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STANDARD FREE ENERGIES OF FORMATION
CALCULATED FROM DISSOLUTION DATA USING

SPECIFIC MINERAL ANALYSES

W. H. Huaxc AND W. D. Knr,r,on, Department of Geology,
Uniuerrity of South Florida, Tampa, Ftorida 33690

Assrnecr

standard free energies of formation (AGlo) for five primary rock-forming silicate
minerals were calculated from their dissolution in aqueous ,olrrtioor, using 1t; tne
actual mineral formulas derived from the chemical analyses of the specific mineral
samples, and (2) the ideal structural formulas of the minerals. AGT. (kcal/mole) is:

Olivine
Augite
Labradorite
Microcline
Muscovite

Actual Formula

-461 .6
- 6 7 9 . 4
-932.4
-887.  3

-  1399.9

Ideal Formuln

- + D 1 . 6

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

- 1 3 1 3 . 8

The standard free energy of formation for Fe(oH)+ was also carcurated to be
-52.58 kcallmole.

INrnooucrroN

Standard free energies of formation for minerals (aGr") have been
obtained (1) by theoretical calculation from mineral reactions (see
Raymahashay, 1968), (2) from calorimetric data (see King et al.,
7967), or (3) by calculation from aqueous solubility data (see Rees-
man and Keller, 1965; Kittrick, 1gZ0).In most cases, howeyet, AGT'
was calculated on the basis of ideal structural formulas of the minerals
rather than the actual mineral formulas as derived from chemical
analyses of the specific mineral specimens. since substitution of ions
in crystal structures commonly occurs in minerals, the mineral com-
positions usually do not conform to ideality. Therefore, free energy
data based on ideal formulas may be in error, and misleading when
applied to stability diagrams of minerals. The purpose of this paper
is (1) io calculate from aqueous solubility data standard free energies
of formation for minerals of specific composition from bulk chemical
analyses, and (2) to compare the difference in AG;" for a mineral cal-
culated from ideal and specific structural formulas.

Lesonerony Drssor,urrolr
Freshly fractured fragments of olivine, augite, labradorite, microcline, and

muscovite were equilibrated (or at least to an essentially steady state) at room
temperature in deionized water for periods of up to 21 days. The detailed experi-
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mental procedure and results were given in the paper by Huang and Keller
(1970). The rezults of the laboratory dissolution show that framework cations
from minerals were dissolved rapidly in the first 24 hours or so, a,nd then slowed
to give near-constant concentrations after 5 or 21 days. Hence, the concentrations
of cations at 21 days dissolution may be taken as "apparently" equilibrated con-
centrations although complete equilibrium can not be established.

Assulrprroxs eNn Car,cur,error.ts

The following steps and certain assumptions must be made to calculate AGr'
from aqueous dissolution data.
(1) Species in the solution. At 25"C and I atmosphere pressure, the distribution
of ionic species in water depends primarily on pII and the total concentration of
the cations. Since thermodynamic data and stability constants are a.vailable for
most solution complexed ions (Sill6n and Martell, 19&), it is possible to calcu-
late, if chemical equilibrium is assumed, the proportion of each dissolved species
of a specific element in the system, assuming that certain species are more
likely present in the system. The equilibrium concentration' of each species in
the system was calculated from (a) the pII of the solution (the activity of II*
was measured with glass-electrode pH meter) (b) concentration of each cation in
the solution in which a total of 144 solutions were analyzed for Si, AI, Fe, Mg,
Ca, K, and Na, reported as moles/iter in an earlier paper (Eluang and Keller,
1970), using the (c) constants of hydrolysis and dissocia.tion obtained from
SiII6n and Martell (1964). The validity of the calculation is based on the law
of mass action (Butler, 1964). For example, the calculation of each AI species
from the dissolution of labradorite is illustrated as follows (Huang, 1969):

pH : 6.83, total Al : 0.927 X 10-5 moles/liter, then

(1) H,O : H+ + OH-; [OH-] [H+l :  l ( ' ;K1 : 16-u o

(2) Al3+ + H,O : Al(OU;z+ * H+; [H+] [AI(OH)'+] : KulAl'+l

K5 :16- r  es

(3) AI3+ + 2II,O : A(OH),+ l2H+; [H+],[A(OH),+] : K6[A13+]

K6 :  lQ-a  se

(4) AI3+ + 4H,O : A(OII){- * 4II+; [H+]{A(OH)4-J : r4A1'*1

K7 : 1g-zz s

(5) 2AI3+ l2HzO : AIdOH)z+a * 2H+; [H+]'lAlr(OH)r+41 : KElAl3+1'z

/(t : 16-o ez

(6) Total Al : 0.927 X 10-5 : [A13-] + [A(OII),+] + [A(OH)2+]

+ [Al(oH)4-] + +2lAI(OH)'1+l

'Ideally, the equilibrium constant should be defined in terms of activity.
Since the solutions of this study were quite dilute, the equilibrium constants
were used for the calculations ih terms of concentrations as eouivalent to
activities.



tr54 W. H. HUANG AND W, D. KELLER

The results of simultaneous solution of the above six equations using an IBM
computer (360/65) are as follows:

lAls+l : 0.654 X 1g-to 6slesy'Iiter

lAl(OHP+l : 0.563 X 10-E moles/liter

[Alr(OH)zr+] = 0.408 X 10-rs moles/liter

lAl(OH)r+l = 0.804 X 10-5 moles4iter

lAl(OH){-l : 0.L22 X 10-6 moles/liter

Similar calculations were also made for ferrous iron, ferric iron, Mg, and Ca
species in the solutions (Euang, 1969),
(2) The activities of individual ions in the solution were then computed on
an IBM 360/65, using the Debye-Hiickel method.
(3) The solubility constant (K,) and standard free energies of rgaction (AG"')
were calculated. Assuming apparent equilibrium in the systems, the solubility
constants (K,) for aqueous dissolution of minerals sould be calculated from the
most probable chemical reaction of minerals in water (activities of minerals and
water are assumed unity). The change in free energy that occurred during the
the dissolution of minerals (AG,') was then calculated from the solubility con-
stants using the Nernst equation: AG," : -1.364 log K,, (kcal) (1). Since
AG," = > AGf (products) - > LGf (reactants) (2), standard free energies
of formation for the minerals (AG1" minerals) can be calculated from (1) and
(2), using known sta,ndard free energies of formation for other species in equa-
tion (2) (Table 1).

Rasur,rs AND DrscussroN

hr this paper the actual mineral formula which was derived from
the analysis of the specific mineral sample was used, rather than using

t bl€ 1. St.ndetd free eoergles of fo@tipn $ed

ts calculattng Acfo

tGfo
tdI/!ole

lesr%

errmf
erlonyi

rJ+

re(oE)+

!t2+

us(os)+

c"2*

!. '

e+

oE-

%o

-31,I.8

-216.1

-311.3

-2O.3O

-52.54

-108.75

-749.76

-7!12.35

-62.59

-57.47

-37.53

-56.72

ReeME End feller (1965)

Re@n et al (1969)

Ree@! Et al (1969)

noertrl €r sl (1952)

Crlculated fr@ sBblllty costlBt

LDgNtr (1968)

l€rrer (1971)

trltEutr (1968)

RorstEt et el (1952)

Ros.lDt et al (1952)

Seerun aod feuer (1965)

lllcks aod 31ock (1963)



FNEE ENERGIES QF FONMATION

teble 2 Amlyttcal  i lata and ect lvLttes of d16solved sPec(€s in the dlsaolqt iod

of nLnerels aElyzed'

(1) OLIVINE

pE = 9.55; lon{c strength -  5.26 x 10-4

1155

r
Ms(oH) '

2+

A1(oH);

Na-

Urs iO4

td2+

Fe(OU) 
'

OE

lroles/l iter

0.241 x 10-3

0.327 x 10-5

0,120 x 10-4

0,371 x  10-6

0.218 x  10-5

0.167 x 10-3

0.855 r 10-5

O.241 x !0-5

Activttv trog act'

0 . 2 1 8 x 1 o 3  - 3 . 6 6

0 . 3 1 8  x  1 g - 5  ' 5 . 5 0

0.108 s 1o-4 '4.92

o.362 x 10-6 4.44

0 . 2 1 3  r  1 0 - 5  - 6 . 6 6

0.167 x 10'3 -3,78

Q.722 t  Lo'5 -5.11

0 . 2 3 5 x I 0 5  <  - 3 . 6 3

LO-4.45 _4.45

(II) AUGI]E

pE = 9.62; lonlc strength = 5.11 x 10-4

uc(oB)-

+
Ie(08)2

A t (ofi),
2+

e
+

Na

E,  S iOZ

on-

-l.lolesl-Ulcl-

0,135 x 10-5

0.850 x to-4

0,128 x 10-4

0 . 3 7 1  *  1 o - 5

0.162 x 10-3

0.144 x 10-4

0 . 2 2 6  s  l o - 3

Act iv i tv LoE act-

o . 1 3 2  *  1 d - 5  - 5 . 8 8

o . 7 5 9  *  t 0 - 4  - 5 . 1 r

0 . 1 2 5  x  1 o - 4  - 4 . g o

0 . 3 6 2  x  r o - 5  - 5 . 4 4

s.146 x 10'3 -3.E4

0.111 r 10-4 -4"g5

0 . 2 2 6  x  1 0 - 4  - 3 . 6 5

1 0 - 4 . 3 8  - 4 . 3 8

(III) IABMDORITE

SDec i€s

Na-

7+
u -

K '

Ar(oE);

Ar,(or1)4

Fe(oH);

H,  S ioz

oH'

p R  -  6 . 8 3 i  i o n i c  s t r e n s t h  -  5 , 5 6  x  I 0  
5

l {o les /1 i !e r

0 . 1 2 7  x  1 o ' 4

0,2O2 x lo-4

0.132 x 10-5

O . 2 6 9  x  1 0 - l

0.8o4 x 1o-5

O , r Z Z  *  f g - 5

0-35i i  r  10-5

0.445 !  lo-a

Act iv ir i  l .oa a€t.

0 . 1 2 6  r  1 o - 4  - 1 . , 9 0

0 . 1 9 5  x  1 0 - 4  - 4 . 7 1

o - 1 2 8  x  1 o - 5  - 5 . 8 9

0 . 2 6 7  *  1 o - 5  - 5 . 5 7

0 , 7 9 7  r  t 0 ' 5  - 5 . 1 0

0 , 1 2 1  x  1 0 - 5  - 5 . g 2

0 . 3 5 3  c  l o - 6  - 6 . 4 s

0.445 r 10-a -4.35

1 6 -  7 .  1 7  - j .  r j
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T6bI .2  (cont inued)

(rv) HrcRocLlM

SDecles

K

Na?

A r (oE)4

H,S 10,

Activ i t t

0 . 2 1 5  r  1 o - 4

0 . 1 1 8  x  l 0 - 4

0 . 8 2 7  x  l 0 ' 4
- 6

0,809 r IO

0 . 2 3 1  x  1 0 ' 4

0 . 9 9 3  r  l o - 4

r 0 - 8 . 6 0

L o P  a c t .

- 4 - 9 3

-4 08

- 5  0 9

- 4 . 6 4

- 8 . 6 0

pf l  -  8 .60 ;  loo lc  a t rength  =  1 .99  x  lO

to le!r /1i ter

0.219 a 10'4

o,12O r lO-4

0,882 x 10-A

0 . 8 6 3  :  1 0 - 6

0 . 2 3 5  r  I 0

o.993 r tO-4

(v) MrrsctrrrE

pH -  1 .26 t  lon lc  . t rength  =  1 .23  x  l0 - (

Spec les

2+
Ca

Ma-  
'

Na

F e - '

Ar(of,),

A1(OE) ,

H/ S tO,

OH

Uole!/11ter

0.102 r lo-3

0.274 z ]10-6

0.489 r I0-5

0.109 r 10-4

0,483 x Io-5

0,908 r 10-4

0  3 3 1  x  l 0 - 5

0 . 1 5 5  r  1 0 - 3

Act lv i tY tros act.

o . l o t  r  r o - 3  - 3 . 9 9

0 . 2 6 0  x  1 o - 6  - 6 - 5 9

0 . 4 6 5  x  r o - 5  - 5  3 3

o . l o 8  r  r o - 4  - 4 . 9 7

o . 4 5 9  r  r o - 5  - 5  3 4

0 , 8 9 6  r  1 o - 4  - 4 . 4 5

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

o .  1 5 6  x  r o - 3  - 3 . 8 1

1 0 - 6 . 7 4  _ 6 . 7 4

an idealized formula for the mineral as previously has been done. The
analyses used were published in an earlier paper of ours (Table 1,
Huang and Keller, 1970) but each derived formula is presented below
in the dissolution reaction of each mineral. Analytical data and cal-
culated activities for the dissolution of the minerals are listed in
Table 2.

(I) Oliuine

(A) AGi" (olivine) in terms of the specific mineral formula.

(Mg' .se Fe.ro '*  Ca.o '  A l  o,  Na.o.)  SiOn + 3.19 HrO

: t.56Ms,* * o.o2Mg (OH). * o.olCa,*

+ 0.07A1(oH).- * o.o3Na* + H4 SiO4

* 0.16Fe'* * 0.04Fe(OH). + 3.48(OH)-
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K" : [Mg'*]' 'uu [Mg(OH)*]o'o' [ca'*]o'o' 1Al1oH)n-Jo'o'

[Nr*]o' 
o' 

[HnSiOo] [Fe'*10''u [Fe (oH, *ro' on 
1oH-l' ' "

Then, log K" : -26.91.

o*' 
:'- -:;:"#:'l;:, 

o"" (reactants)

LG,o : - 1.364 log K,

AGyo (olivine) : -42+.97 + 1.36+ log K.
: -461.6 kcal/mole

(B) AGr" of olivine based on the ideal structural formula in which

the Mg:Fe ratio was determined by X-ray and optical

analyses.

(Mg,.o F"o.n'*) SiO4 + 4IJ2O : 1.58N[g'* * 0.02Mg(OH)-

+ HnSiO, * 0.31Fe'* * 0.09Fe(OH). + 3.89OH-

Following the same procedure as in (A),

AGlo (olivine) : -457'8 kcal/mole; where K' : 10-2e'r

The difference in AGr" by the two calculations is 3'8 kcal/

mole, which might become significant in determining relative

stabilities of minerals in some particular geologic systems'

In Figure I are plotted the standard free energies of formation for

forsterite (N{s,SiO.) and fayalite (FerSiOn) (Robie, 1966; King et al',

1967), and for the olivine of this study. The position of our value,

intermediate between the end-member values, adds confidence to AGTo

values obtained by dissolution.

(II) Ausite

(A) AGl' (augite) in terms of the specific mineral formula.

(Mg.un Fe.,nu* Ca.nu Al.o,  Na.on) (Sir .n"Al.o.)  06 + 5.93HrO

: 0.01Mg(OH). + 0.58Mg'* * 0.24Fe(OH),"

+ 0.11A1(OH).- * 0.95Ca'* +0.04Na* +1.92II"SiO4+3.24(OH)-

Following the same procedure as for olivine,

AGlo (augite) : -679.4 kcal/mole; where K, : 10-40 z

The value (-679.4 kcal/mole) just lies between the values
for diopside (-725.5 kcal/mole, from Robie, 1966; and
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-725 kcal/mole, from Reesman and Keller, 1965) and
clinoenstatite (-349.4 kcal/mole, from Robie, 1966; and
-350.6 kcal/mole, Reesman and Keller, 1965).

(B) No ideal structural formula is available for augite because
of its complex composition.

Ms2SiO4 % FOBSTERITE

0

Fe2SiO4

g
o
E
E .400.0
Y

c,

' Fra. l. Standard free energies of formation for the olivine mineral group and
those calculated for our sample using ideal and actual formula. The varues,
-329.4 kcal/mole for Fe,SiOe, and -491.9 kcal/mole for MgaSiOq are obtained
from Robie (1966); -490.6 kcallmole for Mgasior from King et at. (lw).

X OLIVINE (ACTUAL f . }

o OLIVINE ( IOEAL f . l
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(III) Lahrad,orite

(A) AGr' of labradorite from the specific mineral formula.

(Na.ro Ca.un Mg.o, K.or) (Sir.se Al,.5u Fe.ort*) Or * 7.88HrO

: 0.40Na* * 0.59Ca'* * 0.03Mg'* + 0.01K*

+ 1.37AI(OH),* * 0.19A1(OII)4- * 0.02Fe(OH),*

+ 2.39H4SiO4 + 2.85OH-

Then, AGyo (labradorite) : -932.4 kcal/mole; where K. :

10-44. r

(B) AGr' (labradorite), ideal structural formula

(Na..o Ca.oo) (Sir.n Alr.u) O, + 8H,O : 0.40Na*

* 0.60ca'* + 1.4A1(oH),* + 0.2A1(OH).- + 2.4H$iO4 + 2.8OH-

Then, AGro (ideal) : -931.1 kcal/mole;where K. : 10-n''6

(IY) Miuocline

(A) AGro of microcline from the specific mineral formula

(K.u, Na.22 Ca.s6 Mg.'r) (Sir.o, Al'. 'n) O' * 8.07HrO

: 0.61K* * 0.22Na* * 0.06Ca'* * 0.02Mg'*

+ 1.14A1(OH)4- * 2.86Ir4SiO1 + 0.15H"

Then, AG1" (microcline) : -887.3 kcal/mole; where K. :

10_22.4

(B) AGr' based on the ideal structural formula of microcline.

KAISLOT + 8Ir,O : K* + A1(OH).- + 3H4SiO1

Then, AGlo (ideal) : -892.6kca|/mole;whereK. : 10-21'ao

The difrerence in AGyo for microcline by the two calculations
is 5.3 kcat/mole. The AGr' (-892.6 kcal/mole) for microcline
in terms of ideal structural formula, however, agrees with
the value of AGro - 892.8 kcal/mole for microcline reported
by Walbaum (1968).

(V) Muscoaite

(A) AG/' of muscovite from the specific mineral formula. This is
rather complex since ion substitution occurs extensively in
naturally occurring muscovite.
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(K.sn Ca.og Mg.66 Na.61 Fe.rr '*) (Alr.rr) (Sir.rnAl.16) Oro (OH),

+ 10.85HrO : 0.84K* * 0.08Ca'* * 0.06Mg'9* * 0.01Na*

+ 3.05A1(OH),* * 0.13A1(OH)4-

* 0.23Fe'* + 3.14H4SiO4 + 4.51OH-

Then, AGyo (muscovite) : -1399.9, where K" : 10-62'r

(B) AGro based on the ideal structural formula of muscovite.

KAt,(AlSi,)o,o(oH),.

KAl,(AlSi3)o'o(oH), + 10H,o : Kr + 2.9A1(OH),*

+ 0.lAI(oH)n- f SHnSiO. + 3.8OH-

Then, AGyo (ideal) : -1313.8; where K, : l$-u'E

Our data on AGro for muscovite of ideal structural formula
(- 1313.8 kcal/mole) is higher than the reported data of

1330. I kcal/mole by Barany (1964) and - tB2B.7 kcallmole
by Reesman and Keller (1965). Nevertheless, the standard
free energy of formation for muscovite of specific mineral
formula is a larger negative quantity of AGlo than of ideal
structural formula. This suggests that actual muscovite,
as in this study, is more stable thermodynamically than has
been assumed for a muscovite of ideal formula.

UNcnnrlrNuES AND Possrsr,n Ennon

The values of AGy" ealculated from dissolution data on specific
mineral samples are subject to certain uncertainties and possible
sources of error, some of which presumably compensate one another
because these values of AGro agree well with those obtained. by other
methods of determination. First, the bulk chemical analysis of the
mineral sample, from which the specific mineral formula is calculated,
is subject to analytical errors as were described for G-l and W-1.
Second, the chemical analyses made of the ions dissolved from the
minerals during reaction may be in error analogous to those of G-l
and W-1. Third, the standard AGro of ions used in the calculations
have uneertainties of +0.1 to 0.8 kcal mol-1. Fourth, error in the
fractional mols of HrO, for example, required for reaction of the
specific-mineral formula (ealculated from its composition) wilr affect
the calculated AGT' of the mineral by a factor of ET,Lhe aGlo of H2O.

Thus, if emors from analytical and standard data were, say one per
cent, on the plus side for all possible variables, its total effect would



FREE ENERGIES OF FORMATION

I a l l e  3 r  A  c d F l i s o n  o f  3 t s n d 6 ! d  f r e e  e n e l B i e s  o f

f o t r t i o q  f o r  n i n e r a l 6

(kcaUdole)

(1971)

1161

-46I.6
-455.9

-932.4
- 9 3 1 . 1

- s 7 , 3
-492.6

-1399,9
-1313.E

-892.8  (warbaw,1968)
-89 I .3  (Rees6sn and Ke l le ! '1965)

-1330.  I  (B lany ,1964)
-1328,7  (R€es@n and Ke l le ! '1955)

c a l c u l a t l o n  b s s e d  o n  a c t u a l  D i n e r a l  f o t u u l a  f r f t  b u l k  a M l v s e s

c . l c u l a t i o n  b a B e d  o n  i d e a l  o l n e r a l  f o m u l a

be disastrous to the method. The probability, however, of this occur-

ring among all of the multiple data from the bulk analysis, the solution

analysis, the computed speciflc-mineral formula, and the standard

values, is exceed.ingly low. The fact that AGlo values calculated from

dissolution data agree reasonably well with values determined by other

procedures suggests that the possible errors in the dissolution method

tend to compensate one another, and add confidence to the validity

of the dissolution method.
A summary of the AGT. of the minerals examined by us are com-

pared with those of others in Table 3. AG1" calculated for microcline

and muscovite from specific analyses are larger negatively than those

based on ideal structural formulas, although the AG1' from ideal

structural formula for microcline agrees well with previously reported

values.
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