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Abstract

The heat capacities, Ci, of low albite, analbite, microcline, and high sanidine have been
measured between 350 and 1000 K by ditrerential scanning calorimetry. Our data for the
alkali feldspars were combined with low-temperature heat-capacity and high-temperature
heat-content data taken from the literature to derive the following equations:

4 (albite) : 583.9 - 0.092E5T + 2.272 x l0-5r2 - 64247-tt2
+ 1.67E x 106T-2 (t0.6 percent 298-1400 K)

ci (analbite) : 671.4 - 0.1467T + 3.659 x t0-5?t - 79747-tt2
+ 3.174 x l06ir2 (-r0.3 percent 298-1400 K)

Ci (microcline) = 759.5 -0.21717 + 6.433 x rc-s7'- - 95277-1t2
+ 4.764 x 106T-2 (-+0.6 percent 298-1400 K)

C; (hieh sanidine) = 693.4 - 0.l7l7T + 4.919 x t0-51 - 8305f r/2

+ 3.462 x 106f2 (*0.5 percent 298-1400 K)

where ? is in kelvins and Co is in units of J/(mol ' K). Smoothed values of the
thermodynamic properties of these feldspar phases derived from the experimental data
given in this report are listed in Robie et al. (1979).

Evaluation of the results of several phase equilibrium studies of the reaction quartz +
jadeite : analbite yields -3029.870*4.200 and -2851.30014.200 kJ/mol for the enthalpy
and Gibbs free energy offormation, respectively, ofjadeite at 298.15 K and I bar.

The enthalpy of the low albite-analbite transition determined from calorimetry using
Amelia albite for low albite underestimates the magnitude of the enthalpy of the transition
because Amelia albite is partially disordered (e.9., Holm and Kleppa, 196E).

Introduction

The alkali feldspars are among the most impor-
tant of the rock forming silicates. Although accurate
heat-capacity, Ci, and entropy, ,So, data for the
range 15 to 370 K exists for these minerals (Open-
shaw et al., 1976), values of Ci for temperatures
above 400 K are based on a limited number of heat-
content measurements at somewhat widely separat-
ed temperatures. The derived values for Ci conse-
quently have a large uncertainty.

The existing high-temperature heat-capacity val-
ues for the alkali feldspars are based on the heat-
content data of White (1919) who determined flr-
Ilrr for "microcline" and albite at 6 temperatures
between 213 and 1373 K, on the heat-content data
of Kelley et aI. (1953) who measured tfa-nl93 for

low albite at 200 K intervals to a maximum tempera-
ture of 1273 K, and upon a single value each for
rtnr-Hln" for low albite and analbite obtained by
transposed drop calorimetry (Holm and Kleppa,
1e68).

The purpose of this study was to improve our
knowledge of the high-temperature heat capacities
of the alkali feldspars, low albite, analbite, micro-
cline, and sanidine, and to apply the data for low
albite and analbite to the phase equilibria studies of
the reaction quartz + jadeite : analbite in order to
resolve the difference of opinion regarding the mag-
nitude of the Al/Si configurational entropy of anal-
bite (Holm and Kleppa, 1968; Ribbe et al., 1969;
Ulbrick and Waldbaum, 1976; and, Kerrick and
Darken, 1975), and to improve the value for the
enthalpy of formation ofjadeite.
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Materials, apparatus, and experimental results

Our feldspar samples were all portions of the
materials used for low-temperature heat-capacity
measurements by Openshaw et al., (1976) who give
a complete description of the chemical and physical
constants of these materials. The sample weights,
determined by means of a Mettler M-5A microbal-
ance and corrected for bouyancy, were 35.30,
31.98, 33.04, and 34.05 mg for low albite, analbite,
microcline, and high sanidine, respectively. All
samples were encapsulated in gold pans.

The high-temperature heat capacities were mea-
sured using a Perkin-Elmer DSC-2 differential scan-
ning calorimeter similar to that described by O'Neill
and Fyans (197I). The measurements were made at
a heating rate of 10 lVmin and a range setting
(sensitivity) of 20.9 mJ/sec. The heat capacities
were determined using the method outlined by
O'Neill (1966) which utilizes synthetic sapphire as a
Ci reference standard. Our reference standard disk
of synthetic sapphire weighed 30.66 mg. The heat-
capacity values of Ditmars and Douglas (1971) for
Standard Reference Material 720, synthetic sap-

Table l. Experimental heat capacities of 262.225 g (l mole) of
low albite, NaAlSi3Or. The equation represents the least

squares fit to the experimental data.
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Fig. 1. Molar Heat capacity of low albite between 0 and 10fi)
K. The diamonds represent the least squares fit to the
experimental data of Openshaw et al. (1976). The squares
represent the experimental heat capacity values obtained by
differential scanning calorimetry.

phire, were used as the reference values. The
temperature calibration of the calorimeter was
checked by measuring the transition temperature of
several inorganic compounds in the thermal stan-
dard sets, NBS-IcrA Standard Reference Materials
758 and 759 (McAdie et al., 1972), specifically,
indium, quartz, and potassium chromate.

Our experimental values for the molar heat ca-
pacities are listed in Tables l-4 and are shown
graphically in Figures l-4. For the sake of clarity,
some of the experimental Ci values have been
omitted from Figures l-4. The gram-formula
weights were calculated using the 1975 atomic
weights (Commission on Atomic Weights, 1976),
and the calorimetric unit conversion was made
using 1 cal : 4.1840 J. None of the experimental Ci
measurements showed any evidence of the low
albite-analbite or the microcline-high sanidine tran-
sitions.

Thermodynamic functions of low albite, analbite,
microcline, and high sanidine

Our experimental Ci measurements for the four
alkali feldspars between 350 K and 1000 K were
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Table 2. Experimental heat capacities of 262.225 g (l mole) of
analbite, NaAlSi3Os. The equation represents the least squares

fit to the experimental data.
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disordered and accepted the value for So, the zero
point entropy, of analbite of 18.7 J/(mol ' K) [i.e.,
-4R(0.751n0.75 + 0.251n0.25)1. Table 6 was calcu-
lated from our high temperature Ci measurements
on analbite and the SlsrSi data of Openshaw but
assuming that So : 12.6 J/(mol ' K), that is, assum-
ing the aluminum avoidance principle applies to the
structure of analbite (Kerrick and Darken, 1975 and
Mazo,1977). These models will be applied to calcu-
lations in a latter section of this paper.

Our heat capacity measurements for low albite
may be compared directly with the values of Open-
shaw et al. (1976) and indirectly with the heat-
content data given by White (1919) and by Kelley et
at. (1953\, if we first integrate our Ci equation
between 298.15 and T, where T is the temperature
of the heat-content observation. The average devi-
ation from the heat-content data of Kelley et al. is
less than 0.5 percent.

It should be noted here that Openshaw e/ a/.
(1976) presented evidence for a transition in micro-
cline at temperatures below 300 K. Because of the
thermal hysteresis observed in the reported heat-
capacity measurements, it is impossible to evaluate
the magnitude of the microcline transition. Open-

Table 3. Experimental heat capacities of 27E.333 g (l mole) of
microcline, KAISi3OB. The equation represents the least squares

fit to the exPerimental data.
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combined with the low-temperature heat capacities
ofOpenshaw et al. (1976) and the heat-content data
of Kelley (1960), and were fit by least squares to an
equation of the form suggested by Haas and Fisher
(1976). The equations were constrained to join
smoothly with the Co values between 300 and 370 K
obtained by accurate cryogenic adiabatic calorime-
try.

Our final Ci equations and the average deviation
of the measured Ci values from the derived equa-
tions are given in Table 1-4. The thermodynamic
functions Ci, Q{1-.t{re8)/T, S;, and - (Gl-I{zeif
calculated from these equations are listed at 50 K
intervals in Table 5 for analbite and at 100 K
intervals in Robie et al. (1979) for low albite,
microcline, and high sanidine. The errors in the
derived thermodynamic functions are estimated to
be -r0.7 percent in Ci and (H,rl{zeilT, and -+0.4

percent in Sl and (drlfzgilT between 298 and 1000
K.

In Table 5 we have accepted the entropy for
analbite reported by Openshaw et al. (1976). Open-
shaw ef c/. assumed analbite to be completely
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Table 4. Experimental heat capacities of 278.333 g ( I mole) of
sanidine, KAlSi3Or. The equation represents the least squares

fit to the experimental data.
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The albite breakdown reaction and the
thermodynamic properties of jadeite

Birch and LeCompte (1960), Newton and Smith
(1967), Bell and Roseboom (1969), Johannes, ef a/.
(1971), Huang and Wyllie (1975) and Holland (1980)
have studied the equilibrium represented by equa-
tion I

SiO2 + NaAlSi2O6 :NaAlSi3Og
"quar1'z" jadeite "albite" (1)

at temperatures between 770 and 1650 K and at
pressures between 14 and 33.5 kbar. Hlabse and
Kleppa (1968) pointed out that the actual reaction
studied by Birch and LeCompte and most probably
by Newton and Smith involved analbite or partially
disordered albite, not low albite.

The enthalpy change, A,E[, for reaction 2

SiO2 + NaAlSizoo : NaAlSi3og
a-qtartz jadeite low albite (2)

at 298.15 K has been determined by Kracek, Neu-
vonen and Burley (1951) using HF-solution calorim-
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shaw e/ al. (1979) have shown that the molar
volume of microcline shows a similar thermal hys-
teresis. Wyncke et al. (1981) examined the far
infrared spectra of both natural microcline and the
ion exchanged Amelia albite sample studied by
Openshaw et al. and placed the transition tempera-
ture at 245!5 K when the temperature of the
sample is lowered.

Openshaw et al. (1976) obtained the entropy of
microcline from a smoothed heat capacity curve
fitted to the experimental data below 250 K, the
experimental heat-capacity values for the stable
microcline phase above 300 K, and an empirical set
of values which smoothly connect the two experi-
mental data sets. This procedure provides a first
approximation to the entropy of microcline at
298.15 K and I bar. In order to improve upon this
value, a new set ofheat capacity data obtained at a
considerably lower heating rate will be required.
Wyncke et al. (1981) have not observed the hystere-
sis effect in natural microcline containing some
albite lamellae. Therefore, it may be possible to
evaluate this transition using a natural microcline
sample.
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Fig. 2. Molar heat capacity of analbite between 0 and 1000 K.
The diamonds represent the least squares fit to the experimental
data of Openshaw et al. (1976). The squares represent the
experimental heat capacity values obtained by differential
scanning calorimetry.
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etry and by Hlabse and Kleppa (1968) using the
molten salt technique. The results of these two
investigations are in poor agreement. Six values for
LH2es of reaction 2 which range from +3.34-f 1.00
to -6.40-t-1.55 kJ may be calculated from the data
given by Kracek et al.,whereas Hlabse and Kleppa
obtain -1.13-+1.38 kJ for reaction 2 at964 K. The
uncertainties associated with Hlabse and Kleppa's
results have been recalculated to correspond to the
convention regarding the uncertainty interval
adopted by Kracek et al. and to standard thermo-
chemical procedures.r

The data of Kracek et al. (1951) may be improved
somewhat by using the interpretation of Heming-
way and Robie (1977) that one of the heats of
solution reported by Kracek et al. for the two albite
samples was in error and by using the heat of
solution of quartz reported by Bennington, Fer-
rante, and Stuve (1978) and supported by the results
and interpretation of Hemingway and Robie. These
data will yield values of *3.64-11.0, +1.09-F1.71,
and -2.97-+ 1.13 kJ for the enthalpy of reaction 2
based upon jadeite from Japan ground in an agate
mortar, jadeite from Burma, and jadeite from Japan
ground in a mullite mortar, respectively, and albite
from Varutriisk. Sweden.

Kracek and Neuvonen (1952), Holm and Kleppa
(1968), Waldbaum and Robie (1971), Hovis (1971),
and Newton et al. (1980) have determined the
enthalpy of the transformation low albite -+ anal-
bite. Except for the data of Holm and Kleppa, the
reported enthalpies of transformation are in reason-
able agreement. The data of Holm and Kleppa must
be viewed as a qualitative result (Anderson and
Kleppa, 1969). The value of + 10.88+1.25 kJ/mol

rThe standard uncertainty normally adopted in thermochemi-
cal investigations (Rossini and Deming, 1939) is twice the
standard deviation of the mean (sdm) i.e., 2[xi-x)2/n(n*l)]1/2.
This corresponds to a probability of 96 percent that the correct
value is within the interval (* - 2 sdm) to (x + 2 sdm).
Uncertainties reported by Hlabse and Kleppa are apparently
calculated from the expression [>(ii - x)2/n]t2 which is actually
the standard deviation for an individual observation. not for the
mean value obtained for n observations. (See for example,
Meyer (1975)). Recalculation of the uncertainties reported by
Hlabse and Kleppa is done for the convenience of the reader.
That is, a comparison of results is simplified if the data are all
presented in the same form. It should be noted that, in general,
there are not a sufficient number of enthalpy of solution measure-
ments to provide a valid statistical set (e.9., Meyer).

We have also reported the average deviation of our heat
capacity data from the least squares fit to the data because this is
the form in which the data have traditionally been present (e.g.,
Kelley, 1960).
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Table 5. Molar thermodynamic properties of analbite assuming
S;  =  l8 '7  J /mo l 'K

T e r p .  I e ! t  E n t r o p y  E n t h a l p y  G l b b 6  e n e r g y
C a p a c l t y  F u n c t l o n  F u n c t l o n

t  . ;  s ;  ( H ; - H ; e 8 ) / r  - ( c i - E ; e 8 ) / r

K e l v l o J /  ( D o l . K )

2 9 8 , 1  5  2 0 4 . 4
3 5 0  2 2 4 . 2
4 0 0  2 3 9 . 7
4  5 0  2 5 2  . 6
5 0 0  2 6 3 . 3

5 5 0  2 7  2 . 3
6 0 0  2 7 9 . 8
6 5 0  2 8 6 . 3
7 0 0  2 9 L . 7
7 5 0  2 9 6 . 4
8 0 0  3 0 0 . 5
8 5 0  3 0 4 . 0
9 0 0  3 0 7  .  I' 9 5 0  

3 0 9 . 9
1 0 0 0  3 t 2 . 3

1 0 5 0  3 1 4 . 5
1 1 0 0  3 1 5 . 5
l l 5 0  3 1 8 . 3
1 2 0 0  3 2 0 . 1
t 2 5 0  3 2 r . 7
1  3 0 0  3 2 3  . 2
1 3 5 0  3 2 4 . 8
r  4 0 0  3 2 6 . 2

2 2 6 . 4
2 6 0 . 8
2 9 1 . 8
3 2 0  . 8
3 4 8 . O

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

5 6 4 . 9
5 7 9 , 6
5 9 3 . 7
6 0 7  . 2
6 2 0 . 3
5 3 3 . 0
6 4 5 . 2
6 5 7  . 1

o . o
3 l , 8
5 6 . 9
7 1 . 9
9 5 . 9

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

2 0 0  . 4
2 0 5 . 7
2 1 0 . 5
2 1 5 . 1
2 1 9 . 1
2 2 3 . 3
2 2 7  . O
2 3 0  . 5

2 2 6 . 4
2 2 9 . O
2 3 4 . 9
2 4 2 . 9
2 5 2 . O

2 6 t , 9
2 7 2 . 2
2 4 2 . 7
2 9 3 . 3
3 0 3 . 9
3 r 4 . 4
3 2 4 . 7
3 3 4 . 9
3 4 5 . 0
3 5 4 . 8

3 6 4 . 4
3 7 3 . 9
3 8 3 . 1
3 9 2 . 2
4 0 1 . 1
4 0 9  . 7
1 1 4 . 2
4 2 6  . 5
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The diamonds represent the least squares fit to the experimental
data of Openshaw et al. (196). The squares represent the
experimental heat capacity values obtained by differential
scanning calorimetry.

reported by Waldbaum and Robie was adopted for
our calculations.

By combining the data given above, we calculate
values ranging from 14.52-1 1.58 to 7.91+ 1.68 kJ for
reaction I from HF solution calorimetry and
11.98-+1.86 kJ from molten salt calorimetry all at
298.15 and I bar with analbite as the Na-feldspar.
The results presented above will be discussed in
greater detail in a later section of this paper.

We wish to use the equilibrium data to see if we
can improve the calorimetric values of A^FI for the
albite-jadeite reaction and to examine the validity
of the aluminum avoidance principle (Lowenstein,
1954) as it has been applied to Na-feldspars by
Kerrick and Darken (1975) and Mazo (1977). We
shall consider two models. For model I we assume
that the zero-point entropy of analbite is 18.7 J/
(mol .K), and in model 2 we will use 12.6 J/
(mol . K) for Si of analbite.

If we assume that the phase-equilibria data pre-
sented by Holland (1980), Huang and Wyllie (1975),
Hays and Bell (1973), Johannes et al. (1971), New-
ton and Smith (1967), and Birch and LeComte
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(1960) represent, in fact, phase reversal information
for reaction 1, then we may construct curves that fit
these reaction data and that have the appropriate
slopes for the entropy models I and2 cited above.
The two curves are shown in Figure 5 together with
selected phase-equilibria data. The enthalpies of
reaction at298.15 K given in Table 7 are calculated
from these curves using the third law method (equa-
tion 3)

AGp,r : 0 : LH)g" + TLI(G;H;9)171
- (P - l)a'yi (3)

described by Lewis and Randall (1961), Robie
(1965) and by Krupka, et al. (197D and using the
molar volumes at high temperatures given by Cam-
eron et al. (1973) and by Yoder and Weir (1951) for
jadeite; by Stewart and von Limbach (1967), and
Grundy and Brown (1969) for analbite, and Skinner
(1966) for quartz. The estimated equilibrium pres-
sures have been rounded to the nearest 0.1 kbar and
no estimate of the effect of pressure on the mofar
volume has been made.

We have given rather little weight to the single
data point ofBell and Roseboom (1969) at 33.5 kbar
because of the unknown, and unapplied, friction
correction and because it would require extrapolat-
ing the Cp data for jadeite about 500 K.

Table 6. Molar thermodynamic properties of analbite assuming
53 = 12.6 J/mol ' K
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T

K e l v l n

c ;  s ;  ( H ; - H ; e 8 ) / r  - ( c ; - F ; e E ) / r

J / ( D o l . x )

2 9 8 . 1 5  2 0 4 . 4
3 5 0  2 2 4 . 2
4 0 0  2 3 9 . 7
4  5 0  2 5 2  . 6
5 0 0  2 6 3 . 3

s 5 0  2 7 2 . 3
6 0 0  2 7 9 . A
6 5 0  2 4 6 , 3
7 0 0  2 9 L . 7
7 5 0  2 9 6 . 4
8 0 0  3 0 0 . 5
8 5 0  3 0 4 . 0
9 0 0  3 0 7  .  I
9 5 0  3 0 9 . 9

1 0 0 0  3 1 2 . 3

1 0 5 0  3 1 4 . 5
1 1 0 0  3 1 6 . 5
r t 5 0  3 1 8 . 3
I  2 0 0  3 2 0 .  I
1  2 5 0  3 2 1 . 7
1  3 0 0  3 2 1  . 2
1 3 5 0  3 2 4 , 4
l  4 0 0  3 2 5  . 2

2 2 0 . 3
2 5 1 . 7
2 8 5 . 7
t r 4 . 7
3 4 1 . 9

t 6 7  . 4
3 9 L  . 4
4 1 4 . 1
4 3 5 . 5
4 5 5 , 8
4 7 5 . 1
4 9 3 . 4
5 1 0  . 8
5 2 7 . 5
5 4 3 , 5

5 5 8  . 8
5 7 3 . 5
5 8 7 . 6
6 0 1  . 1
6 t 1 . 2
6 2 6 . 9
5 3 9 . 1
6 5 r . 0

o . o
3 1 . 8
5 5  . 9
7 l  . 9
9 5  . 9

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

2 0 0  . 4
2 0 5 . 7
2 1 0 . 5
2 1 5 . 1
2 r 9 . 3
2 2 3 . 3
2 2 7  . O
2 3 0 . 5

2 2 0 . 3
2 2 2 . 9
2 2 8 . 8
2 3 5 . 8
2 4 5 . 9

2 5 5 , 8
2 6 6 , 1
2 7 5 . 6
2 6 7  , 2
2 9 7 , 8
3 0 8  . 3
3 1 6 . 6
3 2 8 . 8
3 3 8 . 9
3 4 8 . 7

3 5 8 . 3
3 6 7 . 8
3 7 1 . O
3 8 6 . r
3 9 5 . 0
4 0 3  . 6
4 1 2 . 1
4 2 0 . 4
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Fig. 5. Experi-"',t;;:; 
"ffitJ 

equlibrium curves
for the reaction quartz + jadeite = analbite. The 6lled circle is
the "consensus" value ofJohannes and others (1971); squares are
the data of Birch and Le Comte (1960); triangles are the data of
Huang and Wyllie (1975); asterisk is the data of Bell and
Roseboom (1969); open circles are the data of Newton and Smith
(1967); diamonds are the data of Holland (1980). Above 900K,
the upper solid line is the calculated curve based upon model l,
Sg analbite = 18.7 J/(mol . K), and the lower solid line is the
calculated curve based on model 2, SB analbite = 12.6 Il
( m o l ' K ) .

Using the tabulated values tor (G-tlr"r)/T for
analbite from Tables 5 and 6 and the Gibbs energy
functions forjadeite and quartz adopted by Robie er
al. (1979) we obtain + 16.33 kJ for Aff2es of reaction
I assuming model I for So of analbite. For model 2
we calculate +11.01 kJ for LIlr", of reaction l. In
combining the calorimetric and equilibrium data it
must be recalled that a major contribution to the
uncertainty is the tl.3 J/(mol . K) associated with
the entropy ofjadeite caused by the extrapolation of
the Ci data from 50 to 0 K. This corresponds to
-f 1135 J at 873 K. The largest part of the uncertainty
in the entropy could be eliminated by measure-
ments of the heat capacity ofjadeite in the tempera-
ture range 5-50 K.

Using the value of LF;e1(reaction) calculated on
the basis of model 1, together with the values of the
enthalpy of formation at 298.15 K, A.IlP1,2es, for

quarlz and analbite adopted by Robie et al. (1979),
we obtain -3029.871'4.2 kJ/mol for jadeite. Com-
bining this value with the entropy ofjadeite and the
requisite and entropies of the elements from Robie
et al., we get -2851.30-14.20 kJ/mol for the Gibbs
free energy of formation, LG"r,zss, of jadeite. Simi-
larly, using model 2 we obtain -3024.55+4.20 kll
mol and -2845.98t4.20 kJ/mol for the enthalpy and
Gibbs free energy of formation, respectively, for
jadeite. The values for the molar volumes at 873 K
used in our calculat ions are 23.72!0.01,
61.34-f0.40, and 101.86+-0.12 cm3 for Sqaartz,
jadeite and analbite, respectively, and 106.4+0.2,
352.6-11.3, 507.6-f0.5, and 501.5-t-0.5 J/(mol' K)
for the entropies of pquartz, jadeite, analbite (mod-
el l), and analbite (model 2), respectively. Alpha
quartz is the stable phase under the conditions of
the phase equilibria experiments cited above, how-
ever. no correction was estimated for the diference
in hpat capacity, entropy, or volume between a-
and p-quartz as the differences are small and of the
order of the uncertainty in the estimate.

The striking feature seen in Figure 5 is that the
curve constructed for model I (complete AVSi
disorder) parallels the first occurrence of jadeite
plus quartz in the reaction data of Birch and Le-
Comte (1960) whereas the curve constructed for
model2 (aluminum avoidance) is parallel to the first
occurrence of albite in the Birch and LeComte data.
with both curyes having 873 K and about 16.5 kbar
as a common point, which is consistent with the
value given by Johannes et al. (1971) as a "consen-
sus" value representing the mean of the results
from six laboratories. Holland (1980) has shown
that at the higher temperatures and pressures in his
study, the original albite broke down to jadeite and
quartz prior to the adjustment of the system to the
desired run temperature and pressure. Consequent-
ly, the first occurrence of albite in these runs
represents conditions similar to those of Birch and
LeComte, but at higher temperatures and pres-
sures. Because the slope of the curve consistent
with model I represents essentially the maximum
slope which can be constructed from this data set,
whereas that consistent with model 2 similarly
represents the minimum slope, an average curve
constructed through the experimental data must
have a slope greater than that predicted by model 2.
Consequently, the available equilibrium data do not
unambiguously differentiate between the two mod-
els. We point out, however, that if the true equilibri-
um curve has a slope greater than that calculated
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Table 7. Thermodynamic calculation of the equilibrium preswe for the reaction jadeite + gtrartz = analbite at temperatures betwe€n
7Cn and 1300 K for models I (S; : 18.7 J/mol ' K) and 2 (Si = 12.6 Jlmol' K) of the zero point entropy of analbite.

M o d e l  I M o d e l  2

T e n p .  o O ;

K  J / b a r

o " i s s  P  r l ( c ; - H ; e 8 ) / r 1

J  k b a r  J / ( n o l ' K )

A " i s a  P  A [ ( c ; - I r ; e 8 ) / r l

J  k b a r  J / ( n o l ' K )

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

-999----l:191-----19119---!1:3-----:19:99-------t1919-- -L-!:?-----=!!:!9---.,-
9 0 0  r  . 6 8 5

1 0 0 0  L . 7 0 7

r l 0 0  L . 7 2 6
1 2 0 0  1 . 7 3 9
1 3 0 0  t . 7 6 r

1 5 3 3 0  r  7  . 3
1 6 3 3 0  2 0 . O

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

1 1 0 1 0  L 7 . 2  - 4 4 . 5 0

1 1 0 1 0  1 9 . 5  - 4 4 . 3 4

r 1 0 1 0  2 r . 7  - 4 4 . 1 3

1 1 0 1 0  2 4 . O  - 4 3 . 9 9

1 1 0 1 0  2 6 . r  - 4 3 . 7 9

- 5 0  . 6 0
- 5 0  . 4 4

- 5 0 . 2 3
- 5 0 . 0 9
- 4  9  . 8 9

using model2 this would be sufficient to exclude the
aluminum avoidance model (model 2).

Holland (1980) has recently examined reaction I
using a similar data set to that used in this study.
Holland's calculated values of the enthalpies of
formation ofjadeite and high albite and the entropy
of high albite ditrer from the values derived earlier
in this paper. It is important to examine the sources
of these differences.

Holland (1980) calculated the enthalpy of forma-
tion of jadeite from 

'the 
molten salt calorimetric

study of reaction I reported by Hlabse and Kleppa
(1968) and the ancillary thermodynamic data for
quarlz and low albite taken from Robie er a/.
(originally printed in 1978, revised 1979). Holland
then calculated the enthalpy of formation and the
entropy of analbite from the enthalpy of formation
of jadeite, his phase equilibria results, and the
necessary ancillary thermodynamic data from Ro-
bie et al. (1979), thermal expansion data from
Skinner (1966) and compressibility data from Birch
(1966). Finally, Holland calculated an entropy and
enthalpy of disorder of high albite.

Our procedure followed the reverse thermody-
namic cycle, calculating the enthalpy of formation
ofjadeite from our selected value for the enthalpy
of formation and entropy chosen for analbite. The
uncertainties involved in proceeding through the
thermodynamic cycle in either direction are equiva-
lent, but the choices in interpretation have different
consequences.

The initial step in each study was the somewhat
arbitrary choice of a specific value for the initial
reaction considered in the cvcle from the several

values available in the literature. Holland (1980)
accepted the enthalpy of reaction 2 as given by
Hlabse and Kleppa (1968) as -0.15 kJ. As noted
earlier, Kracek et al. (1951) have reported several
values for the enthalpy of solution of jadeite and
low albite from which the enthalpy of reaction 2
may be calculated.

Six values for reaction 2 may be calculated from
the two values for the enthalpy of solution of the
two low albite samples, from the enthalpy of solu-
tion of jadeite from Burma, and from the two
different values for the enthalpy of solution of
jadeite from Japan prepared in mortars of different
composition. Three of these values may be elimi-
nated. as discussed in an earlier section, on the
basis of the apparently erroneous enthalpy of solu-
tion reported for Amelia albite (e.9., Hemingway
and Robie, 1977). However, sufficient data are not
available to discriminate between the remaining
values.

Hlabse and Kleppa (1968) have reported two
enthalpy values for reaction 2. Hlabse and Kleppa
attempted to make a correction for the impurities in
their natural samples through a comparison of the
enthalpy of solution of glass samples prepared from
these materials. This procedure is questionable on
several grounds (e .g. , a partial crystallization of the
glass in the calorimeter prior to that portion of the
sample undergoing dissolution or difrerent coordi-
nation of the components in the jadeite + quartz
glass than in the crystalline form to which it is
compared). However, the presence of impurities
within a sample can have a major effect upon the
observed enthalpies of solution. The two values for
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the enthalpy of reaction 2 at 298.1 K are
-0. I 5 + 1 .02 (uncorrected) and I . 10-r 1.22 (conect-
ed) kJ.

Once Holland (1980) had accepted a value for the
enthalpy of formation of jadeite, he was able to
calculate values for the enthalpy of formation and
entropy of high albite based upon his study of
reaction I by phase equilibria. Holland obtained an
entropy of disorder of 14.2+2.4 J(mol . K)-t which
is larger than that representative of a configuration
of Al and Si obeying the aluminum avoidance
principle, but considerably smaller than the entropy
associated with complete Al/Si disorder. The en-
thalpy of disorder (calculated with respect to low
albite from the derived enthalpy of the reaction and
based upon the selected enthalpy of formation of
jadeite) was also considered less than the value
accepted by Holland as the best value for the
enthalpy of the reaction low albite + analbite, (that
value obtained from R.C. Newton and T.V. Charlu
through personal communication).

The published values for the enthalpy of the
reaction low albite -+ analbite are in poor agree-
ment when taken at face value. Kracek and Neu-
vonen (1952) have reported values of 9.20 and 10.17
kJ for samples prepared from Amelia albite and
Varutriisk, Sweden, albite, respectively ; Waldbaum
and Robie (1971) and Hovis (1971) have reporred
10.88 kJ, and Thompson et al. (1974) have given
11.00 kJ for samples prepared from Amelia, Va.
albite. Each of the studies was based upon the
difference in the enthalpies of solution of the origi-
nal low albite and a heat-treated portion of the same
source material in aqueous hydrofluoric acid of
about 20 percent HF concentration by weight at
temperatures below 355 K.

Holm and Kleppa (1968) found 13.87 kJ and
Newton and Charlu (unpub. data cited by Holland,
1980) obtained 14.22 kJ for the enthalpy of the
reaction low albite analbite at298.15 K from molten
salt solution calorimetry at about 970 K, where the
results were extrapolated to 298.15 K using the data
reported in this paper. Newton et al. (1980) have
recently given the value 11.97 kJ as the preferred
enthalpy of the reaction low albite + analbite.
Newton et al. were unable to determine the source
of the discrepancy between this value and the value
which they had given to Holland (see the discussion
by Newton et a[).

The enthalpy of solution of the Amelia low albite
sample given by Kracek and Neuvonen (1952, first
reported by Kracek et al.,l95l) has been shown to

be inconsistent with other results on Amelia albite
(Hemingway and Robie, 1977). Furthermore, Kra-
cek and Neuvonen failed to describe the heat treat-
ment applied to the low albite samples. Hence, the
results of Kracek and Neuvonen must be viewed as
qualitative.

The enthalpy of solution of low albite and anal-
bite reported by Thompson e/ al. (1974) zre 1
percent too large as a consequence of an error in the
design of the energy measurement circuit (B.S.
Hemingway, 1978, personal communication). Cor-
recting each enthalpy of solution reproted by
Thompson et al. yields a value for the enthalpy of
the reaction low albite + analbite of 10.88 kJ. in
exact agreement with the values reported by Wald-
baum and Robie (1971) and Hovis (1971). Wald-
baum (1966) reported 11.016 kJ for the enthalpy of
reaction of low albite -+ analbite at 298.15 K.
However, corrections to Waldbaum's computer
programs used for raw data reduction (B.S. Hem-
ingway and R.A. Robie, personal communication,
1968) resulted in the corrected value of 10.88 kJ
reported by Waldbaum and Robie (1971) for the
same raw data set.

Portions of the samples of low albite and analbite
used by Openshaw et al. (1976) and in this study for
the heat-capacity measurements were used by Ho-
vis (1971) for the measurement of the enthalpy of
the reaction low albite -+ analbite. Thompson e/ a/.
(1974) determined the enthalpy of the reaction using
a portion of the analbite sample used by Hovis and a
portion of the low albite sample used by Waldbaum
and Robie (1971). Thus the samples used to deter-
mine the enthalpy of reaction by aqueous HF
calorimetry have been intercompared.

The enthalpy of the reaction low albite-+ analbite
determined by Newton et al. (1980) from molten
salt calorimetry at 970 K is midway between the
earlier result reported by Holm and Kleppa (1968),
also from molten salt calorimetry at about 970 K,
and the results from low-temperature HF solution
calorimetry.

Holm and Kleppa (1968) estimated the heat con-
tent (He71-Hzsa) of low albite and analbite by the
method of transposed drop calorimetry. Using their
results, the enthalpy of the reaction low albite ->
analbite is 10.92 kJ at 298.15 K and the results of
Newton et al. (1980) become 8.66 kJ at 298.15 K.
The heat contents determined by Holm and Kleppa
for low albite and analbite are smaller (0.6 percent)
and larger (0.9 percent), respectively, than the
values calculated from the experimental heat capac-
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ities reported in this study. The values of the heat
content obtained by Holm and Kleppa must be
considered qualitative (Hlabse and Kleppa, 1968).

The uncertainties in the enthalpies of the reaction
low albite + analbite range from -r1.1 to -f 1.7 kJ.
An additional +0.1 and +0.2 kJ arise frorn the heat-
content values calculated from the heat capacities
reported in this study and from the values of Holm
and Kleppa, respectively. Thus the uncertainties in
he reaction enthalpies of the data set obtained from
molten salt calorimetry and from aqueous hydroflu-
oric soltuion calorimetry are of equal magnitude
and nearly overlap.

Holland (1980) has attributed all of the observed
enthalpy of the reaction low albite -+ analbite
determined by the molten salt calorimetric tech-
nique to an enthalpy of disorder. Helgeson er al.
(1978) suggested that the two step enthalpy change
observed by Holm and Kleppa (1968) represented a
disorder enthalpy and an enthalpy of a displacive
inversion. The interpretation of Helgeson et a/.
would appear incorrect in light of the analysis by
Smith (1974) of the data relevant to the temperature
of the monoclinic-triclinic inversion. Simply stated,
the analbite samples used in each of these investiga-
tions were equilibrated at temperatures of 1318 K or
higher for more than 668 hours, which should have
produced nearly monoclinic topochemistry (see
Smith, 1974, for a discussion of the difference
between topologic and topochemical symmetry and
the importance of topochemical symmetry to the
monoclinic-triclinic inversion in high albite) in each
sample. These analbite samples should invert when
heated to temperatures near 1253K (e.9., Smith).
The molten salt calorimetric solvent was main-
tained at about 970 K. well below the inversion
temperature, that is, within the analbite field not the
monalbite field. No evidence was found in the
experimental heat-capacity data to suggest that
analbite underwent partial or full inversion in the
temperature range of 350 to 1000 K during the time
interval required to measure the heat capacity with
the difrerential scanning calorimeter. Holland found
no curvature in this calculated equilibrium curve for
reaction I and concluded that albite does not under-
go Al/Si ordering in the experimental runs, also
contradicting the interpretation of Helgeson, et al.
(1e78).

Winter et al. (1979) have shown that the synthesis
procedures used by Holm and Kleppa (1968), Wald-
baum and Robie (1971), Hovis (1971), and Thomp-
son et al. (1974) should not produce complete Al/Si

disorder in the analbite samples as suggested by
R.C. Newton (cited by Holland, 1980). The energy
differences associated with the slight deviations
from monoclinic topochemistry must be small as
suggested by Winter et al.

Holland (1980) suggests that the sample prepared
by Newton and Charlu atl473 K and 20 kbar should
represent maximum AUSi disordering. It is not
clear, however, that this statement is true. Winter
et al. (1979) have shown that true monoclinic topo-
chemistry was developed only in a sample which
was held near the melting point at I bar (sample
exhibited a glassy rind). If the analbite sample
crystallized from albite glass by Newton and Charlu
was anhydrous, then crystallization occurred nearly
100 degrees below the anhydrous melting curve for
albite. Winter e/ a/. suggest that a 20 K difference at
I bar is significant for heat treated low albite
samples. At 20 kbar, a difference of 100 degrees
could significantly effect the degree to which the
analbite approached monoclinic topochemistry. If
Newton and Charlu synthesized analbite in the
presence of a small amoutn of water the melting
curve would be signifciantly depressed(e.9., Eggler
and Kadik, 1979); however this would greatly in-
crease the risk of the synthetic analbite containing a
small glass fraction which in turn would yield
erroneous values for the enthalpy of solution (about
600 J for each 1 percent of glass, e.9., Hlabse and
Kleppa, 1968) and consequently an overestimate of
the enthalpy of the reaction low albite + analbite.
Therefore, it cannot be assumed a priori that the
sample prepared by Newton and Charlu at 2Okbar
represents the best analbite sample and that the
thermodynamic data based upon that sample is
better than that derived from other synthetic anal-
bites, a conclusion also reached by Newton el a/.
(1980). An analysis of the type performed by Winter
et al. (1979) is needed for the sample prepared by
Newton and Charlu and for the smaples used in the
HF calorimetric studies.

Of greater importance in this discussion of the
literature data for the entropy and enthalpy of
disorder of analbite are two observations. First,
Holm and Kleppa (1968) have shown that Amelia
albite is not fully ordered. From the site occupancy
data given by Bragg and Claringbull (1965) for
Amelia albite, Holm and Kleppa calculated an
entropy of disorder of 18.45 J(mol ' K)-r for anal-
bite and 3.39 J(mol ' K)-t Amelia albite. From the
site occupancy data of Harlow and Brown (1980) we
obtain 2.5 J(mol ' K)-1 for Amelia albite. Second,
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Waldbaum and Robie (1971) have shown that the
enthalpy of solution of Amelia albite differs by
abott 2.2 kJ mol- I from the enthalpy of solution of
a sodium exchanged Amelia microcline. These re-
sults taken together indicate that the heat treated
analbite sample closely approaches complete Al/Si
disorder. Errors to be assigned to the enthalpy of
the reaction low albite --+ analbite as determined by
calorimetry arise from the use of partially disor-
dered Amelia albite. As Amelia albite was used as
the reference low albite in all of these studies,
including the study of Newton and Charlu, major
energy differences cannot be expected to arise from
differences between the degree of AVSi disorder
reached in the samples used in these studies, unless
they arise from differences in the original Amelia
albite. If the difference between the enthalpy of
solution of Amelia albite and the sodium-exchanged
Amelia microcline represents the difference be-
tween partially disordered and ordered low albite,
then 2.2 kJ should be added to the enthalpies
calculated for reaction I from the calorimetric stud-
ies. This would change the observed range of calori-
metric values for reation I to 16.7 -r I .7 to 10. I t I .7
kJ. These values bracket the results obtained earlier
from the phase equilibrium data.

We wish to note at this point that we have
determined the enthalpy of formation of jadeite
from the thermodynamic parameters for analbite.
These values were determined independent of the
results for low albite and therefore are not subject
to errors in the thermochemical data for low albite.
The calorimetric data, however, is referenced to
low albite and therefore would be subject to a
systematic error in the data for low albite.

In the final analysis, the major difference between
this study and that of Holland (1980) lies in the
interpretation of phase equilibria experiments with
regard to the AVSi disorder in the analbite. Al-
though a curve representating an entropy of disor-
der of 14.2 J(mol ' K)-t rnay be constructed
through the experimental data given by Holland, no
structural or chemical constraint could be called
irpon to limit the disorder reached by the Al and Si
to a constant value (over the 600 K temperature
range studied) between the fully disordered model
and that which would be applicable to the chemical
constraint of aluminum avoidance. Furthermore,
experience would lead us to expect the degree of
disorder to increase with increasing temperature
(e.9., Smith,1974) unless there is some constraint
upon the disorder. Consequently, we feel it would
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be extremely fortuitous to find the same degree of
partial disorder developed over a 600 K interval
without some external constraint and therefore we
reject the interpretation made by Holland.

Only two constraints could fix the AVSi disorder
over the temperature range investigated by Holland
(1980). These are represented by the aluminum
avoidance model and by the model which repre-
sents complete AUSi disorder. As noted earlier, a
curve consistent with either model can be con-
structed through the experimetnal phase equilibri-
um data for this system (see Figure 5). Therefore,
the phase equilibrium data cannot discriminate be-
tween the two models.

Noting site occupancy calculations such as those
of Winter et al. (1979) and the observation that a
disorder model compatible with the principle of
aluminum avoidance would require a curve having
the minimum acceptable slope throught the phase
equilibrium data given in Figure 5 has led us to
conclude that the analbite which reacts to form
jadeite and quartz is totally disordered.

Subsequent to the completion of this study, Nav-
rotsky et al. (1980) published data for the enthalpy
of solution of NaAlO2, qtan1.z, Amelia albite, and
jadeite in 2PbO ' BzO: at 985 K. These data when
combined with the appropriate ancillary thermody-
namic data may be used to calculate the enthalpy of
formation of jadeite at 298.15 K.

From reacton 2

NaAlSi2O6 + SiO2: NaAlSirOs (4)

we obtain AH, : 3.30 kJ at 985 K. Combining this
value with the enthalpy of formation of quartz and
Amelia albite at 985 K as given in Robie el al. (1979)
we obtain -3034.5 kJ/mol for the enthalpy of forma-
tion ofjadeite at 985 K and -3029.2t3.7kJlmol for
the same quantity at 298.15 K (using the necessary
heat-content data given in Robie et al.).

Following the same procedure, the enthalpy of
formation of jadeite at 29E.15 K derived from reac-
tion 4

NaAlOz + 2SiO2: NaAlSizOa @)

was -3029.5!1.6 kJ/mol (based upon the data for
NaAlOz given in the reNar thermochemical tables,
Stull and Prophet, 1971).

We may make a further comparison through
reaction 5 and note that the enthalpy offormation of
Amelia albite at 298.15 K derived from the enthal-
pies of solution of quartz, Amelia albite, and NaAlOz
given by Navrotsky et al. (1980) and the enthalpies
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of formation of NaAlO2 and quartz cited above was
-3935.2-r1.5 kJ/mol, a value which is identical with
the value -3935.1-'-3.4 kJ/mol given by Robie et al.
(1979) for the same phase.

NaAlO2 + 3SiO2: NaAlSi:Os (5)

Although these values are essentially identical to
the value of the enthalpy of formation of jadeite at
298.15 reported here (-3029.9-r4.2 kJ/mol) and are
identical with our earlier value (Robie et al.,1979),
of -3029.4-+4.2kJlmol provided without a detailed
derivation, but determined through the procedures
listed in this paper (without the data of Holland,
1980), the agreement may be fortuitous considering
the assumptions which are necessary in order to
derive these sets of values.

Conclusions

Heat-capacity measurements obtained by differ-
ential scanning calorimetry on samples of low al-
bite, analbite, microcline, and sanidine improve our
knowledge of the thermodynamic properties of
these phases between 298.15 K and 1000 K.
Smoothed values of the revised thermodynamic
properties of these phases are given by Robie et a/.
(re79).

Our measurements of the thermodynamic proper-
ties of low albite and analbite have been combined
with the phase-equilibrium data of Holland (1980),
Huang and Wyllie (1975), Johannes et al. (1971),
Bell and Roseboom (1969), and Birch and Le
Compte (1960) in order to derive an improved value
of the enthalpy of formation of jadeite,
-3029.87 -r 4.20 kJ/mol.

We agree with the conclusion reached by Holland
(1980) that albite does not undergo differentialAUSi
ordering in the phase-equilibrium experiments in
the temperature range of 873 to 1473 K. We dis-
agree with Holland's calculated entropy of disorder
for high albite of 14.2 J(mol . K)-1 and conclude
that fully disordered analbite appears to be the
equilibrium phase which breaks down to form jade-
ite and quartz. The albite phase which grows at the
expense of jadeite and quartz appears to closely
approximate analbite obeying the chemical con-
straints of the aluminum avoidance principle. The
consequence of this interpretation is, of course, that
the phase equilibria data do not represent equilibri-
um reversals for a single phase.

Finally, because Amelia albite has been used as
the reference low albite phase and Holm and
Kleppa (1968) and Harlow and Brown (1980) have

shown that Amelia albite is partially disordered, the
current values for the enthalpy of the low albite-
analbite transition determined calorimetrically from
the difference in the enthalpies of solution of Amelia
albite and heat treated Amelia albite must be
viewed as a minimum value.
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