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THE OXIDATION OF ALMANDINE AND IRON CORDIERITE
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AssTRACT

Solid solutions of the two end members magnetite and hercynite are common
oxidation products of aluminous iron silicates, Activity coefficients for both components
may be derived from the solvus in the system FegO,-FeAl,O,. It is then possible to
caleulate oxidation equilibria involving almandine, iron cordierite, sillimanite, and pure
magnetite from experimental data.

InTRODUCTION

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 Fe,O,-FeAl O, indicates that these solu-
tions are non-ideal. Consequently, thermodynamic calculations in the
system SiO,-AlO,-FeO-O should involve activity coefficients. These may
be derived from 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 S$iO,-ALO,-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 quartz, 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 almandine,
iron cordierite, sillimanite, and pure magnetite,

DEervaTion or Activity COEFFICIENTS

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

normal : 8R** in A, I6R*** in B
inverse: 8R*** in A, 8R*" and 8R**"* in B



992 THE CANADIAN MINERALOGIST

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'* ¥ (Fet*Fe***)O,
and Fe**(Al)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 than
mixing of Fe, O, and FeAl,O, 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. Fe, FeO, and Fe  AlO, will
be treated as the two components, Since such a model neglects mixing in
the A positions and varying ratios of Fe** /Fe*** in the B positions,
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large deviations from ideality are not surprising. These will be accounted
for by activity coefficients derived from the solvus.

The activity of a component in solution may be defined by the re-
lationship p = p* + RT In 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 temperature, and a is the activity, It is
convenient to relate the activity to the mole fraction X by means of the
activity coefficient vy, such that a = yX.

At constant pressure and temperature, activity coeflicients are functions
of composition. In a binary solution, a fairly simple relationship is commonly
observed, e.g. as shown in Figure 1. It is convenient to express this function
cmpirically as a power series in (1-—X) where X is the mole fraction
of the component in question, as suggested by Margules (1895). Designa-
ting the component Fe, ,FeO, as mt and the component Fe, (AlO, as he,
it is possible to write

1nymt = ?“mt(l _th) =+ amt(l - th)2 + Bmt(]‘ - }Cmt)8 + ..
lIl‘th = ?"hc(l _th) + ahc(I _th)z —I_ ﬁhc(:l - )(hc)3 + o
This empirical relationship is consistent with two limiting laws ; at X = 1,
Iny=0 (Raoult’s Law) and at X =0, Iny= constant (Henry’s Law).

Furthermore, the two activity coefficients must conform to the Gibbs-
Duhem equation

If the power series are limited to three terms, this requires the following
relationship between the constants (see Denbigh 1966, p. 240) :

7“mt = ;"hc = 0
a’hc = amt + 3/26m1:
6hc=—- it

Designating Iny,, at X, =0 by M and Iny,, at X, =0 by H, it follows
that

M=amt+6mt
H=ahc+ﬁhc= mt+ I/Zﬁmt
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Following the method of Carlson & Colburn (1942), it is possible to
express the constants in the two power series in terms of M and H :

Iny,, = QH—M)(1—X,)*+2M—H) (1 —X_)*
Infy, = (2M — H) (1 —X,)* + 2(H — M) (1 — X,)°

If two solutions are at equilibrium, the chemical potential of each com-
ponent must be equal in the two phases :

I — II
= W

p'mt
by L= by 1
or
% I * N 1T
ome + RTln(YX) mt = Wmt + RTIII(‘YX mt
ute + RTIn(YX) 5o = pie + RTIn(vX) pe

where p¥, is the chemical potential of pure Fe  FeO, with an inverse
structure and p¥, is the chemical potential of pure Fe  AlO, with a
normal structure. Because p*, and pf, cancel and X  =1—X, . the
equations reduce to :

In(l —X}e ) + Inyh, = In(1 — X5 ) + Invp,
1nXi + Inyl = InXZ + Inyf

Substituting the power series expressions for the Iny terms, the following
equations are obtained :

In(l —XL) + [(2H — M) (Xy.)* + 2(M — H) (X3, )°]
= In(1 —XE)*+ [(2H — M) (X3)? + 2(M — H) (Xi)°]
InX}, + [(@M — H) (1 —X}L.)* + 2(H — M) (1 — X5, )°]
= InX[ + [(2M — H) (1 —X5)? + 2(H — M) (1 — X3 )°]

These two simultaneous equations may be solved for H and M at various
temperatures and at 2 kb because the compositions of the two coexisting
phases, X! and X, are known from the solvus determined by Turnock
& Eugster (1962). It was found that, in the temperature range 600-900°C,
H and M vary linearly with 1/T (T in °K), as follows :

2570
H= —~5 0.56

2740
=———0.
T 26
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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. 1 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 activities are shown as dotted lines in Figure 2.

It has been pointed out by Green (1970) that the values of activity
coefficients 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 may not be the most appro-
priate, it has the advantage of simplicity.
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ExPERIMENTAL WORK IN THE SYSTEM SiOz-Alzos-FeO-O

Various phase relations in this system have been determined experi-
mentally at oxygen fugacities controlled by buffers. 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 AG®, for various reactions, at a given temperature, was
calculated from the relationship

AG® =—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 Fe [FeO,(a,,)
and of Fe, AlO,(a,,). 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 H,O rather than
in the form of bonded (OH) groups (Schreyer & Yoder 1964).

Hsu (1968) reports the invariant point quartz-almandine-hercynite-
cordierite-fayalite at 875°C and at an oxygen fugacity slightly higher than
that of the magnetite-wustite buffer. Accepting a value of log fo, = —15.2,
the activity of Fe, FeO, in the spinel phase may be obtained from re-
action (1), AG® of this reaction being known from the data of Wones

Tasrk 1. Exprrrmentar, Data 1v ThE SvstEM  Si0,-AlyO3-FeO-O (at 2 kb)

Coexisting phases T°C Oxygen Reference
buffer

quartz—almandine-hercynite—

cordierite—fayalite 875 ~ MW Hsu (1968)
quartz-almandine-hercynite—

magnetite 27 QFM  Hsu (1968)
quartz—almandine-hercynite—

cordisrite-magnetite 700 ~ QFM  Rutherford & Eugster (1967)
quartz-sillimanite— 875 QFM  Richardson (1968)

hercynite-cordierite 50 NMO  Rutherford (1970)
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& Gilbert (1969). Since the  activity-composition relations for both com-
ponents have been calculated, this also determines the activity of Fe, AlO,.
Knowing log f, and the activities of Fe  FeO, and Fe, AlO, at 875°C,
it is possible to calculate AG® of reaction (2). Hsu (1968) equilibrated
quartz -+ almandine - hercynite + magnetite at 727°C and log fo, defined
by the quartz-fayalite-magnetite buffer. The coexistence of hercynite and
magnetite determines their composition and, therefore, the activities of
both components. Thus AG® of reaction (2) may be calculated at 727°C.
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Rutherford & Eugster (1967) report the invariant point quartz-
almandine-hercynite-cordierite-magnetite at 700°C. Again, the coexistence
of magnetite and hercynite determines the activities of Fe FeO, and
Fe  (AlO,. The assemblage quartz-hercynite-cordierite observed at 875°C
and 700°C allows the calculation of AG® of reaction (3) at these two
temperatures,

From AG® of reaction (3), the activity of Fe, AlO, may be calculated
at 750°C; this also determines the activity of Fe FeO Quartz, silli-
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manite, hercynite, and cordierite coexist at 875°C and log fo, defined by
the quartz-fayalite-magnetite buffer (Richardson 1968) and at 750°C
and logfo, defined by the nickel-nickel oxide buffer (Rutherford 1970).
This permits the calculation of AG® 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 (1), (2),
and (4) are represented by contours of logf , in a field. Reactions (3)
and (5) plot as lines, limiting the stability of spinel in the presence of
quartz.

CarcuraTep Puase RrraTions

The standard free energy changes derived for reactions (1) to (4)
from experimental data are based on the assumption that AG® 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.g. (8) to (12), are linear combinations of reactions (1) to (4). The
equilibrium temperatures of reactions (6) to (12) at specified values of
log f,, may be obtained from various intersections between reactions
(1) to (5) shown in Figures 3 and 4. Thus reactions (6) to (12) are
readily transposed 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 almandine +
sillimanite + quartz, in contrast to direct experimental determination (Ri-
chardson 1968).
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