
Introduction

Recent ly  publ ished measurements (Hovis and
Waldbaum, 1977) of  heats of  so lut ion for  a sanid ine-
analbite exchange series permit the enthalpy terms
relevant to equil ibrium experiments on these feld-
spars to be entered as knowns. Each experiment re_
sul t ing in  equi l ibrat ion then provides data on the
entropies of the phases involved. Earlier attempts to
obta in both enthalp ies and entropies f rom equi l ibra-
tion experiments, though sound in principle, have
often been unsatisfactory in practice, owing partly to
the l imited range of temperature investigated, and
partly to the need to eXtract both enthalpy and en-
tropy coefficients from a l imited body of data. If the
enthalpies are known well enough from independent
sources, the need for a wide range of temperature is
eliminated and less demand is placed on the experi-
mental data in that only entropy coefficients are re-
quired as output.

Equil ibrium investigations on high-temperature al-
kali feldspars include alkali-exchange experiments
such as those of  Orv i l le  (1963),  I iyama (1965,  1966),
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Delbove (1971), Traetteberg and Flood (1972), and
Volfinger (1976), and experiments to locate the two-
phase region such as those of  Orv i l le  (1963),  Luth
and Tut t le  (1966),  Luth (1974),  Luth et  a l .  (1974),
and Goldsmith and Newton (1974). Of these, the
more informative are the exchange studies, in that
equil ibration of the feldspars with an Na-K solution
(d i lu te aqueous f lu id or  mol ten sal t )  o f  known mix ing
properties permits determination of the quantity
(AG"*/ANo,)p,7 oV€r wide ranges of composition.
This in turn permits evaluation of G", as a function of
1Vo, (G"* must vanish when 1y'e, : 0 or 1y'6, : l) at
each temperature and pressure for which such experi-
ments are avai lable (Thompson and Waldbaum,
1968;  Delbove,  l97 l  ) .

If a sufficient range of temperatures and pressures
has been investigated, it is also possible in principle to
obtain formulations for FI.*,S"r,E-"*, andZ.* as well.
In practice, however, this last has proved diff icult
owing to the l imited range of temperatures and pres-
sures that can be investigated successfully, and be-
cause of the large number of coefficients that must be
extracted from a l imited body of data. A better proce-

57

Entropy of mixing in sanidine

Jeuss B.  THolr lsoN, JR.

Department of Geological Sciences, Haruard (,/niuersity
Cambridge, Massachusetts 02 138

eNn Guy L.  Hovrs

Department of Geology, Lafayette College
E ast on, P ennsyluania I 804 2

Abstract

The entropy of mixing in high-temperature alkali feldspars has been re-evaluated using
recently-published heat-of-solution data in conjunction with the results ofearlier equil ibrium
experiments. We find that the excess entropy of mixing is distinctly positive over most of the
K-Na composition range and most strongly so for the more potassit compositions. The excess
entropies at the sodic end of the series are much smaller andmay euen be slightly negative for
compositions near the Na end. The asymmetry in the excesi entropy appears to be the
principal reason for the asymmetry of the alkali feldspar solvus.

Short-range K-Na ordering can only cause a negative excess entropy, hence is either
negligible or overwhelmed by other effects of opposite sign. A l ikely explanation is that there
is a positive excess (probably best seen at very low temperatures) in the vibrational heat
capacity, and that this effect is greatest for the more K-rich compositions. This asymmetry is
what would be expected if i t is assumed that a small atom on a large-atom site would have
greater vibrational freedom than a large atom on a smail-atom site.
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dure is to use direct volume measurements to formu-
late V",, and heat-of-solution measurements to for-
mulate .F1.*. With V.*, E.* and therefore E"* known,
the exchange experiments now permit determination
of QS.*/ a Ne,)p,7,, hence ̂ S"* as a function of Ne,.

Calculations of G", from two-phase data are less
satisfactory, in that different results may be obtained
with different assumptions as to the algebraic form of
the expressions for the excess functions (see Thomp-
son and Waldbaum, 1969,  p.  824;  a lso Delbove and
Sabatier, 1974). With this l imitation in mind, how-
ever, we may also make estimates from two-phase
data of the implied values of ,S"* where volumes and
enthalpies are available.

Enthalpy and volume data

Heats of solution on a sanidine-analbite exchange
series have recently been presented by Hovis and
Waldbaum (1971). With the volume data of Hovis
(197'l) on the same feldspars, we obtain the coeffi-
cients for E., and V"* that are given in Table l We
shall assume that the coefficients in Table I are essen-
tially constant in the range of temperatures and pres-

sures of concern. The enthalpy coefficients are related
to other coefficients in Table I by relations of the
form W, : We * PWv or Bn : Bt + PBv or Cn :

C B -l PCy; hence we may calculate H"* al any P,T, or
Ne, of interest. Two sets of coefficients are given, one
assuming that .F1"* is symmetric about /t'o, : t/2, and
one allowing it to be asymmetric. 2", in each case is
assumed to be symmetric, inasmuch as even the sense
of any asymmetry here is questionable and because
the effects are negligible in comparison with the un-
certainties in the enthalpy data.

ENTROPY OF MIXING

Thompson and Waldbaum (1968), we have here used

the same selection from Orvil le's data for curve-fit-

t ing, retaining the unused runs for comparison. The

fitted function is thus based on equation (36) of

Thompson and Waldbaum (1968),  wi th a l l  terms

containing Wp,66 ot IlH,s, transferred to the left-

hand side. Otherwise, the procedure followed is es-

sentially the one outl ined in Thompson and Wald-

baum (1968,  p.  1987-1990),  assuming the Na-K mix-

ing in the fluid to be essentially ideal. The fitted

function, V, may then be defined as

V = -RlnK' - (0 E 
",,r"r/ 

a No,)PIo /T)

:  +(83, - Efo - FIQ* + l /F"+Xl/r)

- (,s3. - sfo - $Q* + sF"+)
-  (2S"* , r "o/0Nor)r , r  ( l )

A Margules-type formulation assumes that (a'S"*,F"p/

lNo,)r., may be approximated well enough by a

series of the tyPe

(as.* ,F,p/aNo,)p, r  = ao I  Q1Ns,  I  arN\ ,  *  " ' r r , ,

If only second-degree terms are needed, the coeffi-

cients c1 may be recast into parameters (Carlson and

Colburn. 1942\ of the form

Ws.at : -(1, a' * 2/t a2) : R(Bs - Cs)
LI / r .o ,  :  - ( t /z  ar- l  h  a) :  R(Br *  c t l3Cs) (3)

or into parameters (Thompson and Waldbaum,

1969) of the form

Bs : -(a, + ar)/2R : (W",o, + Ws,^b)/2R

Cs: az/6R : (Wr,o, - W",oo)/2R 
g)

Alkali exchange data: feldspar-aqueous fluid - Equation (l) may then be recast for least-squares

we have reexamined the data of orvil le (1963) 
fitt ing as either

with the enthalpy terms now entered as known. We V : (tr3' - ITf.o- FIQ* + f1R'+Xl/f)

have done this in two ways: one uses the symmetric _ (,s3. _ s,fo _ s!* + sfi"*;
formulation for FI.* and the other the asymmetrlc
formulation. For comparison with the results of - W",ooX - W",o,Z (la)

Table l .  Internal  energy,  volume, and enthalpy coef f ic ients for  sanidine crystal l ine solut ions

**",or *wu,o.
( callrnol) ( callmol)

41,r7

5 6 9 1

*wv

( caI,/bar-noI )

0 . 0 8 6 2

0 . 0 8 5 2

wn ,eb  u  wu ,o t
( catTmol ;

I bar I kbar 2 kbar I bar I kbar 2 kbax
' 7 4 7 4 , 4 I L 7  7 5 6 0 , 4 2 0 3  7 6 4 6 , 4 2 8 9  2 9 1 6 , 8 4 4 . 6  2 9 6 0 , 8 4 4 . 6  3 0 0 3 , 8 4 4 . 6

5 6 9 L , 5 6 9 r  5 7 7 7  , 5 7 ' 1 7  5 8 6 3 , 5 8 6 3  2 A 6 4 ,  0  2 9 0 7  ,  0  2 9 5 0 ,  0

7 4 7 4

5 6 9 r

* D a t d  f r a n  H o u i e  ( L 9 7 7 )  a n d  H o u i s  a n d  , l a l d b a u m  ( L 9 7 7 ) .
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Table 2. Parameters calculated from data of Orville (1963)

59

w s r A b  w s r o t
(ca l , /deg-mo1)  (ca l , /deg-moL)

-s c
Ĵ

Afro ASo
(cal,/mol ) (ea1ldeg-mo1)

\ 2 2 5  2 . 7 7 6

+ E n  +  n t r t r

4 2 6 \  2 . 8 0 9

+ q n  +  n q q

Cal-culat lons uslng

as lnme tn l c  Wr r s

Ca l cu la t l ons  us l ng

symmetr lc  WHr s

F  1 0 '

t . 0 1 4

3 . 2 4 0

r . 0 1 4

-0 .037

r . 0 1 0

1 F q , )

i . 0 1 0

r , 2 9 7

1 . 0 0 4

1 . 2 3 1

! . 0 0 4

+  n n E

- 0 .  3  9 9

! . 0 0 5

aio = ti!, - iio - i[* + ifl*l

where x = 2No, - 3N3" and Z : I - 4,fvo. + N3,
(note error in sign in Thompson and Waldbaum,
1968, p. 1990),  or as

V = ('?3, - Efo - fiF* + flNtr"+Xll4
- (^s3, - sfo - SF* + ̂ SF,*) - RBsx, - RCsz,

( l b )
where X' : (l - 2No,) and Z' : (l - 6No. + 6Nd,).
( la) and ( lb) y ield nearly ident ical  results,  but i t  is
evident that Bs is a much better known quantity than
C5 or either Ws taken separately. Bs is also simply
related to the magnitude of S"* when No, = Vz (we
then have S", : RBs/4), and is relatively insensitive
to whether the enthalpy data is formulated as symme-
tric or asymmetric about tV6, : Vz, as can be seen
from the results in Table 2. Figures I through 6 show
Orville's data points and curves plotted using the
coefficients in Table 2. The results are clearly more
satisfactory than those of the earlier polythermal fit
of Thompson and Waldbaum, in which both entropy
and enthalpy coefficients were taken as unknown.
This is true no matter which formulation for F", is
employed. (Note especially the Na-rich region on the
500'C isotherm.)

The later experimental results of Iiyama (1965,
1966), in which alkali feldspars were equilibrated
with aqueous Na-K solutions at 1000 bars, permit
analysis by the same procedure. In our least-squares
analysis of liyama's data we used only runs in which
the values of No, in the feldspar were between 0. I

and 0.8. Elimination of the runs with highly sodic
feldspars is consistent with our treatment of Orville's
data and may be defended by the fact that many or
all of these feldspars are triclinic, and by the sensitiv-
ity of InK' to small errors in feldspar compositions if
the feldspar is near an end-member. Iiyama (personal
communication, 1977) also indicated reservations
concerning his results with values of N6, in feldspar
greater than 0.8. Later experiments in his laboratory
(Iiyama and Volfinger, 1976; Volfinger, 1976) give
results closer to our fitted curve than do liyama's
earlier data.

The results of the least-squares fits are given in
Table 3 and in Figures 7 through 9. The entropy
coefficient calculated from Iiyama's data agree well
with those based on Orville's data. Note again that
l/*,e" is near zero when asymmetric Vl/s's are used in
the calculation. The values of S"* implied by our
treatments or Orville's and Iiyama's data are given in
Figure 10.

Also giv911 in Tables 2 and 3 are the coefficients
LEo and {19 corresponding to the terms (Fj, -
Ef. - Fri+ + fll"*) and (^Sj" - Sfr - ^9x!* *,S*!"*),
respectively, in equatior-rs (l). Although the coeffi-
cients base{ on Iiyama's data (at one kbar) are quite
different from those based on Orville's data (at two
kbar), the values of AG-o(:A/7o -fASo) in the tem-
perature range of the experiments are more closely
comparable . Here again we may have a good estimate
of AGo in ihe range of the experiments, but an unre-
liable factoring of it into enthalpy and entropy terms.
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F igs .  l t h rough6 .  _  RT lnK 'us .N6 , i so the rma l  i on -exchangecu rvesa t2kba rand thes ta ted tempe ra tu res (da tao fOrv i l l e ,  l 963 .Tab le

l )  Sol id curves represent calculat ions assuming symmetr ic  l , l /g 's ,  dashed curves assume asymmetr ic  Ws's (see our Tables I  and 2) '  Sol id

squares are data points used in the polythermal  f i t  to Orvi l le 's  data.
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Alkali exchange data: feldspar-molten salt

Exchange data for equil ibria between high-temper-
ature alkali feldspars and fused Na-K halides at one
atmosphere have been presented by Delbove (1971)

and by Traetteberg and Flood (1972). Delbove pre-

sented three isotherms at 800"C, one for chloride
melts, one for bromide melts, and one for iodide

melts. Traetteberg and Flood presented isotherms at

850'C, 900oC, and 950oC, each with chloride melts.

All authors corrected for non-ideality in the melt and

formulated for results in expressions for G"*.

Delbove calculated G"* by integration of the ex-

change data, presenting G"* for each set, and the

mean of  the three,  in  tabular  form (Delbove,  1971,  p.

463). Delbove's curves (in his Figs' 2 and 5) show

0.3 04 05 0.6 0.?
NxllSirO" (cryslol phose) NxAtsi"o" (crystol phose) NxatSi.6" (crystol  phose)
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Table 3 Parameters calculated from data of I iyama (1965)

6 l

ws,Ab  ws ,o "
( ca1 , / deg -mo1 )  ( ca1 , / deg -mo1 )

R- S c-  AHo ASo
S

(cal,4nol) (ca1,/deg-ro1)

- 1 . 3 3 1  2 4 5 8  0 . 4 1 8

r . 0 l - 4  ! 7 5  1 . 0 8 0

Ca lcu la t l ons  us l ng

asVmmet r l c  W" r  s

Ca l cu la t l ons  us i ng

a \ r m m a f  r {  ^  I ^ f  I  c* - " H "

5 . 3 0 3

!  , 0 4 2

3 .  4 2 8

+ nl l  ?

0 .  0 1 1

r . 0 2 3

r . 6 7 2

r . 0 2 4

r . 0 0 9

r  2 8 ?

t . 0 l - 0

- 0 . 4 4 2

r .  0 1 5

2 1 6 3  0 . 1 0 5

r 8 o  r .  o B 0

aro = tx!, - rio - if* + if"*)

anomalous behavior  near  the K-r ich end which may
or may not be real, in view of the magnified effect on
lnK'  of  analyt ica l  error  when the composi t ions are
near the l imi t ing end members.  (See d iscussions by
Thompson  and  Wa ldbaum,  1968 ,  p .  t 980 -1985 ;  and
by Traet teberg and Flood,  1972,  p.  613.)  Never-
theless,  Delbove's  tabulated values of  G",  (combined
wi th our  formulat ion for  H", )  lead to values of  S" ,
(F ig.  I  I  )  that  are comparable to those obta ined by
our f i ts  to  Orv i l le 's  and I iyama's data.

The treatment by Traetteberg and Flood is closely
analogous to that  of  Thompson and Waldbaum's
polythermal results. Traetteberg and Flood give what
is  essent ia l ly  an asymmetr ic  Margules formulat ion
with two temperature-dependent parameters.l The
temperature-dependence of their parameters implies
formulations for 11"* and ̂ S", which can be written as

H"* (cal/mol) : l l15 NAbN8. + 2965 No.Noro (5)

S"* (calldeg mol) : - 1.528 NooNj,

- 1.245 No.N,io (6)

The Wp's implied by (5) are very different from
those in Table l ,  based on calor imetry,  and the values
of the Z"'s implied by (6) are also verydifferent from
those in Tables 2 and 3. Equations (5) and (6) then
provide another i l lustration of the diff iculties in ob-
ta in ing accurate values of  both enthalpy and entropy

'According to Traet teberg (personal  communicat ion,  lg j j \
there is  an error  in the X,  coef f ic ient  for  their  h- fe ldspar ser ies as
given in their  Table I  on p.  614.  The correct  value is  - t15.9.  not
-  16 .0 .

parameters from equil ibrium studies alone, particu-
larly when the range of temperature covered by the
exper iments is  smal l .  Even though thei r  enthalpy and
entropy parameters are inconsistent with other data,
however, the l4/s's implied by the formulation of
Traetteberg and Flood should be reasonably accu-
rate, at least within the temperature range of their
exper iments.  G"* ,  in  other  words,  may be qui te wel l
known even when its factoring into I1"* and S"* is
not. We have therefore used their formulation, as
evaluated at 900'C (the mid-temperature of their ex-
periments), and the enthalpy coefficients for one bar
from Table l, to obtain a revised estimate of S"* as
based on their experiments and the calorimetric val-
ues of 11"*. The results may be written

S"* (calldeg mol) : 2.372 N^bNi,

+ L078 No.Nnn 0)

if 11", is taken as symmetric, and as

S", (calldeg mol) : 3.892 NAbl/8,

- 0.263 No.N.(o (8)

if ,F1"* is taken as asymmetric. The values of the Zs's
implied bV (7) and (8) are much closer to those of
Tables 2 and 3 than are those of (6). Equations (7)
and (8) are also plotted in Figure 1 I for comparison
with the results based on Delbove's data. It is pos-
sible that the differences between the two sets of data
are more apparent than real, inasmuch as different
corrections were used to account for the mixing prop-
erties of the molten salts. Uncertainties in the mixing
properties of the fused salts probably are responsible



bz THOMPSON AND HOVIS: ENTROPY OF MIXING

3

2

1

o

o.6

E

c)
l 0 4
(!

x
laao.2

o

Z - _ \ \
...2 \..
,:- _ \.

,,;h. \
/.t \.. \

/
i '  \ \

\
\

\\
\ i

Fig.  l0 Molar  excess entropy based on l /s 's  (Tables 2 and 3\

calculated f rom the ion-exchange data of  Orvi l le  (1963; dot  and

dash-dot  curves) and I iyama (  1965, 1966; dashed and sol id curves).

The two curves represent ing re lat ively larger entropies of  mix ing

assume asymmelr ic  Wn's i  the other two curves assume a

symmetric lYs.

for the systematic differences distinguishing the aque-
ous exchange experiments (Fig. l0) from the fused-

sal t  exper iments (F ig.  l1) .  A l l  the exchange data

except those of Delbove have been fitted to two-
parameter Margules expressions. The method of for-

mulat ion might  thus be responsib le for  the minor

differences between the entropy coefficients obtained
from Delbove's data and those obtained from the
data of Traetteberg and Flood. This cannot, how-
ever, explain the larger differences separating both
from the aqueous exchange data.

Two-phase data

Calculation of mixing properties from coexisting
alkal i - fe ldspar pai rs  is  possib le i f  i t  is  assumed that  a

two-parameter expression for G"* is sufficient, and

then if the assumed algebraic form for such an ex-
pression is the correct one. In this sense it is com-
parable to calculating an expression for RlnK' as a
function of N6" on the basis of only three data points!

The results for the two-phase pairs of Orvil le (1963)

and the peralkal ine pai rs  of  Luth and Tut t le  (1966)

are given in Table 4, using the values of ^86 and C6

Figs.  7 through 9.  -RTln K'  us.  Ns,  isothermal  ion-exchange

curves at  I  kbar and the stated temperatures (data of l iyama, 1965,

1966 and personal  communicat ion).  Sol id curves represent

calculat ions assuming symmetr ic  Zs 's,  dashed curves assume

asymmetr ic  Ws's (see our Tables l  and 3) .  Sol id c i rc les are data
points used in the polythermal  f i t  to I iyama's data.  Open squares

represent the data of  Vol f inger (1976).
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Fig.  I  l .  Molar  excess entropy calculated f rom molten sal t  ion-
exchange data of  Delbove (1971; dashed and sol id curves) and
Traet teberg and Flood (1972; dot  and dash-dot  curves).  The two
curves represent ing re lat ively larger entropies of  mix ing assume
asymmetric L/'p's, lhe other two curves assume a symmetric Zs.

calculated by Thompson and Waldbaum (1969) and
the values of Bg and Cq from Table l .  The values of
S", implied by Table 4 are on the whole greater than
those based on exchange isotherms, but similar in
that the asymmetry in S"* is in the same sense. We
consider the entropy parameters based on exchange

700

650

Tfc) om

500

450

400
o.4 0'5 0.6

Nor

Fig. 12. Alkal i  feldspar solvus for 2 kbar. Dashed solvus is
based on parameters given by Thompson and Waldbaum (1969),
as consistent with two-phase data. Sol id solvus is based on equa-
t ion  (  l0 ) .

data to be far more rel iable and include Table 4 only
fior comparison.

Discussion

It is evident from the foregoing analysis that excess
entropies of mixing in high-temperature alkali feld-
spars are positive for virtually the entire composition
range, and most strongly so in the more K-rich com-
positions. This asymmetry is strongest when the

/; : --- ' - -- .
// ..

4 . .
'\r\

\

t

Table 4.  Entropy coef f ic ients calculated f rom two-phase data*

I

I
t l
t t

Syrnmetric Aslmmetric

T  ( " c )  P  ( k b a r )

( a )  O rv i l l e

5 0 0
6 0 0
6 5 0
6 7 0
6 0 0

4 . 0 4
3 . 7 8

3 . 7 r
4  . 4 0

6 . 3 4
5 .  B 3
5 . 5 2
f , .  o u
6  . 4 5

- 1 . 4 8
-  . 2 8
-  . 0 5

-  . t J

2
z
z

5

. 5 5  1 . 1 6  - . 8 8
L . 5 2  r . 3 3  - . 5 7
1 . 6 6  L . 3 2  - . 4 9
f . o f  r . 5 f  - . ) z

1 . 0 8  1 . 3 8  - . 8 3

L . 2 2  - l - . 9 7
I . 3  9  - I .  5 4
1 . 3 8  - r . 4 0
1 . 4 1  - r . 4 r
r . 4 4  - 1 . 8 r

( b )  Lu th  and  Tu t t l e  ( 1956 ) ,  pe ra l ka l i ne

5 5 0
) t 3

) I  I

6 0 0
625
6 2 7
6 3 5
642
6 5 0
6 5 8
665
6 5 0
6 5 0

z

2

z

z
z
f,

1 0

3 . 7 2
4  . 9 4
5 . 3 3
4 . 5 9
4 . 0 3
4 . f 6

4  . 4 4
4 . 3 3
4 . 2 4
5 . 1 4

4 .  5 r
5 .  r 9

. a t
L . Z T

. 6 8

1 .  5 3
1 . 3 8

1 . 6 9
r . 7  5
r . 7 0
L . 2 4

. 4 8

r .  2 1  - . 6 6
1 . 5 6  - . 9 2
r .  5 1  - 1 .  1 7
L . 4 2  - . 8  9
I . 4 5  - . 5 8
r .  5 4  - . 7 7
r . 4 7  - . 7 7
t . 5 r  - . 6 7
L . 4 9  - . 6 4
1 . 3 8  - .  s 0
r . 3 2  - . 4 6
l - . 4 )  - - 6 2

r . 4 3  - 1 .  r 8

r . 2 8  - 1 . 6 9
1 . 5 3  - r . 9 2
I .  5 8  - 2 . I 7

1 . 4 8  - 1  . 8 6
r . 5 r  - r . a z
1 . 6 0  - 1 . 7 1
r . 5 2  - 1 . 7 0
r .  5 7  - r .  5 9
1 . 5 5  - 1  . 5 6
1 . 4 4  - r . 4 1
1 .  3 7  - 1 . 3  6
r .  5 0  - r . 7  4
1 . 4 8  - 2 . 1 0

5 . 8  9
7 . 0 4
7  . 4 3
b .  b 5

6 . 0 2
6 .  5 6
6 . 4 1
6 . 2 8
6 . r 7
f , .  o o

5 . 4 3
6  . 4 4
7  . t 2

-  . 8 2
-  . 5 8

-  . l o
-  . 0 r
-  . 2 2
-  . 3 5
-  . 0 5
-  . 0 2
+  . 0 6
+  . 0 2
-  . 4 5
- r . 2 2

f t I h e  t u n  d a t a  m a y  b e  f o u n d  i n T a b L e  L  ( a )  a n d  ( b )  o f  T h o m p s o n  a n d  W a L d b a u m  ( L 9 6 9 ) ,
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asymmetric formulation for the enthalpy excess is
used, which is in fact the one that provides the better
fit, statistically, to the heat-of-solution data. Our pre-
ferred values of the entropy parameters give

S.* (calldeg mol) : 5.2 N^bN|, + 0.0 No,Nio (9)

based on the combined resul ts  of  our  analyses of  the
Orvi l le  and I iyama exchange data,  us ing the asym-
metric enthalpy parameters from Table l. Equation
(9) and the parameters in Table I imply an expression
for G", having the form

G., (cal/mol) : 0.0862 P NAbNo.

+ (7474 - 5.2 T)N^bNi, (  l 0 )

+ 4l l7  No.Noro

where P is pressure in bars and T is absolute temper-
ature in  degrees Kelv in.

A solvus for  2 kbar  based on equat ion (10)  is
pfotted in Figure 12 for comparison with the one
based on the formulation obtained by Thompson and
Waldbaum (1969).  The ear l ier  formulat ion was
weighted fairly heavily by calculations based on two-
phase data but without the benefit of calorimetric
enthalp ies.  I t  thus agrees qui te wel l  not  only  wi th the
data on which i t  was based,  but  a lso wi th la ter  two-
phase experiments of Luth (1974), Luth et al. (1974),
and Goldsmith and Newton (1974). The early formu-
lation thus yields a fairly accurate empirical represen-
tat ion of  the a lkal i  fe ldspar misc ib i l i ty  gap,  possib ly  a
bet ter  one than (10) ,  a l though the resul ts  at  2 kbar  as
shown in Figure 12 are not drastically different. We
are quite confident, however, that equation (10) gives
a far more accurate representation of the thermody-
namic mix ing propert ies of  h ighly  d isordered a lkal i
feldspars; hence it should give considerably better
resul ts  in  calculat ing equi l ibr ia  between such a lkal i
feldspars and other non-feldspar phases (as, for ex-
ample, alkali feldsp ar-quartz-jadeite). Neither for-
mulation is applicable to strongly ordered, tricl inic
a lkal i  fe ldspars.

Non- ideal  entropies of  mix ing are commonly at -
tributed to short-range ordering among the sub-
stituting species, in this case, a non-random distribu-
t ion of  the Na and K atoms on the a lkal i  s i tes (a l l
crystallographically equivalent). This, however, can
only produce a negative excess entropy, hence if
short-range ordering is significant here, it must be
overwhelmed by other effects of opposite sign. The
most l ikely explanation is that there is a positive
excess in the vibrational heat capacity, probably most
significant at very low temperatures. This is consis-
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tent with the positive excess volumes, and the asym-
metry in S"* would be consistent with the argument
that  a smal l  ion (Na) on a large- ion (K)  s i te  would
have greater vibrational freedom than a large ion on
a small-ion site. Such an excess heat capacity would
also lead inevitably to an asymmetry in the excess
enthalpy. If the excess enthalpy were symmetric at
one temperature, an asymmetric excess heat capacity
would make the excess enthalpy asymmetric at other
temperatures. Low-temperature heat capacity mea-
surements are clearly needed on Na-K feldspars
comparable to those in the experiments discussed
above. Only with such vibrational effects removed
will i t be possible to assess the effects of short-range
order or other factors.

Note added in proof

The W6,oo and WE,or values for the analbite-sani-
d ine ser ies of  Hovis and Waldbaum (1977) recent ly
have been revised slightly from 7474 and 4l 17 cal/
mol (see Table l) to 7404 and 4078 cal/rnol, respec-
tively (Hovis, in preparation). The new values have
litt le effect on the calculations in the present paper.
For instance, Wr,ooand Ws,or values l isted in Table2
change f rom 5.19 and -0.04 to 5.12 and -0.08 cal l
deg mol, respectively.
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