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Abstract

Heats of solut ion have been measured for seven members of a sanidine-analbite ion-

exchange series in 20.1 percent HF at 49.7'C under isoperibol ic condit ions. A cubic least-

squares fit to the heat-of-solution data from twenty-eight experiments yields:

- f l " " , " (kca l /mo l ) :  l54 .4 l l  -  6 .233 No,  +  7 .474 NooM,  +  4 .117 No.Mo

where No" and Nn6 are the mole fract ions of KAlSisO. and NaAlSi.Os, respectively. Excess

molar enthalpy of K-Na mixing for this series may be expressed as

H"*(kcal/mol): Wr,oo NooM" * Ll'a.,o,No,NRn

where Ll/s.66 and WH,s, are the Margules parameters for the enthalpy of K-Na mixing and

are equivalent Lo 7.474 and 4. l l7 kcal/mol, respectively.
This series of feldspars has a topochemical ly monocl inic, relat ively disordered Al-Si distr i-

bution. Comparison of the enthalpy of K-Na mixing for these feldspars with that of a

microcl ine-low albite series of feldspars (Waldbaum and Robie, l97l) having a topochem-

ical ly tr icl inic, relat ively ordered Al-Si distr ibution shows that l l ' r .oo ) Wr,o, for both;

however Ws.o6 and W11.o1 are 1.8 and 1.0 kcal/mol less, respectively, for the (monocl inic)

disordered series than for the (tr icl inic) ordered feldspars, probably due to a reduction in the

strain associated with K-Na substi tut ion in the less dense, disordered feldspar series.

Introduction

In order to characterize the alkali feldspars ther-
modynamically, it is necessary to obtain enthalpy,
entropy, and volume data as functions of both K-Na
mixing and Al-Si distribution. Solution calorimetric
measurements can provide information on the en-
thalpy of K-Na mixing and Al-Si exchange. By com-
bining information obtained calorimetrically with
data from alkali ion-exchange equil ibria (Orvil le,
1963) information may be obtained on the entropy of
K-Na mixing (Thompson and Hovis, in prepara-
t i on ) .

In this investigation we have measured heats of
solution of a K-Na ion-exchange series of feldspars

ranging from sanidine to analbite (as used in the

context of Laves, 1952, p. 439; also I 960). This is the

first ion-exchange series of feldspars with Al-Si distri-

butions consistent with monoclinic symmetry to be

studied calorimetrically. Previously, heats of solution
were reported for a tricl inic (maximum microcline-

low albite) ion-exchange series of feldspars by Wald-

baum and Robie (1971). Kracek and Neuvonen
(1952) measured heats of solution for various natural

feldspars, but not for any ion-exchange series. By

comparing the results of the present study with those

of Waldbaum and Robie (1971) we now are able to

estimate the effects of Al-Si distribution on K-Na

mixing properties in the alkali feldspars. This supple-

ments the data of  Hovis (1971,1974),  who used the

same calorimetric system to determine the enthalpy'  Died, Apri l  l l ,  1974
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HEATS OF SOLUTION FOR
SANIDINE CRYSTALLINE SOLUTIONS

Fig. l. Heat-of-solution data plotted against composition for sanidine-analbite crystalline solutions. Solid curve represents a quadratic

fit [equation (l)] to the data, the dashed curve a cubic fit [equation (2)].
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of Al-Si exchange for monoclinic potassium feld-
spars.

Unit-cell dimensions, molar volumes, and chemical
compositions for members of this sanidine-analbite
series have been reported in the preceding paper
(Hovis, 1977;also Hovis and Waldbaum, 1976). Tet-
rahedral site occupancies for all members of this
series are estimated to be No,,rr, : 0.271alrd Na11a2;
: 0.229 (for nomenclature, see Thompson, 1969,
l 970).

Calorimetry

Details of our calorimetric apparatus and pro-
cedures have been described elsewhere (Hovis, l97l;
1974, p. 125-1271' also see Robie and Hemingway,
1972), and only the most important aspects will be
repeated here.

Feldspar crystalline solutions were dissolved in
20.1 weight percent HF (to conform with acid
strengths used by previous investigators: King, l95l;
Kracek and Neuvonen, 1952; Waldbaum, 1966, p.
l8) at 49.7"C (l atm) under isoperibolic conditions,
using an internal sample container (Waldbaum and
Robie, 1970). Early experiments were conducted us-

ing 940 grams of acid, later ones using 910 grams of
acid (Table l); this had no detectable effect on the
resulting heats of solution. Generally, three experi-
ments were conducted using the same acid solution;
0.65 to 1.00 gram of material (-325 mesh) was dis-
solved during each experiment. This violates the rule
of strict stoichiometry (Hovis, 1974, p. 125), but be-
cause of the very small amounts of feldspar dissolved,
the solutions remained in the ideally dilute range with
respect to the ions in solution; this procedure had no
detectable effect on the calorimetric results (Hovis,
1974, p. 129).

Thermometry and data reduction are as described
by Hovis (1974, p. 126-127; l97l).

Calorimetric results

Calorimetric data for the sanidine-analbite crystal-
line solutions are shown in Figure I and recorded in
Table l. These data represent the results of 28 heat-
of-solution experiments on seven different feldspars;
two heats of solution are given for most experiments,
the first based on the heat capacity ofthe calorimeter
before dissolution, the second on the heat capacity
after dissolution. Calorimetric data are not presented

Nknrsi.o.
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Table l .  Solut ion calorimetr ic data for sanidine-analbite crystal l ine solut ions

F e l d s p a r ,  N Run No. I i , tass (g)

Mean Solution
T A h - - F q t r r r F

("c) - rPrs-58

Heat Capacities
(,r /aee )

Init ial Final
**

AT
Heats of Solutiont at Mean Temperature

\ J / g t (  KCar/nof . /

Tor5, . 0111+ r7I*

7 0 1 5 , , O 1 r \  1 7 8 *

7015, . 011)+ I79*

7015, .  Olr l+ 180*

7Or-5,  .  011)+ 19r

7059, . r52r 225

t u > 9 , . ! > t !  1 1 o

1059, . I52r 227

1059, .152L 25O
a dqa ? 'z t  1  , l  ?

7057, .37rr 2r)+

7017,  ,37L1 2L '

TorT, .37rr 2\6

?o\)+, .  5991 188"

7ol+)+, .5091 189*

?01+l+,  .5091 190*

Tol+i+,  .5091 258

7 0 5 8 , . 5 1 8 3  2 1 6

7 0 5 8 , . 6 1 8 3  2 r 7

7058 ,  . 6183  262

7050, .8358 228

7 0 6 0 , . 8 3 5 8  2 2 9

7 0 5 0 , . 8 3 5 8  2 5 3

7036, .9691 181*

7ca6 , , 959 : -  183*

7036, .969:_ 181*

7ca6, .9691 20\

7036, .9691 2l+8

r.  00260 0.63766\

1' ool+40 o' 538)+rl+

1 .00382  0 .538203

0.5)+598 o.  )+10756

0.76397 0.500652

o .82 \29  0 .  t 33550

o .80988  0 .523881

o.8r)+25 0.527633

0 .791 \9  o .5 rL55o

0.82085 o.521685

0.8!350 0.536259

a.8r626 o.rr8925

o .82 \3 j  6 . 521839

0.7585\ o. \62ar9

o.76378 o.  !5535\

0 .76592  a . \T \85?

6.79! l ro o. \98062

0.819)+9 o.5o799a

o.78932 0.  !89193

0.8\802 o.526\52

0.81682 o.  L9\71+8

o.8ol+87 o.L878ol+

0 .76938  0 . \ 66059

o.79o32 0.)+56729

0.80915 o. \58002

o.8or59 o. \63723

0.799\6 o.4?4r+2I+

o.8ooo5 0.  l+7551+1

3875 .89  3858 .  60

3879 .02  3883 .63

38T r .39  3863 .35

387r.99 3868.88

3756.93 37\8.95

3766.L5 3766,32

376:+. \2 3760.60

3755.68 3755.9r

3765.39 3762.22

3768.32 3 '152.88

3766 . \ 9  375 r , 95

3765.73 3763,r7

3760.86 3757.82

3875.30 387\ .69

3875. 5\  38?l+.  51

3812 .58  3807 .30

3766 .02  376 r . 78

3767.r9 3765.83

3768.\9 3765.90

376r.73 3765.\ r

3765.67 3762.7\

3753.)+3 376\ .86

3767.32 375\ .27

3875 .85  3851 .37

3869.57 3862.25

3872.71 3850.) .18

3767.7r 3765.62

3758.36 3757.\5

2 \65 .28 ,2 \60 .27

z c a > .  I  |  ,

^6 \ . 06 ,  *56 .03

2t+62.L9,  2\59.97

2 \62 .17 ,  2 \56 .6 t+

21137,93,  2\37,73

2 4 J > . " 2 , 1 4 5 t . c 5

2 r+33 .83 ,2 \33 .67

2 \ 3 9 . 7 9 , 2 \ 3 6 . \ 3

2395 .o8 ,239 r . 32

?39 \ . \ 5 , 239 r . 25

2 3 q 1 . 1 6 , 2 3 9 2 . 2 3

239\,19,2392.36

236 r . r 5 ,2359 .9L

z J o z .  u o ,  1 s o u . ) L

2363.8\, 2360.30

2351 .30 ,2360 .86

2 3 3 5 . 3 8 , 2 3 3 \ . 2 \

2335.73,233\ . \7

2337.92,  2338. oLl

228r.O2,2278.97

228r.02,  228r,62

2282,2L,2280.11

2239.99,

2238,2L,2233.73

22\O.22,  2232,9O

2236.oo,22311,5r

2239.23,2238,\3

\5\ .615 ,  151+ .  301

r5I  .  6 l+5,

1 5 ) + . 5 3 9 , 1 5 1 1 . 0 3 5

15)r . )+21' L5\.282

1 5 \ . ) + 2 0 , 1 5 1 + . 0 ? 3

Lr\ .22r,  15)+.208

1 5 1 + . 0 \ 9 , 1 5 3 . 8 7 3

r 5 3 . 9 6 L , 1 5 3 . 9 5 1

Lj\.275, rr1.L26

153.530, r53.289

r53.1+90, I53.285

r53 .1+71 ,  153 .31+8

153. )+99,  r f i ,316

r52,609,  r52.53O

r52.669, r52.568
r  c a  

" A ?  
I  q 2  c q h

r > 1 . o l r ,  L ) 2 , ) Y t

r5r .926,  r51.852

15 r .9 )+9 ,  151 .857

I52.O9r,  L52.rOO
1 < n  2 n n  l c n  1 < q

r 50 .300 ,  150 .340
-  - ^  ^ t . ^

L > V . 7 I Y ,  ! ) V . z 4 u

1lr8.7 l+7 ,
1l+8. 528 , 1l+8. 331

r \ 8 .762 ,  r \ 8 . 276

1 l+8 .482 ,  1 !8 .383

r) l8.696,  1 l+8.513

\9 . \ 67

\9 .587

\9 .726

\9 .72 \

\9.9r2

\9 .796

l l9.  T)+8

\9 .7  69
l+9.  5oo

)+9.851+

l+9.891+

l+9,805

)+9,807

50 .039

49 .  731
r+9.828

I+9 .830

I+9 .889

4 y . o > 5

4 y .  I  y )

\ 9 . 6 j 6

Ii.9.T23

\9 .72 \

49 .O) r

Ls.  z :a

* An asterlsk after the run nmber indicates rws crrled out in 9l+0 grans of acid solutlon. All other runs were

carried out ln 910 grms of acid.

**Temperatue change duing dissofution corrected for heat exchmge (oc).

t The trc heats of solution for each run result fron calculations based on heet capacities detemined for the

celorineter vessel before (tt init ial Cp") md after ("f ina1 Cp'r) dissolution. Both heats of solution fron every

run rere used ln least-squeres analyses of the date'

for the small number of runs where heat capacities
were associated with either abnormally high or low a-
values, because such data are considered unreliable.
Values of a are calculated during each calorimetric
experiment and indicate the rate at which heat ex-
change between the reaction vessel and its surround-
ings changes with temperature during an experiment
(Waldbaum, 1966). Abnormal d-values may be in-
dicative of problems, such as failure of an experiment
to go to completion, and are one criterion used to
evaluate a run.

Heat-of-solution values (Table I ) expressed in

joules/gram are independent ofthe assumed feldspar
chemical composition. Values given in kcallmol
(where I defined calorie : 4.l84joules) are based on
atomic weights corresponding to the compositions
stated in the preceding paper (Table 3) and assuming
such compos i t ions  are  prec ise ly  on  the
(K,Na)AlSigO, join. No corrections were made for
minor-element content; as stated in the preceding
paper, these elements were present in very small
amounts and should be nearly constant for all mem-
bers of the ion-exchange series.

Least-squares fits to the data in Table I as a func-
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tion of ly'o. (mole fraction of KAlSirOr) yield the
following quadratic and cubic equations:

- H,,,,(kcal/mol) = I 54.326(+.008)
-  6.033(+.010)No.  + 5.691(+.035)No,NAb ( l )

and

-E"or . (kcal , /mol)  :  154.41 l (+.008)
-  6 .233 (+ .013 )No ,

+ 7.474(+.085)NAbr/a, + 4.1l7(+.080)No.1V?b Q)

(To convert heats of solution to units of kilo-
joules/mol, multiply the coefficients by 4.184.)
Curves corresponding to these equations are plotted
in Figure 1 along with the l ine for "ideal" mixing
based on mechanical mixtures of end-member feld-
spars. The standard deviation of equation (l) is
+0.17 kcal lmol  and of  equat ion (2)  is  +0.16
kcallmol. Thus, statistically the cubic fit is better
than the quadratic one, but by a very small, probably
insignificant margin, considering the precision of the
individual runs. Nevertheless, the cubic fit may be
more realistic when considering the physical signifi-
cance of the data.

Effect of sample inhomogeneity on calorimetric results

Sample inhomogeneity (Hovis, 1977) has an effect
on heats of solution in any chemical system where
heats of mixing exist. In such a system, a set of
mechanical mixtures about the mean composition
would result in a lower absolute value for heat of
mixing than would a single homogeneous phase.
However, if the mechanical mixture represents arela-
tively small range of chemical compositions, the ef-
fect of inhomogeneity should be small, perhaps negli-
g ib le.

Of the five feldspars with intermediate chemical
compositions, four were inhomogeneous to a minor
extent, with ranges of *3.5 mole percent Or or less.
Feldspar 7057 was somewhat more inhomogeneous,
with a range of * I I percent. It is impogsible to make
rigorous corrections for inhomogeneity without de-
tailed quantitative information about how much of
each composition is represented in each of the feld-
spar samples. However, it is possible to estimate the
maximum effect that inhomogeneity would have on
the heats of solution. This can be done by assuming
that each sample is made up of a mechanical mixture
of two feldspars, one at each end of the composition
range of each feldspar. Based on equation ( I ) or equa-
tion (2), we may then calculate the heat of solution

MIXING IN SANIDINE-A NALBITE

for a 50: 50 mechanical mixture of these two feldspars
and compare it with the actual heat of solution for a
feldspar in the middle of the composition range.
Doing this for feldspars 7059,7044,7058, and 7060,
we find that the maximum effect on the heats of
solution would be approximately 0.01 kcal/mol. Be-
cause each feldspar crystalline solution does rol con-
sist of a mechanical mixture of two feldspars at either
end of the composition range, but rather a whole
series of phases along the entire range, any correction
to the heats of solution of these four feldspars should
be even less than 0.01 kcallmol; in the present study
this is negligible.

Inhomogeneity in sample 7057 was somewhat
more serious than in the other samples. Estimating
the effect of inhomogeneity in this sample as above
indicates an effect of 0.08 kcal/mol. However, this
too would be the maximum effect, since this feldspar
consists of a whole range of compositions, not just
two.

In order to check the maximum effect that in-
homogeneity could have on the calculations, least-
squares fits to heats of solution were performed after
adding 0.08 kcallmol to the values of -f1"o1, for
sample 7057 and 0.01 kcal/mol to the values of
-E"orn for all other feldspars except the end mem-
bers. These calculations resulted in a change of the
last coeff ic ient in equat ion ( l )  to 5.848 (+.035)
kcal/mol and of the last two coefficients in equation
(2) to 7.357(+.090) and 4.516(1.080) kcal/mol,  re-
spectively.

Comparison of calorimetric data with those
of other inuestigators

The heat-of-solution values for sanidine and anal-
bite may be compared with those of Waldbaum and
Robie (1971), who measured the heats of solution of
nearly identical end-member samples but used a dif-
ferent HF solution calorimetric data acquisition sys-
tem. Their values are between I and 2 kcallmol dif-
ferent from the present data, not only for sanidine
and analbite, but also for microcline and low albite.
Therefore, differences between the two sets of calori-
metric measurements are probably systematic. Each
system yields internally consistent results, and en-
thalpy changes due to compositional variations or
changes in Al-Si distribution in alkali feldspars are
the same as measured on either system. Therefore,
the results from either calorimetric system can be
considered valid, but at present absolute ualues of

683
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o  0 5  I

Non
Fig 2a.  Excess molar  enthalpy plot ted against  composi t ion.

Curve corresponds to equation (3). Data points are relative to the

l ine of  "mechanical  mixtures" based on equat ion ( l ) .

heats of solution from the two systems should not be
used interchangeably.

Excess mixing properties of sanidine-analbite
crystalline solutions

The excess enthalpy due to K-Na mixing is equal
to the difference between the quadratic formulation

o o , 5  l

NoR
Fig.  2b.  Excess molar  enthalpy plot ted against  composi t ion.

Curve corresponds to equation (4). Data points are relative to the
l ine of  "mechanical  mixtures" based on equat ion (2) .
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given by equation (l), or the cubic expression of
equation (2), and the associated l ine corresponding to
mechanical mixtures of end-member feldspars. For
the sanidine-analbite series of the present in-

vestigation, equations of FI", corresponding to equa-

t ions ( l )  and (2)  above are

H.,(kcal/mol) : 5.691(+.035)No'NAb (3)

and

8",(kcallmol) : 7.474(+.085)NooM,
+ 4.117(i.080)No,l/ ib (4)

Curves corresponding to equations (3) and (4) are
pfotted in Figures 2a and 2b.

Excess molar volume data for the same feldspar
series are given in the preceding paper [Hovis, 1977,
equation (7)1. Using the thermodynamic relationship,
E., = E.* - PV"* (Thompson, 1967), we can develop
general expressions for excess internal energy of
K-Na mix ing:

E.*(kcal/mol): (5.691 - 0.0862P)No"NAb (5)

and

E.*(kcal/ mol) : (7 .47 4N o,
+  4 . l l 7Noo-  0 .0862P)No .NAb  (6 )

where pressure is expressed in kilobars. For pressures

up to 10 kbar and more, the excess enthalpy and
internal energy of K-Na mixing are virtually identi-

caf, owing to the very small value of Wv, the Mar-
gules parameter for molar volume.

Excess mixing properties as functions of Al-Si

distribution for alkali feldspars

Excess internal energies of mixing for the low al-

bite-microcline ion-exchange series investigated by
Waldbaum and Robie (1971) and also for the anal-
bite-sanidine series of the present study are recorded
in Table 2. Because differences in the mixing proper-

ties for the two series are the combined result of
changes in Al-Si distribution over four tetrahedral
sites, it is impossible to factor these heat-of-solution
differences into effects due to changes in the Al-Si
population of each site. However, we can make some
general comments about K-Na mixing properties in

alkali feldspars as a whole:
(l) Excess internal energy and enthalpy are positive

for all alkali feldspar ion-exchange series, regardless
of Al-Si distribution.

(2) Ilr.oo ) Wr,o, (and Ws,oo ) Ws,o,) for asym-
metric fits to the heat-of-solution data of ordered and

disordered ion-exchange series.

o
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(3) W".oo and WE,or are l 8 and l 0 kcal,/mol less,
respectively, for the (topochemically monoclinic) dis-
ordered series than for the (tricl inic) ordered series of
feldspars, based on the cubic fits to heat of solution
data. W" is 1.4 kcallmol less for the disordered series,
based on the quadratic f its to the same data.

Interpretation of the results

Asymmetry of the heats of K-Na mixing in the
alkali feldspars is probably related to strain created
by the substitution of ions of unequal size into the
"M" crystallographic position in the structures of
these minerals. In both of the alkali feldspar series
studied calorimetrically, the heat effect resulting from
the substitution of a potassium ion into a sodic feld-
spar (reflected by the value of the Margules parame-
ter, Wp.oo) is greater than that resulting from the
substitution of a sodium ion into a potassic feldspar
(reflected by W".o,).Put simply, less strain is created
when a small ion occupies a cavity than when a
relatively large ion occupies the same (or a slightly
smaller) cavity.

Differences in the K-Na mixing properties between
topochemically monoclinic, disordered and topo-
chemically tricl inic, ordered alkali feldspars can also
be explained as a function of strain. The disordered
feldspars have slightly greater molar volumes (Or-
vil le, 19671, Hovis, l97l and 1974), and therefore
lower densities, than more ordered compositionally-
equivalent feldspars. Because their structures are
more open, the strain created by ionic substitution of
potassium and sodium ions in the "M" crystallo-
graphic position is not as great as in the relatively
ordered feldspars. The less strain, the smaller the
effect of K-Na mixing.

A more detailed analysis of these results wil l be
given in a later report (Thompson and Hovis, in
preparation), where excess enthalpy and excess molar
volume data are combined with data based on Or-
vil le's (1963) ion-exchange experiments (Thompson
and Waldbaum, 1968) to give excqss entropy rela-
tionships for sanidine-analbite crystall ine solutions.

Acknowledgments
We wish to thank Professor James B. Thompson, Jr . ,  for  h is

continuing interest in our work on the feldspars, for his encour-
agement, and for his helpful criticisms on a preliminary version of
th is manuscr ipt .  We thank Dr.  James Woodhead and Dr.  Ronald
Openshaw for their cooperation in various aspects of the work.
Messrs.  Harold Ames and Arthur Ames were instrumental  in
helping to get the calorimetric research started in fabricating part
of the system; Mr. Maurice Campot helped debug electronic prob-
lems which developed and also helped maintain some of the appa-
ratus.

MIXING IN SANIDINE-ANALBITE 685

Table 2. Internal energies of K-Na mixing at I atm for feldspar

crYstalline solutions

Feldspar Series

Lov afbi te -  nicrocl ine
(waldbaw and Robie, 1971,

asl@etr ic or cubic f i t

t o  t h e  d a t a )

Lo{ albi te -  nicrocl ine
( w a l o o a w  a n o  x o o r e ,  a y , r ,
s l@etr ic or quad.rat ic

f i t  t o  t h e  d a t a )

Analbi te -  smidi .ne

\  f  r r r r  f r r v  c . u r 6 d v r v r r t

aslmetr ic or cubic f i t

to the data)

Analbi te -  sanidine
/ m L i ^  r - . . ^ ^ + i - ^ + i ^ -
\  f  r u D  r r l v  s . u r 6 a v r v r r t

sJ@etr ic or quadrat ic

f i t  t o  t h e  d a t a )

, .928

7 , O 7 '
1 ,  0 4 4

l+. 117
1 . 0 8 0

) . o y !

8. I+5? r .798
! .099

7 , o 7 5  1 . 7 5 8
t .  044

7  . \ T \  1 . 1 + ! 9
1 . 0 8 5

, . 6 9 1  1 . \ 2 3
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