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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 β phase and the scope of Henry’s 
law for the amount of Fe2O3 in the α phase. Katsura et al. 
(1975) proposed the ideal solution approximation for the β 
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 β phase 
with an immiscible region might cause large errors. There are 
also many problems in applying Henry’s law to the α phase.

In this paper, we assume a regular solution for both α and 
β 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.

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 (α phase) and magnetite-
ulvöspinel system (β 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 
+ 1/2O2 = NiO), FMQ (3Fe2SiO4 + O2 = 2Fe3O4 + 3SiO2) 
and WM (6FeO + O2 = 2Fe3O4) oxygen fugacity buffers (Fig. 
1). In the WM buffering experiment, the composition changes 
of both α and β phases are hardly seen within the range of 
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Here, ΔG1, ΔH1 and ΔS1 are the reaction free 
energy, enthalpy and entropy changes, respectively. ai, Xi 
and ri are the activity, mole fraction and activity 
coefficient of the i component of each phase, respectively. 
R is the gas constant and T is the temperature. If 
assuming a regular solution for both α and β phases, the 
relationship between the activity coefficient ri and the 
mole fraction Xi gives the following equation (Prigogine 
and Defay, 1950).

Here, W is 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.

Here, the superscripts α and β of W indicate α and 
β phases, respectively.

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

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

If the six thermodynamic parameters of Wα, Wβ, 
ΔH1, ΔS1, ΔH2 and ΔS2 are known, the temperature 
(see Eq. 9) and oxygen fugacity (see Eq. 13) are functions 
of the composition of the coexisted α and β phases. 
However, at present, other parameters except for ΔH2 
and ΔS2 are unknown.

Fig. 1 � �Temperature vs. log fO2 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 
(2Fe3O4 + 1/2O2 = 3Fe2O3) buffer lines are from Eugster 
and Wones (1962), corrected for total pressure of 2000 bar.

2. Geothermometer and Oxygen barometer

When the α and β 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 β-phase oxidation reactions (Eqs. 2, 3 
and 4).

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

*hm: hematite, il: ilmenite, mt: magnetite, ul: ulvöspinel
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corresponds to the experimental temperature of the α 
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 Wα, Wβ, ΔHi and ΔSi 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 α and β phases 
selected to calculate thermodynamic parameters (see 
text). The values of log fO2 in the experimental 
temperatures are also shown in this table.

3. Calculation of thermodynamic parameters

In the equations 8 and 12, there are the experiments 
by Buddington and Lindsley (1964) among Xhm, Xmt and 
T, and the experiments by Eugster and Wones (1962) for 
fO2. So, both equations show a four simultaneous equation 
with four unknowns, Wα, Wβ, ΔHi and ΔSi. 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/T - 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 
α 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 β phase, which 

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.
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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 fO2 as described later. The figure shows the 
variation of the value of each calculated parameter around the critical 
temperature of α phase (Tcα = 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 (Tc) and W 
in the immiscible region (Prigogine and Defay, 1950).

W = 2RTc � (14)

Fortunately, it is known from the experiment of Lindsley 
(1973) that the critical temperature (Tcα) of the α phase is 
750 ± 50°C. The temperature (Tcβ) of the β phase is 
about 450°C that has been predicted by Vincent et al. 
(1957). Fig. 3 shows the thermodynamic parameters (Wβ, 
ΔHi and ΔSi) calculated by the least square approximation 
method of three-dimensional simultaneous linear equations 
for the equations 1 and 2 at fixed Wα (Tcα = 750°C). The 
figure also shows the variation of the value of each 
calculated parameter around the critical temperature (Tcα 
=750°C). When Wα is estimated as 4066 cal/mol (Tcα = 
750°C) and Wβ as 2874 cal/mol (Tcβ = 450°C), ΔH1 and 
ΔS1 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 (Tcβ = 
450°C).

Substituting the obtained thermodynamic parameters 
and Xhm and Xmt 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 (σT and σlog fO2) 
of temperature and oxygen fugacity are calculated by the 
following equations. In Figs. 3 and 4, these dispersions 
are also shown.

Here, Te and (log fO2)e are the experimental values, 
and Tc and (log fO2)c are the calculated values.

These calculated thermodynamic parameters (ΔHi, 
ΔSi, σT and σlog fO2) have small change within the 
variation (± 100°C) of the critical temperature of both α 
and β phases (Figs 3 and 4). Table 2 shows the values of 
Wα, Wβ, ΔHi, ΔSi, σT and σlog fO2 at Tcα = 750°C and 
Tcβ = 450°C. This table also shows the calculated 
parameters of ΔHi, ΔSi and σlog fO2 for the oxidation 
reactions (Eqs. 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 fO2 as 
described later. The figure shows the variation of 
the value of each calculated parameter around the 
critical temperature of β phase (Tcβ = 450°C).

*The equations for log fO2 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

*For Eq. 4

thermal data of Robie and Waldbaum (1968) and Ono 
and Moriyama (1973) are also shown in parenthesis of 
Table 2 for comparison, indicating that ΔHi and ΔSi of 
the oxidation reactions (Eqs. 2, 3, 4) and ΔHi 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, ΔHi and ΔSi may 
be estimated instead of estimating Wα and Wβ. 
However, ΔHi and ΔSi 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 Wα and Wβobtained by estimating ΔHi and 
ΔSi 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, Wα and Wβ obtained by estimating 
ΔHi and ΔSi take abnormal values and extremely large 

σT and σlog fO2 values. At present, the methods using 
other than estimated Wα and Wβ are not suitable.

4. Discussion

When substituting the thermodynamic parameters 
(Wα, Wβ, ΔHi and ΔSi of Eqs. 1 and 2 in Table 2) into 
the equations 9 and 13, the temperature (T) and the 
oxygen fugacity (log fO2) are given in the following 
equations.

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

Table 2 �  ��Thermodynamic parameters (ΔHi and ΔSi) 
calculated by the least square approximation 
method (see text) after recognizing Wα (4066 cal/
mol) and Wβ (2874 cal/mol). The values of σT 
and σlog fO2 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).
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Buddington and Lindsley (1964), the errors of the 
temperature and the log fO2 are ± 11°C and ± 0.32, 
respectively as seen in Table 2. Fig. 5 shows T – log fO2– 
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 
β-phase isoconcentration lines tend to be dense in the 
temperatures close to 450°C, and the α-phase 
isoconcentration lines tend to become denser as Fe2O3 
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 fO2. As a general property of the 

Fig. 5 � �Temperature vs. log fO2 – X diagram created using the Equations 17 and 18. This figure is very similar to the 
figure (Fig. 5) of Buddington and Lindsley (1964).
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difference by the two methods, in the log fO2 region lower 
than the FMQ line, the open circles shift to higher log fO2 
and temperature sides. On the contrary, in the higher log 
fO2 region than the NNO line, the open circles shift to 
lower log fO2 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 (α phase) and magnetite-ulvöspinel solid 
solution (β phase). Within the experimental temperature 
range conducted by Buddington and Lindsley (1964), the 
errors are ± 11°C for temperature and ± 0.32 for log fO2. 
The equilibrium temperature and oxygen fugacity 
estimated from the chemical composition of naturally 

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 fO2 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 fO2 (see Table 1) that was used in the calculation of thermodynamic parameters.
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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 fO2.
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日本語要旨　Buddington and Lindsley（1964）の実験データを使用して，平衡熱力学的方法に基づいたFe-Ti酸化物地質温度計と酸素分圧計の開発が試みら
れた．この方法では，ヘマタイト-イルメナイト固溶体（α相）とマグネタイト-ウルボスピネル固溶体（β相）に正則溶液近似が行われた．地質温度計と
酸素分圧計は二つの方法で示した．一つはグラフから読み取る方法である．他は数値的に定式化した．Buddington and Lindsleyの実験条件範囲内では，地
質温度計と酸素分圧計の不確かさは，温度で±11℃，log fO2で±0.32である．天然に共存するイルメナイトとマグネタイトの化学組成を使用して
Buddington and Lindsleyのグラフ法と熱力学的方法によって推定された平衡温度と酸素フガシティーの最大差は，これまでのところ温度で180℃，log fO2で
5である．
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