown by a light solid line.
Spinodal curve (dashed line) passes through points of inflection on the isothermal sections
of the surface. All compositions between binodal and spinodal curves are metastable with
respect to difiusion. Reference sfate is mechanical mixture of pure end-member phases at
the stated temperature and 1 bar.

feldspars is 62.5 mole percent, whereas at 650oC and 1 bar, no two-phase
region exists.

The effect of pressure on the two-phase region is summarized by the
following equations

Z"(oK) : 921.23 + 13.+607 P"(kbar) (3a)

N:" : * (3b)

Combining (3a) with the values in Table 1 leads to binodal and spi-

o.4 0.6
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SANIDINE CRYSTALLINE SOLUTION IV.

Frc. 3. Activities of (a) NaAlSi:Os and (b) KAlSirOs in sanidine crystalline solutions at

1 bar. Reference states are the pure end-member phases at the stated temperature and 1

bar. Solid circles denote critical ooint.

nodal curves at any given pressure. It should be borne in mind when using
Table 1 to calculate the compositions of coexisting phases that the results
can be approximately correct only for highly disordered monoclinic al-
kali feldspars (as emphasized in Parts I and III). Goldsmith and Laves
(1961) and more recently Bachinski and Orvil le (1968, and Bachinski,
1968, written communication) have shown that the crit ical temperature
of highly Al-Si-ord.ered,, triclinic feldspars (at 1 atm) may be as much as
200oC higher than that for sanidine. The compositions of internally
equilibrated coexisting feldspars are likely, therefore, to be different from
those given in Table 1 for the lower temperatures of geologic interest.

Cnnurc.rtt PoreNfials

The chemical ootentials mav be written

pr :G  -  , r (# )  
r ,

p,: G +t '  (#)". ,

(4a)

N xnt s,. o. N x a r s i . o "

(4b)
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G : N,pi(p, T) + Nrt"i(p, T) -t RT(Nr ln ntrr i 1[z ln .t/) +A*@, T) (5)

and the superscript o indicates a property of a pure end-member phase at the temperature
and pressure under consideration. Equilibrium relations among the chemical potentials are
shown quantitatively in Figure 4 at 500"C and 1 bar using the elements in their standard
states as a reference state (Robie and Waldbaum, 1968), where:

pi :Gi , r r" ror" t -arbi te)  :  -  7gg,578 cal  mole- t

p? : d'rzat"u"iaine) : - 808,440 cal mole-t

At complete equilibrium between phases a and B, we must have

Ptd : Prp

Pza : ltz?

d (p,  -  pr)  p,rdNz: o

and the two shaded areas in Figure 4b must be equal.

Ge _ G,: I :::: (:?,) ,,,0,,

(9b)

(ea)

(6a)

(6b)

The compositions of a and B are connected by the horizontal solid Iines in Figure 4a.
Figure 4 illustrates the relations among the chemical potentials derived from (1) for

two-phase exchange equilibria as discussed in Part I. The condition for such an exchange
chemical equilibrium (a partial equilibrium) is that

f / d G \ 1  f l  d G \  It t - l  I
L \ 6 N 2 . / , , J p , r :  L ( * ,  ) r , l r . r :  

( p z -  p ' ) " ' :  ( p z -  p ' ) a '  t 7 )

where a' and B' denote phases in exchange equilibrium with each other. The compositions
of two such phases are shown in Figure 4b connected by a horizontal dashed line. In fact,
any horizontal line connecting the compositions of phases having the same value of (pz- p)
satisfies (7), but the conditions for complete equilibrium (6) are only met by the two
compositions connected by the solid horizontal lines in Figures 4a and 4b. That (6) is not
in generai satisfied by compositions that coexist only in exchange equilibrium is shown
clearly by the horizontal dashed lines in Figure 4a which correspond to the single horizontal
dashed line in Figure 4b.

Figure 4b also illustrates another relationship among the chemical potentials that is
satisfied only for coexisting phases in complete equilibrium. We have

Gp -  G":  (uzNzB*rrr / f rp)  -  (pzNz. *pr l r ' r " )
: (I[ze - Nr")(p, - pr) (8)

which may also be written, for a constant temperature and pressure, as

0", - pt)dN,

The area between the horizontal line ro and the abscissa is given by (8). Similarly, from (9),
the area between rstua and the abscissa must also equal (G6-G"), hence

r  Nz-Ntf

G p - G " :  Ir  Nz-Nlo

(10)



SANIDINE CRYSTALLIN E SOLATION, IV.

Tlsr-n 1. Clr,cur.lrnp BrNooc. eNo SplNoper. Porxrs tN rrm Svsteu
NaAISi:OrKAlSigOs lt 1 Anr. Tnrsp Veruns Ar,so Appr,v Ar HTGEER

Prrssur.rs FoR TnE Seue Ver.ors or T /T" (T rN oK)
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Digital computer procedures have been developed (Waldbaum, 1966) which make use

of the equal-area relation to solve for the compositions of coexisting phases of a solution

whose excess functions have an analytic expression such as (1). The equai-area method is a

considerable improvement over the graphical method used to obtain the points of double-

tangency on the Gibbs surface in that coexisting compositions can be obtained accurately

even in a region of neayzero curvature (?=?".i1;",1). However, this method is not readily

adapted to the restricted memory allocations of many time-shared computers and is

economical only if a high-speed machine such as an IBM 7094 is available. We have found,

moreover, that (6a) and (6b) can be solved directly for trflr and.l[2p much more rapidly

and efficiently (even on a relatively small and slow computer) by iterative methods. An

iterative procedure written in a JOSS-type interpretive Ianguage such as CA.I- (Scientific

Data Systems, Inc.) requires only 6 statements compared with approximately 110 arith-

metic and logical statements in FORTRAN for the equal-area method. Under some circum-

stances iterative solutions to equations containing transcendental terms may diverge or

may yield physically impossible results unless the initial trial parameters and subsequent
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0.6 0.8

!'rc. 4 a) Chemical potentials of KAlSisOs and NaAISirOr at 500"C and 1 bar referred to
the elements in their standard states at the same temperature and pressure. b) Alkali
erchange polential, px-rrx,(:pz-p1), for the same P and ?. Binodal and spinodal composi-
tions are shown by dashed vertical lines. Value of p2 at point D denotes &zo; value of p1 at
o denotes p1o.

residuals of iteration are closely controlled during the iteration cycle (this is also especially
true in solving equations 12a and 12b) Iror this reason, it is advisable to use the equal-area
method if interactive computer facilities are not available Other useful graphical and
numerical methods for solving for the compositions of coexisting phase s have been discussed
by Seltz (1935), Scatchard (1940), and Hala, Pick, Fried, and Vilim (1967). Settz's (1935)
method for crystal-liquid or liquid-vapor equilibria would appear to be readily adaptable
to solution by digital computer.

MBrrrNc Rrlerrows AT ONE ArmospnBnn

Treotment oJ experimental d.ata. The conditions for equilibrium between a
feldspar (F) and a l iquid (L) in this binary system at constant tempera-
ture and pressure are

(  1 1 a )

(1  1b )

Thus,
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!{1"1w, r" -1 2 (w n r" - w 
" 
r") IV r"f - Nf, r lw e rr * 2 (w e rs - I /  n r ") 
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*  
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I 2 (w 

", " 
- w r r r") N, 

"] 
- t{lrlw 

" 
r, I 2 (w e r, - w e r*) N rrf

Iy'o o:  Rr ln 
i -  

ou;  (12b)

It is necessary here to have as auxiliary data the quantities Aprlo and
Ap2" and the mixing parameters of the crystalline solutions as functions of
temperature. The quantities Apro and Ap2" used in these calculations were

L E U C I T E
+

L I Q U  I  DL I Q U I D

C R Y S T A

o o . r  02  03  0 .4  05  0 .6  0 .7  08  0 .9  1

NoAlS i3Os K A lS i3Og

Frc. 5. Solidus and liquidus in the system NaAISiaOrKAlSiaOa at 1 atm. Solid lines
denote stable phase boundaries; dashed lines denote phase boundaries metastable with re-
spect to leucite and SiOrrich liquids in the system SiOrNaAlOrKAlOr Circles denote
congruent melting temperatures of high-albite and sanidine (Waldbaum, 1968) and the in-
congruent melting temperature of sanidine (1150"C; Schairer, 1950). Vertical bars repre-
sent Schairer's (1950) liquidus data.
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obtained from the high-temperature data of Robie and Waldbaum (1968)

for high-albite and sanidine, and the mixing parameters of the crystals
are given by (1). The melting temperature of high-albite is reasonably
well established at 1118'C. The metastable congruent melting tempera-
ture of sanidine was estimated by Waldbaum (1968) to be 1200*40oC.
Both temperatures are internally consistent with the data of Robie and
Waldbaum.

The principal data used in these calculations are the results of Schairer
(1950) for the NaAISLOa-KAlSiaOa liquidus. Schairer's results are shown
in Figure 5 as vertical bars indicating the temperature intervals that
bracket the l iquidus. Unf ortunatelynodata existf or th e compositions of the
crystals coexisting with these liquids, except at the end members and at
the minimum, where the crystal and liquid must have identical compo-
sitions. Therefore, only the minimum itself yields sufficient data to apply
equations (12). Schairer's (1950) data give a minimum temperature of
1062.5*3oC and a minimum composition of 33.66f 3.0 mole percent
KAISLO8.

Margules parameters oJ (l{a,K)AlSi.t?a liqwid,s. At the minimum ,\rrr,
:.Nzr, hence to obtain the Margules parameters of the l iquid

W e r " :

Wezr

1

D
1
I

D

t1 (l'ri - 2t\,,N?) - znx,xll

lnrril - 2t-,N:) - z.q u,nil

(13a)

(1sb)

where

A : lW erc i  2(W ere- trVc,")A',] t l  -  oui

B : lwerr l2(werr - wcrr)t{rfr i-  api

D = (t{ i-  2r\r,,v;)(ni- zr,r i) - 4(l ir l iv,) '

Using Schairer's (1950) value of the minimum composition (Arr:0.3366),

we obtain the following values for the l iquid phase at 1335.65"K

W en : - 2436 cal mole-l)

Wezr:  -  I7 I3 cal  mole- t , f
(14)

from which the Gibbs energy of mixing of the liquid may be calculated
(Fig.  6b) .

Such liquids are not truly binary solutions (they are actually quater-
nary), but the agreement between the observed and calculated liquidus
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in Figure 5 (discussed below) suggests that the simple approach used
here is not unreasonable for l iquids in which the only permitted com-
positional variation is in the ratio of Na to K

Inasmuch as crystal-l iquid equil ibriurn data for only one temperature
are used to obtain (14), it is notpossible to obtain apol.vthermal equation
of state for the l iquids. I{ence it is necessary to assume either that the
excess entropies or the excess enthalpies of mixing in the l iquid are zero
in order to use the present results at other temperatures. For reasons
discussed below we have assumed that the excess entropies of mixing
are zero. thus

l f 'ntr,  :  tr | Icrr.  :  -  2+36 cal moie-l \

Wszr :  Wen. :  -  l7l3 c:r l  mole-t j
(1s )

Calcul,ated, phase diagram. With the mixing properties of both crlrstal and
Iiquid expressed in tentative numerical form it is now possible to com-
pute the Gibbs energies of mixing of both phases as a function of tem-
perature. Figure 6 shows the results of calculations for 900, 1062.5, 1100,
and 1200"C. The compositions of phases coexisting in equil ibrium at
1100oC, shown by ver t ica i  dashed l ines in  F igure 6c,  are 3.5 and 71.1
mole percent for the solidus, and 9.0 and 56.8 percent for the l iquidus.
Schairer's (1950) data indicated that for a bulk composition of 9.5 per-
cent, the l iquidus is between 1095 and 1100"C. No comparable data
exist on the K-rich side of the minimum since above 1080"C K-rich
feldspars melt incongruentll '  to two-phase mixtures containing leucite
and a l iquid displaced toward SiOz from the feldspar join.

The solidus and liquidus may be computed directly from (12), but it
is necessary to use iterative methods because of the transcendental and
cubic terms in the equations. The results obtained by solving for .\ 'zr
and ,V27 at a given temperature are summarized in Table 2 and in Figure
5. The liquidus is in good agreement with the remainder of Schairer's
data; the solidus is also reasonable, but there are no available data with
which to compare it.

Similar computations were carried out by assuming the enthalpy of
mixing to be zero, and that the excess Gibbs energy is due entirely to the
excess entropy of mixing. The excess Gibbs energy of the l iquids is, in
fact, probably some combination of both, but the assumption of zero
excess entropy f ields a Iiquidus which is in better agreement with that
of Schairer.

The above assumption can be tested in a number of ways-the most
obvious being a determination of the compositions of feldspars coexisting
with Iiquids in experiments such as Schairer's (1950). This would permit
study of the temperature variation of the excess parameters over a
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Tesr-r 2. CelculerBo Sor-rnus enl Lrquttus tN mr Svsteu NaAISi:OrKAlSirOs

AT 1 ArM. Born Sor,rtus exo Ltqurous oN run K-Srns or rnn Mllnruu

AnB Mnrasreel-E wrrn Rnsprcr ro LrucnB ,r.llo a. Srr-rca-Rrcn LrQuro

AsovE 1080oC (Scrunnn, 1950).

Liquidus Sol idus

N : r .l V  2 F

1200
1190
1 180
tt70
1160
1150
1 140
1 130
1t20
1 1 1 0
1 100
1090
1085
1080
1075
1070
1065
1063
1062.5

0 000
.947
.898
.8s3
810

.7(.8
721

.687

.648
608
.568
526

.504
490
455
426
386

.358

.3366

0 041
.090
139
164

.190

. z t t

248
287
31.5
3366

0.000
978

.954

.930
904

.877
849
819

.787
/ . ) t

71r
.664
.634
.604
.567
. .518
M4

.38.5
3366

0 . 0 1 4
035
o62

.080

. 1 0 1
t29
t67

.232

.288
3366

temperature interval of only 70o, but the fact that l iquids of feldspar

composition are able to persist as giasses for long periods of t ime, even

at high temperatures, suggests that metastable exchange equil ibria in

this system might be studied to advantage at lo'"ver temperatures.

Goldsmith and Laves (1961) have shown, in fact, that rnixtures of

crystall ine feldspars and glasses exchange alkalis readily between 800

and 1000oC. It should be possible, therefore, to make use of the exchange

equil ibrium relations in (7) to determine Margules parameters of the

liquids. (The phases a' and 0' ma-y be thought of here as crystal and

iiquid, respectively.) This can be visualized graphically in Figure 6a by

drawing parallel tangents to the two curves (Part I, Fig. 1a). The com-
positions corresponding to pairs of parallel tangents at 900oC are shown

in Figure 7 (which shows the close analogy to a simple ternary reciprocal

exchange system; see also Mueller, 1964). Experimental studies of this

type can probably be extended to 500 or 600oC where the alkali diffusion
rates are sti l l  large enough to achieve equil ibrium within a reasonable
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t t l
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Fro. 7. Calculated ion-exchange (Na-K) equilibrium relations between (Na, K)AlSiaOe
crystalline arrd glass solutions at 900"C and 1 atm.
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period of time, and thus yield a substantially greater temperature in-
terval for determining Wnt andWsz.

For-oseen-Jelono-Quanrz E eurLrBRrA

The calculations above can be extended to systems of more components
provided the equations of state of the other phases are known, and the
feldspars are such that they can be represented adequately by (1). A
simple extension is to the system NaAlOrKAlO2-SiO, which includes
such additional phases as quartz, coesite, jadeite, nepheline, and leucite.
Although phase equilibria in the binary system SiOrNaAlO2 have been
the subject of numerous experimental studies (Kracek, Neuvonen, and
Burley, 1951; Robertson, Birch, and MacDonald, 1957; Birch and
LeComte, 1960; Bell, 1964; Hlabse and Kleppa, 1968; Boettcher and
Wyllie, 1968; and Newton and Kennedy, 1968), the effect of the KAlSisOe
component on the equilibria between alkali feldspars, jadeite, and quartz
has not yet been investigated in detail. Sufficient thermodynamic data
are now at hand, however, to make preliminary calculations of these
equilibria.

Thermod,ynami,c relations. The equilibrium condition at constant tem-
perature and pressure for the assemblage quartz-alkali feld.spar-jad.eite
may be obtained by considering the following stoichiometric relation
among the components of the phases

NaAlSiaOg - SiO, - NaAlSi2Ou : g

hence let us define

A/rr  = / rnuets i3os,F -  psioz,e -  pNaAls i2o6, t  07)

which must be zero at equilibrium. Let

Alri = lr i" - p!,or,q - /.r$aersirro,, (18)

We also have

l l l F , m i x : P r n - i - l i r

: RZ ln l{t I WerN', + Z(Wn, - W(;i,NLI{?,

where the subscripts I and 2 denote the feldspar components, as abovel
F is feldspar, Q is quartz, and J is jadeite. Combining (17), (18), and
(19a), and because qtartz and jadeite irre pure substances in this system,
we have

(16)

(19a)

(1eb)

apr: ap? * prr',-i* : o ( r7  a )



I) R WALDBAUM AND J. B. THOMPSON, JR

J + NoAlSi .Ot N z *

F'rc. 8. (a) Pressure-temperature relations lor rluarlz-olkali Jeldspar-jaileife equilibria.
(b) Pressure-composition relations at T:Tr Compare Robertson, Birch, and MacDonald
(19.57, p. 134). Equilibria shown are isothermal and for bulk compositions along the line
NaAISLOTKAISi:Oa. Two-phase quartz-jad.eh,e tielines appear as points along the NaAl-
SiaOs edge of the diagram.

When the feldspar is pure NaAISirOs we have

A p , : A p i : 9  ( 1 7 b )

as the equil ibrium condition along the curve for the simpler system
SiOTNaAIOz as determined b1,- Birch and LeComte (1960) and others.

Let us no\l '  consider the variation of the chemical potential of
NaAlSiaOs in sanidines with composition at a given pressure, P1, and
temperature, Ty a.t which quartz, jadeite, and alkali feldspar are in
equil ibrium. For any feldspar outside the two-feldspar field, other than
one that  is  pure NaAISfuO3, we must  have pr(pro,  hence &lF,mix <0 (F ig.
4a). Hence from (17a) it follows that

o -
A p r ) U

for such alkali feldspars in equil ibrium with jadeite and quartz. Since
ASro)0, ?1 must be less than the temperature of the qwartz-alb'ite-jadeite
curve for the K-free system at Pr (Fig.8a) in order to satisfy (20). This
is also i l lustrated in Figure 9d for potassium-rich feldspars in equil ibrium
with jadeite and quartz, and in Figure 9c where the feldspar in equi-
l ibrium with jadeite and quartz is nearly pure albite. Similarly, since
AZr")0,  P1 must  be greater  than the pressure Pzol  the curve for the
K-free s-v-stem at Ty as shown schematically in Figures 8a and 8b.

Therefore, to determine points on the quartz-alkoli feld,spar-jad,eite

(20)

--l

tz - jodeite- K-r ich feldspor

I

(b)  o l*o l i  fe ldspor
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(2r)

(22)

(1 7c)

s i0 , NoAl5i206 SiO,

Frc. 9 Calculated isothermal-isobaric composition phase relations in the silica-rich

portion of the system SiOTNaAIOTKAIOz at 20 kbar. Pure albite is in equilibrium with

jadeite and qtartz at 738'C at this pressure.

equilibrium in P-T-l{ze space,we may compute the effect of pressure on

Ay4o, at 21, from

f  "ooul.: f  "ff i",a,
J p ,  J p z

Neglecting the thermal expansions and compressibilities of the phases we

may regard ATro as constant and not significantly different from its

value at 1 atmosphere and 298.15oK. Noting from (17b) that Ap't"atP2

and Z1 must be zero, we have at P1 and Ty

nf,: tTi(P, - P,)

The equilibrium condition may then be written

, r r r , m i x + A T ? e r - P r ) : O



1292 D. R. WALDBALTM AND J. B. THOMPSON, JR.

which may be solved directly for P,T, or lfzr given anv two of the vari-
ables.

In the computations that follow, Z was selected as the dependent
variable. Recalling that

W e : W n l P W v - T l l l s  ( 2 3 )

and assuming that the equilibrium curve for the K-free system is linear
in P-T coordinates above 400oC (although this should not be strictly
true when the efiects of compressibility, thermal expansion, heat ca-
pacity, and Al-Si ordering are taken in account), we may then write

Pz: Po+ T{dP/dT)A^r

where Po is the (extrapolated) equil ibrium pressure at absolute zero.
Combining (17c), (19b), (23), and (24), we obtain

T -
wl{z n rfw n - w oz I p lwv, - wr,)] - (w n t I p,w v,) ] - (p, - p0) 47:

NZIZN,(w s, - w sz) - w s,] - ^Vi@p /dr)'eor f R tn y'trr

Temperature-composition phase relations. From the data of Birch and
LeComte (1960), Bell (1964), and Robie and Waldbaum (1968) we ob-
tain Pu: -920 bars; (dP/dT)"a^I:20.684 bar deg-l; A71':0.40706 cal
bar-1 mole-r (at 298oK and 1 atm) for the quartz-albi,te-jadeite eq:uilib-
rium in the system SiOr-NaAlOr. Using these data with (25) and the
Margules parameters in (1) we may calculate tentative feldspar com-
positions for the quartz-alkali feldspar-jadeite equilibrium at any pressure
sure and temperature where quartz and jadeite are more stable than
pure Na-feldspar. Isobaric temperature-composition diagrams are shown
in Figure 10 for 16, 20, 26.t1, and 32 kbar. The isothermal, isobaric
composition diagrams in Figure 9 show (quantitatively) the calculated
ternary relations in the silica-rich part of the system SiO2-KAlOr-
NaAlO, for four temperatures at 20 kbar.

Seki and Kennedy (1964) studied the behavior of an orthoclase (ap-
proximately 73 mole percent KAlSi3O8) in a piston-cylinder apparatus in
the range 700 to 1000'C and 20 to 40 kbar. The orthoclase was converted
to a mixture of jadeite, quartz, and a more K-rich feldspar (92+ 3 mole/6)
at 25 kbar and 730'C. The product feldspar formed in another experiment
on the same starting material at 24 kbar and 600oC had a composition
of 95*3 mole percent KAISLOs. Equations (1) and (25) give 94.9 mole
percent at 25 kbar and 730oC, and 98.4 mole percent at 24 kbar and
600oC, which are in reasonable agreement with the data of Seki and
Kennedy (bearing in mind that our calculations have tacitly assumed
that the alkali feldspars in this range are highly disordered sanidines,

(  ) L \
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Frc. 10. Isobaric temperature-composition phase relations along the join NaAlSisOs-

KAISLO8 in the system NaAIOTKAIOz-SiOz at 16, 20, 26.11, and 32 kbar. Dashed lines

represent metastable or unstable phase boundaries and spinodal curves' Equilibrium rela-

tions with coesite are shown only at 32 kbar, and melting relations have been omitted (see

Fig.  11).
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which may not be so). A more detailed experimental investigation would
be desirable, and would provide direct data on the quantity (prr-lrrro)
which is needed to obtain more accurate estimates of the mixing prop-
erties of the feldspars involved.

The compositions of coexisting feldspars are also shown in Figures 9
and 10. The four-phase equilibrium representing the intersection of the
alkali f eldspar binodal surface with the P-T-l{zF surf ace for alkali feldspar
coexisting with quartz and jadeite, can be calculated by simultaneous
solution of (17) and the additional equil ibrium conditions (6), or de-
termined graphically by interpolation (the simplest method). This
four-phase equil ibrium is a univariant l ine in a. P-T projection. It
occurs at somewhat higher pressures and lower temperatures than the
three-phase equil ibrium for the K-free system as shown in Figure 11,
and becomes practically indistinguishable from the 3-phase equilibrium
for the K-free system at lower pressure and temperature.

At 999.5"C and 26.11 kbar the calculated four-phase equil ibrium in-
tersects the l ine of crit ical solution and terminates there at a crit ical end-
point at which the phases present are quartz, a critical feldspar, and
jadeite. At higher pressures the l ine of crit ical solution is metastable
(Figures 10 and 11). The crit ical end-point may be obtained directly
f rom (3a) ,  (3b) ,  and (25) .

Mineral, Jacies. The system SiOr-AlrO3-NaAlOrKAlO2-H2O is a useful
one for considering many of the variations in mineral facies observed in
pelit ic schists (Thompson, 1961). The equil ibria discussed above, com-
bined with recent experimental results on the polymorphism of the
aluminum sil icates, on the phases of sil ica, and on melting relations in the
sub-system SiOrNaAlOz-KAIO2 enable us now to construct a preliminary
P-T diagram for the equilibria among the anhydrous phases in the silica-
rich portion of this model system.

Key equilibria affecting qrartz-bearing phase assemblages in the
system SiO2-Al2O3-NaAlOrKAlO2 are shown in Figure 12. For the hy-
drous system these are the equil ibria that are observed in the l imit where
the activity of HzO in the fluid phase approaches zero. The diagrams in
Figure 12 show schematically the compositions of phases coexisting
with quartz, as projected through SiOz onto the plane ALOa-NaAISiaOs-
KAISLOs for the various pressure-temperature fields. (Compare with
Figures 7 and 8 of Thompson, 1961.)

It must be borne in mind, however, that the relations shown in Figure
12 are, in most real assemblages, complicated by the presence of other
components in certain of the phases. The fields of stability of jadeitic
pvroxenes containing components such as NaFeSi2O6, CaMgSi2O6, and
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CaFeSizOo, and coexisting with quartz and al,kali-leldspar, will be some-

what more extensive than shown in Figure 12. The presence of the com-

ponent caAlzSizoa in a feldspar, however, must force the pertinent equi-

i ibria the other way unless counterbalanced by a comparable content of

CaAlzSiOo in the jadeitic pyroxene' in which case the net effect is un-
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Frc. 12. stability relations among jadeite, alkali feldspar, quartz, coesite, andalusite
(A)' kyanite (K), and sillimanite (s). The ondalusite-kyanite-sill,imnnite invariant point is
shown here as at 575 + 15"c and 4.5 *0.3 kbar based on the data of Newton (1966), Holm
and Kleppa (1966), and Richardson, Bell, and Gilbert (1968). euartz-trid.ytnite equilibrium
curve and minimum melting temperature (960"c) in the silica-rich portion of the system
SiorNaAlorKAloz at I bar after Tuttle and Bowen (1958). Anhydrous minimum melting
curve assumed to have approximately the same slope as melting curve of pure albite (Fig.
l1). Schematic isothermal-isobaric sections refer only to quartz-bearing assemblages.
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certain. It must also be emphasized that all of the equilibria, experi-

mental or calculated, in Figure 12 are tentative and that they should be

revised as new data appears. One important area in which further data

are needed is on the effect of Al-Si ordering on the equations of state for

alkali feldspars.

Note added in proof : In a more recent paper just received by us, Perchuk

and Andrianova (1968, Thermodynamic equilibria of alkali feldspars

(K, Na)AlSirOs with aqueous (K, Na)Cl solutions from 500-700oC and

2000-1000 bars pressur e.In Experimental and Theoretical, Imestigations oJ

Mineral' Equil,ibria, Izd.-vo "Nauka," Moscow, p- 37-72) consider ex-

plicitly the effect of excess volume on the mixing properties of sanidine.
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