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Abstract 

A T-f02 pair is the result of solving two independent equations (for biotite and its host rock) each of which 
relates the two unknowns, oxygen fugacity (f02) and temperature, with an analytically determined Fe2+/Fe3+ 
ratio. T-f0 2 pairs, determined for a series of rock samples from localities which are spatially distributed over 
an intrusive are different and plot linearly in 1/T-logf02 space. A comparison of such lines, estimated for 
granites from Australia, Japan and Portugal shows three major features: (1) magnetite-granites and magne­
tite-free ilmenite-granites cover distinct fields, (2) Australian granites have a lower oxidation state and higher 
biotite crystallization temperatures than granites from Japan, and (3) ilmenite-granites from Japan plot sys­
tematically in an oxygen-rich regime, that is above the NiNiO (NNO) buffer, implying that their mineral 
assemblage is not in equilibrium whereas ilmenite-granites from Australia plot in an oxygen-poor regime, i.e. 
below the fayalite-magnetite-quartz (FMQ) buffer. 

It is, of course, expected that magnetite-free ilmenite-granites with all Fe3+ partitioned into biotite, have an 
oxidation state below (FMQ). Ilmenite-granites which plot above (FMQ) must therefore have experienced 
oxidation upon cooling, after ilmenite and after biotite crystallization. Such an oxidation may be related to 
volatile water, available at temperatures below water saturation and above solidification of the rock. Because 
ilmenite-granites plot either below or above (FMQ) for a specific region, one may infer that this is related to a 
regionally low or high water content respectively. As such one can distinguish low-water regions, such as 
Australia and N Portugal which are recognized as non-subduction-related granites, and high-water regions, 
such as Japan and the Alps (Bergell) which are recognized as subduction-related granites. It is concluded that 
in non-subduction-related regimes the red ox state of the source rock has been preserved in contrast to rocks in 
subduction-related regimes. 

Introduction 

The oxygen fugacity (f02) is a temperature-de­
pendent intensive parameter which controls the ox­
idation state and therefore the partitioning of mul­
tivalent transition elements between a melt and its 
crystallizing minerals. Because of the temperature 
dependence, only an estimate can usually be made 

of the redox state of a mineral. In granite petrology, 
interest in f0 2 has arisen mainly from a possible 
causal relation between the redox state of a granite 
and the occurrence of ore deposits (Ishihara 1977, 
1981). Due to the fact that granites contain quartz, 
the presence or absence of magnetite (Fe2+Fe~+04) 
allows rough estimates of the redox state with re­
spect to the fayalite-magnetite-quartz (FMQ) buff-
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er. Determination of the redox trend, which re­
quires knowledge ofT-f02 pairs, might be achieved 
by analyzing two different Fe-bearing minerals in 
equilibrium, both with a specific sensitivity to f02 

and temperature. In granites, there are only a few 
Fe-bearing minerals among which Fe-Ti oxides and 
biotite. The ease with which, in particular ulvospi­
nel, looses Ti and adjusts its chemistry to low-tem­
perature events of late-magmatic alteration, makes 
it unsuitable to trace magmatic conditions by means 
of Fe-Ti oxide geobarometers (method of Budding­
ton & Lindsley 1964 ), hence leaving biotite as the 
only appropriate candidate. 

In view of the above I have suggested a method to 
estimate T-f02 pairs of biotite-bearing intrusions 
(Burkhard 1991) based on the analytically deter­
mined Fe2+/Fe3+ ratio of biotite and the bulk rock. 
For both, biotite and rock, f 0 2 can be inferred as a 
function of temperature, based on this ratio (Hewitt 
1981 in Wanes 1981, Kress & Carmichael 1988).1 In 
spite of the fact that my method requires an extra­
polation of physico-chemical parameters from 
high-temperature data (ca. 1300° C) to temper­
atures of granite crystallization (ca. 800° C), it 
shows promise. The calculated temperatures and 
f02 values for sample sets of two different granites 
gave the following results: (1) redox states of mag­
netite-granites and magnetite-free ilmenite-gran­
ites (ilmenite, Fe2+ri03) occur above respectively 
below (FMQ) in accordance with presence or ab­
sence of magnetite; (2) calculated varying temper­
atures, as well as T and f0 2 ranges, could be inter­
preted as being due to variations of water available 
during granite emplacement; (3) after a critical 
evaluation of the effect of late- or post-magmatic 
alteration I could infer that T-f02 pairs of a partic­
ular intrusive, which plot linearly in 1/T-logf02 

space, delineate the evolution of f02 as a function 
of temperature. 

This encouraging result gives confidence in the 
usefulness of the method, and urges a comparison 

1 It has been argued that these equations do not take into account 
oxidizing agents like For C02 and hence are not valid. However, 
it is the combined effect of oxidizing and reducing agents which 
characterizes the redox state of the system and determines the 
Fe3•/Fe2• ratio. 

of these parameters between different granites. 
Such a comparison is presented here between gran­
ites from the Lachlan Fold Belt, Australia, and 
granites from Japan and N Portugal. I find that in a 
non-subduction-related tectonic setting, f0 2 re­
flects the redox state of the source rock in magma 
systems with relatively low water content, whereas 
in subduction-related settings the original redox 
state becomes obscured in a high-water environ­
ment during emplacement. Ilmenite-granites are 
sensitive to whether a granite emplacement oc­
curred under low or high-water conditions. 

Method 

Samples with fresh biotite, no chlorite or muscovite 
alteration, and a minimum of opaque inclusions in 
the biotite were selected for T-f02 studies from a 
comprehensive collection of Australian granites 
(see Appendix). 

The calculation ofT-f0 2 pairs (Burkhard 1991) is 
based on the assumption that f0 2, defined by the 
redox state of the melt, determines the partitioning 
of Fe3+ and Fe2+ between crystallizing biotite and 
melt, and that biotite crystallizes in its stability field 
with respect to composition, T and f0 2• Temper­
ature and f02 value are the two unknowns which 
are calculated from two equilibrium equations for 
the T dependence off 0 2 for biotite (Hewitt 1981 in 
Wones 1981), and for the bulk rock (e.g. Kress & 
Carmichael 1988). The calculation of T-f02 pairs of 
a sample requires (1) the bulk composition in terms 
of major element oxides in order to calculate the 
melt parameters such as Margules terms, (2) knowl­
edge on presence of magnetite to assess its activity, 
and (3) electron microprobe analyses on biotite, 
feldspar and amphibole, to determine the total Fe 
content of biotite and the activity of sanidine, and to 
estimate total pressure by means of a hornblende 
geobarometer (e.g. Hollister et al.1987). Fe2+ has to 
be analyzed (the accuracy of wet chemical analyses 
suffices) for bulk rock and biotite to determine their 
ferrous and ferric iron content. 

Further details on the calculation are given in 
Burkhard (1991) and in the Appendix. The calculat­
ed temperatures and f 0 2 values and data on the 
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Fig. I. T and log f02 values of granites from Australia, N Portugal, Japan and the Swiss-Italian Alps (Berge II intrusives, Burkhard, unpubl.). Values from N Portugal are calculated 
from data given by De Albuquerque (1971, 1973). For Australia and N Portugal, magnetite-free (ilmenite-) granites tend to plot below the FMQ buffer as expected for a rock 
without magnetite. Ilmenite-granites from Japan and the Alps tend to plot above the FMQ buffer. This indicates a disequilibrium because these rocks do not bear magnetite. 
Inflections in the redox paths are related to multi-intrusive bodies, and are in contrast to smooth lines for Australia where each point represents a single intrusion. Buffers are taken 
from Huebner (1971). 
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Fig. 2. Redox path of the Australian and Japanese granites. 
Fields of magnetite and magnitite-free ilmenite-granites are 
quite distinct, and all granites follow a similar redox trend (simi­
lar slope). 

biotite crystallization are presented in the follow­
ing. Graphically, these values are the intersection 
points of the two lines that represent the equations 
for rock and biotite. This graphic approach will be 
discussed below. 

Results 

Calculated temperatures and f 0 2 values, as well as 
parameters used for the calculations for granites 
from Australia, Japan, N Portugal and the Alps are 
given in Tables la and b. Logf02 is plotted as a func­
tion of temperature (l/T) for these granites in Fig. l. 
A summary plot of the f02-T regime for Australian 
and Japanese granites is shown in Fig. 2. 

Results of T-f02 calculations are the following: 
- Magnetite-granites plot at higher f02 values, i.e. 

between the NiNiO (NNO) and magnetite-he­
matite (MH) buffer, than ilmenite-granites. 

- In T-f02 space, fields of magnetite- and ilmenite­
granites are distinct and they describe an f0 2 

range of 2, respectively 3 log units. 
- A range of biotite crystallization temperatures 

up to 300° C may be encountered within a partic­
ular intrusion or suite. 

- Most of the Australian and Portuguese ilmenite­
granites plot below (FMQ). 

- All Japanese ilmenite-granites and those from 
the Alps plot above (NNO). 

} 0.5 % FcO 

Fig. 3. Redox or cooling path defined by two samples, '1' and '2'. 
The graphical solution for T and log f02 results from the inter­
section of the lines 'rock 1' with 'biotite 1' , and ' rock 2' with 'bio­
tite 2'. The connection of the resulting two points, A and B, de­
scribes the redox trend. Geometry requires that those curves 
with the smallest separation, i.e. the biotite curves, determine the 
slope of the line A- B. 

- Magnetite- and ilmenite-granites from Japan 
and from the Alps are more oxidized than Aus­
tralian and Portuguese granites. 

- The T range for biotite crystallization in Austra­
lian granites is 200 degrees wider than for Japa­
nese granites. Additionally, Australian granites 
crystallized on the average at higher temper­
atures. 

- The redox trend is parallel to subparallel for all 
granites and oxidizing with respect to the buffers 
which means that the redox state of granites 
moves into the high-oxygen region of buffers 
during cooling. 

Discussion 

In order to interpret these results four principal 
questions have to be considered: 
(1) why are all redox trends parallel to subparallel? 
(2) what is the meaning of the temperature range 

for biotite crystallization? 
(3) what is the reason for the different redox states 

and T ranges for granites from Australia and Ja­
pan? 

( 4) why is there no consistency between mineralo­
gy and redox state for ilmenite-granites from 
Japan and those from the Alps? 



Parallel to subparallel redox trend of granites 

Figures 1 and 2 show that the redox trend is similar 
for all granites, i.e. a similarity in slope of the curves 
in the T-f0 2 diagrams. The reason for this similarity 
may be graphically elucidated, as done in Fig. 3 

Here, for two granite samples, called 'l' and '2', 
both equations, for biotite and bulk rock rock are 
plotted as logf02 verus 1/T. The intersections of 
biotite curves with those for the rock are marked as 
'A' and 'B'. The line connecting 'A' and 'B' indi­
cates the redox trend. The spatial separation be­
tween f02-1/T lines for biotite is usually smaller 
than for the rock, because variations in Fe2+/Fe3+ of 
biotite are relatively small in comparison to those 
for the bulk rock. In Fig. 3, the distance between the 
lines corresponds to a difference of 0.5 wt.% FeO 
for biotite, and of 1 wt.% FeO for bulk rock. Geo­
metric reasoning has it that those curves with the 
smallest separation determine the slope of the con­
necting line A-B, i.e. the biotite line. Figures 1and2 
indicate that redox trends are similar, irrespective 
of the kind of granite. Such similarity in trend im­
plies the same oxidizing redox trend for all granites 
upon cooling. An oxidizing trend has been assigned 
to open magmatic systems based on thermodynam­
ical modelling (Ghiorso & Carmichael 1987). An 
oxidizing trend for all granites, on the other hand, is 
not in accordance with the statement of Wones & 
Eugster (1965) and Wones (1981) that magnetite­
granites only follow an oxidizing trend in contrast to 
ilmenite-granites which follow a reducing trend. 

Samples from the same intrusion, or the same 
magma system (most Australian granites), tend to 
plot on an approximately straight line, whereas 
plots of sets of samples representing suites or super­
suites (Japanese granites) show inflections. The dif­
ference between a straight line for single intrusions 
versus inflected lines for suites and supersuites may 
be interpreted as being due to the difference be­
tween essentially one magma system, derived from 
one partial melting process, versus multiple sys­
tems, derived from different melting processes or 
different source rocks. Determination of T-f02 

pairs thus offers a means of checking the cosanguin­
ity of melts. 
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Rationalization of the T range 

Magnetite and ilmenite occur in granites either as 
euhedral phenocrysts within feldspar or biotite, or 
interstitially in the groundmass. Whether Fe-Ti ox­
ides crystallized before, during, or after biotite can 
therefore not be ascertained. Magnetite crystalliza­
tion will withdraw a proportionally higher amount 
of Fe3+, leaving the magma slightly more reduced, 
whereas ilmenite crystallization with its concomit­
tant Fe2+ depletion would leave the magma slightly 
more oxidized. Crystallization of Fe-Ti oxides, be­
cause of their small percentage, was expected to 
have a minor effect on the redox state of the resid­
ual liquid of basic magmas (Carmichael 1991). The 
same may be assumed for granites which contain an 
even smaller amount of these opaques. The uncer­
tainty regarding the relative timing of Fe-Ti oxide 
crystallization with respect to biotite is therefore ir­
relevant for the evolution of f02• Crystallization of 
several percent of biotite and amp hi bole leaves the 
remaining granite magma enriched in Fe3+ because 
of their low Fe3+/Fe2+ ratio. Crystallization will oc­
cur stepwise because each batch of crystallized bio­
tite (amphibole) leaves the residual too oxidized, 
i.e. with a too high Fe3+/Fe2+ ratio for further biotite 
crystallization. Temperature and f0 2 have to de­
crease before a new batch of biotite is stable. This 
stepwise biotite crystallization may explain the 
spread of temperature and f02 values. 

The calculation of T-f02 pairs traces the condi­
tions of rock-biotite equilibrium at a certain tem­
perature and f0 2, based on a determination ofFe2+1 
Fe3+ in biotite and host rock. Besides the uncertain­
ty regarding a preserved original equilibrium, the 
fact that the analyzed bulk rock contained biotite, 
may introduce another error. One may therefore 
expect that the analyzed Fe2+/Fe3+ ratio of the rock 
(with its biotite) is too high. The increase in Fe2+/ 
Fe3+ ratio is opposite to that of postmagmatic alter­
ation. The question to what extent we may assume 
cancellation of these two effects is discussed in the 
next section. 
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Table I. Calculated temperatures, 1ogf02 values and parameters used for the calculation for granites from (a) Australia and N Portugal 
(b) Japan and the Alps (Bergell). 'a' stands for the activity of sanidine (san) and magnetite (mt), respectively; Fe2+ is the number of 
ferrous iron ions in biotite (wet chemical analyses) per unit formula; and Fe# is the iron number ofbiotite, Fe/(Fe+ Mg); lnXi/Xi stands for 
ln (XF, 0 ,1464)/XFc 0 ) , and IWi/Xi stands for the sum of the Margules terms. Descriptions of the granites, references, and some details on 
the calculations are given in the Appendix. 

AUSTRALIA 

P[kbar] a (san) a (mt) Fe2+ Fe# In Xi/Xi I,WiXi 1/T T [K] logf02 
biotite biotite bulk bulk •10 000 

Jindabyne 

KB18 2.5 0.9 1 1.114 0.486 -0.84 -2.41 10.6 941 -14.7 
KBS 2.5 0.9 1 1.058 0.434 -0.49 -2.56 11.2 893 -15.4 

KB26 2.5 0.9 1 1.125 0.472 -0.83 -2.28 10.7 937 -14.8 
KB29 2.5 0.9 1 1.090 0.462 -0.65 -2.75 10.9 920 -15.0 
KB34 2.5 0.9 1 1:263 0.568 -1.19 -2.17 10.0 996 -14.0 

Strathbogie 
Str 129 4.0 0.9 0.2 1.572 0.669 -3.32 -2.87 7.7 1299 -13.0 .. 
Str 126 4.0 0.9 0.2 1.319 0.654 -2.74 -2.62 8.2 1225 -12.9 
Str 122 4.0 0.9 0.2 1.606 0.680 -3.09 -2.53 8.2 1215 -13.7 
Str 142 4.0 0.9 0.2 1.541 0.671 -2.95 -2.67 8.5 1178 -14.0 

Str 135 4.0 0.9 0.2 1.562 0.635 -2.77 -2.78 8.8 1134 -14.4 
Str 120 4.0· 0.9 0.2 1.538 0.667 -3.16 -2.80 8.0 1243 -13.4 
Sta well 

WV196 2.5 0.9 1 1.417 0.553 -0.95 -3.66 10.7 930 -15.5 
WV197 2.5 0.9 1 1.344 0.567 -1.13 -3.64 10.3 968 -14.9 

WV198 2.5 0.9 1 1.373 0.573 -1 .93 -3.53 9.0 1115 -13.3 
Tynong 

CV 103 1.0 0.9 0.2 1.450 0.578 -3.09 -3.45 9.1 1097 -15.8 
CV 104 1.0 0.9 0.2 1.360 0.535 -3.37 -3.32 8.5 1176 -14.9 
CV67 1.0 0.9 0.2 1.584 0.632 -1 .54 -3.71 11.8 845 -19.1 

CV65 1.0 0.9 0.2 1.794 0.712 -1.72 -3.94 11.8 850 -19.3 
CV 86Ly 1.0 0.9 0.2 1.321 0.528 -2.07 -1.55 11.0 906 -17.7 
Cabanandra 
BG7 2.0 0.9 1 1.349 0.560 -1.08 -2.56 10.8 928 -15.5 
BG38 2.0 0.9 1 1.419 0.556 -1.31 -2.49 10.5 951 -15.4 

BG37 2.0 0.9 1 1.242 0.538 -1.14 -2.56 10.5 956 -15.0 
BG32 2.0 0.9 1 1.281 0.529 -1 .34 -2.68 10.2 985 -14.7 

N PORTUGAL 

P[kbar] a (san) a (mt) Fe2+ Fe# In Xi/Xi I,WiXi 1/T T [K] logf02 
biotite biotite bulk bulk •10 000 

'1' 2.5 0.9 0.2 0.955 0.477 -1.76 -4.13 9.6 1044 -14.5 
'8' 2.5 0.9 0.2 1.100 0.511 -2.90 -3.99 7.8 1274 -12.7 
'9' 2.5 0.9 0.2 1.134 0.478 -1.95 -3.93 9.7 1029 -15.1 
'11' 2.5 0.9 0.2 1.206 0.543 -2.88 -3.53 8.2 1214 -13.5 

'12' 2.5 0.9 0.2 1.306 0.586 -2.55 -3.21 9.1 1095 -14.8 
'13' 2.5 0.9 0.2 1.239 0.596 -2.67 -3.37 8.7 1144 -14.2 
'14' 2.5 0.9 0.2 1.331 0.600 -2.69 -3.48 8.9 1127 -14.5 

'16' 2.5 0.9 0.2 1.375 0.658 -2.37 -3.80 9.5 1055 -15.3 
Data based on De Albuquerque (1971 , 1973) 
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JAPAN 

P[kbar) a (san) a(mt) Fe2+ Fe# lnXi/Xi LWiXi l/f T !Kl logf02 

biotite biotite bulk bulk *10 000 

CHUGOKU 
Daito 

6412-17 1 0.8 1 0.935 0.435 -0.54 -2.34 11.4 877 -15.9 

6510-116 1 0.8 1 0.906 0.410 -0.09 -3.13 11.9 841 -16.3 

6510-132 1 0.8 1 0.803 0.379 0.55 -3.19 12.6 792 -16.8 

Hiroshima 

H-72 1 0.95 0.2 1.260 0.560 -1.53 -2.93 11.4 875 -17.9 

H-89 1 0.95 0.2 1.154 0.495 -1.00 -3.25 12.0 833 -18.3 

H-93 3 0.8 0.2 1.574 0.682 -1.09 -3.70 12.0 835 -18.5 

Takanawa 

MY-15 3 .5 0.95 0.2 1.166 0.513 -1 .39 -2.85 10.7 938 -15.9 

MY-6 3.5 0.95 0.2 1.432 0.320 -1.08 -3.15 11.6 861 -17.6 

MY-2 3.5 0 .95 0.2 1.682 0.720 -0.99 -3.56 12.0 830 -18.5 

MY-I 3.5 0.95 0.2 1.804 0.772 -0.28 -4.03 13.2 755 -19.9 

CHUBU 
Hatogaya 
RS-88 5 0.85 1 1.325 0.560 -0.85 -4.14 9.9 1008 -13.6 

RS-87 5 0.85 1 1.208 0.546 0 .15 -3.61 11.5 868 -15.2 

RS-91 5 0.85 1 1.230 0.556 1.22 -3.96 13.2 755 -1 7.1 

Toki 

T-41 3 0.9 0.2 1.439 0.658 -1.63 -2.55 11 .3 887 -17.7 

T-38 3 0.85 0.2 1.527 0.660 -1 .85 -3 .33 10.6 940 -16.9 

T-44 3 0.9 0.2 1.810 0.885 -0.99 -3.51 12.4 805 -19.3 

T-25 3 0.9 0.2 1.804 0.875 -1 .87 -3.73 10.9 918 -17.6 

Ryoke I 

T-97 3 0.9 0.2 1.449 0.635 -1.78 -2.99 10.7 937 -16.7 

T-94 4.5 0.8 0.2 1.595 0.730 -1.10 -3.34 11 .6 861 -17.6 

T-145 4.5 0.9 0.2 1.640 0.736 -1 .42 -3.10 11. 1 901 -17.0 

Ryoke II 
T-75 5 0 .9 0.2 1.473 0.676 -1.61 -2.16 10.6 948 -15.9 

T-165 4.5 0.95 0.2 1.479 0.638 -1.54 -3.50 10.5 952 -16.0 
T-168 4.5 0.95 0.2 1.410 0.639 -1.63 -2.93 10.4 966 -15.7 

Ryokc III 

T-76 4.5 0.9 0.2 1.433 0.683 -1.77 -2.19 10.4 965 -15.8 

T-133 4.5 0.9 0.2 1.413 0.701 -1.38 -3.41 10.7 932 -16.2 

Data based on Ishihara & Terashima (1977) and Czamanske et al. (1981) 

A L P S (B E R GE LL) 

P[kbar] a (san) a(mt) Fe2+ Fe# lnXi/Xi LWiXi lff T [KJ logf02 

biotite biotite bulk bulk *10 000 

Berg 3a 3.5 0.9 1 1.045 0.509 -0.74 -4.16 10.0 1000 -13.5 
Berg 21 3 .5 0.9 1 1.004 0.491 -1.07 -3.67 9.4 1063 -12.7 
Berg 191 3.5 0.9 1 0 .940 0.448 -0.92 -3.89 9.5 1057 -12.6 
Berg I lb 3.5 0.9 1 0.970 0.472 -1.09 -4.08 9 .2 1088 -12.4 
Berg !Sa 3.5 0.9 1 1.048 0.493 -1 .40 -4.09 8.8 1133 -12.1 
Berg 7 5.0 0.9 0.2 0.943 0.436 -1.34 -3.95 9 .6 1045 -13.6 
Berg 6 5.0 0.9 0.2 0 .934 0.436 -1 .84 -4.10 8.6 1168 -12.3 

Data from Burkhard (unpubl.) 
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Redox state of granites - the subtle role of H20 

The large range of redox states known from gran­
ites suggests a variety of possible controlling par­
ameters for f02 and corresponding interpretations: 

Previous discussions on the origin of f02 

It has been frequently assumed that the thermal dis­
sociation of water and subsequent loss of hydrogen, 
controls the oxidation state of a magma (e.g. Eu­
gster & Wones 1962, Wones & Eugster 1965, Cza­
manske & Wones 1973, Czamanske et al. 1981). In 
Japan, an alternative school claims that organic car­
bon is responsible for the reduced redox state of 
granites derived from sediments. It has also been 
suggested that the redox state of a magmatic rock 
reflects its source (Wones 1989, Carmichael 1991). 

The variety of redox states of granites and 
a comparison to volcanic rocks 
The variety of granites with different types of redox 
states includes granites such as the Australian ones 
which are quite reduced. For these, one may argue 
that their redox state reflects the red ox state of their 
source rock. A second group comprises granites 
like the magnetite-granites from the Finnmarka 
Complex in the Oslo Graben, for which Czamanske 
& Wones (1973) demonstrated that oxidation oc­
curred during biotite crystallization. In a third 
group fall ilmenite-granites like those from Japan. 
They are magnetite-free, suggesting a redox state 
below (FMQ) but their redox state is calculated to 
be above (FMQ) (Fig.1). Similar observations were 
made by Dillet & Czamanske (1987) on some ilme­
nite-granites from the Questa Caldera, New Mex­
ico, and by myself ( unpubl.) from Bergell intrusives 
in the Alps. These ilmenite-granites commonly con­
tain titanite, either primary, or secondary as a re­
placement of ilmenite. 

Apparantly, this discrepancy between the calcu­
lated redox state and that inferred from the mine­
ralogy is restricted to plutonic rocks. In Tertiary to 
Recent volcanic rocks, Ewart (1979) assigned dis­
tinct and characteristic redox states to volcanic 
rocks of a particular region, leading to the conclu­
sion that f 0 2 is intrinsic to the rock and specific to a 
region. Similarly, Carmichael (1991) suggested that 

the redox state of basic and silicic volcanic magmas 
reflects the redox state of the source.2 

If this variety of redox states of granitic rocks is to 
be explained, a common mechanism as to its origin 
has to be found that suits all cases. Because granitic 
magmas contain a substantially higher amount of 
water than their extrusive equivalents, it is the wa­
ter that may be expected to be important for such a 
mechanism. In the following a mechanism is sug­
gested that considers the role of water in relation to 
the redox state of granites. 

H20 : the controlling parameter for f02; 

the mechanism 
The solubility of H20 in a melt increases with tem­
perature and pressure.3 Upon cooling the water sol­
ubility decreases and its saturation point is reached 
at a temperature that is related to the amount of wa­
ter dissolved in the magma and that is inversely re­
lated to pressure. Only below this temperature, i.e. 
during subsequent cooling, may H20 oxidize the 
magma or crystallizing phases, as discussed below. 
This means that at a given pressure the amount of 
water dissolved in a magma prior to cooling will de­
termine the water saturation temperature and thus 

2Based on stable isotope date by Hildreth et al. (1984) Carmi­
chael argues that an intensive interaction of meteoric water with 
the magma did not affect the redox state of Fe-Ti oxides. This 
argumentation is not too obvious, because firstly, Hildreth et al. 
(1984) themselves express doubts on the interaction with 180 -de­
pleted meteoric water; secondly, isotope exchange processes are 
much debated because of a lack of sufficient experimental data 
on this process (some problems and inconsistencies related to 
assumptions of isotope exchange have been pointed out by 
Burkhard & O 'Neil 1988); thirdly, the availability of water to 
such an extent as to exchange 180 would undoubtedly result in 
some kind of Fe oxidation. 
3 Reactions between the silica and H20 . Molecular orbital calcu­
lation performed by De Jong and Brown (1980b) showed how 
HP is absorbed by silica liquids; by exothermic reactions, H+, 
H,o + and H20 are attached to bridging oxygen Ob, (Ob, has a 
high electron donor capacity, De Jong and Brown 1980a; Burk­
hard et al.1991), and H- and OH+ are attached to Onb« Therefore, 
De Jong & Brown concluded that the solubility of H20 in melts 
depends on the ease with which Si-Ob, bonds can be broken. This 
depolymerization effect is in agreement with the experimentally 
determined decrease of viscosity in the presence of water (Eg­
gler & Rosenhauer 1978). It is obvious that the Si-Ob, bonds can 
be broken more easily at higher temperatures, a fact which ex­
plains why the solubility of water increases with temperature. 



the upper temperature for magma and mineral ox­
idation; the temperature of magma oxidation can 
be expected to equal at best the water saturation 
temperature T Hzo but is probably lower. 

Qualitatively, three cases may be distinguished: 

(1) T H20 ~ T bio cryst 

(2) TH20 < Tbio cryst 

(3) T H20 << Tbio cryst 

(J) T H20;:::: Tbio cryst 
For a magma containing a high amount of water, 
water saturation temperature may be approximate­
ly that for biotite crystallization. Hence, crystalliz­
ing biotite is oxidized causing crystallization of 
magnetite. Figure 4a illustrates the oxidation of 
such a granite; the intersection is shifted towards 
higher f0 2 values (less negative log f0 2 compared 
to 'rock l') and lower temperatures. Granites 
formed under these conditions will always be mag­
netite-granites. 

(2) T H20 < Tbio cryst 
For a magma containing a lower amount of water, 
water saturation temperatures are below that of 
biotite crystallization and oxidation by water will 
not affect biotite, but later crystallizing mineral 
phases, i.e. 'the rock'. This case is illustrated in Fig. 
4b. 
Such a granite will be either a magnetite-granite, or 
an ilmenite-granite which was originally below 
(FMQ) but became oxidized during crystallization 
such that it plots now above (FMQ). 

(3) T H20 < < Tbio cryst 
For a magma containing a very small amount of wa­
ter, water saturation temperature will occur when 
all mineral phases have been crystallized. Oxida­
tion by water will, if at all, occur as a postmagmatic, 
hydrothermal alteration. Granites formed under 
these conditions are likely to preserve the redox 
state of their source rock. 

The above temperature relationships depend on 
T bio cryst which may vary by several hundred degrees, 
and they depend on the ambient pressure because 
of the pressure dependence of T HZo· The lower tem­
perature limit for T 0 x (s;THZOsat) may be 500± 50°C, 
the temperature where Fe-Ti oxides re-equilibrate 

alteration trend 
due to oxidation 
of rock + biotite 

alteration trend 
due to oxidation 
of the rock 

1/T 

1/T 
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a 

b 

Fig. 4. Graphical illustration of any late oxidation on the T­
logf02 values for a sample '1'; 'lA' stands for altered, i.e. oxi­
dized. (a) alteration caused by an oxidation-alteration that af­
fects the rock and biotite. This is the case if TH2o ~ Tbio cryst · (b) 
alteration caused by an oxidation-alteration that affects the rock 
only. This is the case for TH20 > Tbio cryst (see text). 

due to hydrothermal or postmagmatic water m 
granites. 

The original amount of water dissolved prior to 
cooling cannot be estimated because of devolatil­
ization of a magma upon cooling. Therefore, a cross 
check of my concept is not possible by means of the­
oretical or experimental results on water solubility. 

Relation to granite emplacement 
A distinction between these three conditions of 
granite formation which depend on the water avail­
ability during emplacement, can be inferred from 
the redox state of ilmenite-granites. Ilmenite-gran­
ites which are below (FMQ) have experienced no or 
little oxidation. They fall in the third category and 
their redox state reflects that of their source rock. 
Ilmenite-granites above (FMQ) have experienced 
oxidation and they fall in the second category. Ilme-
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nite-granites cannot be found under conditions of 
the first category because oxidation around tem­
peratures of biotite crystallization results in magne­
tite information, according to the equation: bio­
tite + 0 2 = magnetite + sanidine + H20. Ilmenite­
granites therefore serve as indicator of the redox 
environment of granite emplacement. 

The T-f02 data of granites presented here show 
that ilmenite-granites plot consistently either below 
or above (FMQ) for a particular region (Fig.1). This 
regional dependence suggests that the preservation 
of a redox state, or oxidation during crystallization, 
as observed for some ilmenite-granites, holds for 
magnetite-granites as well. The idea finds support 
in the overall similar characteristics of both, magne­
tite- and ilmenite-granites of a particular region. 
Granites of this study are categorized according to 
T 820 versus Tbio as indicated in Table 2. 

The regional dependence of redox states suggests 
that the driving force itself, the water content of 
these magmas, may be a regional characteristic. 
This touches upon a possible relation to the tectonic 
setting for at least the Australian and Japanese 
granites which cover larger regions. The tectonic 
setting for Japanese granites is in an extensional re­
gime of a continent-ocean collision environment 
which itself is subduction-related. A similar tecton-

ic setting is known from the Questa Caldera, New 
Mexico, for which oxidation during crystallization 
has been discussed by Dillet & Czamanske (1987). 
Granites from N Portugal, on the other hand, are 
known not to be subduction-related. Although the 
tectonic setting of Australian granites is not yet 
clear, it is likely that they are also not related to sub­
duction (Chappell 1984). Such relations between 
granite types and tectonic environment have been 
already suggested by Pitcher (1982), based on 
chemical variations. A relationship between tec­
tonic settings and redox state coupled with temper­
ature during crystallization opens up an avenue to 
relate the tectonic environment to different mecha­
nisms of granite magma genesis and emplacement 
in addition to chemical variability. A principal ques­
tion that needs answering concerns the source of 
water. This is subject of ongoing research. 

Conclusions 

A comparison of granites based on T-f02 estima­
tion (Burkhard 1991) shows that: 
(1) The redox state may be intrinsic to a rock, i.e. a 

reflection of the source rock. However, the 
original redox state may also be overprinted to 

Table 2. Summary of the three possible relations between temperature ofbiotite crystallization Tbio and oxidation of the rock, the onset of 
which is below the temperature of water saturation of the magma T ttzo· The third column contains the regional examples discussed in the 
text. 

mt-granjtes ilm-granites 

Tu20 << Tbio reflects the source reflects the source 

Tu20 < Tbio oxidized rock (Fig.4b) oxidized rock (Fig.4b) 
related ilm-granites plot above FMQ 
plot above FMQ 

Tu20 ~ Tbio biotite is oxidized (not possible) 
mt formation 

TH20: water saturation temperature of the magma 
Tbio: crystallization temperature of biotite 

Region 

Australia, Portugal 

Japan, Alps (Bergell) 
New Mexico 
(Questa Caldera) 

Oslo Graben 



various degrees by oxidation during crystalliza­
tion. Granites which preserved the redox state 
of their source rock occur in Australia and N 
Portugal; in contrast, Japanese granites have 
been oxidized during crystallization. This dis­
tinction is possible on the basis of the redox 
state of ilmenite-granites. They plot below 
(FMQ) if granites preserved their original re­
dox state, and above (FMQ) if oxidation oc­
curred. 

(2) The redox states of granites prove to be consis­
tent for regions with a specific tectonic setting; 
granites that were oxidized during crystalliza­
tion occur in a subduction-related environment 
whereas granites with a redox state inherited 
from their source rock occur in a non-subduc­
tion-related environment. 

(3) The degree of oxidation of a magma depends 
on the amount of water dissolved in the magma 
prior to cooling. This water content determines 
the water saturation temperature. Below this 
saturation temperature the magma may be­
come oxidized due to interaction with water. 

( 4) The amount of water available during granite 
emplacement may largely depend on the tec­
tonic setting. 

These results open up a perspective for a causal re­
lationship between water content and source on the 
one hand, and mechanisms and conditions of gran­
ite genesis and emplacement on the other. 
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Appendix 

Description of the granites 

Five granites from the Lachlan Fold Belt, Australia, selected for 
this study, include I-type, magnetite-, S-type, ilmenite-, I-type, 
ilmenite-, and S-type, magnetite-granites. They are listed below 
with further references. 
I-type, magnetite-granite: Jindabyne, 412.7± 9Ma (Jindabyne 
Suite, Kosciusko Batholith) tonalite with hornblende, biotite (si­
multaneous crystallization), apatite, titanite, abundant magne­
tite, some ilmenite. P = 2.5 kb (hornblende geobarometer). White 
et al. (1977), Hine et al. (1978), Burkhard (1991) 
S-type, ilmenite-granite: Strathbogie, 365 ± 6 Ma granite with gar­
net, cordierite, biotite, ilmenite, pyrrhotite. P= 4kb Hine et al. 
(1978), Phillips et al. (1981), Clemens & Wall (198I), Richards & 
Singleton (1981), White (1988), White & Chappell (1988), Burk­
hard (1991) . 
I-type, ilmenite-granite: Tynong and Lysterfield, 371± 12Ma (Ty­
nong Suite) granodiorite with small amounts of hornblende in­
tergrown with biotite, ilmenite, allanite, prim. garnet, apatite, 
pyrrhotite, chalcopyrite, covelline. P = 1 kb (hornblende geoba­
rometer). Richards & Singleton (1981), White (1988), White & 
Chappell (1988) 
I-type, magnetite-granite: Sta well, 396± 5Ma (Ararat Suite) gra­
nodiorite with hornblende, magnetite, ilmenite, allanite, chalco­
pyrite. P = 2.5kb (hornblende geobarometer). White (1986), 
White (1988), White & Chappell (1988) 
S-type, magnetite-granite: Cabanandra, ca. 420Ma (Dalgety 
Suite, Bonang Batholith) granites with biotite, cordierite, hyper­
stene, magnetite with ilmenite exsolution, apatite, zircon, mona­
zite. P= 2kb (A.J.R. White, pers. comm) White (1988), White & 
Chapell (1988) 
Electron microprobe analyses were carried out with a Cameca 
SX 50, operating at 15ke V and 25nA. Natural standards used for 
the silicates were: wollastonite (Si and Ca), periclase (Mg), he­
matite (Fe), rutile (Ti), jadeite (Na), benitoite (Ba), K-tantalite 
(K), NaCl (Cl), apatite (P). Synthetic standards include: Alp3 

(Al), NaF4 (F), and pure Cr and Zn for Cr and Zn respectively. 
Oxides were analyzed with the same standards used for the sil­
icates and in addition pure Mn and V for these elements, respec­
tively. A description of the wet chemical analyses of ferrous iron 
is described in Burkhard (1991 ). Data on the bulk chemistry have 
been made available by A.J.R. White & B.W. Chappell. 

The Australian granites are characterized by three Harker di­
agrams showing the Si02, Fe, and Fe/Mg distribution of the bulk 
rock (Fig. 5), and the biotite chemistry Al1v vs Fe10/ (Fe101+ Mg) 
(Fig. 6). 

The Fe and Mg chemistry of biotite is not directly or inversely 
related to the bulk rock chemistry of granites as a comparison of 
Figs 5 and 6 indicates. Instead, Fe partitioning is controlled by 
the oxygen fugacity such that biotite crystallization at a low f02 

will partition Fe, mainly as Fe2+, into biotite and ilmenite (ilme­
nite-granite), and, at high f02, Fe will be used to crystallize mag­
netite, whereas biotite will become Mg-rich (magnetite-granite), 
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Fig. 5. Harker diagrams of FeO, FeO(tot)/FeO(tot)+ MgO, and 
Ti02 vs Si02 for Australian granites of the Lachlan Fold Belt. 

as stated by Wones & Eugster (1965), Czamanske & Wones 
(1973) and Ishihara (1977, 1981). 

The crystallization temperature of biotite is estimated from: 

Burkhard (1991) 

with: 
k, : -23.74- 6logXf,2++ 2loga.,n+ 2logam, - ln (XF,o (1.464/XF,0 ) 

k2: - 11951.68+ 225.06 If\. W;X; - 0.022(P-1000) 
where Tis temperature in degrees K, Pis pressure in bar, Xf,2+is 
the number of ferrous ions in biotite, divided by three (number 
of octahedral sites per unit formula), 'a' is the activity for magne­
tite (mt) and K-feldspar (san), f\. W;X; are the Margules terms, 
for Al20 3: 49.04; CaO: - 48.87; Na20: - 106.04; Kp:-110.46 in kJ, 

2.8 

2.7 

Q) - 2.6 
:;:; 
0 
:0 - 2.5 
> ::::. 
<( 2.4 

2.3 

2.2 

0.4 0.5 0.6 0.7 

Fe/Fe+Mg (biotite) 

Fig. 6. Al1v vsFe/(Fe+ Mg) chemistry ofbiotite occurring in gran­
ites of the Lachlan Fold Belt. Symbols mean the same as those 
used in Fig. 5. A comparison with Fig. 5 shows that there is no 
relation between the Fe content of the rock and the Fe content of 
the biotite. 

respectively, X; is the mole fraction of the subscripted species i in 
the melt (Kress & Carmichael (1988). 
c, and c2 are the two coefficients of the linear approximation for 
log fH20, which may be estimated from total pressure during 
crystallization from Burnham et al. (1969). For details see Burk­
hard (1991). 

The corresponding f02 may be back-calculated from Kress & 
Carmichael (1988): 

where f\. W;X; and X; are defined as above, and f\.H and f\.S are 
the enthalpy and the entropy for the reaction: 2FeO(melt) + 
0.50z(gas) = Fep,(melt) (- 95.93kJ and -46.06 J/K, respective­
ly), R is the gas constant, and Tis the crystallization temperature 
of biotite, as calculated above. 
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