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Low-temperature heat capacities and entropies of feldspar glasses and of anorthite
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Abstract

The heat capacities of glasses near the feldspar compositions KAlSisO8, NaAlSiaOs, and

CaAlzSizOr, and of crystall ine anorthite were measured between | 2 and 380 K by means of an

adiabatic calorimeter. Difference plots, C!(glass) - C!(crystals), show pronounced maxima at

30 K for KAlSisOs, at 50 K for NaAlSirOr, and at 35 K for CaAlrSirO., similar to maxima

previously observed for other inorganic glass-crystal pairs (e.g., AsrO, and SiOr). The entropy

changes, S?08 - S?, for KAlSirOr, NaAlSirOs, and CaALSizO, glasses and for anorthite based

o n o u r m e a s u r e m e n t s a r e 2 2 4 . 3  + 0 . 3 , 2 1 3 . 8 + 0 . 3 ,  1 9 8 . 7 t 0 . 3 , a n d 1 9 9 ' 3 +  0 . 3 J l ( m o l  ' K ) '

respectively.
Approximate values for the zero-point entropies, S?, of NaAlSisOB, KAlSi3O. and CaAl,

SirO, glasses were calculated from our heat-capacity data combined with (l) the high-temper-

ature Hi - Hor", data for these glasses and their crystals; (2) the low-temperature heat

capacities of analbite and high sanidine; and (3) the enthalpy changes, obtained by HF(aq)

solution calorimetry, for the transformation crystals + glass, LHo"ry

Our calculated values for the entropies of KAlSirO, glass, NaAlSieOs glass, and CaAlzSizOa

glass at zero Kelvin, that is, the residual or zero-point entropies, are37.3 + 2.5, 38.1 + 1.5'

and 38.6 I 2.2 J/(mol. K), respectively. The entropies of fusion at the melting points of high

sanidine. analbite. and anorthite are 33.8, 42.6,and44.3 J/(mol' K)' respectively' The Debye

temperature, do, of CaAlrSirO. glass is 210 + l0 K, and that of anorthite is 227 + l5 K.

Introduction

As part of a continuing study of the thermody-

namic properties of the feldspar-group minerals, we

have used adiabatic calorimetry to measure the heat

capacities of KAlSisOs and NaAlSisO6 glass between
12 and 385 K and of CaAlzSizOe glass and anorthite
between 6 and 385 K to obtain their standard en-

tropies. K. M. Krupka, R. A. Robie, and B. S. He-

mingway (1977) have measured the heat capacities

of these same samples of glass and of anorthite be-

tween 350 and 1000 K by differential scanning calori-

metry.
White (1919) measured the heat contents, Ili -

Hozzs.rs, of anorthite and of the three feldspar glasses.

The upper limit of White's measurements was 1373.2

K for KAlSisOe glass, 1173.2 K for NaAlSisOg glass,

973.2 K for CaAlrSizOs glass, and 1673.2 K for anor-

thite. King (1957) measured the heat capacity of syn-

thetic anorthite between 53.4 and 295.9 K. Ferrier's
(1969b) measurements of 11? - Hor" for CaAlrSirO'
glass to 1500 K and of anorthite to 1800 K have an

accuracy of about * 2.0 percent.

0003-004x/78l0 I 02-01 09$02.00

Materials

The samples of KAlSirO, and NaAlSi'O' glasses

used for our heat-capacity measurements were pre-

pared by the Corning Glass Company, Corning, New

York. Chemical analyses of these glasses are given in

Tab le  l .
CaAlzSirOe glass was prepared by James Wood-

head, Department of Geological and Geophysical

Sciences, Princeton University, by direct fusion of a

stoichiometric mixture of CaO, AlrO, (Research Or-

ganic /lnorganic Chemical Corporation, reagents A-

12 and Al-21), and SiOz glass (Spectrosil, Thermal

American Fused Quartz Company) at 1850-1875 K

for 2 hours in a platinum crucible' Anorthite crystals

were prepared from a portion of the CaAlrSirOs glass

crushed to pass a 35-mesh sieve (0.42 mm). The mate-

rial retained on a 150-mesh (0'104 mm) screen was

divided into two separate batches and heated in plati-

num crucibles. The first batch was heated for l7

hours at 1375 K and then for I hour at 1675-1700 K

and then was removed from the furnace to air-cool'

The second batch was heated for 4Vz hours at 1375 K
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sio2

A1zo3

F"203

Na2O

Kzo

CaO

a n -"2-

"2G

6 4 . 7 6

1 8 . 3 2

4 2 . O 9

3 7  . 0 5

Table l .  Chemical  analyses,  in weight  percent ,  of  calor imetr ic

samples of feldspar glasses
cm length, and 5.8164 + 0.0003 g) to be 2,384 +
0.004 g/cm3. The density of the CaAlrSirO, glass
was obtained by pycnometer at 23.4'C on coarse
fragments of the glass as 2.69 + 0.02 g/cml.

Unit-cell parameters for this anorthite sample,
measured by J. S. Huebner (U. S. Geological Survey)
a t  23 .5oC us ing  BaF,  (a :0 .61971+ 0 .0001 nm)  as
an internal standard, were a : 0.8189 * 0.0006 nm ( I
nanometer : l0 angstroms), b = 1.2870 + 0.0007
nm,  c  :  1 .4167 +  0 .0007 nm,  d  :  93o 4 .1 '+  3 .8 ' ,P  :

l l5 '  50 .9 '  +  4 .1 ' ,  and 7  :  9 lo  6 .3 '  + .3 .6 ' .  The ce l l
dimensions are in reasonable agreement with the val-
ues determined by Kroll [as reported by Smith (Table
7-6, p.309, 1974)1, on crystals grown at 1703 K for 3
hours.

The peaks on the diffractometer pattern for our
anorthite are considerably broader than those from
another synthetic anorthite (sample ANS-305, Stew-
art, 1967) used as a standard; the ANS-305 anorthite
was crystallized from a glass at 1333 K for 2 hours at
l0 kbars HrO pressure. The large uncertainties in the
refined cell parameters are a consequence.of the
broadened lines. Our anorthite was also examined
by Gordon Nord of the U. S. Geological Survey
using a 200-kV electron microscope. His examination
showed that the individual grains were multiply
twinned (albite law) and twin widths were between 3
and 20 nm. This is presumably the cause of the line
broadening observed in the X-ray diffractometer pat-
tern of our anorthite sample. From his electron-dif-
fraction observations, Nord (written communication,
7/22/76) concluded that "short-range order is )20
nm for the Al-Si framework and less than 3 nm for
positional ordering of calcium. The weak intensity
seen in the type (b) reflections as compared to slowly
grown anorthite suggests that AllSi order is in-
complete."

The samples of the glasses used in our heat-capac-
ity measurements were in the form of shards l-10
mm long. The KAlSirO, and NaAlSirO, glasses were
heated at775 K for 2 hours in a forced-air furnace
and cooled in a desiccator over Drierite prior to being
loaded into the calorimeter. Unpublished studies by
J. J. Fahey have shown that this treatment is neces-
sary to remove absorbed surface water.

Apparatus

The cryostat used in these studies has been de-
scribed in detail by Robie and Hemingway (1972).
The calorimeter and data acquisition system used for
our measurements have been described by Robie et
al. (1976).

A f te r  the  measurements  on  KAlS i rO,  and

7 9  . 4 4

1 1 . 8 2

20.L6

T o t . a l - - 1 0 0 . 0 0

S p e c i f i c  g r a -

vl ty al

25"C

1 0 0 . 0 0  1 0 0 . 1 8  r 0 0 . 0 0

?  ? o q

t .

2 ,

3 .

KA1Si3O8

KA1Si.3Og glass 95GQA2 - Prepared by Corning Class Co.

A n a l y s E  J .  J .  F a h e y ,  U . S .  c e o l o g i c a l  S u r v e y  ( 7 0 - W C - 8 ) .

NaAlSi3O8

NaAISi3og glass X95GQB1 - Plepared by Colning class co.

A n a l y s t  J .  J .  F a h e y ,  U . S .  c e o l o g i c a l  S u r v e y  ( 6 9 - W C - 8 ) ,

c€A12S1208

CaA12Si20g glass i l75015 prepared by Janes woodhead, Dept.  of

Geology, Pr inceton UniverslEy. Microprobe analysis by

T o b y  W i g g i n s ,  U . S .  c e o l o g i c a l  S u r v e y .

and for I hour at 1675-1700 K. The furnace was shut
off and the sample was allowed to cool to room
temperature for a period of 6 hours. The material
that passed the 1SO-mesh screen was heated for 5
hours at 1375 K and for I hour at 1675-1700 K and
was then removed from the furnace. The three bat-
ches were combined for the heat-capacity measure-
ments.

The refractive indices (measured in white light) of
the glasses were L487, L489, and 1.575 for KAlSisOB,
NaAlSisO', and CaAlrSirOr, respectively. These val-
ues agree well with the values of Schairer et al.
(1956)-1.487, 1.489, and 1.575. The densit ies for
KAISiaOE glass and NaAlSirO, glass, measured on
powders by J. J. Fahey (for explanation of technique,
see Fahey, l96l ) of the U. S. Geological Survey, were
2.378 + 0.003 and 2.395 + 0.003 g/cm3, respectively.
These values agree to within 0.9 percent with those
given by Berman et al. (1942). The density of the
NaAlSirO, glass was also determined from the vol-
ume and mass of a right-circular cylinder of the glass
(1.8285 + 0.0028 cm diameter bv 0.9289 r 0.0025
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NaAlSirO, glass had been completed, the resistance
of the platinum thermometer (Minco type S-1059,
serial number 68) was measured at the normal boiling
point of  hel ium, 4.215 K, using a current of 0.004

amperes. The resistance at the boiling point of helium
was 0.04725 + 0.00005 ohms. The helium calibration
point together with the resistance and dR/dIat 13.0

K from the earlier National Bureau of Standards
calibration data on IPTS-68 (International Practical
Temperature Scale of 1968) between l3 and 500 K

were substituted into the equation given by Mc-

Crackin and Chang (1975) to generate a provisional

resistance-temperature relation for the temperature

range 3 to 13 K. The value of Rnrtuf R^u for our

thermometer,  4.72 X 10-6, is in the middle of the

range of values considered acceptable by McCrackin

and Chang. The value of R1y,s.tuf Rrz's for this ther-

Table 2.  Exper imental  speci f ic  heats of  KAlSirOr g lass

Table 3.  Exper imental  speci f ic  heats of  NaAlSiaO'  g lass

I EIlI'

K

SPEC IF  I  C
H E A I

J / ( G . K )

IL I lP .  SPEC iF  IC
HLAT

K  J / ( G . K )

TEMP.

K

S P E C l F I C
HEAT

J / ( G . K )

I

.  L)o877

. 0 1  |  6 6

. 0 1 5 4 4

. 0 2 0 8 0

. 0 2 6 9 1

. 0 3 3 1  6

.  0 4 1 2  6

.o4994

. o 5 9 B O

. 0 7  0 6 l

. 0 8 3 0  I
-o9689
. 1 t  2 3

I  t  o o

. 1  5 4 5
2

. t 4 9 5

. t  7 1 2

. 1  9 2 7

. 2 1  4 7

. 2 3 6 9

.2589
3

. 2 4 9 6

. 2 6 8 7

. 2 8 1 0

. 3 0 4 , 8

. J l z q

? q  7 L

. ) l  4 9

. 3 9 2 5

. 4 0 9 7

. 4 2 7  1

. 4 4 4 4

. 4 6 1  7

. 4 7  B 9

. 4 9 5 5

. 5 1 2 0

. ) l b o

i L I - I P .  S P E C i F I C
HLA  T

l r ,  J / ( G . ( )

S E R I E S
1 3 . 8 7
t t . J 4

1 7 . 0 4
t  9 . 1 2

t 2  c l

2 5 . 8 1
2 8 . 3 5
3 t  . 1 2
3 4  . 0 5
J / . t 4
4 0 . 9 9
4 5 . 0 4
4 9 . 5 6
5 \ . 7 0

S E R I E S
5 4 . 3 4
c o  a 2

6 5 . 5 8
7 t . 4 1

83.28
J E K I C J

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

1 0 r . 0 8
1 0 6 . r 7
I  r  r . 3 6
1 1  6 . 6 3
|  2 2 . O 2
|  2 1  . 5 5' t  

33 .20
1  3 8 . 9 1
1  4 4 . 8 2
1 5 0 . 7 4
r 5 6 . 6 8
1  6 2 . 5 8
r  6 8 . 0 8

S E R I  E 5  4
1  6 3 . 5 0  . 5 1  4 5
1 6 9 . 8 j  . 5 3 1 7
1 7 8 . 4 5  . 5 \ 9 0
t L 2 . 7 a  . 5 6 4 9
1  8 8 . 9 2  . 5 8 0 2
l q q  t ?  r q q ?

2 0 t  . 4 1  . 6 1  0 4
2 0 7 . 1 4  . 6 2 5 4
2 t  4 . O A  . 6 3 9 4
2 2 0 . 3 3  . 6 5 3 5
? 2 6 . J 5  . 6 6 7 2
2 3 ) . 2 5  . 6 8 0 9
2 3 9 . 8 5  . 6 9 4 6

s E R I  E S  5
2 3 4 . 4 A  .  6 B 3  I
2 4 A . 6 8  . 6 9 6 0
? 4 7  . 1 2  . 7 0 8 8
2 5 ) . 6 0  . 7 2 1 3
260  .  t . ,  . 7  337
2 6 6 . 6 3  . 7 4 5 9
2 7 3 . o o  . 7 5 7 9
2 7 9  - 3 t r  . 7 6 9 2
? - , J6  . 1  3  . 7  8O7
2 9 ) . 2 1  . 7 9 2 4
3 A O . 2 2  . u o 3 2
3 a 7  .  t 7  . 8 t  4 9

3  1  4 . 0 5  . e 2 5 7
S E R I E S  6

3 0 8 . r 8  . 8 t 6 2
3 1 5 . 4 )  . 8 2 7 7
3 2 2 . 5 2  .  B 3  { 1 8

3 2 9 . 7 A  : 8 4 9 5
J ) 7  . O E  . 8 6 0 0
3 4 4 . 4 6  . 8 6 9 6
3 5 1 . 9 1  . 8 7 9 9

S E R i L S  7
3 4 5 . 2 ( ,  . 8 7 0 6
3 5 2 . 8 U  . 8 8 0 9
3 6 0 . 2 b  .  t i 9 l  5
3 6 7  . 7 o  . 9 o 1  3
) 7 5 . 0 /  . 9 0 9 9
3 L 2 . 2 9  . 9 1  8 5

S E R I  E S
3 0 2  . 6 8
J  |  |  .  O Z

3 1 9 . 3 6
3 2 6  . 7  |
3 3 \ . 2 1
3 4 1 . 7 4

S E R I E S
3 4 9 . 3 2
3 5 6 . 8 \
3 6 4 . 3  I
3 7  |  . 7 3
3 7 9 . 0 9
3 8 6 . 5 1

S E R I E S
5  4 . 6 6
5 8 . 6 6
o J . + >

5 9 . 2 8
7  6 . o 8
8 3  . 6 5
9 1 . 6 9

SERI  E  S
8 0 . 0 9
8 5 . 3 0
9 0 . 7  4
9  6 . 1 5

l 0 r . B 0
I  0 7  . 6 4
1 1  3  . 9 6

S E R ] E S
1  1  3 . 8 0
t 2 0 . 7 0
1 2 7 . 7 4
1  3 5 . 3 8
1  4 3 . 5 2
I  5 l  . 8 0
|  5 9  . 5 9
1  66 .94
I  7 4 . 1 I
|  8 1  . 2 2
1 8 8 . 3 6
I  O C  q  7

202.83

5 E R I L S  6
1 8 4 . 2 A  . 5 4 0 5
l ' t l  . 5 Q  . 5 5 6 6
1 9 4 . 6 5  . 5 7 2 2
2 0 5 . t  7  . 5 8 7 6
2 1  3 . 1  5  . 6 0 2 8
2 2 0 . 4 2  . 6 1  7  6
2 2 7  . 6 6  . 0 3  1  8
2 3 4 . 9 A  . 6 4 5 7
242 . ( ) 4  .  L5e9
2 1 9  .  1  t J  . 6 7 1  6
2 9 6 . 4 1  . 6 f 1 4 3
2 6 3  . 1  I ,  .  6 9 7  2
2 7 1 . 0 1  . 7 0 9 6

5 T R I L S  7
2 6 6 . 4 3  . 7 0 1  7
2 7 3 . 8 4  . 7 t  4 l
2 b l . l 6  . 7 2 6 4
2 t 8 . 5 A  . 7 3 1 8
2 9 5 . 9 0  . 7 4 8 e
3 u 3 . 4 4  . 7 5 9 7
3 1 0 . 7 4  . 1 7 0 0

S E R I E S  t
1 3 . 3 0  . 0 l i l l
r  4 . 3  1  . 0 1  3 5 7
1 5 . 1 5  . 0 1 7 3 7
|  7  . 5 O  . 0 2 . 2 4 1 +
| 9 . 3 9  . a 2 8 5 3
2 1 . 3 7  . 0 3 5 2 3
2 3 . \ a  . 0 4 2 4 2
2 5 - 5 2  . t i 5 0 2 0
2 7 . 1 1  . ( r 5 8 5 { j
3 0 . 2 8  . t i 5 8 1 4
3 3 . 0 6  . 0 7 9 1 4
3 6 . 5 6  . 0 9 2 4 7
4 0 . 4 0  .  1  0 7 0
4 4 . 9 2  . 1  2 4 0
5 1 . 0 4  . 1 4 6 9
5 6 . 7 b  .  I  6 8 4

I
. 7 5 E 8
. 7 7 1 7
. 7  8 2 6

a a a c

. 8 0 2 2

. B l l 5
2

. 8 2 1  2

. 8 3 1 1

. 8 4 0 5

. 8 4 8 3

. 8 5 5 9

. 8 6 5 8
3

. 1  6 0 9

. t  7 5 5

. t  9 2 \

. 2 1  2 5

. 2 6 1  1

. 2 8 7  4
4

. 2 4 9 3

. 2 6 6 6

. 2 8 4 4

. 3 0 1  7

. 3 1  9 6

. 3 3 7  7

.3569

. 3 5 6 4

. 3 7  6 8

. 3 9 7 0

. 4 l B l

. 4 4 0  I

. 4 6 1 8

. 4 8 r 8

. 5 0 0 0

. 5 1 7 2

. 5 3 3 6

.5  497

.5555

. 5 8 1  I

mometer calculated from the National Bureau of

Standards' calibration data was 1.392617. On the

basis of McCrackin and Chang's analysis, we believe

that temperatures determined by our provisional cali-

bration are accurate to A 0.03 K between 4 and l3 K.

Riddle, et al. (1973) gave 0.003 K as the maximum

estimated uncertainty in the Bureau of Standards'

calibration of a platinum resistance thermometer on

the IPTS-68 (Comit6 Int .  des Poids et  Mes. ,  1969)

between 13 and 505 K.

Experimental results

Our experimental data for the specific heats of

KAlSi.O, glass, NaAlSirO, glass, CaAlrSirO. glass,

and crysta l l ine anorth i te ,  in  jou les/ (g 'K) ,  are l is ted

in their chronological order of measurement in Ta-

bles 2 through 5, respectively. The molar heat capaci-

ties are shown graphically in Figures I through 4. The
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TEMP.

K

S P E C I F I C
H E A T

J . / ( c . K )

TLT, lP. S P E C I F I C
HEAT

J / ( G . K )

Table 4. Experimental specif ic heats of CaALSLO' glass NaAlSirOr, and CaAlrSirOe, respectively. The tem-

peratures are those of the International Practical

Temperature Scale of 1968. The experimental data

have an estimated uncertainty of t 0.15 percent be-

tween 25 and 380 K, + 1.0 percent at 15 K, and

t 5.0 percent at 6 K.
The experimental data for the potassium alumino-

silicate glass were corrected for deviation from the

exact composition KAlSisOs by assuming that

283.370 g of anhydrous glass consisted of I mole of

Table 5 Experimental specific heats of anorthite, CaAlrsi,Os 
_

1E f lP .  SPECIF IC  1E I4P .  SPECI f  IC
HEAT  HEAI

K  J / ( c . K )  K  J / ( c . K )

8 . 9 8  . 7 9 2 7
\ . 7 1  . 8 0 0 9

S E R I E S  I  I
3 0 0 . 5 9  . 7 6 3 7
3 0 7 . 1 4  . 1 7 3 7
l r  t . 6 8  . 7 8 4 0
n a . 2 5  . 7 9 4 1
3 2 6 . 8 1  . 8 0 3 5
3 3 i . 3 6  . t t 2 5
i ) 9 . 9 1  . t 2 0 9
3 4 6 . 4 6  . 8 3 9 6
3 5 3 . o 1  . 1 3 8 3

S E R I E S  i 2
3 4 2 . 3 1  . t 2 4 3
3 4 8 . 8 8  . t 3 3 1
3 5 5 . 4 1  . 6 4 1 8
3 6 1 . 9 3  . 8 5 0 4
)6 t J  . 45  . 657  9
3 7  4 . 9 8  . b 6 5 o
3 8 1 . 5 0  . 8 7 2 2

S E R I E S
306 .28
3 t  2  . 3 0
3 r 8 . 4 4
3 2 4 . 7 5
3 3 t . o 7
3 3 7 . 3 2
3 4 3 . 5 2

S E R I E S
3 4 9  . 6 6
3 5 5  . 7  4
3 6 1 . 8 1
3 6 7 . 8 9
t l 4 . u l
3 8 0 .  I  4
3 8 6 . 2 6

SERI  E  S
5 3 . 4 1
5 9 . 4 4

S E R ]  E S
6 5  . 4 9
7 0 . 6 4
7 5 . \ l
8 0 . 0 4
8 4  . 6 7
8 9  . 4 7

S E R I E S
9 4 . 5 5
o o  o ,

r  0 5 . 5 0
l l l . 0 0

I  t o . z o

S E R I E S
r  0 6 . 5 3
I  I  2 . 0 4
t 1 7 . 2 3
|  2 2  . 2 9
|  2 7  . 3 \
1  3 2  . 4 5
1  3 7 . 6 5
1  4 2 . 9 3

S E R I E S
1 4 8 . 1 4
t > 5 . t >
|  5 8 . 2 8
|  5 3  . 2 7
|  6 8  . 2 7
t 7 3 . 2 9

I
.7  682
. 7 7 7 7
. 7 8 7 1
. 7 9 6 0
. 8 0 6 4
. 8 1  5 2
. 8 2 3 3

. 8 3 1 r

. 8 3 9 5

. 8 4 7 0

. 8 5 4 4

. 8 6 r 0

. 8 6 7 5

. 8 7  6 0
3

. l 0 B q

. 1  3 0 1
4

. t 5 t 7

. 1  7 0 3

. t  8 7 6
-2043

. 2 3 8 3

t c c o

. 2 7  4 6

. 3 t 2 3

o

. 2 9 6 1

. 3 1  4 6

. ) 4 8 2

. 3 7  c t  B

. 3 9 5 6

. 4 1  l 6
7

. 4 4 2 6

. 4 5 6 9

. 4 7 0 8

. 4 8 4  r

. 4 9 7  5

u
. 4 7 2 6
. 4 8 5 { J
. 5 0 0 9
. 5 1  4 7
. 5 2 8 4
. 5 4 2 4

C ( C Q

. 5 6 8 9
9

. 5 8 1  7

. 5 9  4 4

. 6 0 6 3

. 6 1  8 5

. 6 3 0 5
l 0
. 6 1  3 5
. 6 2 3 9
. 6 3 7  4
. 6 5 0 4
. 6 6 2 7
. 6 7  5 0
l l
. 6 8 6 8
. 6 9 8 9
. 7 1 o 8
. 7  2 2 2
.  t  t t +
. 7  4 \ 0
. 7 5  4 1
. ' l 6 4 2
t 2
. 0 0 0 2 3 2
. 0 0 0 3 4 4
. ( t O O 7 2 5
. 0 0 1  4 4 0
. 0 0 2 2 4 7
. ( ) Q ? 9 t  4
. ( ' o 3 7  2
. 0 0 4 6 5
. ( ; 0 5 8 9
.  a 0 7  B 5
. 0 ' l  0 4 5
. o 1  4 3 2
. 0 1 9 0 7
. 0 2 4 0 6
. o 3 0 3 2
. 0 3 8 4 0
. 0 4 7  6 7
. 0 5 8 1  9
. r 7  0 5 3
.0845 { . ,
. 1 0 1 6 0

o J . z o

6 9 . 9 4
7 6 . 6 4

SER I  LS
I  63 .  B t j
1  6 9 . 1  0
1 7  4  . 3 4
|  7 9  . 7 C
t E 5 . t 9
1 < ) O . 7 5
1  9 6  . 3 0
2 0 1 . 8 1

s E R I L S
2 0 7  . 3 0
2 1 2 . 7 9
2 t  B . 3 l
2 2 3 . 8 6
2 2 9  . 4 3

S E R I T S
2 2 t . 5 4
2 2 7  . 3 4
2 3 3 . 3 4
2 3 9 . 2 6
2 4 5 . 3 3
25 t  . 5 t i

5 E R  I E S
2 5 7  . B t J
2 6 4  . 1  9
2 7  0  . 9 2
2 7  6 . 9 6
2 8 3 . 4 3
2 t 9  . 8 2
2 9 6 . 1  4
3O2  .3 t )

S E R  J  b S
6  . 4 t )
7 . ) 1
8 . 7 ?

I  a  . 4 i :
t t . / J

1 2 . 7 5
1 3 . 6 7
1 4 . 6 3
1 t  1 1

1 7 . ) 2
1 9  . O 6

2 3 . 7 1
2 5 . 9 4
2 t 3  . 7  |
3 t  . 7 7
3 5  . 0 2
38 .  r t5

4 2 . 4 4
46 .7  t '
( 1  ( q

I L I , 1P .  SPF-C IF IC
HEAT

K  J / ( G . K )

3 o 7 . 6 8  . 7 7 5 6
3 r 3 . 3 1  . 7 8 \ J

5 t t ( l L )  |

302 .OA  .7662

30 .  t i 2 . 8097
6 . 9 9  . 8 1 7 9
3 . ) 5  . 8 2 6 9
9 . 9 8

S E R I E S  6
6 1 . 1 0  . 1 3 6 6
6 5 . O 4  . 1 5 4 9
7 1 . 2 O  . t  l i 9
1 6 . 5 9  .  l  9 1 8
8 1  . 8 6  . 2 1  3 2

S E R ] E S  7
8 3 . 7 2  . 2 t  9 9
8 8 . 9 7  . 2 3 8 t )
9 4 . 2 4  . 2 5 7 6
9 9 . \ 3  . 2 1 5 8

r  0 4 . 4 9  . 2 9 3 3
1  0 9 . 6 1  . 1  i  0 8
|  1 4 . 9 6  . 3 2 8 5

S E N I E )  O

r  0 3 . 5  r  . 2 8 9 9
1 o 8 . 1 1  . 3 0 7 6
I  |  3 . 8 0  . 3 2 4 6
I  1 9 . 0 6  . 3 4 1 9
|  2 4  . 3 6  . 3 5 8 ' )
r 2 9 . 6 3  . 3 7 5 \
1 3 4 . 9 3  . 3 9 t 7
I  4 0 . 1  6  . \ 2 3 0
1 4 5 . \ 2  . 4 2 3 0
r 5 0 . 7 3  . 4 3 8 3
l  5 6 . 0 0  . 4 5 3 '
|  6 t  . 2 4  . 4 6 8 2

S E R I E S  9
1 5 4 . 4 5  . 4 4 9 0
159 .89  . 464 / {
I  6 5  . 3  l  . 4 7 9 3
1 7 o . 9 7  . 4 9 4 5
1 7 6 . 8 6  . 5 1  0 l
l  8 3 . 0 0  . 5 2 5 6
|  8 9 . 3 7  . 5 4 1  5
l  9 5 . 8 0  . 5 5 7 2
2 A 2 . 1  2  . 5 7 2 3
2o8 .34  . 5865
2 1 4 . 4 5  . 6 0 0 4
2 2 0 . 5 6  . 6 1  4  I

S E R I E S  I O
2 2 1 . 9 4  . 6 1 7 1
2 2 8 . 1 1  . 6 t 0 4
2 3 \ . 3 7  . 6 4 3 )
240 .6 \  . 6559
2 4 6 . 9 r  . 6 6 8 6
253 .3 ( ,  . 6812
259 .99  . 6937
2 7 3 . 1 9  . 7 1 8 1
2 7 9 . 6 9  . 7 2 9 7
2 6 6 . 2 1  . 7 4 0 t )
2 9 2 . 7  \  . 7 5 1  6
2 9 9 . 2 1  . 7 6 1 5
J U > . b t  . t t t o

. 8 3 4 8

. 8 4 4  I

. 8523

.8605

. 8 6 7 2

experimental data have been corrected for curvature
but not for deviations from the stoichiometric com-
positions. The sample weights corrected for buoy-

ancy used in these measurements were 34.036,34.004,

39.709,  and 38.130 g for  KAlSisOs g lass,  NaAlSirO,
glass, CaAlrSirO, glass, and anorthite, respectively.

The formula weights used in the calculations were

based on the l97 l values for the atomic weights
(Commission on Atomic Weights, 1972) and were

278.337,262.224, and 278.210 E/mol for KAlSi,O,,

S E R I E S  2
55 .58  . l  |  6 r l
6 0 . 7 1  . r 3 5 2
65 .57  . r 525
7 O . 5 3  . t 7 1 5
7 5 . 7 4  .  I  9 0 8
8 1 . 0 8  . 2 1 4 3
86 .45  . 23OO
9 r . 8 4  . 2 4 9 1
97 .27  . 2684

1 0 2 . 7 6  . 2 8 7 5
S E R I E s  )

3 9 3 . 2 9  . 7 6 7 8
3o9 .89  . 7782
3 t  6 . 3 5  . 7 8 8 2

S E R I E S  4
5 5 . O 7  . l l 4 4
6 0 . 1 9  . t  3 3 3
6 5 . 2 4  . 1 5 1 9
7 0 . 4 9  . 1 7 1 3
7 5 . 9 9  . t 9 t 2
B r . 2 8  . 2 1 1 0

S E R I E S  5
7 . 3 r  . 0 0 0 1 5 8
7 .  B0  .OO0277
8 .  3  1  . 0 0 0 4 0 2
9 . t  6  . 0 0 0 6 1  9

1 0 . 2 0  . o 0 0 9 4 5
n . l 8  . 0 0 1 3 6 9
|  2 . 2 1  . 0 0  I  9 2 0
t3 .27  . 002568
1 4 . 3 B  . 0 0 3 4 2 0
|  5 . 5 7  . 0 0 4 4 0 2
|  6 .  86  .  00583  |
2 r . 8 3  . 0 r 3 r 3
2 3 . 8 0  . 0 r 6 8 8
2 6 . O O  . 0 2 1 5 6
2 a . 4 5  . o 2 7 3 3
3 1 . 0 9  . 0 3 4 2 2
33 .92  . 04225
3 7 . 1 O  . 0 5 1 8 6
40 .  89  . 06395
4 5 . 3 8  . O 7 9 0 2
5 0 . 2 9  . 0 9 6 3 6
5 5 . 6 4  . 1 1 6 2



ROBIE ET AL,'  LOW-TEMPERATURE HEAT CAPACITIES l 1 3

-
o
E

j 150

o

o

o
o-

,/

v

J

/
I

{

a USGS adiabat ic

USGS D .S .C .

Wh i t e  ( 1919 )

I I

100

100

Temperature,  in Kelv ins

Fig.  I  Molar  heat  capaci t ies of  KAlSirO, g lass between l3 and 500 K.  Sol id l ine is  the least-squares f i t  to the U.S.G.S. data.

KAlSiaOs Q78.337 g), and 3.203 g of SiO, glass, I .678
g of NaAlSirO, glass, 0.092 g of Al2Os (corundum),

and 0.056 g of FerOs (hematite). The heat capacities
of these fictive impurity phases were subtracted from
the measured heat capacity for 283.370 g of sample to
obtain the molar heat capacity of KAISi'O3 glass.

The correction to CF amounted to a maximum of
0.38 percent at 33 K, and was 0.15 percent at 100 K
and 0.05 percent or less for all temperatures greater

than 150 K. The difference between the calculated
values for S?ee - S? for the corrected and uncor-
rected C! values was less than 0. I percent.

The experimental data for the sodium aluminosili-
cate glass were corrected for deviation from the for-
mula NaAlSigOs by assuming that 269.550 g of an-
hydrous glass consisted of I mole of NaAlSiaOs

(262.224 g) and 6.500 g of NaAlOz,0.765 g of Al ,Os
(corundum), and 0.056 g of CaO (lime). The correc-

tion to C! was a maximum of -0.6 percent at 30 K

and decreased to 0.2 percent at 380 K. The difference

between the values for S?ee - S? calculated from the

corrected and uncorrected CF data was 0.15 percent.

No corrections were applied to the data for either

CaAlzSizOe glass or to anorthite, inasmuch as the

uncertainty of the analytical results (microprobe) and

the deviations from the ideal formula are of com-
parable magnitude.

Thermodynamic properties of KAlSisOs glass'

NaAlSisOe glass, CaAl2Si2O. glass, and of anorthite

Our measured data were extrapolated smoothly to

zero Kelvin using a plot of CFl7 versus 72 (Fig. 5).
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Fig.2 Molar  heat  capaci t ies of  NaAISLOa glass between l3 and 500 K.  Sol id l ine is  the least-squares f i t  to the U.S.G.S. data

The data were analytically smoothed using the meth-
ods outlined by Westrum et al. (1968). For KAlSirO,
glass, the average deviation from the fitted curve,
above 20 K, was 0.06 percent, and the maximum
deviation was 0.39 percent (at 33 K). For NaAlSirO,
glass, the average deviation was 0.05 percent and the
maximum was 0.38 percent (at 50 K). For CaAl2Si2Os
glass, the average and maximum deviations from the
fitted curve above 20 K were 0.08 and 0.52 percent (at
29 K), respectively, and for anorthite, 0.04 and 0.35
percent (at 50 K), respectively.

For KAlSirO, glass and NaAlSieO, glass, the con-
tributions to S?ge - S'o caused by the extrapolation of
our measurements below 13.8 K were 1.3 and 0.8 J/
(mol.K), respectively. For CaAlrSirO, glass and
anorthite the extrapolated portions of the entropies,

below 7 K, were 0.02 and 0.01 J/(mol.K),  respec-
tively.

Smoothed values of the thermodynamic functions
CF, .S? - ^S?, (fli - H"")/f , and (Gi - H"")/T for
KAlSisOr glass, NaAlSirO, glass, CaAlrSirO, glass,
and anorthite are listed at integral temperatures in
Tables 6-9. At 298.15 K, the entropy change S?r, - S?
for the potassic, sodic, and calcic [feldspar] glasses,
and anorthi te are 224.3 + 0.3, 213.8 + 0.3, 198.7 +
0.3, and 199.3 + 0.3 J/(mol 'K),  respect ively.  For
anorthite, Soo is zero, and accordingly Sir. = 199.3 i
0.3 J/(mol.K).  The values of the Gibbs energy func-
tion tabulated for the three glasses do not include the
contribution arising from the zero-point entropies.

King (1957) measured the heat capacity of anor-
thite between 52.4 and295.9 K. His sample (p. 5437)
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"was prepared by repeated sintering of a stoichiomet-
ric mixture of reagent-grade calcium carbonate, pure

hydrated alumina and pure silica, with the usual in-
tervening grinding, mixing, analysis, and adjustment
of composition. Nine heats were made, totaling 58
hours at I  100",  53 hours at 1200o, 6 hours at 1300o,
and l0 hours-at 1500'.  A plat inum container was

used for the 1500o heats and Alundum for the others.
The product analyzed 20.10 7o lime, 36.63 7o alumina,
43.02 Vo silica and 0.2 Vo ferric oxide." King's values
differ from ours by no more than 0.3 percent over the
common temperature range.

Our value for the entropy of anorthite at 298.15 K
is 3.2 J/(mol.K) (1.6 percent) less than the value

obtained by King (1957). The difference is almost
entirely due to the extrapolation of King's data below

5l K, the lowest temperature for which he measured
CF. From his measurements, King obtained S?r' - S?t
: 187 .2 J /(mol.K) and by extrapolation S?' - S? :

15.5 J/(mol 'K).  From our data we obtain S?" -  Sou'
: 187.3 in almost exact agreement with the measured
part of king's result. He extrapolated his data to zero

Kelvin using the method of comparison with a fictive

standard substance, described by Kelley et al. (1953).

The fact that the molar heat capacity of KAISLO'
glass is very much larger than that of CaAl2SirO'
glass below 40 K, even though their formula weights

are the same (within 0.05 percent) and both have the

same number of atoms per mol., is most probably a

consequence of the much lower density of KAlSirO'
glass (2.378 E/cmt1 in contrast to CaAlzSizO' glass

(2.69 g/cms).

x
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>  l f u
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o

a
@
I

---

"/

/

I

I
,

a USGS adiabat ic

USGS D .S .C .

wh i t e  ( 1919 )

I

r00

Temperature, in Kelvins

Fig. 3 Molar heat capacities of CaAlrSirO, glass between 7 and 500 K. Solid line is the least-squares fit to the U.S.G.S. data
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Fig.4 Molar  heat  capaci t ies of  anorth i te between 7 and 500 K.  Sol id l ine is  the least-squares f i t  to the U.S.G.S. data

The general relation that at temperatures below

about 30 K the heat capacity of the low-density form

is always greater than that of the high-density form is

clearly evident in our results for CaAlzSizOs glass (p
:  2.69 E/cm31and anorth i te  (p = 2.758 g/cms).  Simi-

lar differences are shown by the polymorphs of sil ica

(Holm et al., 1967) and sil ica glass (Westrum, E. F.,

Jr., written communication, August, 1957), and be-

tween AsrO, glass and claudetite and arsenolite

(Chang and Bestu l ,  l97 l ) .

In Figure 6 we have plotted the difference, AC!

in the smoothed values of the molar heat capac-

it ies of KAISisOE @lass)-high sanidine, NaAlSisOe

(glass)-analbite, and of CaAlrSirO' (glass)-anorthite

as a function of temperature. The data of Openshaw

et al. (1976) were used for the heat capacity of high

sanidine and analbite. This figure shows a marked

peak in ACB. for KAlSiaO8 at 30 K, at 35 K for

CaAlrSizOe, and at 50 K for NaAlSigOe. The negative

value of AC? for CaAlrSirO' above 60 K is in sharp

contrast to the positive increase of the ACF values for

KAISisOE and NaAlSisO' and for most other in-

organic glasses. Guttman (1972) attributes the nor-

mal increase of ACF above the peak to the difference

in the CF-Cy term. In this respect thermal-expansion

measurements on CaAlzSirOr glass and anorthite at

temperatures between 50 and 300 K would be most

useful.

The entropy difference, Sorrr - S'0, for KAlSisOs

glass is greater than that for high sanidine by lO.2 J/

(mol. K), and that of NaAlSigO, glass is greater than

S?, .  -  S? of  analb i te by 6.1 J/ (mol .K) .  In  contrast ,
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Sorr. - S? for anorthite exceeds that of CaAlrSirOt

g lass by only 0.6 J/ (mol .K) .

Zero-point entropies of the feldspar glasses

In order to calculate the Gibbs free energies of

formation of KAlSirOr, NaAlSirOr, and CaAlrSirO,

glasses from the relation

AG"f : A//? - fA'S' (l)

we need to know both the enthalpy and entropy of

formation of the specific glass from the elements.

From our measurements of the heat capacities of the

three [feldspar] glasses (extrapolated to zero Kelvin)

one cannot calculate their absolute entropies but only

the change in the entropy ̂ Si - S?. This is because S'o

is not zero for a glass (Gibson and Giauque, 1923).

One way of determining S3 for a glass is to measure

the heat capacities of both the glass and its crystall ine

equivalent between approximately zero Kelvin and

the melting temperature , Ty, and also to measure the

enthalpy of melting, AHfi of the crystal, keeping in

mind that the glass changes to a l iquid without a

change in enthalpy. At Tu, the Gibbs free energies of

the l iquid and crystal are equal and equation (l)

reduces to

LHf'  :  TMASfr (2)

Unfortunately, the enthalpies of melting of the
feldspars cannot be rneasured directly in a calorime-
ter for the following reasons:

(a) NaAlSigO, (monalbite) readily superheats
above i ts equi l ibr ium melt ing point,  l39l  K.

(b) KAlSisO. (high sanidine) melts incongruently at
one bar pressure (lOPa) to KAlSirO. (leucite) plus

a si l ica-r ich l iquid.
(c) The melting point of CaAlzSirO. (anorthite) is

1830 K and exceeds the normal maximum oper-

0 . 5
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T  c p

i \ELV IN

( s T - s 0 )  ( H 1 - H q ) / T

J , / ( l i t i L .K )

Table 6.  Molar  thermodynamic propert ies of  KAlSirO. g lass,

formula weisht  :  278.337

H E A T  E N T R I I P Y  E I T I H A L P Y  G I b B S  E N E R G Y
C A P A C ] T Y  F U N C T I O N  F U I i C I I O N

Although we cannot measure the enthalpy of melt-

ing of the feldspars directly, we can determine A11n|

indirectly by combining measurements of the en-

thalpies of solution of both crystal and glass [mea-
sured by either HF solution calorimetry (Waldbaum

and Robie,  l97 l  )  or  fused sal t  ca lor imetry (Holm and

Kleppa, 1968)1, with high-temperature heat-capacity

data and using the relation

Waldbaum (1968) used th is  method to obta in the

enthalpies of melting of high sanidine and analbite.

Although the stable phase of NaAlSirO' above 1253

K is monalbite (Smith, 1974), no data are available

Table 7.  Molar  thermodynamic propei t ies of  NaAlSi3O" glass,

formula weieht  :  262.224

E N I H A L P Y  G I  I J B S  E N E R G Y
F U N C T i O N  F U N C T I O N

T  C p  ( s 1 - s 6 )  ( H 1 - H O ) / I  -  ( c 1 - l ' t g ) / I

- ( 0 1 - t l s ) / l

5
t 0
1 5
2 0
2 5
3 0
3 5
4 0
4 5
5 0

50
7 0
80
90

1 0 0
l l 0

r t 0
1 4 0
r 5 0

o .  i  8 l  0 . 0 5 8
1 . 4 0  0 . 4 6 8
4 . 2 7  l . 5 r B
8 . 5  1  3 . 2 8 9

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

3 r . 4 1
39 .90
4 8 .  5 4
\ 1  ) \

6 6 . 0 0

8 1 . 4 8

r  0 0 . 8
I  0 9 . 3

1 1 7 . 7
1  26 .1
1 1 4 . 4
1  42 .5
r 5 0 . 6
1 5 8 . 5
r b b - 4

1 7 4 . 1
1 8 t . 8
1 8 9 . 3

1 9 6 - B
? a 4 . 1
2  |  1 . 4
2 t 8 - 5
2 2 5 . 6

239  . 4

2 5 2 . 8
259  . 4

265 .9
2 1 2 . 3
2 7  8 . 6
206.4

0 . 0 I + 3
0 . 3 5 0
t . t 2 8
2 . \ 1 0
4 . 1 r 5
6 . 1  0 2
8 . 2 9 1

1 0 . 6 0
1 3 , 0 0
r 5 . 4 4

2 0  . 4 0
) l  1 a

3 0 . 3 0
) 5 . 1 6
39 .96
4 4 .  6 B
4 9  . 3 2
5 3 . 8 6
> o . ) z
6 2 . 6 8

66 .95
7 1 . 1 2
7 5 . 2 o
7 q  I  q

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

r 0 l . l

r 0 4 . 7
r 0 8 . 0
l l l . 3
i  1 4 . 5
1 1 7 . 6
1  20 .7
|  2 3 . 6
\  26 .6
129 .4
1  3 2 . 2

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

0 . 0 1 5
0 . 1 l 8
0 . 3 9 0
a . 8 7  9
1  . 5 9 q
2 . 5 1 7
3 . 6 1  9
4 . 8 7 6

7 . 7 5 8

l ' t  . 0 1
t 1 . > 5
' |  

8 . 2 4
2 2 .  0 9
2 6 . 0 \
3 a . 0 7
3 4 . 1  6

3 8 . 2 9
4 2 . 4 \
4 6 . 6 2

5 0 -  B 0
5 4 . 9 8
5 9 . 1  6

6 7 . 5 0

7 1 . 6 4
7 5 . 7 7
7 9 .  B B

8 8 . 0 3

9 2 . O 7
9 6 . 0 9

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

r 1 1 . 0
|  5 + .  t
I  3 8 . 4

1 0 7 . 2

J / ( / '1 i jL .K)

^Hi,= ̂H?+ ftrro, (3)

5 0 . 2 7
60 .  04
69 .47
7  8 . 6 5
87 .56
9 6 - t 6

I  0 4 . 4
1 1 2 . \
1 2 0 . 0
1 2 7 . 4

1 6 0  1 3 4 . 5
1 7 0  r 4 1 . 3
1 8 0  1 4 7 . 8
r 9 0  1 5 4 . 1
200  l  60 .  I
2 1 o  1 6 6 . 0
2 2 O  1 7  |  . 7
2 3 o  1 7 7 . 1
2 4 0  l  8 2 . 4
2 5 O  r 8 1 . 4

260  192 .3
2 7 0  1 9 1 . O
280  201 .6
294 205.9
3  0 0  2 1  A . 1
3 t 0  2 1 4 . 1
3 2 0  2 1 8 . 0
330  221 .7
1 4 0  2 2 5 . 3
350 228.8

360 232.3
3 7 0  2 3 5 . 7
180  238 .4
2 7 3 . r 5  1 9 8 . 5
298 .15  209 .4

1  E } 1 P .  H E A T  E N T R O P Y
CAPAC I  TY

K E L V I N

5
l 0
r 5
2A

3 O
3 5
4 0
4 5
5 0

0 . l l l  o . o 3 3
a . 8 7 1  a . 2 8 7
2 . 8 8  4 . 9 6 9
6 . 1 0  2 . 2 1 \

1 0 .  I  r  3 . 9 9 6
1  4 . 6 2  6 - 2 3 2
1 9 . 3 6  8 . U l r 0
2 4 . 2 9  1 t  - 7 5
2 9 . 3 4  1  4 . r O

3 4 . 4 5  1  8 . : 5

4 5 . 0 9  2 5 . 5 1
5 5 .  l  l  3 ) . 2 2
6 4 . 8 7  \ 1 . 2 2
/ 4 , 3 9  4 9 . 4 1
8 3 . 6 3  5 7 - 7 )
9 2 . 5 3  o 6 .  |  2

l 0 l . t  7 4 . 5 4
1 0 9 . 3  r J 2 . 9 5
1 1 1 . 2  9 t  . 3 4
|  2 1 . 7  9 9  . 6 9

1  o t ] . 0
1 1 6 . 2
1 2 4 . 3
1 3 2 - 4
i 4 0 . 4
1 4 8 . 3
1 5 6 - l
1 6 3 - t :
1 1 1 . 4
1 7  8 . 9

1  8 6 . 3
1 9 3 - 7
200 .9
2 0 8 - O
2 1 5 . 1
2 2 2 . O
2 2 8 . 9
2 3 5  - 1
2 4 2 . 4
2 \ 9 . O

2 6rJ.3
195 .9
2 1 3 - 8

4 . L 2 5
a - 2 1  6
0 . 7  2 7
I  . 6 q l

4 . 4 9 3
t , . 2 7  /
b . 2 1  9

1  0 . 2 8
1 2 . 4 5

t 7 . a \
2 1  - 7 6
2 6 . 5 4
3 1  - 3 3
1 6 . 1 0
4 0 . 8 1
4 '  . 5 A
5 0 . a 9
5 4 - 6 0
5 9 . L 2

6 3 . 3 6
6 1 . L 1
1 1 . 7 1
7 r . 3 4
7 9 . 8 3
r i 3 . i 3
8 1 . 5 5
9 1 . L 8
9 4  - 9 3
9 8 . 5 0

0 . 0 0 b
L . O 7 1
b  . 2 4 2
0 - 5 1 |
1 . 0 7 1
t - 7 3 9
' . . 5 6 3

3 . 5 2 1
4 . 6 1  3
5 . 8 0 t )

6 - 4 7 6
1 1 . 4 6
1 4 . 6 7
1 L . 0 u
2 1 . 6 2
2 5  . 2 9
2 9 . O 4
3 2 . 8 6
3 6 . 7  4
4 0 - 6 6

4 4 . 6 1
4 L . 5 r l
5 2 . 5 6

6 0 . 5 4
6 4  . 5 3
6 t , . 5 2

7 2 . \ 9
7 6 . \ 5
8 0 . 4 0

8 \ . 3 3
8 L  . 2 5
9 2 . t 4
9 6 .  O 1

9 9 . 8 1
1 A 3  . 1
t a l . 5
r i l . 3
1 i 5 . 0
1 I  E . B

|  2 6 . 2
1 2 9 .  I

8 9 . 4 7

6 A
7 0
8 0
9 0

1 0 0
l l 0
1 2 0
l l 0
r  4 0
r 5 0

1 6 0
1 7 0
1 8 0
1 9 4
200
2 1 4
2 2 0
2 ) O
240
250

ating temperature of all but a few drop calorime-

ters.

(d) The liquids of all three compositions quench to

glasses, and the use of the drop calorimetric tech-

n ique is  thus not  possib le.

The reluctance of NaAlSirO. and KAlSi3O8 glasses

(in the absence of HzO) to crystall ize even at temper-

atures near their melting points, however, makes it

possible to measure the heat contents of the metas-

table glasses to near Iy by standard drop calorime-

try. By combining the H& - Hor* data (from drop

calorimetry) with low-temperature heat capacities,

one can determine the entropy change .S3, - S? for

both crystals and glass.

|  32 .O
t ) 9 . 1
1 4 ' t  .9
1 5 2 . 4
| 5 8 . 7
r 6 4 . 8
1 7  0 . 6
1  7  ( ) . 2
1 8 r . 5
1 8 5 . 8

2 6 0  r 9 l . B
27  0  ' t  

96 .1
28O 2O1 .3
290  205 .8
3 0 0  2 1 0 . 1
3 1 0  2 1 \ - 3
3 2 0  2 1  8 . 4
3 3 0  2 2 2 . 3
340  226 .0
3 5 0  2 2 9 . 5

3 6 A  2 3 3 . 2
370  235 .7
3  80  239 .4
27  3 . ' , t  5  198 .2
298 .15  209 .3

I  0 2 . L
1 0 5 . 4
1 0 6 . 6
1 1 2 . 0

t o . J

2 t  . 4
2 4 - \
2 7  - 3

t 3 a . t

1  ) 3 . 4
1 ? q  I

|  3 8 . 5
1  06 .5
1 1 4 . 6
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Table 8.  Molar  thermodynamic propert ies of  CaAl,Si ,O. g lass,

formula weieht = 218.210
tion glasses and for sanidine, analbite, and anorthite;

the tables combine their measurements of CF for

temperatures between 350 and 1000 K (obtained by

differential scanning calorimetry), with those of

Openshaw et al. (1976), and the results of the present

investigation, as well as the heat-content data of
White (1919), Kelley et al. (1953), and Ferrier
(1969b). From the above data, we obtain 49800 +

3000 J/mol at 1473 K and 59280 + 2000 J/mol at

l39l K for the enthalpies of fusion of high sanidine

and analbite, respectively. Kracek and Neuvonen
(1952) used HF solution calorimetry to obtain 71800

J/mol for the difference in enthalpy of CaAlzSirO.
glass and anorthite at 298 K. Yoder (1975) has re-
ported unpubl ished data of O. J.  Kleppa and T. V.

Table 9.  Molar  thermodynamic propert ies of  anorth i te,

CaAl,Si,O", formula weight = 278.210

ENTROPY EI ,THALPY
FUNC I  I  ON

c p  ( s 1 - s s )  ( t h - H s  ) / I

J / ( f i o L . K )

G ]  8 B S  E N E R G Y
F U I J C I I I ] N

- ( G 1 - H 9 ) / T

5't 
0

1 5
2 0
2 5
3 0
3 5
40
4 )

5 0

6 0

7 O
8 0
qo

1 0 0
1 1 0
1 2 0
l 3 0
r 4 0
1 5 0

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

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

1 7 . 8 4

3 1 . r 5
3 8 . 4 2
45 .96
5 3  . 6 9
6 1  . 5 5
69 .48

8 5 . 4 8

1 0 r . 5
I  O q  q

l t t . 5

1 2 5 . 3
I  ? ?  ?

r 4 0 . 9
l  4 B . 6
|  56 .2
|  63 .7

|  7 r  .  r
1 7 8 . 5
r 8 5 . 8

2 0 0 . 0
207 .O

220.8
2 2 7 . 5
234 .2

24O.7
247 .2
r  8 0 . 8
|  9 8 . 7

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

3  . 8 2 8
5 . 2  6 A
6 . 0 6 r
8 . 6 0 9

1  2 . 4 5
1  6 . 6 4
2 ' t . a )
25 .56
30 .1  7
3 4 , 8 1
3 9 . 4 4
4 4 .  0 l
48 .59
5 3 . 1 0

q ?  q <

6 1 . 9 5
66 .27
7 0 . 5 2
1 4 . 6 8
7 8 . 7 6
8 2 . 7 5
8 6  . 6 6
90 . \ 9
9 4 . 2 3

9 7 . 8 9
1 0 1 . 5
r  0 5 . 0
r  0 8 . 4
I  I  l . B
r ' r  5 . 1
1 1 8 . 3
1 2 1 . 4
1 2 4 . 5
1 2 7 . 5

1 3 0 . 1 i
I  ? ?  e

I  0 2 . 6

t t t . 2

0 . 0 0 2
0 . 0 2 0
0 . 0 8 6
o . 2 i 9
0 . 4 9 7
0 . 8 7 0
1  . 3 6 0
|  . 9 6 2
2 . 6 7 3

3 . 4 9 5

5 . 1 8 4
7 . 6 t 5

1 0 . 1 2
1  2 . 8 6
1 q  7 0

I B . B 8
2 2 . 1 1
2 5 . 4 5
2 8 .  8 B
2 '  ? O

43 .2 \
46 .94
50 .  66
5 l + . 4 0
5 8 . 1 6
6 t  . 9 2

6 9  . 4 6

8 0 . 7 5
8 l { .  49
88 .23
q  I  q q

99 .34
r 0 3 . 0
|  06 .7

i l  0 . 3
1 t 3 . 9
7 8 . 1  8
8 7 . 5 4

t 7 . 1 2
2 3 . 5 8

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

8 5 .  4 8

t 0 1 . 6
1 0 9 . 1
1 1 7 . 6

1  3 3 . 4
1 4 1 . 2
l  4 8 . 9
1 5 6 . 5
r  6 4 . 1

1 7 1 . 6
1 1 8 . 9
|  8 6 . 2

200.6

2 1 4 . 5

2 3 4 . 9

2 4 1 . 4
2 4 8  - O
r  8 r . 3
| 9 9 - 3

0 .  0 0 2
U . U 4 J

o . 2  3 9
o . 6 4 2
1 . 3 1 8
2 . 2 6 5

4 . 8 7 1
b . 4  t >
8 . 2 4 0

1 2 . t 5
1 6 . 4 2
20 .91
2 5 . 5 2
) o  . 2 1
3 4 . 9 3
) 9  . 6 3
4 4 . 3 1
4 8 . 9 3
5 3  . 4 9

5 1 . 9 8
6 2 . \ O

7 l  . 0 0
7 5 . 1 7
7 9 . 2 6

t i 7  . 1  9
9 l  - o l
9 4 . 7  I

9 8 . 4 6
1 0 2 . 1
1 0 5 . 6
l  0 9 . 0
1 1 2 . 4
1 1 5 . 7
1 1 8 . 9
|  2 2 . 1
t  r c  I

t 2 8 . 1

t 3 r . r
r 3 4 . 0
1 0 3 . 2
I  1 1 . 8

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

3 . 1 3 0

4 . 9 7  1
7 . 1 6 1
9 . 6 4 5

1  2 . 1 7
1  5 . 3 0
I  B .  q 0
z t - o >

25 .00
2 8 . 4 6
3 1 . 9 9

35 .58

\ 2 . 9 2
46 .64
5 a . 3 9
5 4 . 1  6
q f  q L

6 1 . 1 3
6 5  . 5 2
6 9  . 3 1

1 3 . 1 0
7  6 . 8 8
80 .  66
8 4 . 4 3
8 8 . 1  8

95 .64

r  0 3 . 0
1  06 .7

1 1 0 . 4
I  1 4 . 0
7 B-o7
8 7  . 4 9

36 .68
4 6 . 7 7
56 .83

76 .46
8 5  . 8 2
9 4 . 8 3

t u r . o

t t 2 . l

|  20 .3

I  60  128 .4
1 7 0  1 3 6 . 1
1 8 0  1 4 3 . 4
I  9 0  r  5 0 . 4
2 0 0  1 5 7 . 1
210  |  63 .5
220 |  69.7
2 3 0  1 7 5 . 6
2 4 0  I  8 r  . 3
250  I  86 .8

z o v  |  > 2 .  I

2 7 0  1 9 7 . 5
280 202.5
290  207 .1
3 0 0  2 1 1 . 4
3 1  0  2 1 5 . 5
32O 219 .6
330  223 .8
3 4 0  2 2 7 . 8
3 5 0  2 3 r . 5

360 235.0
37o  238 .4
2 7 3 . 1 5  I  9 9 .  I
2 9 8 . 1 5  2 1 0 . 6

I  E} lP .  HEAT
CAPAC 1  TY

T

K E L V I N

E N T R C P Y  E I i ] I I A L P Y  G i U B S  E N E R G Y

F U N C I I O N  F U N C ' I  I O I \

c P  ( i - f o )  ( f t - H o ) ' / r  - ( q - h ) / r

J / ( l 1 0 L . K )

5
1 0
r 5
2 0
2 5
3 0
l <

4 0
4 5
5 0

0 . 0 0 9  0 . 0 0 2
o . 2 4 8  0 . O 5 2
t . 1 0 5  0 . 2 i i 8
2 . 8 0 2  0 . 8 1 5

5 . 3 8 8  t . 7 O 2
8 . 7 r  2 . 9 6 9

|  2 . 6 2  4 . 5 9 9
1 6 . 9 8  6 . 5 6 4
2 1 . 6 8  8 . 8 3 2
2 5 . 6 1  t l . 3 7

for the enthalpy of transition of analbite to mon-

albite, and we have, therefore, assumed that it is zero

in our  calculat ions.

We have reevaluated the enthalpies of melting of

sanidine and analbite (assumed to be the same as for

monalb i te) ,  us ing the data of  Waldbaum and Robie

(1971) for the differences in enthalpies between the

glasses and crystals at 323 K (obtained by HF solu-

tion calorimetry) and the recent measurements of CF

at  h igh temperatures by K.  M.  Krupka,  R.  A.  Robie,

and B. S. Hemingway (1977, unpublished data) for

the feldspar glasses, anorthite, high sanidine, and

analbite. Krupka, Robie, and Hemingway have pre-

pared tables (1977, unpublished data) of the ther-

modynamic functions for the three feldspar-composi-

60  36 .85
7 0  4 7 . 1 9
8 0  s 7 . 4 1
9 0  6 1 . 4 7

l  0 0  7 7 . 2 9
l  l  0  8 6 . 8 1
l  20  95 .96
l  3 0  1 0 4 . 7
I  4 0  1 1 3 . 2
r 5 0  t 2 l . \

I  6 0  1 2 9 . 3
1 7 0  1 3 6 . 9
r  8 0  1  4 4 . 1
1 9 0  l 5 l . l
2 O O  1 5 7 . 8
2 1 0  1 6 4 . 3
2 2 0  1 7 0 . 5
2 3 O  1  7  6 . 5
240  182 .2
250  

' t  81  . 7

260 I  93.  0
27O 198 .2
2BO 203 .1
290  207 .8
300  212 .2
l l 0  2 t 6 - 6
320 220.9
33O 224.9
340  228 .5
350  232 .2

360 236.O
3 7 0  2 ) 9 . )
2 7 3 . 1 5  1  9 9 . 8
2 9 8 . 1 5  2 1 1 . 4
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0 100 200 300 400

Temperature, in Kelvins

Fig.  6 The di f ference,  ACF, between the molar  heat  capaci t ies of  KAlSisO" (g lass)-high sanidine,  NaAlSirO, (g lass)-analbi te,  and

CaAlrSirO, (glass)-anorthite as a function of temperature.

Charlu of the enthalpies of solution of CaAlrSizOe Neuvonen (1952) for our calculations. The correction

glass and anorthite in molten 2PbO.BrO, at 973 K of Kracek and Neuvonen's value from 298 to 1830 K

that lead to LHfr.ne of 78240 J/mol. was made using the heat-capacity values of anorthite

Ferrier (1969a) measured the enthalpy difference and CaAlrSirO, glass tabulated by Krupka et al.

by solut ion calor imetry in  HF-HCI at  353 K and (1977).Thedi f ferenceintheheatcontentsof theglass

corrected this value to the melting point, using his minus that of the crystals, A(H, - .F12rr), was plotted

heat-content data (1969b) to obtain 167000J/mol for as a function of temperature and was extrapolated

the enthalpy of fusion at the melting point of anor- smoothly to the melting point of anorthite, 1830 K.

thite. The resultant value for Afl#.,rro is 81000 + 2500 J/

We believe that Ferrier's (1969a) value for AIln?,,rro mol, which corresponds to an entropy of melting of

of anorthite is incorrect. We also feel that, unti l the 44.3 + 1.4 J/(mol'K).

details of Kleppa and Charlu's measurements are The zero-point entropies of the three [feldspar]

more fully reported, it is best to use the value of glasses were calculated from the values of Sfr" - S?

AHfi,r* for anorthite obtained by Kracek and for the glasses and for high sanidine, analbite, and
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anorthite, together with the enthalpies of melting of
the crystal phases using the relation:

[(si" - s?) ",v.t.r . ,:,::,,r:^j?;]"3 
(4)

The data used to calculaie S? for the KAISi'O.,
NaAlSirOr, and CaAlrSi2Os glasses are summarized
in Table 10. For anorthite S? = 0, and for high
sanidine and analbite, we have adopted the ideal
conf igurat ional value 18.70 J/(mol.  K),  given by
Holm and Kleppa (1968).

The principal source of the uncbrtainty in the cal-
culated values of the zero-point entropies is the ex-
trapolation of the heat capacities of the glasses above
the glass transition temperature, TE. At 7, the heat
capacity of a glass changes slope. On the basis of
thermal expansion measurements, Arndt and Ha-
berle (1973) give 1086 and 1036 K as the glass transi-
t ion  tempera tures  fo r  CaAlzS izO,  g lass  and
NaAlSi'O, glass. Vergano et al. (1967) obtained 1088
and l2l3 K for Z, of NaAlSirO' glass and KAISi'O,
glass also from thermal-gxpansion studies. Thus
our extrapolation of C? for KAlSisOs glass and
NaAlSirO, glass to Iy contains an unknown error,
inasmuch as the heat-content data (upper l imit  1373
and I173 K, respect ively) include only a single mea-
surement of H7-H26 above Zr. The extrapolation of
CF for CaAlrSirO, glass is quite long and may in-
troduce an uncertainty in AHfa of t 2.5 kilojoules
( i .e . ,  1 .4  J / (mo l .K)  in  AS; ) .

In our calculation of the zero-point entropy we

have assumed that anorthite retains its ordered AllSi
distribution up to the melting point, 1830 K. There is,
however, some evidence (Smith, p.540, 1974) that the
aluminum and silicon atoms become partially ran-

domized over the tetrahedral positions in the
AlrSirOE framework of anorthite at temperatures
above 1525 K. The extent of this disorder is not
presently known, and accordingly we have not in-

cluded this effect in our calculation of S?.

If we assume that, at the melting point, equilibrium
anorthite is totally disordered with respect to the All

Si occupancy of the tetrahedral positions, and fur-

thermore that our extrapolation of CF for anorthite
does not include any contribution due to this dis-
order, then our calculated value for S%ro for anor-
thi te would be too smal l  by 23.05 J/(mol.K),  and
therefore our value for S? for CaAlrSizOr glass would

also be too small by this amount.
If, however, anorthite is only partially disordered,

the entropy contribution due to disorder would be
much less. Until the exact structure of anorthite at a
temperature near the melting point is known, we
believe it best to assume that Al and Si are ordered.
Thus, our value for S? of CaAlrSirO. glass represents

the minimum possible value for S? and can be
(though we consider it unlikely) too small by a maxi-
mum of 23.05 J/(mol.K). Although our anorthite
sample is probably somewhat disordered, we believe,

on the basis of a comparison with data for the alkali

feldspars, that this would have a trivial effect on our

Table I 0. Thermodynamic values used to calculate the residual entropies of feldspar glasses

Forrnula Name

Tl.t

kelvlns

s o  -  q o
. M

J/  ( rno l .  K)

^rt
J/rno1

AS;

J  /  (mo l 'K )

q o  q o-o -298

J /  ( n o l . K )  J /  ( n o 1 . K )

KA1Si308

KAlSi308

NaAISl3O8

NaAlSi3OS

CaAI2Si208

CaAl2SlZ08

h lgh  san id ine

g l a s s

ana lb l te

g lass

anor th i te

g l a s s

L473*

1391

660 ,9

o / o . r

O J O .  Z

659 .4

7 3 9 . 0

7 4 4 . 7

49800

59280

81000

3 3 . 8

4 2 . 6

L 8 . 7

3 7  . 3

1 9  a

3 8 . 1

0 . 0

3 8 . 6

2 6 r . 6

251.9

2 3 7  . 3

4 4 . 31830

*Est inated congruent mel t ing temperature at  l -  aEmosphere,  (see Waldbaun, 1968)
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derived value for the entropy of anorthite. Openshaw
et al. (1976) have shown that the difference between
the AllSi ordered and disordered polymorphs of the
Na and K feldspars leads to a difference in CF below
300 K of less than 0.3 percent and of less than 0.1
percent in S?r, - S?.

Values for the various thermodynamic quantities
used to calculate the entropies for the feldspar glasses
at zero Kelvin (S?) are listed in Table 10. At zero
Kelvin S? for KAlSiao8, NaAlSirOr, and CaAlrSirO,
g lass  are  37 .3  +  2 .5 ,38 .1  +  1 .5 ,  and 38 .6  +  2 .2  J /
(mol 'K),  respect ively.  At 298.15 K, the absolute en-
tropies for KAISIO,, NaAlSirOr, and CaAlrSirO,
glass are 261.6 + 2.8, 251.9 + 1.8, and 237 .3 + 2.5 J /
(mol'K), respectively, and are the appropriate values
of S?ea to be used in thermodynamic calculations.
The largest part of the uncertainties assigned to these
values for the absolute entropies is due to the extrap-
olation of the heat capacities of the glasses to the
melting point and the consequent uncertainty in the
entropy of melting. Our values for the absolute en-
tropies were combined with the AH"1,rr" data given by
Hemingway and Robie (1977), and were used to cal-
culate the Gibbs free energies of formation, AGol,zee,
for the three feldspar glasses. The Gibbs free energies
of formation are -3703500 + 3500, -3665325 + 3720,
and -3956800 + 4000 J/mol for KAlSiaOE,
NaAlSirO6, and CaAlSirO, glasses, respectively.

We have calculated the Debye temperature , 0e, of
CaAlrSirO. glass and of anorthite from our heat ca-
pacity measurements using the relation

Values of dp calculated from our measurements be-
tween 6.5 and 12.7 K were extrapolated smoothly to
zero Kelvin, using the assumption that equation (5) is
exact for temperatures less than approximately 0"/
50. The data point for anorthite at 7.8 K is undoubt-
edly too low by at least 5 percent. We have not
calculated the Debye temperatures of the alkali feld-
spar glasses because our heat capacity data do not
extend to sufficiently low temperatures to provide a
satisfactory extrapolation of dp to zero Kelvin.
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