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Arsrnecr

Solid solutions of the two end mennbers magnetite and hercynite are common
oxidation products ol alurninous iron silicates. Activity coefficients for both componenff
may be derived from the solvus in the system Fe3oa-FeAl2oa. It is then poriiblu to
calculate oxidation equilibria irwolving almandine, iron cordierite, sillimanite, and pure
rnagnetite from experimental data.

Inrnonucyronr

At high temperatures, the oxidation products of aluminous silicates
commonly include solid solutions of magnetite and hercynite. The exis-
tence of a solvus in the system Feuon-FeAlron indicates that these solu-
tions are non-ideal. consequently, thermodynamic calculations in the
system Siq-AlrOa-FeO-O should involve activity coefficients. These may
be derived frorn the solvus. It then becomes possible to calculate the
standard free energy changes of several experimentally determined re-
actions and by linear combinations obtain standard free energy changes
of other reactions of interest. This information allows the calculation of
phase-relations in the system SiOr-Al2Os-FeO-O. Essentially this proce-
dure represents an extrapolation of relatively high temperatures experi-
mental data to lower temperatures. This is of particular significance
because, in the prcsence of quertz, the only stable oxide phase at lower
temperatures is nearly pure magnetite. Thus it becomes possible to cal-
culate oxidation reactions at metamorphic conditions involving almanding
iron cordierite, sillimanite, and pure magnetite.

Drnrver:ow or Acrnrrry Corrrrcrrxrs

The unit cell of the spinel shucture contains 8 cations in 4-fold co-
ordination (A positions) and 16 cations in 6-fo1d coordination (B posi-
tions). In most spinels, rhe structure conforrns closely to either one of
two types of cation distribution :

normal : 8 R+ * h.A, 16 R+ + + in B
i n v e r s e :  B R + + +  i n  A , 8 R + +  a n d  8 R + + +  i n  B
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The magnetite structure is close to inverse, whereas in hercynite the

cation distribution is essentially normal (Navrotsky & Kleppa 1967).

Accordingly, their formulas may be written as Fe+++1Fe++Fe***)On
and Fe++(Alr)O . The regular variation of the unit cell dimension with

composition (Turnock & Eugster 1962) suggests that there is a gradual

change of structure in magnetite-hercynite solid solutions. In solutions,
mixing of atoms in the two lattice sites would be expected rather tlan
mixing of FeuO, and FeAlrOn formula units. As an approximation,

magnetite and hercynite will be regarded as a binary solution of iron

and aluminum atoms in the B positions, i.e. Feo.uFeO, 4nd Feo.uAlO, will
be treated as the two components. Since such a model neglects mixing in

the A positions and varying ratios of F"* * 
/ Fe+ + + in the B positions,

Molc  Fros l lon  o l  HcrcYn l lc  X6o

Frc. 1. Variation of activity coefficients with composition.
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large deviations hom ideality are not surprising. These will be accounted
for by activity coefficients derived from the solvus.

. Thg.activity of a component in solution may be defined by the re-
lationship p : p* + R" ln a, where p is the chemical potential of the
component in solution at stated pressure and temperature, p* is the
chemical potential of the pure substance in a specified structural state
and at the same pressure and temperaturg and a is the activity. It is
convenient to relate the activity to the mole fraction x by means of the
activity coeffcient y, such that a:^{X,

- At constant pressure and temperature, activity coefficients are functions
of composition. In a binary solution, a fairly simpll relationship is c.ommonly
observed, e.g. as shown in Figure 1. It is convenient to express this function
empirically as a power series in (1-x) where X is the mole fraction
ol the component in question, as suggested by Margules (1895). Designa-
ting the component Feo.uFeO, as mt and the component Feo.uAlO, as hc,
it is possible to write

lnynt: l-r(1 -Xd) f o_r(1 - X_r), * 0_r(l -X-t) '+ ...

lnyr"  -  
\ " (1-Xh")  *  oo"( l  -Xo") ,  *  0o"(1-Xh") ,  +. . .

This empirical relationship is consistent with two limiting laws; at X:1,
lny:0 (Raoult 's Law) and at X:0, lny:constant (Henry,s Law).
Furthermore, the two activity coeficients must conform to the Gibbs-
Duhem equation

If the power series are limited to three terms, this requires the following
relationship between rhe consrants (see Denbigh 1g66, p. 240) :

L r :  \ . :  0

ohc :omt+3/2p , *

0o": - F-,

Designating lny*, at X; - 0 by M and lnyo" at Xo": 0 by H, it follows
that

M: o_1 * 0_t

H: oo"* 0o": u^r* YzF*

o,(k)".*o"($ry')*.:o
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Following the method of Carlson & Colburn (1942), it is possible to

express the constants in the two pos/er series in terms oI M and H :

1ny- t  :  QH -M) ( l  -  X-r ) '  +  2(M -H) (1 -X*t ) '

ln io" :  QM-H) (1 -Xh") '  +2(H -M) ( l  -  Xh") '

If two solutions are at equilibrium, the chemical potential of each com-

ponent must be equal in the two phases :

F-J: F-rtt

l&"t - lh"tt

or

p[, 1 R?ln(yx)|", : Ff't f RTln(yX) fi,
puf" + Rrln(yX)|" : pil" + Rrln(yX) 1"

where pl is the chemical potential of pure Feo.uFeO, with an inverse

structure and pf" is the chemical potential of pure Feo.uAlO, with a

normal structure. Because p[. and pf" cancel and X-t: l-Xo" the

equations reduce to :

ln(1 -X[" ) + lnYl, :  ln(1 -X[: ) * lnV'i ,

lnxl"+ lny[": lnXI[f lnYfl[

Substituting the power series expressions for the lny terms, the following

equations are obtained :

1n(1 - XL") + l(2H - M)(Xo")', + 2(M- H) (Xl")' l

: ln(l - xf") ' + l(zH - M) (X11")' + 2(M- n) (Xil ) ' l

1"X[. + L(2M -H) (1 -X[" )" + 2(H - M)(1 -XL)']

:  lnx* + l (2M-n) (1 -X*) ' ,  + 2(H -  M)(1 -Xf i  ) ' l

These two simultaneous equations may be solved lor Il and M at various
temperatures and at 2 kb because the compositions of the tw-o coexisting
phases, X[" and Xfl, are known from the solvus determined by Turnock

& Eugster (1962). It was found that, in the temperature range 600-900oC,
f{ and Mvary linearly withlfi (T in oK), as follows:

,:+-0.s6

M:+_o.zo
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Knowing H and M at any given temperature, it is possible to calculate
the variation of the activity coefficients and of the activities with com-
position (Figs. I and 2). It is obvious that fixing the activity of one com-
ponent also determines the activity of the other component. solutions
having compositions in the range of the miscibility gap are not stable;
the corresponding activitis are shown as dotted lines in Figure 2.

It has been pointed out by Green (1970) that the values of activity
coefrcients derived from phase diagrams depend on the solution model.
At present, there is no guidance available from thermochemical data in
the choice of a solution model for magnetite-hercynite solid solutions.
Although the two-constant Margules model loay not be the mosr appro-
priatg it has the advantage of simplicity.
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E:rpsRrlvlrNrer. Wom IN TIIE Svsrrm SiOr-AlrOs-FeO-O

Various phase relations in this system have been determined experi-

mentally at oxygen fugacities controlled by bufrers. In the present paper,

oxygen fugacities have been calculated according to formulas given by

Eugster & Wones (1962) for magnetite-wustite, by Wones & Gilbert

(1969) for quartz-fayalite-magnetite, and by Huebner & Sato (1970) for

nickel-nickel oxide. The experimental results are listed in Table 1.

Because all experimental work was carried out at a pressure of 2 kb,

it is convenient for subsequent calculations to define the standard state

of solids as the pure substance at a pressure of 2 kb. The standard state

of oxygen, however, remains at a fugacity of one bar. The standard free

energy change AGo, for various reactions, at a given temperature, was

calculated from the relationship

AGo : - RTInK

where K is the equilibrium constant expressed in fugacities and activities.

Reactions referred to in this paper are listed in Table 2. All phases,

except magnetite and hercynite, are regarded as pure substances. There-

fore, the equilibrium constants are expressions of only three variables

at the most, the fugacity of oxygen and the activities of Feo.uFeOr(a*)

and of Feo.uAlOr(4.o"). The appropriate form of each equilibrium constant

is apparent from the reaction equation. Cordierite has been treated as an

anhydrous phase because water is present as molecular HrO rather than

in the form of bonded (OH) groups (Schreyer & Yoder 19il).

FIsu (1963) reports the invariant point quartz-almandine-hercynite-

cordierite-fayalite at 875oC and at an oxygen fugacity slightly higher than

that of the magnetite-wustite bufier. Accepting a value of logf6r:-I5.2,
the activity of Feo.uFeO, in the spinel phase may be obtained from re-

action (1), AGo of this reaction being known from the data of 
'Wones

Tasls 1. ErernrMsi.ITAL Dera II'l rns SvsT EM SiO2-Al2Os-FeO-O (at 2 kb)

Coexisting phases TOC Oxygen
bufier

Reference

quartz-almandine-hercynite-
cordierite-fayalite

quartz-almandine-hercynite-
magnetite

q u artz-alm and ine-hercynite-
cordierite-magnetite

quartz-sillimanite-
herclnite-cordierite

- MW llsu (1968)

Ozu llsu (1968)

- Ozu Rutherford & Eugster (1967)

OFM Richardson (1968)
NMO Rutherford (1970)

875

727

700
u15

750
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& Gilberr (1969). Since the:activity-composition relations for both com-

ponents have been calculate{, this also determines the activity of Feo.uAlOr.

Knowing log fo, and the activities of Fe^.oFeO, and Feo.uA1O, at 875oC,

it is possible to calculate AG" of reaction (2). Hsu (1968) equilibrated

quartz f aknandine f hercynite f magnetite at 727"C and log fo, defined

by the quartz-Iayalite-magnetite buffer. The coexistence of hercynite and

magnetiie determines their composition and, thereforg the activities of

both components. Thus AGo of reaction (2) .muy be calculated at 727"C.

I
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l"o.stoo2 , .O.gA l02



OX]DATION OF ALMANDINE AND IRON CORDIERITE 999

Rutherford & Eugster (1967) reporr the invariant point quarlz-
almandine-hercynite-cordierite-magnetite at 700oC. Again, the coexistence
of magnetite and hercynite determines the activities of Feo.uFeO, *d
Fgo.uAlQ. The assemblage quartz-hercynite-cordierite observed at 8Z5oC
and 700oC allows the calculation of AGo of reaction (3) at these two
temperatures.

From AGo of reaction (3), the activity of Feo.uAlO, may be calculated
at 750oC; this also determines the activity of Feo.oFeOr. euartz, sill!

P '  2 k b  . . '
co! iou18 !ro loz lgr,r . '

M o l e  F r o c l l o n  o l  H c r c y n l l o  X 5 .

Ftc. 4 Equilibria at relatively high oxygen fugacity.
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manite, hercynite, and cordierite coexist at B75oC and log fo, defined by
the quartz-fayalite-magnetite buffer (Richardson 1968) and at 750oC
and logfo, defined by the nickel:nickel oxide bufier (Rutherford 1970).
This permits the calculation of AGo of reaction (4) at these two ,tem-
peratures. Reaction (5) is obtained by combining reactions (2) and (4).

Reactions (1) to (5) may be shown on T-X diagrams, plotting tem-
perature against spinel composition (Figs. 3 and 4). Reactions (l), (2),
and (4) are rep{esented by contours of log f 

" 
in a field. Reactions (3)

and (5) plot as lines, limiting the stability of spinel in the presence of
quartz.

Cercularso Pnasr Rnr,errons

The standard free energy changes derived for reactions (1) to (4)
from experimental data are based on the assumption that AGo of a
reaction varies linearly with temperature and that the spinel solid solu-
tions conform to the imposed solution model. Other reactions of interest,
e.C.(5) to (12), are linear combinations of reactions (1) to (4). The
equilibrium temperatures of reactions (6) to (12) at specified values of
l"g fo, may be obtained from various intersections between reactions
(l) to (5) shown in Figures 3 and 4. Thus reactions (6) to (I2) are
readily uansposed to a diagram of logfo, plotted against 1/T (Fig. 5).
Also shown on this diagram is the spinel solvus. It is interesting to note
that at high temperatures, cordierite is stabilized relative to alnandine f
sillimanite f quartz, in contrast to direct experimental determination (Ri-
chardson 1968).
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