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Geothermometry and oxygen barometry using coexisting
iron—titanium oxides: a reappraisal

ROGER POWELL AND MARJORIE POWELL
Department of Earth Sciences, University of Leeds, Leeds LS2 JT

SUMMARY. Equilibrium thermodynamic methods are used to develop an independent iron-titanium oxide
geothermometer and oxygen barometer from the experimental data of Buddington and Lindsley (1964). The
geothermometer and oxygen barometer are presented graphically for coexisting ilmenite solid solution and
magnetite solid solution in the system FeO-Fe,0,-TiO,. Equations are also given for calculating temperature
and oxygen activity for natural coexisting iron—titanium oxides containing other components. Large departures
in composition from the system FeO-Fe,0,-TiO, result in large uncertainties in the calculated temperature and
activity of oxygen.

MINERALS that lie wholly or in part on the binary joins magnetite-ulvSspinel (Fe;OFe,TiO,)
and hematite-ilmenite (Fe,O;-FeTiO;) are common in igneous and metamorphic rocks.
Buddington and Lindsley (1964) proposed the use of the compositions of coexisting ilmenite—~
hematite and magnetite—ulvdspinel solid solutions in the system FeO-Fe,04-TiO, as a geo-
thermometer and oxygen barometer. Their data were presented graphically (Buddington and
Lindsley, op. cit., fig. 5), intersections of contours of Xpe,0, mt 80nd Xperio, um gIVINg tem-
perature, 7, and oxygen activity,! ao,. The use of such a method of intersecting contours
inevitably results in uncertain determinations of both parameters, within the limitations of the
method, particularly for coexisting FeTiOj-rich ilmenites and Fe,TiO,rich magnetites for
which the two sets of contours are subparallel. Therefore the geothermometer and oxygen
barometer have been reformulated on a thermodynamic basis using the experimental data of
Buddington and Lindsley (1964) and are presented in a different way.

Geothermometer. A reaction can be written between coexisting Fe-Ti oxides that does not
involve oxygen:

FeTiOy(ilm)+ Fe,0(mt) = Fe,0,(ilm)+Fe,TiO(mt). (1)
The equilibrium relation for this reaction is:
—AG) = RTIn (ape,tio,, mt'aFezoa,ilm)/ (aFe304, mt * FeTio,, tm)- (2

Katsura et al. (1975) have shown that magnetite—ulvéspinel solid solutions are effectively idealon
a basis of molecular mixing at 1200° to 1300 °C and thus that ag, o, = X, and ay,,mi0, = Xuys
where, for example, x,,, is the proportion of ulvispinel in the magnetite solid solution; this
suggests that there are large short-range order effects (involving local charge or size balance)
in magnetites (see also Kerrick and Darken, 1975).

Most natural ilmenites are rich in the FeTiO; component and therefore a reasonable
approximation is to assume that the FeTiO; is in the Raoult’s Law region and the Fe,O,
component is in the Henry’s Law region. Assuming that short-range order effects are also
important in ilmenite solid solutions, then: aperio, = Xim, and a@pe,0, = hXpem, Where 4 is the
Henry’s Law constant, which is independent of composition in a binary system, but is probably
a function of temperature and pressure.

T For a standard state of pure O, at 1 bar and the temperature of interest this corresponds to the convention
that a = f; x;y; where f; is the activity of pure O, at the pressure and temperature of interest. This g; is equivalent
to the f; of, for example, Buddington and Lindsley (1964).
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Thus for binary ilmenite solid solutions and binary magnetite solid solutions in the system
FeO-Fe,0,-TiO,: —AG? = RT In [xyo{1 — X))/ [(T— X)X ] +RT In i, As both RTInk
and the Gibbs energy of reaction are likely to be linear functions of temperature they can be
combined to give: A/T+B = In K}, = In [xy;, (1 — X}/ [(1— X 0) Xim]- Ln K7 1s plotted against
1/T for the NNO and QFM buffered data of Buddington and Lindsley (1964), Table 1, in

TaABLE L Calibration data from Buddington and Lindsley (1964). NNO buffer equation from
Huebner and Sato (1970), QFM buffer equation from Wones and Gilbert (1969). Mole fractions
are for the centres of the experimental brackets.

T(X) 10T xmt Xilm Inag, InKp InKp

NNO buffer

1273 7.86 0.495 0.871 —23.38 -1.93 —25.40
1173 8.53 0.440 0.895 -27.21 -2.83 —30.31
1073 9.32 0.340 0914 -31.75 —3.03 ~36.85

973 10.28 0.217 0.927 —37.23 -3.83 4523
873 11.45 0.110 0.935 -43.97 —4.76  —56.58

T(K) 10%T xmt Xilm Inag, InKp InKp

QFM buffer

1273 7.86 0.617 0.908 -25.50 —1.81 -2590

1173 8.53 0.544 0.922 —-29.44 —2.29 -31.10

1073 9.32 0413 0.931 —34.12 —-2.96 —37.95
973 10.28  0.255 0.940 -39.76 —3.83 ~47.00

873 1145  0.134 0.945 —46.68 —4.71 —-58.11

fig. 1. The MW data were not used because of large relative uncertainties in the composition
of the ilmenite. The error brackets drawn for the NNO data points represent the experi-
mental uncertainty. Within the limits of the experimental data In K3, is a linear function of
reciprocal temperature, and can be represented by the equation:

InKp = —8155/T+459 (with Tin K) (3)

This equation reproduces the experimental data within the experimental uncertainties, and
predicts that AG) = 1-8 keals at 1300 °C. The calculated value using data from Stull and
Prophet (1971) and Johnson et al. (1971) is 2-9 kcal, with an uncertainty of about +4-2-5 kcal.
The Gibbs energy of reaction predicted if mixing on sites in ilmenite is assumed is 7-8 kcal,
so that a model of molecular mixing in ilmenite is more consistent with the thermodynamic
data within the other assumptions in this development.

Equation (3) is an Fe-Ti oxide geothermometer that is independent of oxygen activity.
The geothermometer is presented graphically in terms of x,, versus Xy, contoured for
temperature in fig. 2, Table II. It is important to note that fig. 2 is only strictly applicable to
Fe-Ti oxides in the system FeO-Fe,0,-TiO,. Application of the geothermometer to coexisting
Fe-Ti oxides involving other components is considered in a later section. From fig. 2 it is
apparent that temperature estimates are very sensitive to small changes in x;.

Oxygen barometer. The reaction

6FeTiO,+2Fe,0, = 6Fe,Ti0,+04(g) 4)
can be calibrated as an oxygen barometer. The equilibrium relation for this reaction is:
_AGg = RT In (a%‘eﬂ‘iod, mt)/(a?‘e'l‘ioa, ilm'a%‘eao., mt)+RT1n aO,' (5)

Making the same assumption about the activity-composition relations of the coexisting Fe-Ti
oxides as above, this becomes: A’+B'/T = In [x{), /(1—x,,)?. x{,]+1In a5, = In K7, for binary
ilmenite solid solutions and binary magnetite solid solutions.
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TABLE 1I. xy, coordinates as a function of T(K) and x,
T(K) Xuly

0.05s 010 0.20 0.30 040 050 060 070 0.80 0.90  0.95

773  0.953 0.977 0990 0994 0.996 0.997 0.998 0.999 0.999 0.999 0.999
823 0915 0.958 0981 0.989 0993 0.995 0.997 0.998 0.999 0.999 0.999
873 0.859 0.930 0967 0980 0.987 0.991 0994 0.996 0.998 0999 0.999
923 0.786 0.886 0946 0.968 0979 0.986 0.991 0.994 0.9% 0998 0.999
973 0.700 0.831 0917 0950 0.967 0.978 0.985 0.990 0994 0.997 0.999
1023 0.608 0.766 0.880 0927 0951 0967 0.978 0.986 0.992 0.996 0.998
1073 0.516 0.694 0.835 0.897 0931 0953 0.968 0.979 0.988 0.995 0.997
1123 0432 0.616 0.783 0861 0906 0.935 0.956 0.971 0984 0992 0.996
1173 0.358 0.541 0.726 0.820 0.876 0.914 0.941 0.961 0977 0.990 0.995
1223  0.296 0470 0.666 0.774 0.842 0.889 0.923 0.949 0970 0.986 0.993
1273  0.244 0406 0.606 0.725 0.804 0.860 0.902 0.935 0.961 0.982 0.992

= Xulv__ 1= Xilm
1-Xuy  Xiim

9
%x104 (K)

Fic. 1. Ln K}, versus 1/T for the NNO and QFM buffered data of Buddington and Lindsley (1964). Error
brackets give the uncertainty in In Kp, for the NNO data points.

' 6
LnKp=Ln Xy + Lna
L ° Ij'xulv X<islm 02

X Ulvospinel

-50 | I — 1 1

7 8 k4

4 10
+x10 K

X{Imenite

FIG. 2 FiG. 3

F1G. 2. Geothermometer: x,,, versus xy,, contoured for temperature in °C.

FiG. 3. Ln Ky versus 1/T for the NNO and QFM buffered data of Buddington and Lindsley (1964). Error
brackets give the uncertainty in In Ky, for the NNO data points. .
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TABLE LI xy,, coordinates as a function of In ay, and x,

Ina
2
Xu1y —20 -25 ~30 —35 —-40 —45 -50 —55
0.1 0.532 0.674 0.782 0.858 0.909 0.942 0.963 0.977
0.2 0.656 0.769 0.849 0.903 0.938 0.961 0.975 0.984
0.3 0.729 0.821 0.884 0.926 0.953 0.970 0.981 0.988
0.4 0.783 0.858 0.909 0.942 0.963 0.977 0.985 0.991
0.5 0.826 0.888 0.928 0.954 0.971 0.982 0.989 0.993
0.6 0.864 0.912 0.944 0.965 0.978 0.986 0.991 0.994
0.7 0.897 0.935 0.959 0.974 0.984 0.990 0.993 0.996
0.8 0.929 0.955 0.972 0.982 0.989 0.993 0.996 0.997
0.9 0.961 0.976 0.985 0.990 0.994 0.996 0.998 0.999
10~
LnaOy
.8 .
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FIG. 4. Oxygen barometer: xyy versus x;y, contoured for In ag,.

Ln K7, has been plotted against 1/7 for the NNO and QFM data of Buddington and Lindsley
(1964) in fig. 3. Error brackets drawn for the NNO data represent the experimental uncertainty.
The data define a straight line that can be represented by the equation:

In Ky, = —87270/T+44-18 (T in K) 6)

This equation reproduces the experimental data within the experimental uncertainties. Equa-
tions 3 and 6 can be combined to eliminate temperature thus:

In do, = In [(X?Im [ I— xulv] 2/x?11v) . (xulv [ I— xilm]/[I - xulv]xilm)m'mz] —4'94 (7)

Equation (7) thus gives the activity of oxygen in terms of the compositions of the ilmenite and
magnetite independently of temperature; it is only strictly applicable to binary solid solutions.
The oxygen barometer is presented graphically in fig. 4 in terms of x5, and x;,, contoured
for In a,,. The data required to plot this graph are given in Table III. The geobarometer is
more sensitive to the composition of the ilmenite than it is to the composition of the magnetite.
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Application to natural Fe-Ti oxides

The graphical geothermometer and oxygen barometer, figs. 2 and 4, should only be used for
natural coexisting Fe-Ti oxides that depart little from the system FeO-Fe,O4;-TiO,. In this
case uncertainties in the calculated temperature of +4-30 °C and in In a,, of £2-0, as suggested
by Buddington and Lindsley (1964), should also be appropriate here. Uncertainties may be
larger for reducing systems if any of the assumptions in the above analysis are incorrect
because the calibrations could not include the MW data.

However, most natural coexisting Fe-Ti oxides deviate in composition, in some cases sub-
stantially, from the system FeO-Fe,0,-TiO, (for example, Carmichael, 1967; Wass, 1973).
This has always provided a problem in the application of the Buddington and Lindsley
geothermometer and various recalculation methods have been devised to minimize the un-
certainties involved (for example, Carmichael, 1967; Anderson, 1968).

Equation (3) can still be used as a geothermometer if the thermodynamics of magnetite and
ilmenite solid solutions can be adequately represented by a model of ideal mixing of mole-

cular species:
P In KD =In (xu]v xhem/xmt xilm) = _8155/T+459 (8)
The equation for the oxygen barometer can be rewritten similarly:
Inag, = In [(x3y X5/ x51v) - (Xuty Xnem/Xme Xpm)'* 721 —4'94 )

To use (8) and (9) it is necessary to recast analyses of coexisting ilmenite and magnetite solid
solutions in terms of end-members. There is no mathematically unique method of doing this
for multicomponent phases. However, it is possible to calculate the maximum and minimum
values of X, Xuy> Xum» a0d Xy, for a particular pair of analyses. These can then be
combined in the most unfavourable way to get the maximum uncertainty when the values are
substituted in (8) or (9). If the magnetite solid solution is recalculated on 4 oxygens, and #;
is the amount of i in the recalculated analysis, and . is the amount of divalent cations other

than Fe?*, then:
maximum X,;, = ng; gives a minimum X,,; = 31pesr —Hy2
maximum X, = Apes+ giVes a minimum Xy, = np—4E7ye

If the ilmenite is recalculated on 3 oxygens, and #; is the amount of i in the recalculated analysis,
and ny, and mys are the amounts of divalent and trivalent cations other than Fe?* and Fe?+,

then: . : i
v Maximum Xy, = $fpes+ ZIVES @ MINIMUM Xy = g — Ay

maximum Xy, = Ap—7y: giVes a minimum Xy, = $(Mges+ —Hpps)-

Maximum and minimum values of Xy, Xm¢ Xim, aNd Xpey have been calculated for six
ilmenite-magnetite pairs from Carmichael (1967) see Table IV. The analyses used are all
microprobe analyses for which Fe,O, contents have been estimated using charge balance
criteria! (Carmichael, 1967). Maximum and minimum temperatures calculated using the above
are also shown in Table IV. The large uncertainty in the calculated temperature for specimen
25 is due to large amounts of MgO and Al,O; in the magnetite solid solution and MgO in the

1 If the magnetite grain being analysed has exsolution lamellae of ilmenite then an average analysis of the
grain will not permit an adequate estimate of the Fe,O; content of the original unexsolved grain because the
ilmenite lamellae form as a result of an oxidation mechanism (Buddington and Lindsley, 1964). The total FeO
content (all Fe as FeO) determined by an average microprobe analysis of the grain will be too low due to oxida-
tion of some of the original Fe?t to Fe3t, In such cases an estimate of x,, can be obtained using x5, = wt. %
TiQ,/35-73. Temperatures and oxygen activities can then be obtained approximately using figs. 2 and 4.
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ilmenite. Thus the greater the compositional deviation of the coexisting phases from the system
FeO-Fe,O,-TiO, the greater the uncertainty in the calculated temperature. Such uncertainties
are not apparent in Carmichael’s analysis of the data. Maximum and minimum values of
In a,, calculated from (9) are also given in Table 1V. As above, the uncertainties are related
to compositional deviations from the system FeO-Fe,0,-TiO.,.
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