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Abstract. Recent hydrofluoric acid solution calorimetric data are used to derive standard 
enthalpies and Gibbs free energies of formation of low-albite, high-albite, NaA1SiaO s glass, 
mierocline, sanidine, and KA1SiaO s glass. The data are presented as high-temperature functions 
from 298.15 to 1400~ 

Despite many  laboratory studies on the feldspars, only a small amount  of quanti- 
tat ive thermochemical data are available for calculations of geological interest. 
In  most experimental thermodynamic studies of feldspars, emphasis has been on 
determining phase relations of crystalline solutions relative to the end-member 
phases (Bow~r and TUTTLE, 1950; OgVILLE, 1963; LUTH and TUTTLE, 1966) or 
other phases. WHITE (1919) and K~LLEY, TODD, O~R, KI~CG, and Bo~c~c]~so~ 
(1953) measured the low-temperature heat  capacities and values of (H~--H~ps.15) 
for adularia, KA1Sia0 s glass, low-albite, and NaA1Si30 s glass. GA~R]~LS (1957) and 
R]~ESMAN and K~LL~R (1965) have estimated the Gibbs free energies of formation 
of "or thoclase"  and microcline from solubility measurements. T A ~ A ~ N  (1903), 
MVL]~RT (1912), and KgAC~K and N]~uvoN]~r (1952) measured the heats of solution 
of several alkali feldspars in hydrofluoric acid. In  each of these studies, however, 
the crystallographic properties of the samples were not adequately described, and 
in view of the complex A1/Si order-disorder relations in the feldspar structure, the 
usefulness of the derived thermodynamic data is somewhat limited. 
WALD]~UM and RoBIE (1966) recently reported solution calorimetric data  for 
alkali feldspars which are utilized in this paper to derive standard thermodynamic 
functions for end-member compositions in the system NaAISiaOs-KA1Si30 s. The 
materials were prepared by fused-salt ion-exchange, and were dissolved in 20.1 
weight per cent hydrofluoric acid using a vacuum-jacketed solution calorimeter 
(l~oBi]~, 1965). Details of this investigation are reported elsewhere (WALDBAU~, 
1966). 
The following enthalpies of transition (at 49.7 ~ C) were derived from the heat  of 
solution measurements on samples synthesized initially from Amelia (Virginia, 
U.S.A.) albite: 

microchne -->sanidine, A H  --~ Jr 1.89 J: 0.44 kcal gfw -1 
sanidine-->KA1Si30 s glass, A H =  ~-11.10 ~0 .37  kcal gfw -1 
low-albite-+high-albite, A H  ~ -~2.63 :k 0.28 kcal gfw-~ 
high-albite -->NaA1SiaO s glass, A H  ~-- ~- 11.89 :~ 0.40 kcal gfw -~. 

* Published under the auspices of the Committee on Experimental Geology and Geophysics 
of Harvard University. 
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The d a t a  for low-albi te ,  h igh-a lb i te ,  and  NaA1Si30 s glass are  in excel lent  ag reement  
wi th  the  resul ts  of KnACE]~ and  N w c v o ~  (1952) and  HOLM and  KLEPFA (in 
press).  No prev ious  de t e rmina t ions  have  been made  on the  e n t h a l p y  differences 
be tween  microc]ine, sanidine,  and  KA1Sia0 s glass. 
Combining the  above  resul ts  wi th  hea t  c apac i ty  d a t a  (KELLEY, et  al., 1953) and  
the  hea t s  of solut ion of NaCI, KC1, Si02, A1C13.6HsO, t I C l ' n H 2 0 ,  and  H20 in 
20.1% hydrof luor ic  ac id  (KING, 1951 ; KELLEY, ]~AlCANY, KING, and  CHRISTmaSES, 
1959; and  BA~ANY, 1962), one can der ive  the  s t a n d a r d  entha lp ies  of fo rma t ion  of 
a lkal i  fe ldspars  a t  298.15~ The values  thus  de r ived  in  Tables  1 - - 6  are to  be 
p re fe r red  over  exis t ing va lues  of %he en tha lp ies  of fo rma t ion  of a lka l i  fe ldspars  
inasmuch  as t he  composi t ions  and  X - r a y  c rys ta l lograph ic  p roper t i e s  of the  
ca lor imetr ic  samples  are accu ra t e ly  known  (WALDBAU~, 1966). 

Table 1. Molar (gram/ormula weight, g/w) enthalpy (HOT--H~9s.15), entropy (S~ energy 
/unction [--(GOT--H~os.15)/T], standard enthalpy o/ /ormation (AH;, T), and standard Gibbs 
~tee energy o//ormation (AG~, 2) o/ low-albite at high temperatures and 1.013 bars pressure 

T ~ 

298.15 

400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 

H~ SOT --(GOT--H~98)/T 
(kcal gfw -1) (cal deg -1 gfw -1) (ca] deg -1 gfw -1) 

0.000 50.20 50.20 
::h0.40 • 

5.410 65.75 52.22 
11.390 79.07 56.29 
17.900 90.93 61.10 
24.690 101.40 66.13 
31.690 110.74 71.13 
38.870 119.19 76.00 
46.220 126.94 80.72 
53.720 134.08 85.24 
61.340 140.71 89.59 
69.060 146.89 93.77 
76.860 152.67 97.77 

(kcal gfw -1) 

--937.146 --883.988 
::h 0.740 :h 0,760 
--938.146 --865.822 
--938.100 --847.598 
--937.706 --829.536 
--937.192 --811.555 
--936.614 --793.643 
--936.002 --775.802 
--937.873 --757.839 
--937.101 --739.866 
--959.510 --721.521 
--958.429 --701.740 
--957.315 --682.027 

Table 2. High-temperature thermodynamic properties o] high-albite 

T ~ AH~, T AGI ~ T 

298.15 

400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 

H~ H~9s S~ 
(kca] gfw -1 ) (cal deg -1 gfw -1) 

--(GOT--H~gs)/T 
(oal deg -z gfw -1) 

0.000 54.67 54.67 
4-0.45 :h0.45 

5.530 70.56 56.74 
11.627 84.14 60.89 
18.254 96.21 65.78 
25.162 106.85 70.90 
32.279 116.33 75.99 
39.576 124.91 80.94 
47.044 132.78 85.73 
54.661 140.02 90.33 
62.398 146.74 94.74 
70.236 153.01 98.98 
78.153 158.86 103.04 

(kcal gfw -1) 

--934.513 --882.687 
i 0.770 4- 0.790 
--935.393 --864.995 
--935.230 --847.263 
--934.719 --829.715 
--934.087 --812.264 
--933.392 --794.897 
--932.663 --777.614 
--934.416 --760.220 
--933.527 --742.824 
--955.819 --725.067 
--954.620 --705.882 
--953.389 --686.773 
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Table 3. High-temperature thermodynamic properties o] NaA1SiaO s glass 
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T ~ 

298.15 

400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 

HOT-- H~9 s S~ o o --(GT--H298)/T 
(kcal gfw -1) (cal deg -1 gfw -1) (cal deg -1 gfw -1) 

0.000 62.95 62.95 
• ~:0.60 

5.468 78.66 64.99 
11.536 92.08 69.01 
18.167 104.26 73.98 
25.118 114.98 79.09 
32.321 124.59 84.19 
39.751 133.33 89.16 
47.400 141.40 94.00 
55.254 148.87 98.64 
63.286 155.86 103.12 
71.480 162.42 107.44 
79.820 168.60 111.59 

SliT, T dS?, 

(kcal gfw -1) 

--922.609 --873.252 
-t- 0.760 • 0.790 
--923.551 --856.393 
--923.417 --839.419 
--922.902 --822.730 
--922.227 --806.093 
--921.446 --789.552 
--920.584 --773.110 
--922.156 --756.578 
--921.030 --740.066 
--943.027 --723.219 
--941.472 --704.972 
--939.818 --686.832 

To der ive the  s t a n d a r d  Gibbs free energies of fo rma t ion  a t  298.15~ the  th i rd-  
law entropies ,  S ~ 298.15, of the  phases  are needed.  KWLLEY et al. (1953) measured  the  
hea t  capaci t ies  of low-alb i te  (Amelia,  Virginia) and  adu la r i a  (Switzer land)  down 
to 50~ F r o m  these measurements  t h e y  ob ta ined  5 0 . 2 0 •  cal deg -1 gfw -1 
and  5 2 . 4 7 •  cal d e g - l g f w  -1, for the  entropies  a t  298.15~ b u t  these  re- 

,SO SO- presen t  on ly  v ib ra t iona l  ent ropies  ( 29s.ls-- 0). Crys ta l lographic  and  k ine t ic  d a t a  
(TAYLOR, 1965; WALDBAUM, 1966; MACKENZIE, 1957) for a lka l i  fe ldspars  indica te  
t h a t  in add i t i on  to  v ib ra t iona l  en t ropy  ob ta ined  b y  cryogenic ca lor imet ry ,  a 
cer ta in  a m o u n t  of A1/Si conf igura t ional  en t ropy  is frozen in a t  0~  This k ind  
of eonf igura t ional  con t r ibu t ion  to  the  en t ro py  cannot  be de t e rmined  b y  hea t  
c apac i ty  measurements ,  hence mus t  be der ived  f rom phase  equi l ibr ium d a t a  
which depend  on the  t o t a l  t h i rd - l aw en t ropy  of the  substance.  Conf igurat ional  
en t ropy  can also be ca lcu la ted  f rom considera t ions  based  on simple solut ion 
theory ,  as shown below, when the  Al /S i -d i s t r ibu t ion  is known.  

Table 4. High-temperature thermodynamic properties o[ (maximum) microcline 

T ~ 

298.15 

400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 

HOT-- H~9 s S~ ~ ~ --(GT--H29s)/T 
(kcal gfw -1) (ca1 (leg -1 gfw -1) (cal deg -1 gfw -1) 

0.000 52.47 52.47 
• • 

5.500 68.28 54.53 
11.550 81.76 58.66 
17.950 93.42 63.50 
24.800 103.97 68.54 
32.000 113.58 73.58 
39.400 122.29 78.51 
46.900 130.19 83.29 
54.500 137.44 87.89 
62.200 144.14 92.31 
70.000 150.37 96.52 
77.900 156.23 100.59 

~H~, ~ ZG~ 

(kcal g~w -1) 

--946.265 --892.817 
0.930 ~ 0.970 

--947.146 --874.504 
--947.032 --856.210 
--946.753 --838.073 
--946.189 --820.001 
--945.428 --802.026 
--944.618 --784.144 
--946.370 --766.150 
--964.439 --747.152 
--963.325 --727.454 
--962.164 --70%836 
--960.950 --688.315 
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Table 5. High-temperature thermodynamic properties o] (high) sanidine 

T ~ 

298.15 

400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 

H~,--H~9 s S~ --(G~--H~os)/T 
(kcal g~w -1) (cal deg -1 gfw -1) (cal deg -1 gfw -1) 

0.000 56.94 56.94 
~:1.00 • 

5.500 72.75 59.00 
11.550 86.23 63.13 
17.950 97.89 67.97 
24.800 108.44 73.01 
32.000 118.05 78.05 
39.400 126.76 82.98 
46.900 134.66 87.76 
54.500 141.91 92.36 
62.200 148.61 96.78 
70.000 154.84 100.99 
77.900 160.70 105.06 

~HT, T zaT, T 

(kcal gfw -1) 

--944.378 --892.263 
~: 0.930 -4- 0.980 
--945.259 --874.405 
--945.145 --856.558 
--944.866 --838.868 
--944.302 --821.243 
--943.541 --803.715 
--942.731 --786.280 
--944.483 --768.733 
--962.552 --750.182 
--961.438 --730.931 
--960.277 --711.760 
--959.063 --692.686 

The  l a t t i ce  p a r a m e t e r s  of the  low-alb i te  s tud ied  b y  WALD~AVM and  I~OBIE (1966) 
given in  Table  7 ind ica te  i t  to  be  h igh ly  ordered,  if no t  comple te ly  ordered  wi th in  
the  l imi ts  of de tec tab i l i ty .  Thus  the  va lue  of K~LL~u et  al. (also for Amel ia  
Mbite) can  be a d o p t e d  for  $2os-15 (low-albi~e)" Similar ly ,  the  X - r a y  d a t a  indica te  t h a t  
t he  hea t ed  Amel ia  a lb i te  is comple te ly  d isordered  (or ve ry  nea r ly  so). Hence,  we 
ob t a in  t he  eonf igura t iona l  e n t r o p y  f rom the  re la t ion :  

S~fg= - - R  Xi (Nsi  In N s i §  NAI In NAl) 
= 4.47 cal deg -1 gfw -1 

where  i is t he  n u m b e r  of A1-Si c rys ta l lograph ic  si tes (4), NA1 is the  mole  f rac t ion 
of A1 in each si te (0.25), and  N s i  = I--NA1. Add ing  this  conf igura t ional  e n t ropy  

to  S298.15(low.albi~e ) we ob ta in  54.67 for  S298.15(high.albite ). This  ca lcula t ion  assumes 
that  the vibrational entropy of high-albite is equal to the calorimetric entropy of 
ordered low-albite at 298.15~ that  is, it assumes the vibrational properties of 

Table 6. High-temperature thermodynamic properties o] KAISiaO 8 glass 

T ~ 

298.15 

400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 

o o o HT--H298 ST 
(kcal gfw -1) (cal deg -1 gfw -1 ) 

--(a~ AH~ T ZGT, T 
(cal deg -1 gfw -~) 

(kcal gfw -1) 

0.000 63.28 63.28 
1.00 • 

5.542 79.20 65.35 
11.743 93.01 69.53 
18.341 105.03 74.47 
25.391 115.89 79.62 
32.772 125.74 84.78 
40.331 134.64 89.83 
47.988 142.71 94.72 
55.783 150.14 99.43 
63.777 157.10 103.95 
72.049 163.70 108.28 
80.702 170.12 112.48 

--933.276 --883.051 
• 0.910 -t- 0.960 
--934.115 --865.841 
--933.850 --848.655 
--933.373 --831.662 
--932.609 --814.767 
--931.667 --797.997 
--930.698 --781.342 
--932.293 --764.591 
--950.167 --746.854 
--948.759 --728.438 
--947.126 --710.133 
--945.159 --691.972 
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the feldspar structure below 298.15~ to be independent of Al/Si-distribution. 
The recent work of Ho~M and KLErrA (in press) shows that  changes in A1/Si- 
disorder appreciably affect the heat capacity of albite above 298.15~ This was 
somewhat unexpected inasmuch as there are no differences in symmetry or 
topology of the crystal structures or in the bulk compositions of high- and low- 
albite. In  view of HoT,M and KmE~Pa's results, it is likely that  low-temperature 
heat capacity measurements on high-albite will show that  the vibrational entropies 
of high- and low-albite at 298.15~ differ by several cal deg -~ gfw -1, hence the 
entropies in Table 2 are at best minimum values of the true third-law entropy of 
high-albite. 

Table 7. Lattice parameters o] end-member alkali ]eldspars studied in calorimetric investigation 
o/WALDBaU~ and ROBIE (1966). Cell dimensions in Angstroms; angles in degrees 

Material a b c ~ fl y 

Low-albite (Amelia, Virginia) 8.1414 12.7836 7.1571 94.233 116.592 87.680 
• • :~0.0011 • • :~0.015 

Microcline (Amelia albite heated 8.5836 12.9723 7.2238 90.619 115.924 87.650 
in fused KC1, 25 hours at 910~ ~:0.0016 • ~:0.0009 :~0.013 ~0.010 • 

High-albite(Ameliaalbiteheated 8.1627 12.8729 7.1141 93.545 116A60 90.131 
for668 hoursat 1060 ~ C) ~0.0020 :~0.0016 :t:0.0010 • • :~0.023 
Sanidine (high-albite heated in 8 .6079 13.0354 7.1817 9 0 . 0  116.012 90.0 
fused KC1, 24 hours at 910 ~ C) ~0.0012 • -[:0.0009 :~0.008 

To obtain the entropies of mieroeline and high-sanidine it is assumed that  the 
heat capacity data of KELLEY et al. (1953) represent the vibrational properties 
of both Al/Si-ordered and -disordered K-feldspars. The entropy of microcline is 
therefore taken to be 52.47 ~= 0.80 and for A1/Si-disordered high-sanidine, 
56.94 =L 1.00 cal deg -1 gfw -1. 
Combining these results with zJH}29s.15 gives the standard Gibbs free energies of 
formation of the crystalline end-member alkali feldspars in Tables 1, 2, 4 and 5. 
Auxiliary data for the elements were taken from the compilation of RoBIE and 
WALD~AV~ (in press). 
The melting point of high-albite is 1118~ at 1 arm (BoYD and ENGLAND, 1963). 
Using the high-temperature enthalpy functions in Tables 2 and 3 derived from 
the data of WroTE (1919), KELLY et al. (1953), and HOLM and KLEPPA (in press), 
the entropy of fusion of high-albite is calculated to be 9.75 cal deg -1 gfw -1 at 
l l l 8~  This result yields a third-law entropy of 62.95 ~= 0.60 cal deg -1 gfw -1 for 
NaA1SiaO s glass at 298.15~ 
Recent work of SPENOLEg and B g ~ I A ~  (1962) and LINDSLEY (1966) indicate 
that  the (metastable) congruent melting temperature of sanidine is approximately 

1 This value is in good agreement with the value of 9.3 cal deg-lgfw -1 at ll00~ for zJS m 
calculated by B o w ~  (1913) from experimentally determined crystal-liquid phase relations 
in the system NaAISi3Os-CaAl~Si~O s. However, this agreement does not imply confirmation of 
BOWU, N's conclusion that liquid and crystalline plagioclase solutions are ideal. Crystallo- 
graphic data indicate that plagioclase feldspars cannot be ideal solutions in the classical 
sense. The results in Bowel's Table4 suggest only that deviations from "ideality" are 
nearly the same for both crystal and liquid. 
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1200~ 40~ at  1 arm. Using this value and the high-temperature heat  capacity 
data of WHITE (1919) and KEnLEu et al. (1953) inTables 5 and 6, S~9s.15 (KAlSi,O,g]ass) 
is calculated to be 63 .28•  1.00 cal deg -~ gfw -1, and the entropy of fusion is 
9.98 cal deg -1 gfw -1 at  1200~ 
The above entropy values yield sufficient data  to calculate all the high-temperature 
thermodynamic functions in Tables 1--6. Procedures used in the calculations and 
in the assignment of uncertainties are given in ROBIE and WAL])]3AU~ (in press). 
Thus far, however, only the thermodynamic properties of pure end-member 
phases have been considered. WALDBAU~ and ROBIE (1966) also reported heat  of 
solution data on 12 highly ordered synthetic K-Na  feldspar crystalline solutions 
(mierocline--low-albite series). 
These data yield the following equation for calculating AH}, f (keal gfw -1) for 
microcline--low-albite solutions of intermediate bulk composition: 

AH}, ~ = NAb AH}, r (low-a]bi~e> ~- NOr AH}, z (microcline) 

+ 6.244 NAbN~or ~- 8.426 Nor N2Ab 

where Nab is mole fraction NaA1SiaOs, Nor is mole fraction KA1SizOs, and the 
s tandard enthalpies of formation of the end-members are given in Tables 1 and 4. 
The excess entropy of mixing of either microcline~low-albite solutions or 
sanidine--Mgh-albite solutions cannot be accurately evaluated with existing 
experimental  data  (T~oMeso~ and WALDBaUM, 1967). Hence, the Gibbs function 
for the binary system NaAISiaOs-KA1SiaO s cannot now be accurately calculated 
as a function of temperature,  pressure, and composition. Despite the present lack 
of data  on the thermodynamic mixing properties of alkali feldspars, numerous 
phase equilibrium calculations of interest to petrologists can be made with the 
data summarized in Tables 1--6. 

This research was supported in par~y by the U.S. Geological Survey, the Higgins Fund of 
Harvard University, and NSF Grant GA-1171. The author wishes to thank Drs. J. F. HAYs 
and R. A. ROBXE for reviewing the manuscript. 
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