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Gibbs energies of formation of zircon (ZrSiOo),
thorite (ThSiO4), and phenacite (BerSiO).
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Abstract

Zircon, thorite, and phenacite are very refractory compounds which do not yield to solution
calorimetry. In order to obtain approximate Gibbs energies of formation for these minerals,
their reactions with a number of silica-undersaturated compounds (silicates or oxides) were
studied. conversely baddeleyite (zror), thorianite (Thor), and bromellite (Beo) were reacted
with the appropriate silicates. As the Gibbs energies of reaction of the undersaturated com-
pounds with SiO, are known, the experiments yield the following data: A Gor"., , b,": - 459.02
+ 1.04 kcal for zircon, -489.67 * 1.04 for thori te, and -480.20 * l .0l  for phenacite.

Introduction

Solution calorimetry is of l i tt le value to obtain the
enthalpies of formation of zircon, thorite, and phena-
cite because oftheir refractory nature. It was decided,
therefore, to carry out a number of experiments of
the k ind

CaTiOs * ZrSiOr =ZrO, * CaTiSiO,

As the Gibbs energy of the reaction CaTiO3 + SiO,
- CaTiSiOs is known (: - 7.1 kcal), whether the
Gibbs energy for the reaction ZrO, l- SiO, - ZrSiOo
will be larger or smaller than - 7.1 kcal depends on
the direction in which the first reaction proceeds. An
essentially similar approabh was used by Schuil ing
and Vink (1967), in their determination of the Gibbs
energy of formation of sphene.

By repeating the procedure with different sil icates
or oxides, for which the Gibbs energies for the sil ica-
tion reactions are known, it is possible to determine
an interval for the Gibbs energies of reaction of ZrO",
ThOr, and BeO with SiO, in forming their respective
sil icates. *

Experimental

For these experiments the synthetic compounds or
natural starting materials l isted in Table I were used.
A microprobe analysis of the natural olivine gave
( M g o . n ' F e o . o r ) r S i O 1 ,  a n d  o f  t h e  e n s t a t i t e ,
(Mgo.r.Feo.or)SiOr.

Table 2lists the Gibbs energies of reaction for the
reactions involved in this study. Inasmuch as the
experiments were carried out at 1000 K and I kbar,
the thermodynamic data at 1000 K. I atm as tabu-

lated by Robie and Waldbaum (1968) were corrected
for pressure, neglecting the temperature dependence
of A,V, by means of the formula

A G," , rooo ^,  :  A G(r . , - , rooo n I  PAVoesy r<1 ( l )

The forsterite and enstatite used in the experiments
are considered to be ideal solid solutions between
respectively forsterite and fayalite, and enstatite and
ferrosil i te. The Gibbs energy of formation of ferrosi-
l i te at 1000 K, I kbar was calculated by means of the
data of Lindsley (1965) and Lindsley et al (1963).The
unit cell parameters of the albite, kept at 1000 K and
I kbar (P"c) during at least two weeks, are in good
agreement with those of high albite as given by Wald-
baum (1968).

The exper imenta l  procedure was as fo l lows.
Stoichiometric mixtures of ZrO2, ThOr, or BeO with
the reactants on the right hand side of Table 2, and
mixtures of ZrSiOo, ThSiO4, or BerSiOr with the reac-
tants (without quartz) on the left hand side of Table 2
were used as starting material. Approximately 100
mg of these mixtures, to which l0 mg HrO was
added, were put in gold capsules of 2 cm length and
2 .8  mm d .

The gold capsules were welded shut and put into
standard -1" inner diameter cold seal vessels (Ulmer,
1971). The vessels were run in the vertical upside
down position, in which the gold capsules are kept at
the hot spot by supporting fi l ler rods. The pressure
medium was argon. Run duration varied between 2
and 12 weeks (see Table 3). As the experiments are
sol id-sol id  react ions of  the go- ,  no-go type,
temperature and pressure control is not of crit ical
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Tlsls l. Compounds Used in the Experiments
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f h a n i  a  a  I

ComDound Abbrevlacaon'  r o r n u r a

TAsr-r 3. Results of ExPeriments
at 1000 K, I  kbar

Loca l l t y
Star t lng
Material

Produc ts
Run

Duration
(weeks)fo rs te r l te

ens ta t i te

nepheline

a lb i te

perovsk i te

sphene

leuc l te

K-feldspar

zl.nc lte

wLlleElte

baddeleylte

zircon

bronell lte

phenac lte

thor lan l te

thor l te

l,lC 
2S104

MgSlo3

NaA.lSIOO

NaAl Si308

CaT10,

CaTis lo5

KAlS1206

KAtS1308

ZaO

ZnTSLOO

ZrOz

ZrSLO,.

BeO

Be2SlO4

Tho2

Thsto /

Naxos ,  Greece

Banle, Norway

synthetlc

Ane l la ,  V i rg ln ia
u . s . A .

Ontar io ,  Canada

Laacher  See,
West GerMny

synthetlc

Aachen,  West
GerMny

synthetic

North Carolina
u . s . A ,

synthetlc

Kragerii, Norway

synthetic

zr + Ic bad
bad + kf bad
zt + zn bad
bad + wil bad
zr + nef zr

bad + ab zr
zr + pvs bad
bad + sph bad
z t + f o  z r
bad + en zr

thn + kf
thn + wil
thn + sph
th + pvs
t h + f o

thn + en
th  +  ne f
thn + ab
thn + ab

f o

en

nef

ab

pvs

sPh

1c

z t

wf1

3
3
3
3

I 2

L 2
3
3

L 2
L 2

L 2

2
L 2

4

4

3
3bro +

bro +

b a d

zt

+ k f + z r + l c
+ k f
+ w i l + z t + z n
* wil

+ nef

+ n e f + b a d + a b
+ s p h + z r + p v s
+ sph

+ f o
+ f o + b a d + e n

thn + kf
thn + wi1
thn + sph
t h n + 6 p h + t h + p v s
t h + f o

t h + f o + t h n + e n
th * nef
thn + ab
t h + n e f + t h n + a b

bro + sph
b r o + s p h + p h e n + p v s
bro + kf
p h e n + f o + b r o + e n
phen + fo

a b + p h e n + n e f

bro

phen

thn

rh

bro
phen
bro
bro
phen
bro
phen

+ sph
+ pvs

+ k f
+ e n

+ f o
* a b

+ nef

importance, as it is in equil ibrium experiments. A

combination of all possible errors and frequent
checks showed that temperature variation was less

than l0oC, in most cases less than 5o, whereas pres-

sure variations were commonly less than 50 bars.
After termination of the runs these were quenched,

and after a control weighing for possible leakage

during the run, the run products were analyzed by X-

ray diffraction with a 4-sample Nonius-Guinier cam-
era. This set-up has a better detection limit than
diffractometry, and permits a direct comparison of

starting material and run products. Although none of

the samples had reacted to completion, in all cases
the direction of the reaction could be determined

unambiguously. No inconsistent results were ob-

tained: i.e.. if a certain mixture showed a reaction, the

TnsI-e 2. Gibbs Energies of Reaction of

the Relevant Reactions at 1000 K, I kbar

( f )  f o o . n r f a o  
. O g  

*  c ' - z  -  2  . r 0 . 9 1 f r 0 . 0 9  - 1 . 3 7  k c a l

( z )  r o o . n r t " o  
. 0 2  

*  q t z  *  2  u r ' . 9 8 f r 0 . 0 2  - 1 . 5 5  k c a l

reverse reaction was never observed' Table 3 summa-
rizes the results of all the experiments.

Discussion of results

By combining the data of Table 2 with the results
obtained in Table 3 it can be seen that

ZrO, I SiO, ---+ ZrSiOr -5.28 ( AGlr6oor,i ru".)

I -3.42kcal

Tho,  + Sio,  -> Thsio4 -5.28 < ac(ro00K,1kb. . )

2BeO * SiO, -> Be, SiOn

I  -3.42kcal

-  3.42 (  AG,,ooo*, t  *ou.)

(  -  1 .55  kca l

These values must be converted to values at 298 K

and I bar. The pressure correction for all three reac-

Tlsr-r 4. Gibbs Energies of Formation
of Zircon, Thorite, and Phenacite

Substance
LG'(2gg 

K, 1 atn)-
(s)  % nur
(+) p"'
(s)  r "
(e)  z  zn

+  a + z  +  7 z  q h-  a - _

+  d f 7  +  e n h
a - -

+  ^ f  ,  +  1 ! +'  i " -

+  q t z  +  w i l

- 5 . + Z  K C a r

- 5 . 2 8  k c a l

- 5  - 5 0  K C a t

- 7 .62  kca l

zircon (zrslo4)

rhorire (Thsio4)

phenaclte (BerSiOO)

459 ,O2  +  1 .04  kca l

489 .67  t  1 . 04  kca l

480 ,20  +  1 .01  kca l
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t ions was done by means of  Equat ion (1) ,  as a l l  the
molar volumes of the participating solids are known.
To correct for temperature, if the temperature de-
pendences of the AS were known, one should use,
according to Robie (1965),  the formula

AGo, :  6gor ,  ,  ^^  (G",  -  I lornr),e t rA --f (2)

As a matter of fact, these data are not available for
any phases except those in the zircon reaction, which
was treated accordingly. For thorite and phenacite
the data were reduced by means of the formula

L G"r,, : A Gorr",p- A S(f - 298) (3)

in which the temperature dependence of A S is ne-
glected. An additional diff iculty arose with thorite
because its entropy is not known. We have thus as-
sumed that the entropy of reaction of

thorianite + quartz - thorite

would be the same as for the reaction

baddeleyite I quartz - zircon

because the participating phases in both cases are
crystallographically similar.

The reduction of the thermodynamic data at 1000
K and I kbar to standard conditions by means of
Equat ions ( l )  and (2) ,  or  ( l )  and (3) ,  leads to the
following results:

ZrO, I  S iO,  - -+ ZrSiO+ -6.80 (  AG12es6,1u1-)

<  - 4 . 9 4

ThO, + SiO,  - - -+ ThSiO4 -6.51 (  AG12es6.1,1-1

< -4 .65

2BeO *  S iO,  - -+  BerS iOn -4 .25  (  AG12es6,1 .1-y

The combination of these data -,,n ,n"i;'":
dynamic data for the simple oxides leads to the
results of Table 4.
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