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On geothermometer and oxygen barometer using
coexisting Fe-Ti oxides on a thermodynamic basis:
A case of regular solution approximation*

Tetsumaru ltaya "2

Abstract Using the experimental data of Buddington and Lindsley (1964), an attempt was made to develop Fe-Ti oxide
geothermometer and oxygen barometer based on equilibrium thermodynamic methods. In this method, a regular solution
approximation was adopted for the hematite-ilmenite solid solution (a phase) and the magnetite-ulvéspinel solid solution (B
phase). Geothermometer and oxygen barometer have been shown in two ways. One method is to read from the graph, and the
other is numerical formulation. Within the Buddington and Lindsley experimental conditions, the uncertainty of the geothermometer
and oxygen barometer is £ 11°C for temperature and £ 0.32 at log fo,. The maximum difference between equilibrium temperature
and oxygen fugacity estimated by the graphical method of Buddington and Lindsley and the thermodynamic methods using the

chemical composition of naturally coexisting ilmenite and magnetite is so far 180°C for temperature and 5 at log fos.

1. Introduction

Fe-Ti oxide minerals are common in metamorphic and
igneous rocks. Their stability and paragenesis have been
studied in detail experimentally. Buddington and Lindsley
(1964) proposed a method to estimate the equilibrium
temperature and oxygen fugacity using the mineral chemistry
of hematite-ilmenite system (o phase) and magnetite-
ulvospinel system (B phase) when both phases coexist in
equilibrium. The method is to read the equilibrium
temperature and oxygen fugacity from the intersection of
isoconcentration lines of both phases on the temperature vs.
oxygen fugacity diagram obtained by the experiment (see Fig.
5 of Buddington and Lindsley, 1964). The method has the
disadvantage that the reading error becomes large when the
two curves are close to parallel. The experiments by
Buddington and Lindsley have been performed with NNO (Ni
+ 1/202 = NiO), FMQ (3FesSiO4 + Oz = 2Fe304 + 3SiOy)
and WM (6FeO + Og = 2Fe304) oxygen fugacity buffers (Fig.
1). In the WM buffering experiment, the composition changes
of both a and B phases are hardly seen within the range of

experimental accuracy, so the drawing of isoconcentration
lines for each phase is limited to the area in the NNO and
FMQ buffering experiment. It is difficult to estimate the
temperature and oxygen fugacity when moving away from the
area. In recent years, attempts have been made to formulate
geothermometer and oxygen barometer that use coexisting Fe-
Ti oxide minerals based on thermodynamics. For example,
Powell and Powell (1977) formulated them in the assumption
as an ideal solution for the S phase and the scope of Henry’s
law for the amount of FeoO3 in the a phase. Katsura et al.
(1975) proposed the ideal solution approximation for the B
phase in the temperatures of 1200-1300°C. However, in the
experimental temperature range (500-1000°C) of Buddingtom
and Lindsley, the ideal solution approximation to the 8 phase
with an immiscible region might cause large errors. There are
also many problems in applying Henry’s law to the a phase.
In this paper, we assume a regular solution for both a and
B phases, and formulate a geothermometer and an oxygen
barometer using the experimental data of Buddington and
Lindsley (1964) because the introduction of regular solutions

allows us to treat the phases having immiscible regions.
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Fig. 1 Temperature vs. log fo, map for four oxygen buffer
assemblages. Hatched area shows a temperature — oxygen
fugacity region where the geothermometer and oxygen
barometer of Fe-Ti oxides by Buddington and Lindsley
(1964) are effective. The NNO, FMQ, WM and MH
(2Fe304 + 1/209 = 3Fey0s3) buffer lines are from Eugster
and Wones (1962), corrected for total pressure of 2000 bar.

2. Geothermometer and Oxygen barometer

When the a and B phases coexist in equilibrium in
the Fe-Ti-O system, some equations of the reaction
relationship can be arbitrarily written. One is of the
partition reaction, in which oxygen is not involved in the
reaction (Eq. 1). If oxygen is involved in the reaction,
they are of the B -phase oxidation reactions (Egs. 2, 3
and 4).

FeTiOs + FesOs = FeeOs + FeeTiO4 (1)
4 Fes04+02 = 6 Fe203 (2)
4Fe;TiO4 + Oz = 4FeTiO3 4+ 2Fe;03 (3)
6Fe2TiO4 + 02 = 2F6304 + 6FeTi03 (4)

The following equations show an equilibrium relation of
the equation 1.

o B
Lhm At — 4G —4H 48
n(2E) () = SR - R
a1 Ayl RT RT R
*hm: hematite, il: ilmenite, mt: magnetite, ul: ulvéspinel

Xim \ 17 Xos 1P a B
inf ) () 4w () (2t
—4H, N 45,

= RT R (6)

Here, AGy, AH; and AS; are the reaction free
energy, enthalpy and entropy changes, respectively. a; X;
and 7; are the activity, mole fraction and activity
coefficient of the i component of each phase, respectively.
R is the gas constant and 7 is the temperature. If
assuming a regular solution for both a and B phases, the
relationship between the activity coefficient 7; and the
mole fraction X; gives the following equation (Prigogine
and Defay, 1950).

w

Inv; = (1 _)(1.)2ﬁ

(7)

Here, Wis a parameter that characterizes the regular
solution. In general, W is a function of temperature, but
in this paper, we assume that it is constant. Substituting
the equation 7 into the equation 6 and rearranging them
gives the following equations.

(1—2X,,,) We— (1—2X,,,) W8+ 4H, — T 4S,
‘thm(1 — th)

th(l - Xhm)

(8)

T={(1-2Xp,) We— (1-2X ;) WP+ 4H,} /(4S,

Xpm (1 — X 1) )

— RIn
th(l - Xhm)

(9)

Here, the superscripts a and B of Windicate a and
B phases, respectively.

In addition, the following equation shows an
equilibrium relation of the equation 2.

al — 4G — 4H 4S
In - hm _ 2 _ 2+ 2 (10)
@b,y fo,  RT RT R
X 8 — 4H 4S
n : hm +1In 4hm — 2 + 2 (11)
X4, foo Y mi RT R

Substituting the equation 7 into the equation 11 and
rearranging them gives the following equations.

8(1=X )2 We—4(1—X,,) % W+ AH,— T 4S,

Xehm
= —RTIn———""—
Tln X5 for (12)
In fo, = (6(1—Xp,,)2 We—4(1-X,,,)2 WP
Xshm
mi

If the six thermodynamic parameters of Wa, W8,
AH;, AS;, AHy and A Sy are known, the temperature
(see Eq. 9) and oxygen fugacity (see Eq. 13) are functions
of the composition of the coexisted a and B phases.
However, at present, other parameters except for A Hp
and A Sy are unknown.
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Fig. 2 The 1/T - log X map created from Figs 2 and 3 of Buddington and Lindsley (1964). The solid lines are the least
squares approximation curves by the second-order polynomial.

3. Calculation of thermodynamic parameters

In the equations 8 and 12, there are the experiments
by Buddington and Lindsley (1964) among Xpn,, Xm and
T, and the experiments by Eugster and Wones (1962) for
fos. So, both equations show a four simultaneous equation
with four unknowns, Wea, WB, A H, and A S,. If there are
n different experimental results, we get n four-element
linear equations. If n=4 or more, four unknown solutions
can be obtained independently in both equations.

Buddington and Lindsley’s experimental results (read
from their Figs. 2 and 3) were re-plotted on the 1/7 - log
Xi diagram for the purpose of selecting the values needed
to proceed with the above calculations (Fig. 2).

The solid lines in the figure are the least squares
approximation curves by the second-order polynomial.
The experimental results by the WM buffer method were
not used because of the large error. Experiments on the
a phase of Buddington and Lindsley have been
performed with both NNO and FMQ buffering methods
at only three different temperatures (NNO: 600, 800,
950°C, FMQ: 600, 800, 1000°C). Therefore, we decided
to obtain the experimental results of the B phase, which

corresponds to the experimental temperature of the a
phase, from the least squares approximation curve. The
six sets of data selected are shown in Table 1.

When substituting the six sets of numerical values in
Table 1 into the equations 8 and 12 and obtaining the
solutions of Wa, WB, A H;and A S; independently by the
least squares approximation method of four-element
simultaneous linear equations, as a result, appropriate
values could not be obtained for each parameter because

Table 1 Six sets of data of coexisting a and S phases
selected to calculate thermodynamic parameters (see
text). The values of log fo. in the experimental
temperatures are also shown in this table.

o X X log fo,|Oxygen
950 |0.5200{0.1117| -11.19
800 |0.6534 ] 0.0860}| -14.00 { NNO

600 |0.9122 | 0.0620 | -19.26

1000 |0.3656 | 0.0898 | -10.98
800 |0.5846 | 0.0661 | -14.83 | FMQ
600 {0.8725 | 0.0498 | -20.45
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Fig. 3 Thermodynamic parameters calculated by the least square approximation
method of the equations 1 and 2 (see text). This figure also shows the standard
deviation of temperature and log f0, as described later. The figure shows the
variation of the value of each calculated parameter around the critical

temperature of a phase (7c = 750°C).

there were many unknowns compared to the number of
sets of numerical values to be substituted. Therefore, as a
method of reducing the number of unknown parameters,
we estimated the W value from the phase diagram. In the
case of regular solutions, there is the following
relationship between the critical temperature (7,) and W
in the immiscible region (Prigogine and Defay, 1950).

W = 2RT. (14)

Fortunately, it is known from the experiment of Lindsley
(1973) that the critical temperature (7. ) of the a phase is
750 = 50°C. The temperature (7.8) of the B phase is
about 450°C that has been predicted by Vincent et al
(1957). Fig. 3 shows the thermodynamic parameters (W8,
A H; and A S) calculated by the least square approximation
method of three-dimensional simultaneous linear equations
for the equations 1 and 2 at fixed Wa (T.a = 750°C). The
figure also shows the variation of the value of each
calculated parameter around the critical temperature (7.2
=750°C). When Wa is estimated as 4066 cal/mol (T.a =
750°C) and W8 as 2874 cal/mol (7.8 = 450°C), A H; and
A S are calculated by the least squares approximation
method of the two-dimensional simultaneous linear
equations. Fig. 4 shows the variation of the value of each
calculated parameter around the critical temperature (7.8 =
450°C).

Substituting the obtained thermodynamic parameters
and Xy, and X, in Table 1 into the equations 9 and 13,
the temperature and oxygen fugacity are calculated. The
calculated temperature and fugacity can be compared
with the experiments. The dispersions (o 7 and o log fo.)
of temperature and oxygen fugacity are calculated by the
following equations. In Figs. 3 and 4, these dispersions
are also shown.

o7 == (15)

n—1

3. ((logfoy) £ (log fop) £)*

=i (16)

Ologfo2 =

Here, T¢ and (log fo.)¢ are the experimental values,
and T¢ and (log fo,)¢ are the calculated values.

These calculated thermodynamic parameters (A Hj,
AS, 0T and olog fo,) have small change within the
variation (& 100°C) of the critical temperature of both «
and B phases (Figs 3 and 4). Table 2 shows the values of
We, WB, AH;, AS;, orand 01og f, at Tc@ = 750°C and
T.B = 450°C. This table also shows the calculated
parameters of AH, AS; and 0oy f, for the oxidation
reactions (Egs. 3 and 4). The standard enthalpy and
entropy changes of each reaction calculated from the
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Fig. 4 Thermodynamic parameters calculated by the least
square approximation method of the equations 1
and 2 (see text). This figure also shows the
standard deviation of temperature and log f0, as
described later. The figure shows the variation of
the value of each calculated parameter around the
critical temperature of B phase (Tc# = 450°C).

thermal data of Robie and Waldbaum (1968) and Ono
and Moriyama (1973) are also shown in parenthesis of
Table 2 for comparison, indicating that A H; and A S; of
the oxidation reactions (Egs. 2, 3, 4) and AH; of the
partition reaction are in good agreement with the values
calculated from the thermal data.

As a way to proceed with the calculation by reducing
the number of unknown parameters, A H; and A S; may
be estimated instead of estimating W& and W8,
However, AH; and AS; are accurately known in the
oxidation reaction (Eq. 2) and not well in the partition
reaction (Eq. 1). There is a large difference between the
cases where Wa and Whobtained by estimating A H; and
A S; are for the equations 1 and 2, respectively.

Furthermore, when the partition reaction (Eq. 1) and
the oxidation reaction (Eq. 2) are combined into one
reaction formula, Wa and WA obtained by estimating
AH; and A S; take abnormal values and extremely large

Table 2 Thermodynamic parameters (AH; and AS)
calculated by the least square approximation
method (see text) after recognizing Wa (4066 cal/
mol) and W8 (2874 cal/mol). The values of o7
and olog fo, are also shown (see text for the
calculation method). The values in parenthesis are
from thermochemical data of Robie and Waldbaum
(1968) and Ono and Moriyama (1973).

Eq.1 Eq.2 Eq.3 Eq.4
W(cal/mol) | 4066 4066 4066 4066
WB(cal/mo1) | 2874 2874 2874 2874
Mi(keal) 4623 -113.6 | -132.0 | -141.3
= (4295) | (-114.2) | (-131.4) | (-140.0)
asteal) 2.172 | -48.44 | -57.13 | -61.47
ta (-0.343) | (-67.78) | (-66.40) | (~65.72)
o7 1
%10g fo, 0.32 0.32 0.33

oT and olog fo, values. At present, the methods using
other than estimated Wa and W8 are not suitable.

4. Discussion

When substituting the thermodynamic parameters
(Wa, WB, AH; and AS; of Egs. 1 and 2 in Table 2) into
the equations 9 and 13, the temperature (7) and the
oxygen fugacity (log fo,) are given in the following
equations.

2893X,,; — 4092X,, + 2926

T = °K
1.0932 — In Xhm (1 = Xi) e e
Xt (1 — Xpp)
Info,* = {4.244 (X4,,°—2X},,) —2(X%— X )
Xehm
—17.511) X + In = 4 94,374 (18)
X mt
Xim(1 — Xpup)
1.0932 — 1 L kil
i . th(l - Xhm)

X =
Xp— 1.4148X,, . + T.OLLT

The estimation error of temperature and oxygen
fugacity obtained using the composition of coexisting a
and B phases would be equivalent to the dispersion
values calculated from the equations 15 and 16. Within
the experimental temperature range conducted by

*The equations for log fo, can be obtained from the equations 3 and 4 too. The values calculated using the three different oxidation

reactions are completely the same.

*For Eq. 3

In fo, = {4.2443 (X2, — 0.6667X},,) — 2X2,, — 21.557} X + In
“For Eq. 4

(I_Xhm)A'thm
(1-Xp)*

+ 28,747

(I — Xpm)®

X2
In fo, = {4.2443X2,,, — 2(X?;,, — X,,) — 23.581} X + In E”l‘

Tx e 3098
M
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Fig. 5 Temperature vs. log f0, — X diagram created using the Equations 17 and 18. This figure is very similar to the

figure (Fig. 5) of Buddington and Lindsley (1964).

Buddington and Lindsley (1964), the errors of the
temperature and the log fo, are = 11°C and £ 0.32,
respectively as seen in Table 2. Fig. 5 shows T - log fo,—
X map created using the equations 17 and 18. This figure
is very similar to the figure (Fig. 5) of Buddington and
Lindsley (1964) and shows the characteristics caused by
the existence of immiscible regions. For example, the
B -phase isoconcentration lines tend to be dense in the
450°C, and the

isoconcentration lines tend to become denser as FesOg

temperatures close to a -phase
mol increases.

In the past, Fig. 5 of Buddington and Lindsley (1964)
has been cited by many researchers who have estimated
the equilibrium temperature and oxygen fugacity of the
igneous rocks and metamorphic rocks using the

composition of the coexisting magnetite and ilmenite. Fig.
6 compares the temperature and oxygen fugacity (open
circles) estimated by the researchers and the values (solid
circles) calculated by the present paper. The two circles
are connected by a solid line. Analytical data for naturally
coexisting magnetite and ilmenite were from Buddington
and Lindsley (1964), Carmichael (1966), Mathison (1975)
and Himmelberg and Ford (1977). The solid lines are
short in the area between the NNO and FMQ lines
around 800°C, indicating that the two methods are in
good agreement with each other. On the other hand, the
solid lines are long in the areas far from the NNO line
and the FMQ line, indicating that the two methods are in
poor agreement. The maximum differences are 180°C for
temperature and 5 for log fo.. As a general property of the
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Fig. 6 Diagram showing the difference of the equilibrium temperature and oxygen fugacity estimated by the graphical method of
Buddington and Lindsley (1964) and the present thermodyanamic method. Open circle shows the temperature and log fo, position
by the former method and solid circle, by the latter method. Composition data of natural coexisting ilmenite and magnetite are of
Buddington and Lindsley (1964), Carmichael (1966), Mathison (1975) and Himmelberg and Ford (1977). “X” shows the six data
points of temperature and log f0. (see Table 1) that was used in the calculation of thermodynamic parameters.

difference by the two methods, in the log fo, region lower
than the FMQ line, the open circles shift to higher log fo.
and temperature sides. On the contrary, in the higher log
fo. region than the NNO line, the open circles shift to
lower log fo, and temperature sides. At present, it has not
yet been possible to quantitatively discuss the differences
in temperature and oxygen fugacity estimated by both
methods. In this respect, there are still unsolved parts
regarding this problem. However, by using both
estimation methods critically along with petrological
studies of natural rock samples, the advantages and

disadvantages of both will become clear.

5. Summary

An attempt was made to formulate a Fe-Ti oxide
mineral geothermometer and an oxygen barometer based
on thermodynamics using the experimental data of
Buddington and Lindsley (1964). In this attempt, regular
solutions were assumed for the hematite-ilmenite solid
solution (a phase) and magnetite-ulvéspinel solid
solution ( B phase). Within the experimental temperature
range conducted by Buddington and Lindsley (1964), the
errors are = 11°C for temperature and = 0.32 for log fo,.
The equilibrium temperature and oxygen fugacity
estimated from the chemical composition of naturally
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coexisting ilmenite and magnetite often makes a big
difference between the graphical method of Buddington
and Lindsley (1964) and the thermodynamic method
described in this paper. Its maximum value is 180°C for
temperature and 5 for log fo,.
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